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Earth Tide, Load Effect and Deformation Monitoring Computation (ETideLoad4.5) is a
large Windows program package for scientific computing of geophysical geodetic monitoring,
Which constructs analytically compatible geodetic and geodynamic algorithm system using
the numerical standards unified and geophysical models coordinated, and then uniformly
computes various tidal and non-tidal effects on all-element geodetic variations outside the
solid Earth. ETideLoad4.5 can be employed to approach accurately global and regional load
deformation field from surface load observations such as atmosphere, sea level, soil water,
lakes and glaciers, and monitor collaboratively the land water, temporal gravity field,
geological environment and ground stability variations by deep fusing of multi-source
heterogeneous geodetic and surface load observations.

ETideLoad4.5 includes the basic principles, main formulas and important methods of
geodesy on the deforming Earth to improve higher education environment. Which could be
employed to constrain and assimilate the deep fusion of multi-source heterogeneous
monitoring variations strictly according to the principles of geodesy and solid geodynamics,
S0 as to realize the collaborative monitoring of various heterogeneous geodesy, improve the
science and technology of geodesy and consolidate the geodetic application.

ETideLoad4.5 is suitable for senior undergraduates, graduate students, scientific
researchers, and engineering technicians in geodesy, geophysical, geoscience, geological
environment, hydrodynamics, satellite dynamics, seismology and geodynamics, which can
be employed in the classroom teaching, self-exercise, science research and engineer
computing.
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1 ETideLoad4.5's features, strengths, concepts, and usage

Earth Tide, Load Effect and Deformation Monitoring Computation (ETideLoad4.5) is a
large Windows program package for scientific computing of geophysical geodetic monitoring.
Which constructs analytically compatible geodetic and geodynamic algorithm system using
the numerical standards unified and geophysical models coordinated, and then uniformly
computes various tidal and non-tidal effects on all-element geodetic variations outside the
solid Earth. ETideLoad4.5 can be employed to approach accurately global and regional load
deformation field from surface load observations such as atmosphere, sea level, soil water,
lakes and glaciers, and monitor collaboratively the land water, temporal gravity field,
geological environment and ground stability variations by deep fusing of multi-source
heterogeneous geodetic and surface load observations.
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¥r ETideLoad4.5 includes the basic principles, formulas
and important methods of geodesy on the deforming
Earth to improve higher education environment.

¥r Can be employed to enti the
technology environment for the deep fusion of muiti-
source heterogeneous earth data and collaborative
monitoring of multiply heterogeneous geodetic system.

7z There are the example files saved in the folder C:
\ETideLoad4.5_win64en\examples\ for each Win64
program. It will take about 7 working days to complete
all the example exercises. Thereafter, you can use
ETideLoad4.5 alone.
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ETideLoad4.5 includes the basic principles, main formulas and important methods of
geodesy on the deforming Earth to improve higher education environment. Which can be
employed to constrain and assimilate the deep fusion of multi-source heterogeneous
monitoring variations according to the principles of the geodesy and solid geodynamics, so
as to realize the collaborative monitoring of various heterogeneous geodesy, improve the
science and technology of geodesy, and consolidate the geodetic application.



1.1 ETideLoad4.5 structure of computation functions

ETideLoad4.5 has five subsystems, which includes Computation of various tidal and
polar shift effects on all-element geodetic variations, Processing and analysis on non-tidal
geodetic variation time series, Load deformation field approach and monitoring from
heterogeneous variations, CORS/INSAR collaborative monitoring and ground stability
estimation as well as Editing, calculation and visualization tools for geodetic data files.

ETideLoad4.5 were developed by QT C++ (Visual C++) for the user interface, Intel
Fortran (Fortran90, 132 Columns fixed format) for the core function modules and mathGL
C++ for the geodetic data file visualization in the Visual Studio 2017 x64 integrated
environment, which is composed of more than 50 win64 executable programs with nearly
600 function modules.
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1.1.1 Computation of various tidal and polar shift effects on all-element geodetic variations

The solid Earth tidal, ocean tidal load, atmosphere tidal load, Earth's rotation polar shift,
figure polar shift and mass centric variation effects on all-element geodetic variations on the
ground and outside the solid Earth using the analytically compatible geodetic and
geodynamic algorithm system with the numerical standards unified and geophysical models
coordinated are uniformly computed. Which is the important basis and necessary condition
for the collaborative monitoring of various geodetic technologies and deep fusion of multi-
source heterogeneous Earth monitoring data.
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1.1.2 Processing and analysis on non-tidal geodetic variation time series

Based on the characteristics of non-tidal geodetic variations, the group of programs
adopt the stable and reliable algorithms to uniformly process and analyze massive various
geodetic variation time series.
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1.1.3 Load deformation field approach and monitoring from heterogeneous variations

Compute and approach the global and regional non-tidal load effects on all-element
geodetic variations, and then constrain and assimilate the deep fusion of multi-source
heterogeneous geodetic data strictly according to the principles of the geodesy and Earth's
deformation, so as to realize the collaborative monitoring of the land water variations and
time-varying gravity field from various heterogeneous geodetic techniques.
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1.1.4 CORS/InSAR collaborative monitoring and ground stability estimation
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1.1.5 Editing, calculation and visualization tools for geodetic data files
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1.2 Geodetic variations in ETideLoad4.5
1.2.1 Conventions of the geodetic variations

Geodetic variation in ETideLoad is defined as the difference between the geodetic
element at the current epoch time and the mean of the elements over a period or the
difference between the geodetic element at the current epoch time and that at a certain
reference epoch time. The geodetic element may be a geodetic observation or parameter,
and the geodetic variation refers to the difference in the geodetic element with time.

1.2.2 Type and unit of the geodetic variations

(1) Height anomaly or geoidal height variation in the unit of mm, ground gravity or gravity
disturbance variation in the unit of yGal, and ground tilt or vertical deflection variation (vector)
in the unit of mas namely 0.001".

(2) Ground horizontal displacement in the unit of mm, ground radial displacement
namely ground ellipsoidal height variation in the unit of mm, and ground normal or
orthometric height variation in the unit of mm.

(3) Gravity gradient variation in the unit of 10uE for global case, as well as in the unit of
mE for regional case.

(4) External geopotential perturbation in the unit of 0.1m?/s2, gravity perturbation in the
unit of yGal, and gravity gradient perturbation in the unit of 10uE.

(5) Land equivalent water height variation (EWH) in the unit of cm, sea level variation in
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unit of cm, ocean tidal height in unit of cm and atmosphere variation in unit of hPa (mbar).
1.2.3 The geodetic variation vectors

(1) Ground tilt or vertical deflection variation vector (SW). The first component points to
the south direction,and the second component points to the west direction, which forms a
right-handed rectangular coordinate system with the ground gravity direction. The coordinate
system is a natural coordinate system.

(2) Ground horizontal displacement vector (EN). The first component points to the east
direction and the second component points to the north direction, which forms a right-handed
rectangular coordinate system with the ground radial displacement direction.

(3) Tangential gravity gradient variation vector (NW). The first component points to the
north direction,and the second component points to the west direction, which forms a right-
handed rectangular coordinate system with the radial gravity gradient variation direction.

(4) The harmonic constants of the tidal constituent. The first component is the in-phase
amplitude for cos(argument) and the second component is the out-of-phase amplitude for
sin(argument).

1.2.4 Expressions of the date and epoch

Time (date and epoch) are agreed to adopt Greenwich Time (zero time zone), which is
expressed in modified Julian Date (MJD, in GPS time, and Julian Date 2000.0 = MJD
51544.5) or a long integer agreed by ETideLoad.

In most cases, the long integer time agreed by ETideLoad is employed. E.g.,
20181224122642 represents 12:26:42 on December 24, 2018, 2018122412 represents 12:
0: 0 on December 24, 2018 and 20181224 represents 0: 0: 0 on December 24, 2018. But
201812, 2018 are not valid date or epoch. Here, the epoch is an instantaneous time.

1.3 Science goals and strengths of ETideLoad4.5
1.3.1 Scientific goals of ETideLoad4.5

(1) Using analytically compatible geodetic and geodynamic algorithm package with the
numerical standards unified and geophysical models coordinated, computes various tidal
and non-tidal effects on all-element geodetic variations and then approaches and refines
accurately global or regional surface load deformation field.

(2) Strictly according to the principles of the geodesy and solid geodynamics, constrains
and assimilates the deep fusion of multi-source heterogeneous geodetic and surface load
observations to realize the collaborative monitoring of land water, temporal gravity field,
geological environment and ground stability variations.

(3) Provides a set of scientific and practical geodetic geodynamic computation tools for
the construction of heterogeneous spatiotemporal geodetic frames, deep fusion of multi-
surce heterogeneous Earth observations, collaborative monitoring of various



geotechnologies, computation of solid Earth deformation, monitoring of surface hydrology
environment and surveying of geological disasters.

1.3.2 Geodetic features and strengths

(1) Using the scientific uniform numerical standards and analytic compatible geophysical
algorithms, computes accurately the Earth tidal, ocean tidal load, surface atmosphere tidal
load, permanent tidal, rotation polar shift and Earth’s mass centric variation effects on all-
element geodetic variations, and forecast various tidal effects anytime and anywhere.

(2) Approaches global or regional load deformation field from surface load observations
such as atmosphere, sea level, soil water, lakes, rivers, glaciers and snow, and then
collaboratively monitores the land water and temporal gravity field by deep fusing of multi-
source heterogeneous geodetic and surface load observations.

(3) Constructs regional uniform spatiotemporal monitoring datum frames with high
robustness to fuse the CORS, INSAR and other geodetic variations. Proposes the criteria of
the ground stability based on temporal geodetic field to realize quantitative monitoring of the
ground stability spatiotemporal variations.

1.4 Dominant concepts and ideas integrated into ETideLoad4.5
1.4.1 Geodetic principles of the collaborative monitoring and deep fusion

(1) Using the scientific consistent geophysical models, rigorous uniform numerical
standards, and analytic compatible geodetic and geodynamic algorithms, unifies the
spatiotemporal monitoring datum and reference epoch to construct the theoretical basis and
necessary conditions for geodetic collaborative monitoring.

(2) Based on the principle of geophysical geodesy, deeply fuses or constrainedly
assimilates multi-source heterogeneous geodetic data, and then realizes collaborative
monitoring with various geometric and physical geodetic technologies by reconstructing the
geodetic or geodynamic spatiotemporal relationship between various variations.

(3) For the same type of multi-source geodetic monitoring variations, the basic geodetic
constraints or joint adjustment methods with additional monitoring datum parameters as
needed are employed to deep fusion.

(4) For different types of geodetic monitoring variations, physical geodetic, solid
geophysical or environmental geodynamic constraints with additional dynamic parameters
as needed are employed to deep fusion.

(5) The purpose of geodetic collaborative monitoring is not only to improve the
spatiotemporal monitoring capability, but also to furtherly reveal the geodynamic structure
and characteristics of the monitored objects and support the massive integration, intelligence
and automation of Earth observations.



1.4.2 Tidal deformations of solid Earth and their tidal effects on geodetic variations

(1) The external celestial bodies, ocean tide and atmosphere tide excite the periodic
deformation of the solid Earth and the periodic change of Earth gravity field, which are called
as the tidal deformation of the solid Earth.

(2) The geodetic variations caused by the external celestial bodies, ocean tides and
atmosphere tides are usually called as the tidal effects on geodetic variations.

(3) The geodetic tidal effects include the solid Earth tidal effects and tidal load effects.
The solid Earth tidal effects are excited by the external celestial bodies, while the tidal load
effects are excited by the ocean tide and atmosphere tide.

(4) The geodetic tidal effects can be modeled and accurately removed or restored
anytime and anywhere. The geodetic tidal effect is equal to the negative value of the geodetic
tidal correction.

The geodetic reference frame with only all the tidal effects removed but non-tidal effects
neglected is still stationary (unchanged with time). For example, a precision leveling network
or gravimetric control network, if whose observations have been corrected only using tidal
effects, is still stationary.

1.4.3 Non-tidal deformation of solid Earth and their effects on geodetic variations

(1) In the Earth surface system, surface non-tidal load variations such as soil and
vegetation water, river and lake water, glacier and snow, groundwater, atmosphere and sea
level variations can induce the external geopotential variations, and then excite the solid
Earth deformation also manifested as ground displacement, gravity and tilt variations. Which
can be called as the Earth's load deformation also manifested as the variations of the Earth’s
gravity field with time.

(2) Groundwater usage, underground mining, underground construction, glacier or ice
sheet melting and other natural or artificial surface mass adjustments can break the
mechanical balance state of the surface rock and soil layer, and then the surface rock and
soil layer will tend slowly to another equilibrium state under the action of the own gravity or
internal stress. The process causes plastic or viscous vertical deformation which is also
called as the isostatic vertical deformation.

(3) The load deformation is excited by the surface environment load variations, and acts
on the whole solid Earth. Which is an elastic deformation and can be quantitatively
represented by the load Love numbers. The isostatic vertical deformation is induced by
environmental geology change, whose dynamic action is in the underground rock and soil
layer and transmitted by the rock and soil own as the mechanical medium. The isostatic
deformation is a slow plastic or viscous deformation.

(4) Non-tidal effects are difficult to be modeled but can be measured using geodetic
techniques. In most fast or real-time geodetic cases, short-time forecast estimations of non-



tidal effects are usually adopted.

The geodetic reference frame that needs to account for non-tidal effects can be only
dynamic, and the reference value of the dynamic reference frame corresponds to a specific
and unique reference epoch time. The reference value at the current epoch time is equal to
the sum of the reference value at the reference epoch time and non-tidal effect correction.
The correction here is equal to the difference between the non-tidal effects at the current
epoch and that at the reference epoch. The correction process is also called as the (non-
tidal effects) epoch reduction.

1.4.4 Types of ground vertical deformation and space-time quantitative natures

There are three forms of ground vertical deformation (or ground subsidence), namely,
the elastic load vertical deformation, viscous or plastic isostatic vertical deformation and
plastic tectonic vertical deformation near the compressive geological fracture zone. The
latter two are also called as the non-load vertical deformations, both of which are plastic
vertical deformations.

(1) The load vertical deformation excited by the surface mass redistribution, firstly
causes the geopotential variation called as the direct effect, and then excites the solid Earth
deformation simultaneously by elastic dynamic action to induce an associated geopotential
variation called as the indirect effect. The load vertical deformation synchronizes with the
time of load redistribution, whose time-varying characteristics are similar to that of the
surface load variations with the complex nonlinearity and quasi-periodicity.

(2) The isostatic vertical deformation usually manifests as a dynamic process. In the
process, the original equilibrium state of the underground rock and soil layer is firstly
destroyed by the geology dynamic action, and then under the action of the own gravity or
internal stress, the rock and soil layer slowly approaches another equilibrium state. For
example, the compaction effects of the rock and soil layers with voids in the underground
after the loss of water and the expansion effects after water infiltration, deformation of the
upper rock layer (wall rock deformation) caused after underground construction and ground
plastic isostatic rebound after surface mass migration.

« Spatial quantitative characteristics of the isostatic vertical deformation

The dynamic action is inside the underground rock and soil layer, and the equilibrium
adjustment object is the rock and soil layer above the dynamic action point. The space
influence angle of equilibrium adjustment is about 45°, so the spatial range of ground vertical
deformation is approximately equal to the buried depth of the action point.

» Temporal quantitative characteristics of the isostatic vertical deformation

The duration of the equilibrium adjustment is approximately proportional to the burial
depth of dynamic action point. The isostatic vertical deformation is the opposite of its
acceleration sign in a long-period of time (e,g, several years), and linear time variation in a
short-period of time (e.g. several months).



(3) The tectonic vertical deformation driven by the horizontal movement of the
lithospheric plate only appears near the compressive fault zone. Whose spatial influence
radius is equivalent to the depth of the fault, and the deformation declines rapidly to zero
with the distance of the calculation point away from the fault zone. On a centennial timescale,
the tectonic vertical deformation rate would remain basically unchanged.

1.4.5 Representation and approach principles of surface load deformation field

(1) The load deformation field is a form of non-tidal geodetic load effects, which can be
uniquely represented by the variations of Earth’s gravity field with time. The relationship
between the non-tidal load effects on the elements of Earth’s gravity field is completely
consistent with the relationship between the elements. Global Earth gravity field can be
represented by a geopotential coefficient model (GCM). Similarly, the global load
deformation field (namely temporal global gravity field) can be represented by a global
surface load spherical harmonic coefficient model (LCM).

(2) From a geopotential coefficient model, you can calculate various gravity field
elements on the ground or outside the solid Earth. Similarly, from a global load spherical
harmonic coefficient model, you can calculate load effects on various geodetic variations
outside the solid Earth. Regional gravity field (geoid) can be refined by the remove-restore
scheme based on a GCM. Similarly, the regional load deformation field or temporal gravity
field can also be refined by the remove-restore scheme based on an LCM.

(3) The approach theory of Earth’s gravity field is linear, so that Earth’s gravity field can
be refined by the remove-restore scheme and cumulative residual approach method.
Similarly, the approach theory of load deformation field is also linear, so load deformation
field can be also refined by the remove-restore scheme and cumulative residual approach
method. The total effects of various environmental loads (atmospheric pressure, land water,
and sea level variation, etc.) are equal to the deformation effects of the sum of these loads.

(4) The approach methods of the Earth's gravity field can be summarized into two
categories, namely, the Stokes / Hotine integral method (geodetic boundary value problem
solution) in the spatial domain and the spherical basis function (e.g. surface spherical
function, radial basis function and spline basis function) approach method in the spectral
domain, which can integrate various global or regional gravity field data. Similarly, for load
deformation field (time-varying gravity field) approach or monitoring, there are two methods
namely the load Green's function integral constraint in spatial domain and spherical basis
function approach in spectral domain, which can also effectively fuse global or regional multi-
source heterogeneous geodetic variations.

1.4.6 CORS and InSAR collaborative monitoring principle for vertical deformation

(1) Through the gross error detection, spatial filtering and time series analysis, the INSAR
vertical variation can be separated into two parts, one part is the vertical deformation of the
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rock and soil layer several meters deep, and the other part is the expansion and contraction
of the soil own. Only the former is compatible with most geodetic variations, while the latter
is mainly affected by the temperature and rainfall and should not be regarded as a solid
Earth deformation.

(2) Using the CORS network ellipsoidal height variation time series as the constraints
on the multi-source INSAR vertical variation time series, separate the ground vertical
deformation signal, and then realize the collaborative monitoring of the CORS network and
multi-source INSAR.

(3) Only the vertical deformation of the rock and soil layer several meters deep are the
useful information needed for monitoring of the ground subsidence, earthquakes, geological
disasters, ground stability variations, solid Earth deformation, groundwater variations and
other geodynamics.

1.4.7 Continuous quantitative monitoring scheme of ground stability variations

(1) Construct the quantitative criteria for the ground stability weakening from the regional
grid time series of the geodetic vertical deformation, ground gravity and tilt variations, and
then continuous quantitatively monitor the ground stability variations.

(2) Quantitative criteria of the ground stability weakening mainly include that the
ellipsoidal height increases, ground gravity decreases, horizontal gradient of the height or
gravity variation is larger and the inner product of the tilt variations and terrain slope vector
is greater than zero.

(3) According to the objective nature of ground stability reduction at the place and time
of geological disaster, optimize and synthesize the ground stability variation grid time series
to adapt to the local environmental geology, and then consolidate regional stability variations
monitoring capabilities.

1.4.8 Analytical compatibility between various geodetic algorithms

The consistency and analytical compatibility between various geodetic algorithms are
the requirement of geodetic theory and concrete manifestation for the uniqueness of
monitoring object. Which is the smallest requirement for the collaborative monitoring of
various geodetic technologies and deep fusion of multi-source heterogeneous geodetic data.

Analytical compatibility between geodetic algorithms involves two issues: (1)
Compatibility between various geodynamic influences for different types of geodetic
variations. (2) Compatibility between different types of geodynamic influences for one kind
of geodetic variations.

The first type of compatibility is the basic requirement of geodetic theory. For example,
the load effect on the normal height on a site is equal to the Hotine integral of the load effect
on gravity disturbances. For another example, the solid tidal effect on the normal height on
a site is equal to the sum of the effects on the ellipsoidal height and geoid.
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The second type of compatibility is constrained by the solid deformation geodynamic
equations (including constitutive equations).

1.5 Conventions and examples in ETideLoad4.5
1.5.1 Geophysical models and numerical standards in ETideLoad4.5

ETideLoad4.5 is mainly based on the geophysical models and numerical standards
recommended by IERS conventions (2010). These geophysical models and numerical
standards are stored in file form in the folder of C:\ETideLoad4.5 win64en\iers, which can
be updated by the program [System configs for the geophysical models and numerical
standards].

Geophysical models and numerical standards in ETideLoad4.5 mainly include the
surface atmosphere tidal load spherical harmonic coefficient model file, ocean tidal load
spherical harmonic coefficient model file, Earth’s load Love number file, IERS Earth
orientation parameter time series file, Earth’s mass centric variation time series file
measured by SLR, ocean tidal constituent harmonic constant grid model files, JPL Moon and
Planetary Ephemeris DE440 file, Love number correction file for frequency dependence and
Desai ocean pole tide coefficient file.
=

Set basic constants of the Earth ellipsoid

Geocentric gravitational constant GM (x10'“m?s?) 3.986004418 Mean angular velocity o(10%/s) 7.292115

Semimajor axis of ellipsoid a(m) 6378137.00 Reciprocal flattening 1/f v 298.25641153

Q Geophysical models and numerical standards in ETideLoad4.5

Moon and Planetary Ephemeris JEPH  C:/ETideLoad4.5_win64en/iers/JPLEPH.440

Ocean tidal load spherical harmonic coefficient model (cm) C:/ETideLoad4.5_win64en/iers/FES2014b720cs.dat

Atmosphere tidal load spherical harmonic coefficient model (hPa/mbar)  C:/ETideLoad4.5_win64en/ierssECMWF2006.dat

The IERS Earth orientation parameter EOP file (EOPC04) C:/ETideLoad4.5_win64en/iers/IERSeopc04.dat

The variations time series file of Earth's mass center  C:/ETideLoad4.5_win64en/iers/Monthly_geocenter_MK.txt

The folder of ocean tidal constituent harmonic parameter grid files  C:/ETideLoad4.5_win64en/OceanTide

The Love number frequency dependent coefficient file  C:/ETideLoad4.5_win64en/iers/frqadjlovekhl.txt

The load Love number (load deformation coefficient) file  C:/ETideLoad4.5_win64en/iers/Love_load_cm.dat

The Desai ocean pole tidal coefficient file  C:/ETideLoad4.5_win64en/iers/desaiscopolecoef.txt

First-degree ocean tidal load spherical harmonic coefficient file  C:/ETideLoad4.5_win64en/iers/OtideOne.dat

First-degree atmosphere tidal load spherical harmonic coefficient file  C:/ETideLoad4.5_win64en/iers/AirtdOne.dat

Operation information | @ Update Settings

>> [Function] Set the geophysical models, numerical standards, global parameters and the user working folder for ETideLoad4.5.
** The fourth basic constant can be selected from the dynamical form factor J., reciprocal flattening 1/f, and normal potential U.(m?/s?)
at ellipsoid. The dynamical form factor J. is currently selected as the fourth basic constant.
>> Select the reciprocal flattening 1/f as the fourth basic constant.
>> Replace the Love number frequency dependent coefficient file as C:/ETideLoad4.5_win64en/iers/fradjlovekhl.txt
>> Replace the folder of the variations time series file of Earth's mass center as C:/ETideLoad4.5_win64en/iers/
Monthly_geocenter_ MK .txt
>> ETideLoad4.5 settings have been updated with immediate effect!
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1.5.2 Five kinds of variation time series agreed in ETideLoad4.5

The geodetic variation time series files adopt the ETideLoad own format, which include
the ground variation time series file, geodetic network site record time series file, geodetic
network observation record time series file, variation (vector) grid time series files and
spherical harmonic coefficient (Stokes coefficient) model time series files.

(1) The ground variation time series file

A ground variation time series file can store the time series data of several kinds of
variations at a certain site, a certain baseline or route, and the sampling epochs (here, the
epoch is an instantaneous time) of these variations are the same. Such as CORS station
coordinate solution time series, solid tide station observation or analysis result time series,
GNSS baseline solution time series, etc.

(2) The geodetic site variation record time series file

A geodetic site variation record time series file can store the time series data of one kind
of variations for a group of geodetic sites. Such as the station coordinate time series for the
CORS network, benchmark height time series for the levelling network, observation time
series for the tide station network, and INSAR monitoring time series, etc.

(3) The geodetic network observation record time series file

A geodetic network observation record time series file can store the variation record time
series of the baseline component for the CORS network, the variation record time series of
the height difference for the levelling network, or the variation record time series of the gravity
difference for the gravity network.

(4) The variation grid time series files for geodetic field

A group of variation grid time series files are composed of a series of numerical grid
model files of a certain kind of variation (vector), and the seventh attribute of the header in
each grid file is agreed to be the sampling epoch time. Such as the grid time series of land
water equivalent height, sea level variation, and grid time series of various regional load
deformation field or temporal gravity field, etc.

(5) The spherical harmonic coefficient model time series files

A group of spherical harmonic coefficient model time series files can store the time series
of the spherical harmonic coefficient (Stokes’ coefficient) models of the global surface load
variation, global load deformation field or temporal global gravity field.

The program [Conversion of general ASCII record data into ETideLoad format], and the
function [Normalized extraction of batch time series of geodetic monitoring network] are the
important interfaces for ETideLoad to accept external text data. Using the function [Global
prediction of solid Earth tidal effects on various geodetic variations], or [Global prediction of
surface atmosphere tidal load effects on various geodetic variations], you can construct a
ground variation time series with the given location and sampling specifications. Using the
program [Generating and constructing of regional geodetic grid], you can construct a
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numerical grid with the given grid specifications. The other programs or functions only accept
the format data generated by ETideLoad own.

1.5.3 Full examples for the classroom teaching and self-study exercises

To ease the classroom teaching and self-study exercises, there are the example files
saved in the folder C:\ETideLoad4.5 win64en\examples for each Win64 program. Each
example includes the operation process file process.txt, some input-output data files and
screenshots. The folder name of the example files is the same as the name of the window
executable program.

Before using the ETideLoad4.5 programs, it is recommended to perform completely the
program examples using the input-output example data files by comparing the screenshots
according to the process information in process.txt. It will take about 7 working days to
complete all the example exercises. Thereafter, you can use ETideLoad4.5 alone.

1.5.4 ETideLoad4.5's applicable professional fields and usage instructions

ETideLoad4.5 is suitable for senior undergraduates, graduate students, scientific
researchers, and engineering technicians in geodesy, geophysical, geoscience, geological
environment, hydrodynamics, satellite dynamics, seismology, and geodynamics, which can
be employed in the classroom teaching, self-exercise, science research, and engineer
computing.

You can design your own schemes and processes, then organize flexibly the related
programs and functions from ETideLoad4.5, perform various scientific computations for the
various tidal effects on various geodetic variations, precision approach of ground
deformation field or temporal gravity field, collaborative monitoring on the land water, ground
stability and surface dynamic environment, deep fusion of multi-source heterogeneous
geodetic data and analysis on non-tidal geodetic variation time series.
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2 Computation of various tidal and polar shift effects on all-element geodetic variations

The group of programs can be empoyed to compute uniformly the solid Earth tidal,
ocean tidal load, atmosphere tidal load, Earth's rotation polar shift, figure polar shift and
mass centric variation effects on all-element geodetic variations on the ground and outside
the solid Earth using the analytically compatible geodetic and geodynamic algorithm system
with the numerical standards unified and geophysical models coordinated. Which is the
important basis and necessary condition for the collaborative monitoring of various geodetic
technologies and deep fusion of multi-source heterogeneous Earth monitoring data.

» Computation of various tidal effects on various geodetic variations = [m]
Computation of various tidal and polar shift eff on all-el geodetic variati !
2 -
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Computation of solid tidal effects Spherical harmonic synthesis Spherical harmonic synthesis Computation of rotation polar shift

on various geodetic on ocean tidal load effects on atmosphere tidal load effects on geodetic variations

variations outside solid Earth outside solid Earth effects outside solid Earth and tidal effects on EPR
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Computation of the permanent tidal Computation of solid Earth The regional approach of Forecast of various tidal effects
and Earth’s mass centric variation and load tidal effects load tidal effects by on surface all-element
effects on geodetic variations on geodetic networks load Green's Integral geodetic variations

@ Analytically compatible geodetic and geodynamic algorithm package using the numerical standards unified and geophysical models coordinated
@ Compatible with and improved the IERS ¢ some geodeti pts clarified, all the algorithms derivated and verificated completely
@ Uniform computation of solid tidal, load tidal, polar shift and mass centric variation effects on all-element geodetic variations in whole Earth space

Functional architecture of the subsystem () The files format of 5 kinds of geodetic variation time series

@ These programs are suitable for various geodetic variations on the ground or outside the solid Earth. A point outside the solid Earth generally refers to the space point |
that is not fixed to the solid Earth in ocean space, near-Earth space, or satellite altitude. The geodetic variations marked with (») in the following program interface are valid |
only when the site is fixed with the solid Earth.

@ Time (date and epoch) are agreed to adopt Greenwich Time (zero time zone), which is expressed in modified Julian Date (MJD, in GPS time, and Julian Date 2000.0 = |
MJD 51544.5) or a long integer agreed by ETideLoad, e.g., 2018122412,

These programs are suitable for various geodetic variations on the ground or outside
the solid Earth. A point outside the solid Earth generally refers to the space point that is not
fixed with the solid Earth in ocean space, near-Earth space, or satellite altitude. The geodetic
variations marked with @ in the following program interface are valid only when the site is
fixed with the solid Earth.

2.1 Computation of solid tidal effects on various geodetic variations outside
solid Earth

[Purpose] According to the location and time in the input time series file, compute the
solid Earth tidal effect time series on various geodetic variations on the ground or outside
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the solid Earth. Here the point outside the solid Earth generally refers to the space point that
is not fixed with the solid Earth in ocean space, near-Earth space, or satellite altitude.

The program adopts the same numerical standards and analytical algorithms of the solid
Earth tidal effects on geopotential and geodetic site displacement that are compatible with
the IERS Conventions (2010), and compute uniformly the solid Earth tidal effects on all-
element geodetic variations considering the latitude and frequency dependence of the Love
numbers, so as to maintain rigorously the analytical relationships between the solid Earth
tidal effects on various geodetic variations.

The Earth's tide generating potential (TGP) from the moon is calculated from 2" to 6"
degree, that from the sun from 2 to 3 degree, and that from other planets at the 2" degree.

2.1.1 Computation of solid Earth tidal effect time series at a ground site

[Function] From a geodetic site variation time series file, compute the time series of the
solid Earth tidal effects on the geoid or height anomaly (mm), ground gravity (uGal), gravity
disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection
(SW, to the south and to the west, mas), horizontal displacement (EN, to the east and to the
north, mm), ground radial displacement (mm), ground normal or orthometric height (mm),
radial gravity gradient (10uE) or horizontal gravity gradient (NW, to the north and to the west,
10uE).

Computation of solid tidal effects on various geadetic varlations outside solid Earth - o x
=) ¥ r ai A=
Openfile Saveas Importparameters Start computation  Save process  Follow example
Computation of solid Earth tidal Computation of solid Earth tidal effects « Computation of solid Earth tidal effects Global forecast of solid tidal effects on
effect time series at a ground site at ground sites with given time of Earth satellite or outside solid Earth “ various surface geodetic variations
" Open the geodetic site variation time series file 4.4 Save program process as = Algorithm formulas

Set the file parameters >> [Function] From a geodetic site variation time series file, compute the time series of the solid Earth tidal effects on the geoid or height anomaly ~
CGolumn ordinal number of ellipsoidal = (mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, to the south
height in the header = | and to the west, mas). horizontal displacement (EN, to the east and to the north, mm). ground radial displacement (mm). ground normal or
T T D T ] - | _orthometric height (mm). radle!\ gravity qrad\gm (10uE) or horizontal gravity gradient (NW, to the norl_h and to the west, 10QE).
* | |>> Open the geodetic site variation time series file C:/ETideLoadd.5_win64en/examples/Tideffectsolidearth/Tmseries. txt.
Column ardinal number of starting 5~y =] Setthe file format parameters according to the text box below, and then select the type of the geodetic variation to be computed. After giving
MJDO in the header the output file name, click the control button [Import setting parameters]
> Save the computed results as C/E TideLoad4 5_win64en/examples/Tidefiectsolidearthimsqurst ixt_|
- hind the input file record, add one or several columns of the tidal effects as the output file record
paramelers have been imported into the program!
ntrol button [Start computation], or the tool button [Start computation]...

4

Select the type of effects

1 geold or height anomaly (mm)
[ ground gravity (uGal) =

] gravity disturbance (uGal)
|54 ground tilt (SW, mas) |
| 14 vertical deflectign (SW, mas)

G ime: 2024-10-18 09:33.:30
>> Complete the ) of solid earth tide effects! | Columns 2 and 3 of the file header are agreed
> Computation end tifts|2024-10-18 0:33:30 | as the longitude and latitude of the ground site v||

i {7 Save the computefi resu - Import setting parameters & Start computation
] horizontal displagcement (EN, mm) (=

[+ ground radial displacement (mm) (=) Displajof the input-output file)| 4./ Save data in the text box as
[ ground normal pr orthometric height (mm) (=
] radial gravity grdient (10pE)

| 4 horizontal gravify gradient (NW, 104E)

<

@ The program adopis the same numencal standards and analytcal algormhms of the solid Earh tdal S on geopotential and and geodelic ste displacement that are compatible with the IERS
Canventions (2010), and compute uniformly the solid Earth tidal effects on all-element geodetic variations considering the latitude and frequency dependence of the Love numbers, so as to maintain rigorously
the analytical relationships between the solid Earth tidal effects on various geodetic variations

@ The Earth's tide generating potential (TGP) from the moon is calculated from 2nd to 6th degree, that from the sun from 2nd to 3rd degree, and that from other planets at the 2nd degree.

@ The solid tidal effect on normal height (approximately 300mm) is out of phase with the effect on the ellipsoidal height or geoid (approximately 600mm, namely the sign is opposite). The east-west component
of the site displacement. tilt or horizontal gradient effect is generally much greater than the north-south component.

[Input file] The geodetic site variation time series file.
The file header contains the site name, longitude (degree decimal), latitude (degree
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decimal), height (m) relative to the ellipsoidal surface, the starting MJDO (optional)...

Starting from the second row of the file, each row record stores the sampling values of
all the variations at one sampling epoch time. At least one column of the attribute in the

record is the sampling epoch time.

[Parameter settings] Set the input file format parameters, select the type of solid Earth

tidal effects.

The geodetic variations marked with @ are valid only when the site is fixed with the solid

Earth.
[Output file] The geodetic site solid Earth tidal effect time series file.

The file header is the same as the input time series file. Behind the input file record,
adds one or several columns of the tidal effects selected as the output file record. In this

example, all types are selected, and there are 14 attributes added to the record.

When the ellipsoidal height of the calculation point is equal to the ellipsoidal height of

the geoid, the solid tidal effect on the height anomaly is that on the geoid.

E121.24° N29.43°

Month/day/year

1205718 12007718 1209718 121118
Solid tidal effects : geoid or height anomaly (mm) ground gravity (pGal) radial displacement (mm)
normal or orthometric height (mm) radial gravity gradient (10pE)
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E121.24° N29.43°

Month/day/year

oof, L L .
120818 120718 12/09/18 121118
Solid tidal effects : ground tilt (S, mas) tilt (W, mas) horizontal displacement (E, mm) horizontal displacement
(N, mm) horizontal gradient (N, 10uE) horizontal gradient (W, 10uE)

The solid tidal effect on normal height (approximately 300mm) is out of phase with the
effect on the ellipsoidal height or geoid (approximately 600mm, namely the sign is opposite).
The east-west component of the site displacement, tilt or horizontal gradient effect is

generally much greater than the north-south component.

The program also outputs the solid Earth tidal effect time series file *Stdsfptm.txt on the
degree-2 geopotential coefficients and figure polar shifts into the current directory. * is the
input file name, which is an internal test file. The first row is the file header, and starting from
the second row of the file, each row record stores the sampling epoch time, 5 columns of
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solid Earth tidal effects on the degree-2 normalized geopotential coefficients
ACyo,AC,1,AS,1,AC,,,AS,, (x1078), 2 columns of tidal effects on the figure polar shifts
Axsrp, Aysrp(in ITRS space rectangular coordinate system in unit of m). The difference
between the maximum and minimum values of Earth tidal effects on the figure polar shifts is
generally more than 1 km.

2.1.2 Computation of solid Earth tidal effects at ground sites with given time

[Function] According to the location and time in the calculation point file, compute the
solid Earth tidal effects on the geoid or height anomaly (mm), ground gravity (uGal), gravity
disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection
(SW, to the south and to the west, mas), horizontal displacement (EN, to the east and to the
north, mm), ground radial displacement (mm), ground normal or orthometric height (mm),
radial gravity gradient (10pE) or horizontal gravity gradient (NW, to the north and to the west,
10uE).

[Input file] The location and time file of the calculation points.

The first row is the file header. From the second row onwards, the second and third
attributes in the file record are conventionally longitude and latitude (degree decimals), and
there are the sampling epoch time and ellipsoidal height attributes in the record.

[Parameter settings] Set the input file format parameters, select the type of solid Earth
tidal effects.

.. Computation of solid tidal effects on various geodetic variations outside solid Earth

- o X
= ¥ v & A
Openfile Saveas Importparameters Start computation  Save process  Follow example
Computation of solid Earth tidal Computation of solid Earth tidal effects « Computation of solid Earth tidal effects Global forecast of solid tidal effects on
effect time series at a ground site at ground sites with given time of Earth satellite or outside solid Earth “ various surface geodetic variations

" Open the location and time file of the calculation points 4.+ Save program process as & Algorithm formulas

Set the file parameters

Column ordinal number of ellipsoidal
height in the record

Column ordinal number of time in the record {

Column ordinal number of starting 5 x
MJDO in the header

>> [Function] According to the location and time in the calculation point file, compute the solid Earth tidal effects on the geoid or height anomaly -
(mm), ground gravity (uGal), gravity disturbance (pGal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, to the south
and to the west, mas), horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or
orthometric height (mm), radial gravity gradient (10E) or horizontal qravily gradient (N, 1o the north and to the west muEJ
>> Dpen the location and time file of the calculation points C/ETideLoad4.5 winé: (il 1.txt
* Sel the file format parameters according to the text box below, and then select the type of the geodetic variation lo be oumpu\ad After giving
he output file name, click the control button [Import setting parameters]..
d the mpul file record, add Several columns ur the lmal effects as the output file record

4

Select the type of effects

[ . geoid or height anomaly (mm)
] ground gravity (pGal) (=

|2 gravity disturbance (uGal) ]
4 ground tilt (SW] mas) &)

| 4 vertical deflectipn (SW, mas)

tcomputation].... | Columns 2 and 3 of the record
id earth tide efect] are agreed as the \ong\tud?1 and |
924-10-18 09:34:52 latitude of the calculated point

. ¥ Irr{porlselting parameters & Start computation
1] horizontal displacement (EN, mm) (=

| ground radial d|splacement (mm) (=)

4.1 Save data in the text box as

[~ ground normal pr orthometric height (mm) (=
4 radial gravity gadient (10pE)
[ horizontal gravity gradient (NW, 104E)

0 0 2 3 -9
| 401 0 5.9 47.21 8.0165 152.401 215.2148 5.6022 0.88 1
< >
@ The program ‘Sd0pIs e Same NUMeNcal SENaards ang analyical aigonthms o the SOl Earn iaa 5 on geopotential and and gecdenc sie Gisplacement that are compatible with the IERS

Conventions (2010), and compute uniformly the solid Earth tidal effects on all-element geodetic variations considering the latitude and frequency dependence of the Love numbers, so as to maintain rigorously
the analytical relationships between the solid Earth tidal effects on various geodetic variations.

@ The Earth's tide generating potential (TGP) from the moon is calculated from 2nd to 6th degree, that from the sun from 2nd to 3rd degree, and that from other planets at the 2nd degree.

@ The solid tidal effect on normal height (approximately 300mm) is out of phase with the effect on the ellipsoidal height or geoid (approximately 600mm, namely the sign is opposite). The east-west component
of the site displacement, tilt or horizontal gradient effect is generally much greater than the north-south component.

[Output file] The solid Earth tidal effect file.
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The file header is the same as the input file. Behind the input file record, adds one or
several columns of the tidal effects selected as the output file record. In this example, all
types are selected, and there are 14 attributes added to the record.

The start MJDO attribute in the input file header is required when the date is in MJD
format. In this case, the sampling epoch MJD is equal to the sum of the starting MJDO and
the number of days in the record.

If the time (date) is in the long integer format agreed by ETideLoad, it is not necessary
for the starting MJDO attribute in the input file header, and the program automatically
recognizes and ignores the selection.

1+(2hym -(N+1)k,m)/n is the degree-n order-m body tidal factor of ground gravity. 1-
(n+1)k,m/n is that of gravity disturbance. 1+k,,-hn, is that of ground tilt. And 1+k,, is that of
the vertical deflection, geopotential or height anomaly.

In general, AC,, mainly consists of the long-term or long period constituents of the solid
tidal effects (the cycle is greater than half a lunar month, n=1, 2, ...), AC,;, AS,; mainly
consists of the diurnal tidal effects and AC,,,, AS,, mainly consists of the semi-diurnal tidal
effects. More generally, AC,,,, AS,, is mainly composed of the 1/m diurnal tidal effects.

2.1.3 Computation of solid Earth tidal effects of Earth satellite or outside solid Earth

[Function] According to the location and time in the external space point file, compute
the solid Earth tidal effects on the geopotential (0.1m2/s?), gravity (uGal) or gravity gradient
(10uE) outside the solid Earth.

| . Computation of solid tidal effects on various geadetic variations outside solid Earth - u] X
tu' b r &z ‘A
Openfile Saveas Importparameters Startcomputation  Save process Follow example
Computation of solid Earth tidal Computation of solid Earih tidal effects @ Computation of solid Earth tidal effects Global forecast of solid tidal effects on
~ effect time series at a ground site at ground sites with given time of Earth satellite or outside solid Earth “ various surface geodetic variations
& Open the location and time file of the external points 4./ Save program process as i3 Algorithm formulas
| setthe file parameters >> Complete the computation of solid earth tide effects! A

>> Computation end time: 2024-10-18 09:34:52
= | >>[Function] According to the location and time in the external space point file, compute the solid Earth tidal effects on the geopotential (0.1m?*
-] 5%, gravity (uGal) or gravity gradient (10pE) outside the solid Earth
=1 |>> Open the location and time file of the external points C/ETideLoad4.5_wir /Ti i th/outerptm. txt
* Sel the file format parameters according to the text box below, and then select the type of the geadetic variation o be computed. After giving

™,

Column ordinal number of ellipsoidal
height in the record
Column ordinal number of time in the record 1

Column ordinal number of starting 5 x
MJDO in the header

4

Select the type of effects

[52 geopotential (0.1m?is?) ng "
) gravity vector (XYZ, pGal) ”“°“[ tart computatonl.-. | Columns 2 and 3 of the record a |
|52 gravity vector (ENU, uGal) | 1 of solid earth tide efiacts] are agread as the Iongllude |
[ gravity gradient|(XYZ, 104E) 024-10-18 09:36:46 and latitude of the satellite .

1 gravity gradient (ENU, 10uE) its as - Import setting parameters & Start computation

file]|

GRACE satellite altitude 4:f Save data in the text box as

91 K

@ The program JOOPTE TS & & aara o anay el 5 geodetic site displacement that are compatible with the IERS
Canventions (2010), and cumpuh: umerme the solid Earth tidal effects on all-element geudehc variations wns\denng the latituda and frequency dependence of the Love numbers, so as to maintain rigorously
the analytical relationships between the solid Earth tidal effects on various geodetic variations

@ The Earth's tide generating potential (TGP) from the moon is calculated from 2nd to 6th degree, that from the sun from 2nd to 3rd degree, and that from other planets at the 2nd degree.

@ The solid tidal effect on normal height (approximately 300mm) is out of phase with the effect on the ellipsoidal height or geoid (approximately 600mm, namely the sign is opposite). The east-west component
of the site displacement, tilt or horizontal gradient effect is generally much greater than the north-south component.
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[Input file] The location and time file of the external space points.

The first row is the file header. From the second row onwards, the second and third
attributes in the file record are conventionally longitude and latitude (degree decimals), and
there are the sampllng epoch time and elllpsmdal helght attributes in the records

| = Computation of solid tidal effects on various geodetic variations outside solid Earth

- o X
. =, — - PN
=] ¥ ¥ at e
| Openfie Saveas Importparameters Startcompulalion  Save process  Follow example
‘Computation of solid Earth tidal ‘Computation of solid Earth tidal effects . ‘Computation of solid Earth tidal effects Global forecast of solid tidal effects on
~* effect time series at a ground site at ground sites with given time of Earth satellite or outside solid Earth “* various surface geodetic variations
| ‘ {8 Open the location and time file of the external points I 4.+ Save program process as % Algorithm formulas
| setthe file parameters >> Complete the computation of solid earth tide effects! -
| Column ordinal number of ellipsoidal >> Computation end time: 2024-10-18 09:36:46
4

| height in the record
Column ordinal number of time in the record 1

Column ordinal number of starting 5 x
| MJDO in the header

the outy

>> [Function] According to the location and time in the external space point file, compute the solid Earth tidal effects on the geopotential (0.1m?*/
5?), gravity (uGal) or gravity gradient (10pE) oulside the solid Earth
>> Open the location and time file of the external points C/ETideLoadd.5_win64en/examples/Tideffectsolidearth/satptm.txt.
** Set the file format parameters according to the text box below, and then select the type of the geodetic variation to be computed. After giving
t file name, click the control button [Import setti
Save the computed results as C/ETideLoad4 5_winG4en/example: Visatprst.txt.

rameters]

| Select the type of eflects

|[= geopotentia (0. 1m¥s?)
[] gravity vector (XYZ, uGal)

hlnd tha npul ﬁIE reourd add ‘one or seuafal wlumns of the tidal effects as the output file record

ffon [Start computatt- Columns 2 and 3 of the record

| [ gravity vector (ENU, yGal)
| [ gravity gradient (XYZ, 10yE)
-[\vl gravity gradient (ENU, 10pE) ]

- 2024-10-18 09:38:22

of soid earth tide eflects! are agreed as the longitude |

and latitude of the satellite

"} Import setting parameters & Start computation

GOCE satellite altitude 4.t Save data in the text box as

201901010800
201901010800
2014 fllOﬂf

019
201401011300
201901011400
201201011500
201801011600

14.0715 q.4894
-5.5368 5.7527
5.2957 €.5691

15.5801 6.4614

22,6134 5.0126

24.4922

L7050
4028
23.7069

9.2208
8.5910
8628
5274

| @ The program
| Conventions (2010 G El
the analytical relatlonsmps between the sohu Eanh tidal eﬁecls on various geodenc vanaﬂuns

| @ The Earth's tide generating potential (TGP) from the moon is calculated from 2nd to 6th degree, that from the sun from 2nd to 3rd degree, and that from other planets at the 2nd degree.

@ The solid tidal effect on normal height (approximately 300mm) is out of phase with the effect on the

| of the site displacement, tilt or horizontal gradient effect is generally much greater than the north-south component

height or geoid (app ly 500mm, namely the sign is opposite). The east-west component

!}\ " ’lM } ” / " inm
i ‘ ‘.\J N ”“ ’\ \”l
‘ ‘ 'l “ \ i w'

T

»‘o’«"«&'
i

Month/daylyear

m H””I’H i
i ; bl \" M il

o109 o onms s
The solid tidal effects at 450km altitude: geopotential (0.1m?%s?), gravity vector (E, N: along the GRACE orbit/SST-Il, U, pGal)

o
——
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IU

B

|
;..MO..Q*.:Q :si;i, b

Month/day/year

010319 011019 0n1mng 0122419

The solid tidal effects at 250km altitude: geopotential (0.1m?/s?), gravity gradient (E, N: along the GOCE orbit, U, 10pE)
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[Parameter settings] Set the input file format parameters, select the type of solid Earth
tidal effects.

[Output file] The solid Earth tidal effect file.

The file header is the same as the input file. Behind the input file record, adds one or
several columns of the tidal effects selected as the output file record.

In this example, the geopotential and gravity vector are selected, and there are 4
attributes added to the record.

2.1.4 Global forecast of solid tidal effects on various surface geodetic variations

[Function] Input the geodetic coordinates of a global anywhere surface point and set the
forecast time series parameters, calculate and display the solid Earth tidal effects on the
geoid or height anomaly (mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt
(SW, to the south and to the west, mas), vertical deflection (SW, to the south and to the west,
mas), horizontal displacement (EN, to the east and to the north, mm), ground radial
displacement (mm), ground normal or orthometric height (mm), radial gravity gradient (10uE)
or horizontal gravity gradient (NW, to the north and to the west, 10uE).

Firstly, calculate the tidal effect time series on all-element geodetic variations, and then
select the variations to be plot.

Look at the amplitude of various solid tidal effects, the in-phase or out-of-phase (same
or opposite sign) relationship between different types of variations, and the time-varying
characteristics of the tidal effect curves.

» Global forcast of solid tidal effects on various surface geodetic variations

Global forecast of solid tidal effects on various surface geodetic variationsl

Location of surface point to be forecast g 2 Tidal effect time series on all-element geodetic variations

Longitude ' 121.240000° DS & S
Latitude '29.428100° < a

L J
Ellipsoidal height |17.830m z @
Tk

Forecast time series parameters o T,
Start time 20160701 : Tidal effects to be plot
End time |20160704 - /| geold or height anomaly (mm)

1 ground gravity (uGal) (&
gravity disturbance (uGal)
ground tilt (SW, mas) (=
vertical deflection (SW, mas)
horizontal displacement (EN, mm) (=

Time interval 10.00 min

¥ Calculate and save as

/] ground radial displacement (mm) (=

| normal (orthometric) height (mm) (& Ho o i i e e o >
| radial gravity gradient (10pE) -
1 horizontal gravity gradient (NW, 104iE) Set line thickness 3 > . Extract time series to be plot Plot}

Tidal effect curve on surface geodetic variations 4. Save the current plot as

} 00116 [ 070316 070416

@ Firstly, calculate the tidal effect time series on all-element geodetic variations, and then select the variations to be plot

‘ @ Look at the amplitude of various solid tidal effects, the in-phase or out-of-phase (same or opposite sign) relationship between different types of , and the i ying of the
tidal effect curves.
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» Global forcast of solid tidal effects on various surface geodetic variations

Global forecast of solid tidal effects on various surface geodetic variationsl

Location of surface point to be forecast Ea 3 Tidal effect time series on all-element geodetic variations

Longitude |121.240000° NS XSS -
Latitude 29.428100°  © o
L]
Ellipsoidal height |17.830m : @
Forecast time series parameters = i} - )
Starttime 20160701 s Tidal effects to be plot
End time |20160704 : geold or height anomaly (mm)
- i ground gravity (uGal) =
ime interval 10.00 min gravity disturbance (uGal)

<] ground tilt (SW, mas) (=
vertical deflection (SW, mas)

| horizontal displacement (EN, mm) (=
ground radial displacement (mm) (= 3 1
normal (orthometric) height (mm) = 208500 o 23184 aldd IR i AR

& Calculate and save as

radial gravity gradient (10pE) -
4 horizontal gravity gradient (NW, 104iE) Set line thickness 3 = . Extract time series to be plot Plot|
Tidal effect curve on surface geodetic variations 4. Save the current plot as

60
40
20
0

20 — Ground G (5, aas)

e Grvand 8 (W, mn)

40 = Florizomeal displacement (T mm)
—— Horizomal displacement (N, mm)
= Hortzoatal geadicot (NAOE)

60, e Moiagetal getivat (W1OUE)

0701716 070216 070316 070416

@ Firstly, calculate the tidal effect time series on all-element geodetic variations, and then select the variations to be plot.
@ Look at the amplitude of various solid tidal effects, the in-phase or out-of-phase (same or opposite sign) relationship between different types of , and the ti ying of the
tidal effect curves.

The program outputs the solid Earth tidal effect time series file at the calculation point.
The file header occupies a row and includes the name of the calculation point, longitude
(degree decimal), latitude (degree decimal), ellipsoidal height (m) and starting MJDO. From
the second row onwards, the first column of the record is the system format time, the second
column is the difference between the MJD day and starting MJDO, and the last 14 columns
are the solid Earth tidal load effects on all-element geodetic variations.

The last 14 columns of the record are the height anomaly (mm, 3™ column), ground
gravity (uGal, 4t column), gravity disturbance (uGal), ground tilt (SW, to the south and to the
west, mas, 61 and 7t columns), vertical deflection (SW, to the south and to the west, mas),
horizontal displacement (EN, to the east and to the north, mm, 10t and 11* columns), ground
radial displacement (mm), ground normal or orthometric height (mm, 13" column), radial
gravity gradient (14 column) or horizontal gravity gradient (NW, to the north and to the west,
10uE, 15" and 16™ columns), respectively.

2.2 Spherical harmonic synthesis on ocean tidal load effects outside solid Earth

[Purpose] Using the global ocean tidal load spherical harmonic coefficient model (cm),
according to the location and time in the input file, compute the ocean tidal load effects on
various geodetic variations on the ground or outside the solid Earth by the spherical
harmonic synthesis algorithm. Here the point outside the solid Earth generally refers to the
space point that is not fixed with the soilid Earth in ocean space, near-Earth space, or
satellite altitude.
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2.2.1 Computation of ocean tidal load effect time series at a ground site

[Function] From a geodetic site variation time series file, compute the time series of the
ocean tidal load effects on the geoid or height anomaly (mm), ground gravity (uGal), gravity
disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection
(SW, to the south and to the west, mas), horizontal displacement (EN, to the east and to the
north, mm), ground radial displacement (mm), ground normal or orthometric height (mm),
radial gravity gradient (10pE) or horizontal gravity gradient (NW, to the north and to the west,
10uE).

[Input file] The geodetic site variation time series file.

The file header contains the site name, longitude (degree decimal), latitude (degree
decimal), height (m) relative to the sea surface, the starting MJDO (optional)...

Starting from the second row of the file, each row record stores the sampling values of
all the variations at one sampling epoch time. At least one column of the attribute in the
record is the sampling epoch time.

The height of the calculation point is normal or orthometric height relative to the sea
surface since the ocean tidal loads are generally considered to be on the sea surface.

Spherical harmonic synthesis on ocean tidal load effects outside solid Earth o
o Y = & &
= y v az s
Openfile Saveas Importparameters Startcomputation  Save process  Follow example
. Computation of ocean tidal load effect Computation of ocean tidal load effects Computation of ocean tidal load effects of - Global forecast of ocean tidal load effects
time series at a ground site at ground sites with given time " Earth satellite or outside solid Earth on various surface geodetic variations
{8 Open the geodetic site variation time series file >> Program Process ** Operation Prompts 4.+ Save program process as
‘Set the file parameters >> [Function] From a geodetic site variation time series file, compute the time series of the ocean tidal load effects on the geocid or height anomaly ~
e eV (mm), ground gravity (pGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, to the south and

tothe west, mas), horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or orthometric
- height (mm), radial gravity gradient (10E) or horizontal gravity gradient (NW, to the north and to the west, 10uE).

- [>> Open the geodetic site variations time series file C./E TideLoad4.5_win64en/examples/OTideloadharmsynth/Tmseries txt.

** Set the file format parameters according to the text box below, and then select the type of the geodetic variation to be calculated. After giving the |
X, output file name, click the control bunon Import setting parameters]

orthometric height in the header
Column ordinal number of time in the record 1

Column ordinal number of starting 5 x
MJDO in the header

S E ] % gefind the nput flerecord. add one or severalcolumn of the dalefect selectd a3 he owlput e record
[ geoid or height anomaly (mm) S¢ s ha 0 ogram!

™ button [Start computation]....
[ ground gravity (uGal) (= ** The cdqyputation process needs to walt... Durmg the computation period, you can open the output file C:/ETideLoad4.5_win6den/examples/
[ gravity disturbance (uGal) ang symh!Tmsqursl txt, to look at the computaion progress! N
tart time: 2024-10-13 10:38:34 | Columns 2 and 3 of the file header are agreed as the

Cgoundtit(SW.mas)® | utation of the ocean tidal load effedts! | longitude and latitude of the ground site
[+ vertical deflection {SW, mas) e Computation an:l ¢: 2024-10-18 10:43:51 v||
[~ horizontal displacgment (EN, mm) (= |M mum truncated aggre}\]\ - | e
20 3| [H) Save the domputed results as ¥ Import setting parameters # Start computation
[+ ground radial displcement (mm) (= of tig coefficient medel L= L= - :
[ ground normal or grthometric height (mm) (= Display of the input-output file|| 4. Save data in the text box as

[ radial gravity gradignt (104E}
1 horizontal gravity dradient (NW. 104E)

2 11700 0. 2.140 0.9659 2274 1.1443 -0 .5323 - 0.20
< >

@ The height of the calculated point Is normal o orthometnic helght refative 1o the sea surface since e ocean lidal loads are generally considered 10 be on the sea surface.
@ The global ocean tidal load spherical harmonic coefficient model (cm) adopts the FES2004 format, which can be constructed from the global tidal height harmonic constant grid models by the function
[Spherical harmonic analysis on ocean tidal constituent harmonic constants]

[Parameter settings] Set the input file format parameters, and select the type of ocean
tidal load effects.

[Output file] The geodetic site ocean tidal effect time series file.
The file header is the same as the input time series file. Behind the input file record,
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adds one or several columns of the tidal effects selected as the output file record. In this
example, all types are selected, and there are 14 attributes added to the record.

The program automatically selects the minimum value between the maximum degree of
tidal load spherical harmonic coefficient model and entered maximum degree as the
calculation degree.

80T E121.240° N29.428°, h17.83m

8 & B2

)

S0}

lonfhidaylyear

bire R e 0T/04/16
The ocean tidal load effects (360-degree) : height anomaly (mm) ground gravity (uGal) radial displacement (mm) orthometric height (mm)

E121.240°, N29.428°, h17.83m

07/01/16 07/02/16 0703116 07/04/16
The ocean tidal load effects (360-degree) : ground tilt (S, mas) tilt (W, mas) horizontal displacement (E, mm) horizontal displacement (N, mm)

The computation process needs to wait.... During the computation period, you can open
the output file to look at the computation progress!

,',\ h I i ‘,‘,;; AL IRAA AN """""n"ﬂ'
§ H i Hfm‘” i "I"H’)""“H NH"’“ b :

Il

A¥ e (MM) Ay e (Mm) AZ,, (M) Month/daylyear |

ol 01/24/19 02/07/19 022119
The ocean tidal load effect time series (mm) on Earth's mass centric variations

The program also outputs the ocean tidal load effect time series file *Otdcmsfptm.txt on
the degree-1 and degree-2 geopotential coefficients into the current directory. * is the input
file name, which is an internal test file. The first row is the file header, and starting from the
second row of the file, each row record stores the sampling epoch time, 3 columns of the
ocean tidal load effects on the degree-1 normalized geopotential coefficients AC;,, AC;4,
AS;; (x10°'), 5 columns of the effects on the degree-2 geopotential coefficients AC,g, AC,4,
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AS,,,AC,,,AS,, (x10°°), 3 columns of the effects (mm) on the Earth's center of mass and
2 columns of the effects on the figure polar shifts Axsp,, Ayssp(in ITRS space rectangular

coordinate system in unit of m).

| ) WW‘I ” ’ M JHMWW J

-10

- Axspp(m) Aygpp(m) Month/day/year |

om0 oS wome w219
The ocean tidal load effect time series (m) on Earth's figure polar shifts in ITRS

2.2.2 Computation of ocean tidal load effects at ground sites with given time

[Function] According to the location and time in the calculation point file, compute the
ocean tidal load effects on the geoid or height anomaly (mm), ground gravity (uGal), gravity
disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection
(SW, to the south and to the west, mas), horizontal displacement (EN, to the east and to the
north, mm), ground radial displacement (mm), ground normal or orthometric height (mm),
radial gravity gradient (10pE) or horizontal gravity gradient (NW, to the north and to the west,
10uE).

[Input file] The location and time file of the calculation points.

The first row is the file header. From the second row onwards, the second and third
attributes in the file record are conventionally longitude and latitude (degree decimals), and
there are the sampling epoch time and height attributes in the records.

[Parameter settings] Set the input file format parameters, select the type of ocean tidal
load effects.

[Output file] The ocean tidal load effect file.

The file header is the same as the input file. Behind the input file record, adds one or
several columns of the tidal effects selected as the output file record. In this example, all
types are selected, and there are 14 attributes added to the record.

Different from the effect of the solid Earth’s tide, the load effect on the normal height is
in the same phase as the effect on the ellipsoidal height, and the magnitude of the ocean
tidal load effect on the normal height is about 1.75 times that on the ellipsoidal height. The
east-west component of the site displacement, tilt or horizontal gradient effect is generally
smaller than the north-south component.

1+(2h',-(n+1)k',)/n is the degree-n load tidal factor (namely load deformation coefficient)
of the ground gravity at degree-n, 1-(n+1)k'y/n is that of the gravity disturbance, 1+k',-h'; is
that of the ground tilt and 1+k'; is that of the vertical deflection or height anomaly.
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Spherical harmonic synthesis on ocean tidal load effects outside solid Earth o

— oy = ~

5 d &z s
Openfile Saveas Importparameters Start compulalion  Save process  Follow example
. Computation of ocean tidal load effect Computation of ocean tidal load effects Computation of ocean tidal load effects of . Global forecast of ocean tidal load effects
time series at a ground site at ground sites with given time " Earth satellite or outside solid Earth on various surface gecdetic variations
| 18 Open the location and time file of the calculation points | >> Program Process ** Operation Prompts 4.+ Save program process as
| Set the file parameters >> [Function] According to the location and time in the calculation point file, compute the ocean tidal load effects on the geoid or height anomaly -

_ (mm), ground gravity (pGal), gravity disturbance (uGal), ground tiit (SW, o the south and to the west, mas), vertical deflection (SW, to the south and
* tothe west, mas), horizontal displacement (EN, to the east and to the north. mm). ground radial displacement (mm), ground normal o orthometric
-  height (mm), radial gravity gradient (10yE) or horizontal gravity gradient (NW, to the north and to (he west, 1DvEJ |

| Column ordinal number of normal or
| orthometric height in the record
Column ordinal number of time in the record 1

Column ordinal number of starting 5 x
| MJDO in the header

4

* | [>> Open the location and time file of the calculation points C/ETideLoad.5_wi ontm txt
* Se the file formal paramelers according to the text box below, and then select the type of the geodeuc varialon o be calculated. Afler giving the

X\ output file name, click the control button [Import setting parameters]. |

| Select the type of effects Benmu the input file record, add one or several columns or the tidal effects selected as the output file record.
[+ geoid or height anemaly {(mm)

. ~ uﬂnn [Start computation] |
[ ground gravity (uGal) (= * The comgutation process needs to wait... During the egmputation period, you can open the output file C:/ETideLoadd.5_winG4en/examples/
(] gravity disturbance (pGal) mth/Postmrst.ixt, to look at the computatign progress!
— ST (S, mas) & ] rttime: 2024-10-18 10:46:37 | Columns 2 and 3 of the record are agreed as
|[E=grou : Men) utatior] of the ocean tidal load effectp! | the longitude and latitude of the calculated point
[ vertical deflection ($W, mas)

20R4-10-18 10:49:46 v
[ horizontal displacefent (EN, mm) (=)
| [ ground radial displgcement (mm} (=
(] ground normal or ofthometric height (mm) (=
[+] radial gravity gradignt (10uE)
[ horizontal gravity gfadient (NW, 104E)

>> Computation
>> Complete the
> Computation end ti

=) save the cqmputed results as # Import setting parameters & Start computation

4/ Save data in the text box as

443 0.0

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.5665

2 5 01 7433 - 51 - 72
@ The height of the calculaled point Is normal or crthometnic helght relative (o Ihe sea surlace since he ocean (il loads are generally considered (o be on t:|e sea surface

@ The global ocean tidal load spherical harmonic coefficient model (cm) adopts the FES2004 format, which can be constructed from the global tidal height harmonic constant grid models by the function
[Spherical harmonic analysis on ocean tidal constituent harmonic constants].

The global ocean tidal load spherical harmonic coefficient model (cm) adopts the
FES2004 format, which can be constructed from the global tidal height harmonic constant
grid models by the function [Spherical harmonic analysis on ocean tidal constituent harmonic
constants].

The computation speed of the program depends on the degree of the spherical harmonic
coefficient model and number of the tidal constituents.

The program adopts the default global ocean tidal load spherical harmonic coefficient
model. You can select other global ocean tidal load spherical harmonic coefficient models
by the program [System configs for the geophysical models and numerical standards].

2.2.3 Computation of ocean tidal load effects of Earth satellite or outside solid Earth

[Function] According to the location and time in the external space point file, compute
the ocean tidal load effects on the geopotential (0.1m?2/s2), gravity (uGal), or gravity gradient
(10uE) outside the solid Earth.

[Input file] The location and time file of the external space points.

The first row is the file header. From the second row onwards, the second and third
attributes in the file record are conventionally longitude and latitude (degree decimals), and
there are the sampling epoch time and ellipsoidal height attributes in the record.

[Parameter settings] Set the input file format parameters, and select the type of ocean
tidal load effects.

[Output file] The ocean tidal load effect file.
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The file header is the same as the input file. Behind the input file record, adds one or
several columns of the tidal effects selected as the output file record. In this example, the
geopotentlal and gravity vector are selected, and there are 4 attributes added to the record.

< Spherical harmonic synthesis on ocean tidal load effects outside solid Earth o x|

CI- | ¥ ¥ a4 a-

Openfile Saveas Importparameters Stari computation  Save process Follow example

Computation of ocean tidal load effect ‘Computation of ocean tidal load effects ‘Computation of ocean tidal load effects of - . Global forecast of ocean tidal load effects
~ time series at a ground site " at ground sites with given time Earth satellite or outside solid Earth " on various surface geodetic variations
|jopenmlocaﬁonandmmeovmemmalpoinm |>>ProgramProeess ** Operation Prompts &.! Save program process as
Set the file parameters >> Computation end time: 2024-10-18 10:49:46 "
Column ordinal number of normal o . >>[Function] According to the location and time in the external space point file, compute the ocean tidal load effects on the geopotential (0.1m?s?),

orthometric height in the record
Column ordinal number of time in the record |1

Column ordinal number of starting 5 x
MJDO in the header

adharmsynth/outerptm. txt
jetic variation to be caiculated. After giving the

- gravity (uGal), or gravity gradient (10pE) outside the solid Earth.
= |>>Open the locanon and time file of the external poin TideLoad4.5_winB4en/examples/OTide

** Set the file format parameters aooordmg to the text box below, and then select the type of the
oul

Select the type of effects
el O /e R compaton fon [Star computator].. .
080 R0 fiuge) e The D puhmn pmcess needs to wau During me oom;:utanon period, you can open the output file C:/ETideLoad4. n/examples/

] gravity vector (XYZ, pGal)

txt, to look at the progress!
|[ EE vector iENU. EGali >> Computationglart time: 2024-10-18 10:51:29 <| s

— tation of the ocean tidal load effects! Columns 2 and 3 of the record are agreed
= Ll eyl : 2924-10-1810:56:33 as the longitude and latitude of the satellite
[] gravity gradiet (ENU, 104E)

luted results as 3 Import setting parameters & Start computation

4./ Save data in the text box as

B 150\24 3, A
201901010000
201901010100
201901010200
201901010300
201901010400 2
201801010500 g -0.
201901010600 -4.0274 1.
201901010700 -3.9739 35
201901010800 -3.4097 4.
201901010900 -2.4276 5.
201901011000 -1.1688 S.
201901011100 0.1603 4.
201901011200 1.3309 3.

¥ 2.1604 2
201901011400 || 150.24 32.42] | 4500000 -0. 2.5516 1
201901011500 || 150.24 32.42| | 450000.0 -0. 2.5163 0
201901011600 150.24 32.42 450 2.1898
201901011700 || 150.24 32.42] | 450000.0 1.7899 -1.
201901011800 J| 150.24 32.42| | 450000.0 1.5064 -1, v

@ The height ofthe calculated point is normal or orthometric height relative to the sea surface since the ocean tidal loads are generally considered to g; on the sea surface.
@ The global ocean tidal load spherical harmonic coefficient model (cm) adopts the FES2004 format, which can be constructed from the global tidal height harmonic constant grid models by the function
[Spherical harmonic analysis on ocean tidal constituent harmonic constants).

« Spherical harmonic synthesis on ocean tidal load effects outside solid Earth o x

B N ¥ o a2 @n

Openfile Saveas Importparameters Starl computation  Save process —Follow example

_ Computation of ocean tidal load effect Computation of ocean tidal load effects .. Computation of ocean tidal load effects of - . Global forecast of ocean tidal load effects
~ time series at a ground site ' atground sites with given time " Earth satellite or outside solid Earth " on various surface geodetic variations
| 8 Open the location and time file of the external points | >> Program Process ** Operation Prompts 4./ Save program process as
Set the file parameters >> Computation end time: 2024-10-18 10:56:33 ~
Column ordinal number of normal or >> [Function] According to the location and time in the external space point file, compute the ocean tidal load effects on the geopotential (0.1m?/s?),
orthometric height in the record 4 ?raviq (uGal), or gravity gradient (10E) outside the solid Earth.
5 S >> Open the location and time file of the external points TideLoad4.5_win64en/examples/OTideloadharmsynth/satptm. txt.
Column ordinal number of time in the record | 1 ~| " Setthe file format parameters according to the text box below, and then select the type of the geodetic variation to be calculated. After giving the
Column ordinal number of starting 5 x output file name, cnr,k the control button [Impo
MJDO in the header
ind the lnpm file record, add one or ssveral columns of the tidal effects selected as the outpul mu record.
Select the type of effects mng parameters have been imported into the programl

2 potential (0.1m?/s? button [Start computation ol button [Start computation]....
Ef_ 920 o = Dunng me computation period, you can open the output file C:/ETideLoad4.5 % s/
L1 gravity vector (XYZ, pGal) o txt, to look at the pragress!

[ gravity vector (ENU, pGal) tart time: 2024-10-18 10:57:57
[ gravity gradient (XYZ, 104E) ‘ tation of the ocean tidal load effects! Columns 2 and 3 of the record are agreed
s i X : 224-10-18 11:03:22 as the longitude and latitude of the satellite
IP. gravity gradient (ENU, 10pE) v
results as 3 Import setting parameters & Start computation
GOCE satellite altitude it Siave data In the et hox s
2 SJ000.0
150.24 32.42 250000. 3.1881 -0.5733 4.7552
150.24 32.42 6 -0.2601 5.4440
2 0 150.24 32.42 0.0527 5.2184
201901010300 150.24 32.42 0.3243 4.1564
201901010400 150.24 32.42 0.4757 2.3948
201901010500 || 150.24 32.42) 0.4659 0.1546
201901010600 150.24 32.42 0.3024 -2.2078
201901010700 150.24 32.42 0.0029 .
2019010108 32.42 -0.3676
2019010109 32.42] -0.6885
201901011000 150.24 32.42 -0.8345
201901011100 150.24 32.42 -0.7272
201901011200 150.24 32.42 0.3975
011300 150.24 32.42 0.0376
201901011400 150.24 32.42| 0.5006
201901011500 150.24 32.42 250000.0 0.9518
201901011600 150.24 32.42 1.2933
201901011700 150.24 32.42f 1.4158
201901011800 150.24 32.42] 1.2777 v

@ The height ofthe calculated It is normal or orthometric ht relative to the sea surface since the ocean tidal loads are generally considered to b on the sea surface.
@ The global ocean tidal load spherical harmonic coefficient model (cm) adopts the FES2004 format, which can be constructed from the global tidal height harmonic constant grid models by the function
[Spherical harmonic analysis on ocean tidal constituent harmonic constants).
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2.2.4 Global forecast of ocean tidal load effects on various surface geodetic variations

[Function] Input the geodetic coordinates of a global anywhere surface point and set the
forecast time series parameters, calculate and display the ocean tidal load effects on the
geoid or height anomaly (mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt
(SW, to the south and to the west, mas), vertical deflection (SW, to the south and to the west,
mas), horizontal displacement (EN, to the east and to the north, mm), ground radial
displacement (mm), ground normal or orthometric height (mm), radial gravity gradient (10uE)
or horizontal gravity gradient (NW, to the north and to the west, 10uE).

Firstly, calculate the tidal effect time series on all-element geodetic variations, and then
select the variations to be plot.

Look at the amplitude of various tidal effects, the in-phase or out-of-phase (same or
opposite sign) relationship between different types of variations, and the time-varying
characteristics of the tidal effect curves.

The ocean tidal load effect on gravity gradient can reach more than several of mE. The
high-accuracy and high-resolution ocean tide model should be employed for high precision
gravity gradient measurement in coastal areas.

The program outputs the ocean tidal load effect time series file at the calculation point.
The file header occupies a row and includes the name of the calculation point, longitude
(degree decimal), latitude (degree decimal), ellipsoidal height (m) and starting MJDO.

From the second row onwards, the first column of the record is the system format time,
the second column is the difference between the MJD day and starting MJDO, and the last
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14 columns are the ocean tidal load effects on all-element geodetic variations.

Global forcast of ocean tidal load effects on various surface geodetic variations X
Global forecast of ocean tidal load effects on surface geodetic var !
Location of surface point to be forecast . Tidal effect time series on all-element geodetic variations
e B 201607031230 2, 19.1056 92.9935 9.9097 23.a
L 121:240000° 8 = = - ® 2016070313 2 19.3684 87.3082 93,3513 18.
Latitude 29.428100° 69 Zea® Saa® S coaw 2. 18.5889 75,2272 .0302 1.
— 2 16.9764 59.0082 .2757 4.
Norma:"c:m 17.830m : G 2 14.7415 41.0176 5290 -3.
e e 2 12.0734 23.1412 7421 -9.
Forecast time series parameters ‘* T —— 201607031530 2 9.1478 6.5005 -15.
- ~ p-l . s 2016070316 25 €.1441 -8.4724 -19.
Start time 20160701 - 1607031630 2 3.2513 21.7064 22,
- Tidal effects to be plot 70317 2.708333 0.6515 -33.1140 -24.
Enxfine 120160704 = & geoid or height I 1607031730 2.729167 -1.5063 -42.3641 -25.
Time interval 30.00 min 2 Jgsokd o helght anomaly:(mm) 2016070318 2.750000 -3.1233 -48.9039 -24.
[ ground gravity (uGal] 201607031830 2.770833 -4.1468  -52.1827 -21.
Maximum truncated degree 3 2016 9 2.791667 -4.5510 51 9 17.
of the coefficients model 260 gravity disturbance (iGal) 1607031930 2 -4.3177  -48.1701 -12.
(] ground tilt (SW, mas) (& 16070320 -3.4335  -41.3139 -s.
07032030 -31.7056 1.
¥ Calculate and save as ) vertical deflection (SW, mas) 16070321 6 o
£} The program needs some time to [ horizontal displacement (EN, mm) zr;ff::};}“ ;‘f-
? = 016070322 ]
calculate the time series av‘ocean tidal (] ground radial displacement (mm) (= 23
load eﬁa:i:ts. Please lwa:eunm tr:,e button = 1 ormal (orthometric) height (mm) (&) g:
xtract series to ecomes 2
I el piod [ radial gravity gradient (10pE) 26.¥
avallable. " >
[ horizontal gravity gradient (NW, 10pE) — —
[ Sea surface tidal height (cm) Set line thickness |3 S Plot}
Tidal effect curve of surface geodetic variations 4! Save the current plot as.
-200
0701716 07016 07016 00V16

@ Firstly, calculate the tidal effect time series on all-element geodetic variations, and then select the variations to be plot.
@ Look at the amplitude of various ocean tidal load effects, the in-phase or out-of-phase (same or opposite sign) relationship between different types of variations, and the time-varying characteristics of the tidal
effect curves.

Global forcast of ocean tidal load effects on various surface geodetic variations 7 X
Global forecast of ocean tidal load effects on surface geodetic var :
Location of surface point to be forecast . Tidal effect time series on all-element geodetic variations
> & 201607031230 2.520833 19.1056 92.9935 94,9732 g/
Longitude }121.240000° 15 = N ® 2016070313 2. 73.8155
Latitude 29.428100° 89 S ® S ¥ e 201607031330 2. 46.9827
2016070314 2 17.0406
Nw:::ﬂ‘:'m 17.830m : m 7031430 2 -12.9246
16070315 2 -40.1203
Forecast time series parameters * W e 201607031530 2 -62.7336
- —~ p‘ @ 2016070316 2y -80.1315 42.2072  -19.
Start time 20160701 < 201607031630 2. 6
- Tidal effects to be plot 6070317 2. 5
Endiime 120160704 < [ geoikd or helon 07031730 2.729167 5
Time interval 30.00 min o4 | geosd or tielght anomaly (mm) 2016070318 2.750000 51.89
(] ground gravity (uGal) & 201607031830 2.770833 45.118
Maximum truncated degree = 2016070319 2.791667 35.1271 17.
of the osfficients modal 30 LI gravky dskwbence (jOw) 07031930 2 22! -12.
7] ground tilt (SW, mas) (= §070320 2 -41.3139 -5-
¥ Calculats and save 25 ¥ vertical deflection (SW, mas) 2q1601032030 & R1ea05¢ = L.
8 2016070 2. -19.522 8.
£ The program needs some time to [ horizontal displacement (EN, mm)=) if;ffzif”“ 2 L;;”: ;‘_‘
calculate the time series of ocean tidal (| ground radial displacement (mm) 201607032230 2 31.0290 89 23,
load effects. Please wait until the button — — ) (orthometric) height (mm) ® 2016070323 2 49.7423 52.7596 100.0555 25,
[Extract time series to be plot] becomes ¥ i 201607032330 2 66.0822 70. 104.6045 26.
avallabi radial gravity gradient (10pE) 2016070400 3.000 1 77.4314 102.8130 8 26.%
[ horizontal gravity gradient (NW, 10pE) = g
[] Sea surface tidal height (cm) Set line thickness |3 < 7] Extract time series to be plot Plot}
Tidal effect curve of surface geodetic variations &' Save the current plot as.

@ Firstly, calculate the tidal effect time series on all-element geodetic variations, and then select the variations to be plot.
@ Look at the amplitude of various ocean tidal load effects, the in-phase or out-of-phase (same or opposite sign) relationship between different types of variations, and the time-varying characteristics of the tidal
effect curves.

The last 14 columns of the record are the tidal load effects on the height anomaly (mm,
31 column), ground gravity (uGal, 4" column), gravity disturbance (uGal), ground tilt (SW, to
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the south and to the west, mas, 6% and 7t columns), vertical deflection (SW, to the south
and to the west, mas), horizontal displacement (EN, to the east and to the north, mm, 10"
and 11" columns), ground radial displacement (mm), ground normal or orthometric height
(mm, 13" column), radial gravity gradient (10uE, 14t column) or horizontal gravity gradient
(NW, to the north and to the west, 10uE, 15t and 16t columns), respectively.

Global forcast of ocean tidal load effects on various surface geodetic variations
Global forecast of ocean tidal load effects on i surface geodetic variati 1
Location of surface point to be forecast . Tidal effect time series on all-element geodetic variations
Longitude '121.240000° * ) 2 ’ 103123 2: 833 19:105¢ 2

Latitude 29.428100°
Normal or ortho-

metric height 17-830m z 0] 3!
Forecast time series parameters * F — =5
Starttime 20160701 ' i 2.
v i 20160704 Tidal effects to be plot t
Time interval 30.00 min 2 geoid or height anomaly (mm) .
ground gravity (uGal) (&
NEGWTILINCaNd dONO8TT 1, — [ I gravity disturbance (uGal)

of the coefficients model
ground tilt (SW, mas) (=

¥ Calculate and save as vertical deflection (SW, mas)

41¢ 4 1.205¢ 1
The ocean tidal loading effect on gravity gradient can reach
more than tens of mE. The high-accuracy and high-
resolution ocean tide model should be employed for high

precision gravity gradient measurement in coastal areas.

) The program needs some time to horizontal displacement (EN, mm)(s.
calculate the time series of ocean tidal "1 ground radial displacement (mm) (=
load effects, Please wait until the button
[Extract time series to be plot] becomes

7| normal (orthometric) height (mm) (&
7| radial gravity gradient (10E)

avallable. 234 LR 192,812 N
| horizontal gravity gradient (NW, 10uE)
Sea surface tidal height (cm) Set line thickness 3 = . Extract time series to be plot Plot}
Tidal effect curve of surface geodetic variations 4.t Save the current plot as
2000

— Radll gty pradieai(10:2)
—— Horlzontal gradient (N,10yE)
2000, e Horizontal gradient (W.IOE) |}

070116 070/16 070316 070416

@ Firstly, calculate the tidal effect time series on all-element geodetic variations, and then select the variations to be plot

@ Look at the amplitude of various ocean tidal load effects, the in-phase or out-of-phase (same or opposite sign) relationship between different types of variations, and the time-varying characteristics of the tidal
effect curves.

2.3 Spherical harmonic synthesis on atmosphere tidal load effects outside solid
Earth

[Purpose] Using the global surface atmosphere tidal load spherical harmonic coefficient
model (hPa/mbar), compute the surface atmosphere tidal load effects on various geodetic
variations on the ground or outside the solid Earth according to the location and time in the
input file by the spherical harmonic synthesis algorithm. Here the point outside the solid
Earth generally refers to the space point that is not fixed with the Earth in ocean space, near-
Earth space, or satellite altitude.

The program adopts the 360-degree surface atmosphere tidal spherical harmonic
coefficient model ECMWF2006.dat, which contains semi-diurnal, diurnal, semi-annual, and
annual period constituents.

2.3.1 Computation of surface atmosphere tidal load effect time series at a ground
site

[Function] From a geodetic site variation time series file, compute the time series of the
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surface atmosphere tidal load effects on the geoid or height anomaly (mm), ground gravity
(uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical
deflection (SW, to the south and to the west, mas), horizontal displacement (EN, to the east
and to the north, mm), ground radial displacement (mm), ground normal or orthometric
height (mm), radial gravity gradient (10uE) or horizontal gravity gradient (NW, to the north
and to the west, 10pE).

[Input file] The geodetic site variation time series file.

The file header contains site name, longitude (degree decimal), latitude (degree
decimal), height (m), starting MJDO (optional),

Starting from the second row of the file, each row record stores the sampling values of
all the variations at one sampling epoch time. At least one column of the attributes in the
record is the sampling epoch time.

[Parameter settings] Set the input file format parameters, and select the type of the
surface atmosphere tidal load effects.

4+ Spherical harmonic synthesis on surface atmosphere tidal load effects outside solid Earth [

o . 5 a5 a
CY- | > nd a An
Openfile Saveas Importparameters Start computat Save process  Follow example
‘ of surface tidal of surface tidal load Computation of surface atmosphere tidal .- Global forecast of surface atmosphere tidal load
gt Io.:\d effect time series at a ground site eﬂects at ground sites with given time ** load effects of satellite or outside Earth effects on various surface geodetic variations
@ Open the geodetic site variation time series file >> Program Process ** Operation Prompts it Save program process as
Set the file parameters >> Select the computation function from the 4 control buttons on the top of the interface. -

>> [Function] From a geodetic site variation time series file, compute the time series of the surface atmosphere tidal load effects on the geoid or height anomaly (mm),
< ground gravity (Gal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west. mas), vertical deflection (SW, to the south and to the west, mas),

| horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity gradient

= _(104E) or horizontal gravity gradient (NW, o the north and to the west, 10uE)

< |2 Open the geodetic site vanation time series fle C'/E TideLoad4 5_winben/examples/ATideloadharmsynth/Trmseries txt

“Set the file format parameters amumg to the text box below, and then select the type of the geodetic variation to be computed. After giving the output file name,

Column ordinal number of height relative
to the surface in the header

Column ordinal number of time in the record 1

Column ordinal number of starting 5 g
MJDO in the header

4

Select the type of effects
[ geoid or height anomaly (mm)
I ground gravity (uGal) (&

utton [Start computation]

) gravity disturbance (uGal) ** The computation process needs to wait... During the cgmputation period, you can open the output file C-/ETideLoad4.5_win64en/examples/ATideloadharmsynth/
7| ground tit (SW. mas) = Q
[/ vertical deflection {SW, mas) > Complete the f the. tidal | Columns 2 and 3 of the file header are agreed as the

] horizontal displacgment (EN, mm) (& >>\Computation end tme: R§-10-18 11:33:10 I longitude and latitude of the ground site

Maxifqum truncated degree
of the dpe

1 ground radial dispfacement (mm) (=
] ground normal or grthometric height (mm) (=
[ radial gravity gradient (104E)

/1 horizontal gravity dradient (NW, 104E)

20 ¥ Save the chmputed results as 3 Import setting parameters & Start computation

4.’ Save data in the text box as

¢ >
@ When calculating mmﬁmmmd the height h of the calculation point is the height of the
point relative to the surface. When calculating the direct influences of surface atmosphere tidal load to the gravity or gravity gradient, it is assumed that there is a between P, at height h and
surface atmosphere Ps, namely P,=Ps (1-h/44330)"2
@ The annual periodic ampiitude of the surface atmosphere tide is more than 10 times the diumal periodic ampiitude. In the land area, the surface atmosphere is high in winter and low in summer, so that the ground deciine in

winter and upiift in summer, resulting in annual and semi-annual periodic ground vertical deformations, which should be considered in centimeter-level geodesy.

[Output file] The geodetic site surface atmosphere tidal load effect time series file.

The file header is the same as the input file. Behind the input file record, adds one or
several columns of the tidal effects selected as the output file record. In this example, all
types are selected, and there are 14 attributes added to the record.

When calculating the indirect influences of surface atmosphere tidal load, the program
assumes that the atmosphere loads are concentrated on the Earth’s surface, and the height
h of the calculation point is the height of the point relative to the surface. When calculating
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the direct influences of surface atmosphere tidal load to the gravity or gravity gradient, it is

assumed that there is a proportional relationship between atmosphere P, at height h and
surface atmosphere Py, namely P,=P, (1-h/44330)>%?°.
s (E124.24°, N29.4281°) T

> |

””'Un,'t
o ‘

d ) il
5 \ Il
H

-10P

|
,,
a1

-15

Month/dayl/year

01/01/18 07/02/18 010119 a9
The Surface atmosphere tidal load effects (360-degree) : surface atmosphere(hPa/mbar) height anomaly (mm)
ground gravity (uGal) orthometric height (mm) radial gravity gradient (10pE) horizontal displacement (N, 10pE)

The program also outputs the atmosphere tidal load effect time series file
*Atdcmsfptm.txt on the degree-1 and degree-2 geopotential coefficients into the current
directory. * is the input file name, which is an internal test file. The first row is the file header,
and starting from the second row of the file, each row record stores the sampling epoch time,
3 columns of the atmosphere tidal load effects on the degree-1 normalized geopotential
coefficients AC;,AC;;, AS;; (x10 - ), 5 columns of the effects on the degree-2
geopotential coefficients AC,, ACy;, ASy1,AC5,,AS,, (x10°'°), 3 columns of the effects
(mm) on the Earth's center of mass and 2 columns of the effects on the figure polar shifts
Axgsrp, Ay (in ITRS space rectangular coordinate system in unit of m).

The surface atmosphere tidal load effect time series (mm) on Earth’s mass centric variations

Axem(mm) Ay p(mm) Az, (mm) Month/daylyear
4 i H R
0101118 07/02/18 o101/19 07/03/19

The surface atmosphere tidal |load effectitime series (m) on Earth's figure polar shifts in ITRS

Axgrp(m) Ayspp(m)

1
0101/19

Month/daylyear |

010118 07/02/18 07/03/19

The annual periodic amplitude of the surface atmosphere tide is more than 10 times the
diurnal periodic amplitude. In the land area, the surface atmosphere is high in winter and low
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in summer, so that the ground decline in winter and uplift in summer, resulting in annual and
semi-annual periodic ground vertical deformations, which should be considered in
centimeter-level geodesy.

The surface atmosphere tidal load effects on the east-west component of the site
displacement, tilt or horizontal gradient are generally smaller than that on the north-south
component.

2.3.2 Computation of surface atmosphere tidal load effects at ground sites with
given time

[Function] According to the location and time in the calculation point file, compute the
surface atmosphere tidal load effects on the geoid or height anomaly (mm), ground gravity
(uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical
deflection (SW, to the south and to the west, mas), horizontal displacement (EN, to the east
and to the north, mm), ground radial displacement (mm), ground normal or orthometric
height (mm), radial gravity gradient (10pE) or horizontal gravity gradient (NW, to the north
and to the west, 10puE).

[Input file] The location and time file of the calculation points.

The first row is the file header. From the second row onwards, the second and third
attributes in the file record are conventionally longitude and latitude (degree decimals), and
there are the samplmg epoch time and height attributes in the records.

Spherical harmonic synthesis on surface atmosphere tidal load eflects outside solid Earth

] 3 & iz An
Openfile Saveas Importparameters Start compuial Save process  Follow example
[ of surtace tidal C of surface tidal load Computation of surface atmosphere tidal - Global forecast of surface atmosphere tidal load
** load effect time series at a ground site ** effects at ground sites with given time ** load effects of sateliite or outside Earth =" effects on various surface geodetic variations.
@ Open the location and time file of the calculation points | >> Program Process ** Operation Prompts 4! Save program process as
Set the file parameters. >> Computation end time: 2024-10-18 11:33:10

>> [Function] According to the location and time in the calculation point file, compute the surface atmosphere tidal load effects on the geoid or height anomaly (mm),
% | ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, o the south and to the west, mas),
. | horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity gradient
= | {10uE) or horizontal aravity aradient (NW, to the north and to the west, 10uE)
>> Open the location and time file of the calculation points C./ETideL0ad4.5
~ Set the fie format parameters according 1o the text box below, and then Select the fype of the geodetic variation o be computed. Afler giving the output fle name,

Column ordinal number of height relative
to the surface in the recor

Column ordinal number of time In the record |1

Column ordinal number of starting (5 g
MJDO in the header

a

Select the type of effects
[ geoid or height anomaly (mm)

GaT efects as e utput e record

| ground gravity (Gal) (= - detrol button [Start computation), or the tool button [tart computation]
2 gravity disturbance (uGal) hq process needs to wait .. During the computation period, you can open the output file C/ETideLoadd.5_win6den/examples/ATideloadharmsynth/

Postmrst.tt, to look Mthe computation progress!
-/, ground tilt (SW. mas) =

>> Computation start tifh_2024-10-18 11:34:59
4 vertical deflection {SW, mas) > Complete the f the atmosphere tidal load effects! I Columns 2 and 3 of the record are agreed as the
/| horizontal displacgment (EN, mm) @ >X Computation end time: 2"7}\ 1811:38:17 | longitude and latitude of the calculation point

4 ground radial dispfacement (mm) =

I ground normal or grthometric height (mm) (=
7 radial gravity gradipnt (104E)
radient (NW, 104E)

mum truncated degree

X Gouticient frodel 120 | = }=) save the computed results as # Import setting parameters # Start computation

Displa) of the input-output file | 4./ Save data in the text box as

| 4 horizontal gravity

1
1
.16
1

@ When calculating . TeTTCES Ot SUTaCe CSpTETe OIS -aTeTo goe AT Neight h of the calculation point is the height of the
point relative to the surface. When calculating the direct mﬂueﬂces 01 sunace almasphere udat voao to the gravlly or gravity gvaa;enl itis assumed that lhere isa between P, at height h and
surface atmosphere Py, namely P,=P (1-h/44330

@ The annual periodic amplitude of the surface atmosphere tide is more than 10 times the diumnal periodic amplitude. In the land area, the surface atmosphere is high in winter and low in summer, so that the ground decline in
winter and uplift in summer, resulting In annual and semi-annual periodic ground vertical deformations, which should be considered in centimeter-level geodesy.

[Parameter settings] Set the input file format parameters, and select the type of
atmosphere tidal load effects.
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[Output file] The surface atmosphere tidal load effect file.

The file header is the same as the input file. Behind the input file record, adds one or
several columns of the tidal effects selected as the output file record. In this example, all
types are selected, and there are 14 attributes added to the record.

The global surface atmosphere tidal load spherical harmonic coefficient model (hPa)
adopts the FES2004 format, which can be constructed from the global surface atmosphere
harmonic constant grid model by the function [Spherical harmonic analysis on surface
atmosphere tidal harmonic constants]. In the program [System configs for the geophysical
models and numerical standards], you can select the other global surface atmosphere tidal
load spherical harmonic coefficient model.

2.3.3 Computation of surface atmosphere tidal load effects of satellite or outside Earth

[Function] According to the location and time in the external space point file, compute
the surface atmosphere tidal load effects on the geopotential (0.1m2/s?), gravity(uGal), or
gravity gradient (10uE) outside the solid Earth.

[Input file] The location and time file of the external space points.

The first row is the file header. From the second row onwards, the second and third
attributes in the file record are conventionally longitude and latitude (degree decimals), and
there are the sampling epoch time and height attributes in the records.

[Parameter settings] Set the input file format parameters, and select the type of surface
atmosphere tidal load effects.

. Spherical harmonic synthesis on surface atmosphere tidal load effects outside sold Farth

b= 3 » a4 as
Openfile Saveas Importparameters Star compuiation  Save process —Follow example
[~ of surface tidal o, of surface tidal load Computation of surface atmosphere tidal . Global forecast of surface atmosphere tidal load
** load effect time series at a ground site ¥ effects at ground sites with given time * load effects of satellite or outside Earth effects on various surface geodetic variations
[ Open the location and time file of the external points | >> Program Process ** Operation Prompts 4.+ Save program process as
Set the file parameters >> Computation start time: 2024-10-18 11:34:59 -

. | >> Complete the computation of the atmosphere tidal load effects!
= | | >> Computation end time: 2024-10-18 11:35:17

- | >> [Function] According to the location and time in the external space point file, compute the surface atmosphere tidal load effects on the geopotential (0. 1m?/s?)
= | | gravity(uGal), or gravity gradient (10LE) outside the solid Earth.

& [22.Open the location and time file of the extemal points C/ETideLoad4 5
Sel the Me Volmal parame(els aocommg 10 the fext box below, and then select the type of the geodeic variation (o be computed. Afier giving the output flle name

@

tion [Start computation].
hputation period, you can open the output file C-/ETideLoad4.5_winB4en/examples/ dharmsynth/

of the atmosphere tidal load effects! | Columns 2 and 3 of the record are agreed
4-10-18 11:38:1 I as the longitude and latitude of the satellite

Column ordinal number of height relative
to the surface in the record
Column ordinal number of time in the record 1

Column ordinal number of starting (5 y¢
MJDO in the header

4

Select the type of effects
|41 geopotential (0.1m?/s?)

gravity vector (XYZ, yGal)

[ gravity vector (ENU. pGal) |

gravity gradient (XZ. 104E)

gravity gradient (ENU, 104E)

les/ATideloadharmsynth/outerprst txt.
f the tidal effects as the output file record.

K on tting pa
B‘ ave |he compuled resulls as c rET\deLuadd 5

Ximum truncated degree

b 3 Start computation
iMoo [ Save the computed results as ¥ Import setting parameters & Start computatic

GRACE satellite altitude 4./ Save data in the text box as

018010404 ]| 121.24

@ When calculating|the indirect influences of surface atmosphere tidal load, the program assumes that the atmosphere loads are concentrated on tbe Earth's surface, and the height h of the calculation point is the height of the
point relative to the surface. When calculating the airect Influences of surface atmosphere tidal 0ad 1o the gravity or gravity gradient. It is assumed that there is a between P, at height h and
surface atmosphere Ps, namely P,=P: (1-h/44330)=*.

| @ The annual periodic ampiitude of the surface atmosphere tide is more than 10 times the diumal periodic amplitude. In the land area, the surface atmosphere is high in winter and low in summer, 5o that the ground decline in
winter and uplift in summer, resulting in annual and semi-annual periodic ground vertical deformations, which should be considered in centimeter-level geodesy.
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| 4 Spherical harmonic synthesis on surface atmosphere tidal load effects outside solid Farth - o
- 5 =] & @&

| ¥ i &z An

Openfile Saveas Importparameters Start computation  Save process  Follow example

f oo

tidal load
"** effects at ground sites with given time

E of su tidal
** load effect time series at a ground site

of surface tidal - Global forecast of surface atmosphere tidal load
" load effects of satellite or outside Earth =

effects on various surface geodetic variations

(3 Open the location and time file of the external points | >> Program Process ** Operation Prompts
Set the file parameters

Column ordinal number of height relative
to the surface in the record

Column ordinal number of time in the record | 1
Column ordinal number of starting (5

4:f Save program process as
>> Computation start time: 2024-10-18 11:36:34

. >> Complete the computation of the atmosphere tidal load effects!
>> Computation end time: 2024-10-18 11:38:11

>> [Function] According to the location and time in the external space point file, compute the surface atmosphere tidal load effects on the geopotential (0. 1m?/s?),
[j@glxy(pG:ILor gravity 1t (10E)

x Aée the location an file of the ex p hisatptm bt ]
MJDO in the header mm ?oTvm paramewrs aecommg fo the text box nelcm ‘and then select the type of m—eoaem variation to be computed. After giving the output file name,
< fe seft s
Select the type of effects
| [] geopotential (0.1mw/s") e of the tidal effects as the output file record.
g Parameters have been imported into the program}
[ gravity vector (XYZ, pGal) control button [Start computation], or the tool bition [Start computation]
[ gravity vector (ENU. yGal) | ation process needs to wait... During the computation period, you can open the output file C:/ETideLoadd.5_win64en/exa
%@ |
O gravity ent 0z 104E) satptmrst txt, to Wk at the computation progress!

rmsynth/
>> Computation st time: 2024-10-18 11:40:00
 gravity gradient (ENU, 104E)

tation of the atmosphere tidal load effects! Columns 2 and 3 of the record are agreed
4-10-18 11:41:33 as the longitude and latitude of the satellite
ymputed results as

F Import setting parameters & Start computation

GOCE satellite altitude 4 Save data in the text box as
2 - -2. 3

@ When calculating|the indirect infiuences of surface atmosphere tidal load, the program assumes that the atmosphere loads are concentrated nntﬂe Earth's surface, and the height h of the calculation point is the height of the
point relative to the surface. When calculating the direct Influences of surface atmosphere tidal 1oad 1o the gravity o gravity gradient, It |s assumed that there is a
surface atmosphere Ps, namely P,=P, (1-h/44330)™=.

between P, at height h and
@ The annual periodic amplitude of the surface atmosphere tide is more than 10 times the diumal periodic amplitude. In the land area, the surface atmosphere is high in winter and low in summer, so that the ground decline in
winter and uplift in summer, resulting in annual and semi-annual periodic ground vertical deformations, which should be considered in centimeter-level geodesy.

[Output file] The surface atmosphere tidal load effect file.

The file header is the same as the input file. Behind the input file record, adds one or
several columns of the tidal effects selected as the output file record. In this example, the
geopotential and gravity vector are selected, and there are 4 attrlbutes added to the record.

3 4 : Month/day/year
070218 oo 07/03119
The surface atmosphere tidal effects at 450km altitude: geopotential (0.1m?s?), gravity vector (E, N: along the GRACE orbit/SST-II, U, uGal)

07802/18 o119

07/03/19
The surface atmosphere tidal effects at 250km altitude: geopotential (0.1m?s?), gravity gradient (E, N: along the GOCE orbit, U, 10uE)
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2.3.4 Global forecast of surface atmosphere tidal load effects on various surface
geodetic variations

[Function] Input the geodetic coordinates of a global anywhere surface point and set the
forecast time series parameters, calculate and display the surface atmosphere tidal load
effects on the geoid or height anomaly (mm), ground gravity (uGal), gravity disturbance
(uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, to the
south and to the west, mas), horizontal displacement (EN, to the east and to the north, mm),
ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity
gradient (10uE) or horizontal gravity gradient (NW, to the north and to the west, 10uE).

Firstly, calculate the tidal effect time series on all-element geodetic variations, and then
select the variations to be plot.

Look at the amplitude of various surface atmosphere tidal load effects, the in-phase or
out-of-phase (same or opposite sign) relationship between different types of variations, and
the time-varying characteristics of the tidal effect curves.

+; Global forcast of surface atmosphere tidal load effects on various surface geodetic variations

Global forecast of surface h tidal load effi on various

Location of surface point to be forecast Tidal effect time series on all-element geodetic variations

ngnude 121.240000° [rlpsey bW bt ol el 2 P 5T sivi B
Latitude 29428100 ?&Q ok g +166651 Je12es B0 +8an8 1828 0,381
201 2
201 € & 0

| Forecast time series parameters

| £ The program needs some time to ot R e (B

calculate the time series of surface [ ground radial displacement (mm) (=
atmosphere tidal load effects. Please (| normal (orthometric) height (mm) (=
wait until the button [Extract time series radial gravity gradient (10pE)

1o be plot] becomes available. jaieiats a : 6.3032 -9041 .72 s
horizontal gravity gradient (NW, 104E)

1

Start time 20180101 z L "‘" 1

End time | 20200101 2| Tical effects to be plot :

Time interval |240.00 min 3 geoid or height anomaly (mm), +

~I ground gravity (uGal) (= 201

| [Maximum truncated degree = gravity disturbance (pGal) 20
||of the model 10 * 201
ground tit (SW, mas) (& 1

1

& Calculate and save as vertical deflection (SW, mas) 1

1

1

1

1

1

1

I surface atmosphere (hPa/mbar) Set line thickness 1 B . Extract time series to be plot Plot}

Tidal effect curve of surface geodetic variations 4.t Save the current plot as

s .

N I “]R'P

010118 0N o 0man9

@ Firstly, calculate the tidal effect time series on all-element geodetic variations, and then select the variations to be plot

@ Look at the amplitude of various surface atmosphere tidal load effects, the in-phase or out-of-phase (same or opposite sign) relationship between different types of variations, and the time-varying characteristics of the

tidal effect curves.
.

The program outputs the atmosphere tidal load effect time series file at the calculation
point. The file header occupies a row and includes the name of the calculation point,
longitude (degree decimal), latitude (degree decimal), ellipsoidal height (m) and starting
MJDO. From the second row onwards, the first column of the record is the system format
time, the second column is the difference between the MJD day and starting MJDO, and the
last 14 columns are the surface atmosphere tidal load effects on all-element geodetic
variations.
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=i Global forcast of surface P load effects on various g variations 7 %

Global forecast of surface atmosphere tidal load effects on

Location of surface point to be forecast ‘ Tidal effect time series on all-element geodetic variations

|
|

|

|

s = ® orcast 121.24000

‘ Longitude |121.240000° = S
|

1

|

|

|

-~
Latitude |29.428100°  + 5&0

Forecast time series parameters

Starttime 20180101 - e

End time 20200101 s Tidal effects to be plot
| Time interval | 240.00 min S [ geold or height anomaly (mm)
| ground gravity (uGal) &)
1 Maximum truncated degree 180 (] gravity disturbance (pGal)
|| of the coefficients model 2 ground tiit (SW, mas) &
{ & Calculate and save as ] vertical deflection (SW, mas)
|
|

£ The program needs some time to ] horizontal displacement (EN, mm|
calculate the time series of surface [ ground radial displacement (mm) ()
atmosphere tidal load effects. Please [ | normal (orthometric) height (mm) ()
wait until the button [Extract time Sefies | uqial ray, Bt THUE
10 be plot] becomes available. Iy pucoN )

(] horizontal gravity gradient (NW, 104E)
[] surface atmosphere (hPa/mbar) Setline thickness | 1 B “. Extract time series to be plot

|
Tidal effect curve of surface geodetic variations

‘ 010118 0rmns o omany

@ Firstly, calculate the tidal effect time series on all-element geodetic variations, and then select the variations to be plot.
@ Look at the amplitude of various surface atmosphere tidal load effects, the In-phase or out-of-phase (same or opposite sign) relationship between different types of variations, and the time-varying characteristics of the
tidal effect curves. |

=i Global forcast of surface atmosphere tidal load effects on various surface geodetic variations 7 X

Global forecast of surface ph ti load eff on i rf: geodeti iati : ;
Location of surface point to be forecast 3 Tidal effect time series on all-element geodetic variations |
= L F ~

t  121.240000 9.428100 58119.000000
100 0. 0 7. 6.26

2615

e
Latitude |29.428100°  * 5&0

Forecast time series parameters

|
|
|
|
‘ Longitude |121.240000° =+
|
|
|
|
|

Starttime 20180101 < [ ——"
End time 20200101 o Tidal effects to be plot
| Time interval | 240.00 min 3 (] geoid or height anomaly (mm)

[] ground gravity (uGal) (=

Maximum truncated degree 180 (] gravity disturbance (pGal)
of the coefficients model ] ground tit (SW, mas)

|
% & Calculate and save as ] vertical deflection (SW, mas)
|
|

£ The program needs some time to L horizontal displacement (EN, mm))
calculate the tme series of surface [ ground radial displacement (mm) (=)
atmosphere tidal load effects. Please [] normal (orthometric) height (mm) (&)
wait until the button [Extract time series ] radial gravity gradient (10yE)

1o be plot] becomes available. == -
| | horizontal gravity gradient (NW, 10pE) ‘
[] surface atmosphere (hPa/mbar) Set line thickness |1 Plot] ]
|
Tidal effect curve of surface geodetic variations 4./ Save the current plot as

3
‘ oons omens owing

| @ Firstly, calculate the tidal effect time series on all-element geodetic variations, and then select the variations to be plot.
| @ Look atthe amplitude of various surface atmosphere tidal foad effects, the In-phase or out-of-phase (same or opposite sign) relationship between different types of variations, and the tme-varying characteristics of the
Lt‘ldal effect curves.

The last 14 columns of the record are the height anomaly (mm, 3 column), ground
gravity (uGal, 4t column), gravity disturbance (uGal), ground tilt (SW, to the south and to the
west, mas, 6 and 7t columns), vertical deflection (SW, to the south and to the west, mas),
horizontal displacement (EN, to the east and to the north, mm, 10" and 11" columns), ground
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radial displacement (mm), ground normal or orthometric height (mm, 13% column), radial
gravity gradient (10uE, 14t column) or horizontal gravity gradient (NW, to the north and to
the west, 10uE, 15" and 16" columns), respectively.

2.4 Computation of Earth’s rotation polar shift effects on geodetic variations and
tidal effects on EPR

[Purpose] Using IERS Earth orientation parameters (EOP) product file IERSeopc04.dat,
compute the Earth’s rotation polar shift and ocean pole tidal effects on various geodetic
variations on the ground or outside the solid Earth, or compute the tidal effects on Earth
rotation parameters (EPR).

The Earth's rotation polar shift and figure polar shift are two different types of geodetic
variations. The Earth's figure polar shift is the normalized angular momentum, which is equal
to the mass load excitation of the Earth's rotation motion.

2.4.1 Computation of the rotation polar shift or ocean pole tidal effect time series at
a ground site

[Function] From the geodetic site variation time series file, compute the time series of
the Earth's rotation polar shift or ocean pole tidal effects on the geoid or height anomaly
(mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to
the west, mas), vertical deflection (SW, to the south and to the west, mas), horizontal
displacement (EN, to the east and to the north, mm), ground radial displacement (mm),
ground normal or orthometric height (mm), radial gravity gradient (10uE) or horizontal gravity
gradient (NW, to the north and to the west, 10uE).

[Input file] The geodetic site variation time series file.

The file header contains site name, longitude (degree decimal), latitude (degree
decimal), ellipsoidal height (m), starting MJDO (optional), ...

Starting from the second row of the file, each row record stores the sampling values of
all the variations at one sampling epoch time. At least one column of the attributes in the
record is the sampling epoch time.

[Parameter settings] Set the input file format parameters, and select the type of the
rotation polar shift or ocean pole tidal effects.

[Output file] The Earth’s rotation polar shift or ocean pole tidal effect time series file at
the geodetic site.

The file header is the same as the input file. When the rotation polar shift effect selected,
adds 2 columns of the figure polar coordinate variations Axgs,, Ayssp, (in ITRS space
rectangular coordinate system in unit of m) and several columns of the effects selected
behind the input file record, as the output file record. When the ocean pole tidal effect
selected, adds one or several columns of the effects selected as the output file record. The
rotation polar shift effect selected in this example, all types are selected, and there are 2+14
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attributes added to the record.

. Earth shitt et d tidal effects on EPR - o x

=] ¥ ¥ a2 B

Openfile Saveas Importparameters Slarl compulation  Save process  Follow example

[, . Com lon of rotation polar shiftor | . Computation of rotation polar shift or ocean pole Computation of rotation polar shift or ocean Calculation of rotation polar shift effects on Forecast of the tidal effect time
ocean pole tidal effect time series 4 Earth = i

tidal effects at ground sites with given time “® pole tidal effects outside solid various geodetic variations anywhere ® series on Earth’s rotation
I & Open the geodetic site variation time series file oy of figure polar shift effects from the measured AC:: and AS: 4.7 Save program process as 3 Algorithm formulas
Set the file parameters. >> [Purpose] Using IERS Earth orientation parameters (EOP) product file IERSeopc04.dat, compute the Earth's rotation polar shift and ocean pole tidal effects on various geodetic

variations on the ground or outside the solid Earth. or compute the tidal effects on Earth rotation parameters (EPR).

>> Select the computation function from the 6 control buttons on the top of the interface.

>> [Function] From the geodetic site variation time series file. compute the time series of the Earth's rotation polar shift or ocean pole tidal effects on the geoid or height anomaly
(mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW. to the south and to the west, mas), horizontal
displacement (EN. to the east and to the north, mm). ground radial displacement (mm). ground normal or orthometric height (mm), radial gravity gradient (10E) or horizontal
aravity aradient (NW, to the north and to the west, 10uE)

x> Open the geodetic site variation time series file C./ETideLoad4.5_winé4en/examples/Poleshifteffectscalc/Tmseries. bt

t

t ]
according to the text box below. and then select the type of the geodetic variation to be computed. After giving the output file name, click the
ame

| Column ordinal number of ellipsoidal .
height in the header

| Column ordinal number of time in the record |1
i Column ordinal number of starting 5 %
MJDO in the header
| Select the type of effects
[+ geoid or height anomaly (mm)
[ ground gravity (uGal) &
14 gravity disturbance (uGal)
| (41 ground tilt (SW, mas)
[E2 vertical defiection (SW. mas) i)
| @ horizontal displacefnent (EN, mm) )
| & ground radial dispifcement (mm) &
| 4 ground normal or drthometric height (mm) &)
| 4 radial gravity gradifnt (104E)
1 horizontal gravity gadient (NW, 104E)

bmputation)

| Columns 2 and 3 of the file header are agreed as the
I longitude and latitude of the ground site

puted results as 3 Import setting parameters & Start computation
4./ Save data In the text box as

€3

| @ The Earth's rotatidn polar shift and figure polar shift the behavior of the kinemati and figure of the Earth system varying over time. Both exist objectively 1-\: induce various geodetic elements in
| the Earth's space to vary over time.
@ The program adopts the IERS measured or forecast product dat (which can be directly from the IERS website), which can be updated in time by the program [Geophysical models and numerical standards

settings]. Love numbers in the program are k; = 0.3077 + 000361, h: = 0.6207 and I: = 0.0836.

(E121.240°, N29.428°, H17.83m)

. i ; Month/daylyear
01/30/14 06/19/14 11/06/14 03/26/15 0/13/15 1273115
Earth’s rotation polar shift (Ax,m, Ay,m in ITRS) effects: height anomaly (mm) ground gravity (uGal)
orthometric height (mm) radial gravity gradient (10pE)
(E121.240°, N29.428°H17.83m) :

04
02

0
02
04
0.6

01/30/14 06/19/14 11/06/14 03126015 08/13/15 123115

Earth’s rotation polar shift effects: ground tilt (S, W, mas) horizontal displacement (E, N, mm) horizontal gravity gradient (N, W, 10uE)

Love numbers in the program are k, = 0.3077 + 0.0036i, h, = 0.6207 and |, = 0.0836.
If the epoch time to be calculated exceeds the time range of the Earth orientation
parameter time series file, please update the Earth orientation parameter time series file.
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+ Computation of Earth's rotation polar shift effects on geodetic variations and tical effects on EPR

k4 a4 ES
Openfile Saveas Importparameters Starl compulalion  Save process  Follow example
| [ Computation of rotation polar shiftor | . Computation of rotation polar shift or ocean pole Computation of rotation polar shift or ocean Calculation of rotation polar shift effects on Forecast of the tidal effect time
* ocean pole tidal effect time series ® tidal effects at ground sites with given time “*® pole tidal effects outside solid Earth ~* various geodetic varfations anywhere @ series on Earth's rotation
L ' Open the geodetic site variation time series file + 4 Computation of figure polar shift effects from the measured AC:: and AS:: 4. Save program process as 2 Algorithm formulas
Set the file parameters ** Click the control button [Start computation]. of the tool button [Start computation]
Column ordinal number of ellpsoidal | , 1 >> Computation start time: 2024-10-18 12:02:48
height in the header ~ ' >> Complete the computation of Earth's rotation polar shift effects!
Column ordinal number of time in the record |1 %1 | >> Computation end time: 2024-10-18 12:02:49
i e >> [Function] From the geodetic site variation time series file, compute the time series of the Earth's rotation polar shift or ocean pole tidal effects on the geoid or height anomaly
IO b e s s 3¢ X (mm). ground gravity (uGal). gravity disturbance (uGal). ground tit (SW, to the south and to the west, mas), vertical deflection (SW, to the south and to the west. mas),
e horizontal displacement (EN, o the east and to the north, mm). ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity gradient (104E) or
Select the type of effects. orizontal gravity gradient (NW, to the north and to the west, 10uE) S ——
[>N\Open the geodetic site variation time series file C:/E TideLoad4.5_wins4en/examples/Poleshifieflectscaic/Tmseries. ixt
| geoid or height anomaly (mm) ** St the file format parameters according to the text box below, and then select the type of the geodetic variation to be computed. After giving the output file name, click the
} Jlmpod setting pacamaters

[ ground gravity (uGal) =
[ gravity disturbance (uGal)
] ground it (SW, mas) (=
[ vertical defiection (SW_mas) ]
21 horizontal displacefnent (EN, mm) (=

1 ground radial dispijcement (mm)

71 ground normal or dthometric height (mm) ®
7l radial gravity gradipnt (104E) Seldct the effects |
] horizontal gravity ckadient (NW. 104E) 30 be\computed
Displa of the input;

>> Save Nje computed resuts as C/ETIdeLoad4 5_win6aen/exampl shifteflectscalc/Tmsquotarst it
* Behind Yqg Input file re - add one or several columns of the. fects as the output flle recor

>> Sefting palymeters have been imported into the program!

>> Prepare to dgpute ocean pole tidal effects

** Click the contrdbutton [Start computation], or the tool button [Start

> Computation star\yme: 2024-10-18 12:03:33 | Columns 2 and 3 of the file header are agreed as the
> Complete the corfipiglion of ocean pole idal effects! i i i

X Computation end tmeQ024-10-18 12.04:05 \ longitude and latitude of the ground site

f=) Save the computed results as + Import setting parameters & Start computation

4./ Save data in the text box as

L0134

1
1
201
201
1
1

2014011

@ The Earth's rotatidn polar shift and figure polar shift respectively characterize the behavior of the kinematic state and mechanical figure of the Earth system varying over time. Both exist objectively lm induce various geodetic elements in

the Earth's space to vary over tme.
@ The program adopts the IERS measured or forecast product IERSeopc04 dat (which can be downloaded directly from the IERS website), which can be updated in time by the program [Geophysical models and numerical standards
settings). Love numbers in the program are k: = 0.3077 + 0.0036i, h: = 0.6207 and I: = 0.0836.

(E121.240°, N29.428°, H17.83m) nth/daylyear
01530114 06/19/14 11/06/14 03726/15 08/13/15 123115

Ocean pole tidal effects: height anomaly (mm) ellipsoidal height (mm) orthometric height (mm)
radial gravity gradient (10puE)10uE horizontal gravity gradient (N, W, 10uE)

2.4.2 Computation of the rotation polar shift or ocean pole tidal effects at ground

sites with given time

[Function] According to the location and time in the calculation point file, compute the
Earth’s rotation polar shift or ocean pole tidal effects on the geoid or height anomaly (mm),
ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the
west, mas), vertical deflection (SW, to the south and to the west, mas), horizontal
displacement (EN, to the east and to the north, mm), ground radial displacement (mm),
ground normal or orthometric height (mm), radial gravity gradient (10uE) or horizontal gravity
gradient (NW, to the north and to the west, 10uE).

[Input file] The location and time file of the calculation points.

The first row is the file header. From the second row onwards, the second and third
attributes in the file record are conventionally longitude and latitude (degree decimals), and
there are the sampling epoch time and ellipsoidal height attributes in the record.
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[Parameter settings] Set the input file format parameters, and select the type of the
effects.

[Output file] The Earth’s rotation polar shift or ocean pole tidal effect file.

The file header is the same as the input file. Behind the input file record, adds one or

several columns of the Earth’s rotation polar shift or ocean pole tidal effects selected as the
output file record.

=) 3 & a7 R
| Openfie Saveas Importparameters Start tatic Saveprocess  Follow example

Computation of rotation polar shift or

Computation of rotation polar shift or ocean pole Computation of rotation polar shift or ocean Calculation of rotation polar shift effects on Forecast of the tidal effect time
* ocean pole tidal effect time series s

tidal effects at ground sites with given time “® pole tidal effects outside solid Earth * various geodetic variations anywhere ® series on Earth's rotation

|| Open the location and time file of the calculation points | ., Computation of figure polar shift effects from the measured AC:: and AS & Save program process as 3 Algorithm formulas
| Set the file parameters ** Click the control button [Start computation], or the tool button [Start computation]
Column ordinal number of ellipsoidal , = >>Computation start time: 2024-10-18 21:31:23

height in the record 3

>> Complete the computation of ocean pole thal effects!
Column ordinal number of time in the record 1 :  >>Computation end time: 2024-10-18 21:31
Cotumn ordinal number o startng ¢ o >> [Function] According to the location and nme in the calculation point file, compute the Earth's rotation polar shift or ocean pole tidal effects on the geoid or height anomaly

Frsihiiolivl (mm), ground gravity (uGal), gravity disturbance (Gal), ground tit (SW, to the south and to the west, mas), vertical deflection (SW. to the south and to the west. mas),
horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity gradient (104iE) or

Select the type of effects rizontal gravity gradient (NW, to the north and to the west, 104E). =

»‘spen the location and time file of the calculation points C/E TideLoad4.5_

ﬁle iorma( paramelers acoordmg o the text box below, and then select the fype of the geodetic variation to be oompuled After giving the output file name, click the

8 geoid or height anomaly (mm)
[® ground gravity (uGal) =

8 gravity disturbance (yGal)

8 ground tit (SW, mas) (=
[@ vertical defiection (SW. mas) ]

8 horizontal displacement (EN, mm) (=

8 ground radial dispihcement (mm) (=

8 ground normal or drthometric height (mm) (=

@ radial gravity gradipnt (10uE) Selict the eﬂens =
Rotaion polar sfift ef Save the computed resits as ¥ Import setting parameters ¥ Start computat
@ horizontal gravity radient (NW, 10pE) 10 be\eomp pok = | P P g pa

& output Tle record

> Seﬂ ing paramegrs have been imported into the program!
>> Prepare to compiig Earth's rotation polar shift effects

** Click the control bulteg [Start computation], or the tool button [Start computatign]
> Computation start time\g024-10-18 21:33:05 | Columns 2 and 3 of the record are

Complete the computation s Efrth's rotation polar shift effects! ‘ agreed as the longitude and latitude
>} Computation end time: 2024-X18 21:33:06

Dispia) of the input-output file 4t Save data in the text box as

401010000
10112

@ The Earth's — e - - e - - 1 various geodetic elements
in the Earth's space to vary over time. |
@ The program adopts the IERS measured or forecast product IERSeopc0d.dat (which can be downloaded directly from the IERS website), which can be updated in time by the program [Geophysical models and numerical standards
settings). Love numbers in the program are k: = 0.3077 + 0.0036i, h: = 0.6207 and l: = 00836

2.4.3 Computation of the rotation polar shift or ocean pole tidal effects of satellite or
outside solid Earth

[Function] According to the location and time in the external sapce point file, compute
the Earth’s rotation polar shift or ocean pole tidal effects on the geopotential (0.1m?2/s2),
gravity(uGal), or gravity gradient(10uE) outside the solid Earth.

[Input file] The location and time file of the external space points.

The first row is the file header. From the second row onwards, the second and third
attributes in the file record are conventionally longitude and latitude (degree decimals), and
there are the sampling epoch time and ellipsoidal height attributes in the records.

[Parameter settings] Set the input file format parameters and select the type of the
effects.

[Output file] The Earth’s rotation polar shift or ocean pole tidal effect file.

For geodetic applications with an one-centimeter accuracy level, the Earth’s rotation
polar shift effects should be considered. The magnitude of the ocean pole tidal effects is
small (less than 1cm), and it can be ignored for regional geodetic purposes.
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+ Computation of Earth's rotation polar shift effects on geodetic variations and tidal effects on EPR

B M ¥ o & As

Openfile Saveas Importparameters Start computalion  Save process  Foliow example
Forecast of the tidal effect time

. _ Computation of rotation polar shiftor _ Computation of rotation polar shift or ocean pole Computation of rotation polar shift of ocean Calculation of rotation polar shift effects on
* ocean pole tidal effect time series ® tidal effects at ground sites with given time ole tidal effects outside solid Earth “* various geodetic variations anywhere ® series on Earth's rotation
4./ Save program process as zﬂgodthmfommlas

| 8 open the location and time fie of the extemal points of figure polar shift effects from the measured ACx and ASx:

** Behind the input file record, add one or several columns of the tidal effects as the output file record.
>> Setting parameters have been imported into the program!

>> Prepare to compute Earth's rotation polar shift effects
** Click the control button [Start computation], or the tool button [Start computation]

>> Computation start time: 2024-10-18 12:05:42
< | >> Complete the computation of Earth's rotation polar shift effects!

>> Computation end time: 2024-10-18 12:05:43

>> [Function] According o the locaton and time i the extemal sapce poin e, comput the Eart's rtation plar hitor ocean pole tidl effects on
d Earth.

cad4 5 winbden/examples/Poleshifteffectscalc/outerptm txt

and then select the type of the geodetic variation to be computed. After giving the output fle na e

es/Poleshifteffectscalcioutsatrst it

Set the file parameters

Column ordinal number of ellipsoidal |
height in the record

Column ordinal number of time in the record

Column ordinal number of starting 5 g

MJDO in the he:

Select the type of effects.
ntial (0.1m?s?)
] gravity vector (XYZ, pGal)

. gravity vector (ENU, pGal) |
ravity gradient (XYZ. 10pE)
gravity gradient (ENU, 10pE)

)

lential (0.1m?/s?),

€ progra

Rpute Emnsmuxmpoiarshmeuacns
or the tool

l Columns 2 and 3 of the record are

I agreed as the longitude and latitude

> Prepare to.co
** Click the St
> Computation start g, 2024-1016 12:08.30
>> Complete the comy h of Earth's rotation polar shift effectp!
b> Computation end time: 202¢-10-18 12:08:31

he computed resuits as 3 Import setting parameters & Start computation

GRACE satellite altitude 4. Save data in the text box as. }
- J

@ The Eartn's rotatich polar shift and figure polar shift respectively characterize the behavior of the kinematic state and mechanical figure of the Earth sym;m varying over time. Both exist objectively and induce various geodetic elements in
the Earth's space to vary over Tme-
@ The program adopts the IERS measured or forecast product IERSeopc04.dat (which can be downloaded directly from the IERS website), which can be updated in time by the program [Geophysical models and numerical standards

settings]. Love numbers in the program are ki = 0.3077 + 0.0036, hs = 0.6207 and I = 0.0836.
- o «x

[[4 Computaton of Earh's rtation potar st efects on geadeticvariatons and tidal efects on EPR
B B ¥ e a:t A
Openfie Saveas Importparameters Startcomputation  Save process  Follow example
. Computation of rotation polar shift or Computation of rotation polar shift or ocean pole Computation of rotation polar shift or ocean Calculation of rotation polar shift effects on Forecast of the tidal effect time
* ocean pole tidal effect time series. " tidal effects at ground sites with given time *® pole tidal effects outside solid Earth “* various geodetic variations anywhere ® series on Earth's rotation
of figure polar shift effects from the measured ACx and AS:: 4./ Save program process as 2 Algorithm formulas
.

[ 8 Open the location and time file of the extemal points | . ¢,
>> Save the computed results as C-/ETideLoad4.5_y

Set the file parameters
Column ordinal number of elipsoidal |, >> Setting parameters have been imported into the program|
height in the record >> Prepare to compute Earth's rotation polar shift effects
inal Gkriber of thie i the record ** Click the control button [Start computation], or the tool button [Start computation]
2:: :mnm . :o' s::.:'g bl >> Computation start time: 2024-10-18 12:08-30
MJDO in the header 5 X >> Complete the computation of Earth's wlahon polar shift effects!

>> Computation end time: 2024-10-18 12:08:3
>> [Funwm] According to the location and ume in the external sapce point file, compute the Earth’s rotation polar shift or ocean pole tidal effects on the geopotential (0.1m?/s?),
d Earth.

Select the type of effects.
4 POINS CTE A8, 0ad4.5 MnWWelﬂm&slPdeshﬂW /satptm
and then select the type of the geodetic variation to be comouied After giving the

afrpesPoesheeei AT aob s ol

or the tool
l Columns 2 and 3 of the record are
I agreed as the longitude and latitude

gravity vector (XYZ, jGal)
gravity vector (ENU, uGal)
gravity gradient (XYZ. 104E)

[S1
202410.16 12:03.08
>> Complete the computaign of Earth's rotation polar shift effectp!
> Computation end time: 2bn<ms 12.09:10

he computed results as 3 Import setting parameters & Start computation

GOCE satellite altitude s Save data in the text box as.

+428100
29.428100

2.

20428100

@ The Earth's rotatiq

=0.3077 + 0.0036, h: = 0.6207 and | = 0.0836.

settings). Love numbers in the program are ks

the Earth's space to vary over time..
@ The program adopts the IERS measured or forecast product IERSeopc04.dat (which can be downloaded directly from the IERS website), which can be updated in time by the program [Geophysical models and numerical standards.

h polar shift and figure polar shit respectively characterize the behavior of the kinematic state and mechanical figure of the Earth sym;m varying over time. Both exist objectively and induce various geodetic elements in

The rotation polar shift is non-tidal, so it is difficult to accurately model the non-tidal
effects. The program adopts the IERS measured or forecast product IERSeopc04.dat (which
can be downloaded directly from the IERS website), which can be updated in time by the

program [System configs for the geophysical models and numerical standards].
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Month/day/year .

01/01/18 07/02/18 0101719 07/03/19
Earth’s rotation polar shift effects at 450km altitude: geopotential (0.1m?/s?), gravity vector (E, N: along the GRACE orbit/SST-II, U, pGal)

08

06

04

02

0

02

04F

Month/daylyear

0.6 E
010118 070218 0101119 070319
Earth’s rotation polar shift effects at 250km altitude: geopotential (0.1m?*'s?), gravity gradient (E, N: along the GOCE orbit, U, 10pE)

2.4.4 Calculation of rotation polar shift effects on various surface geodetic variations

anywhere

[Function] Input the geodetic coordinates of a global anywhere surface point and set the
time series parameters, calculate and display the Earth’s rotation polar shift effects on the
geoid or height anomaly (mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt
(SW, to the south and to the west, mas), vertical deflection (SW, to the south and to the west,
mas), horizontal displacement (EN, to the east and to the north, mm), ground radial
displacement (mm), ground normal or orthometric height (mm), radial gravity gradient (10uE)
or horizontal gravity gradient (NW, to the north and to the west, 10uE).

Firstly, calculate the Earth’s rotation polar shift effect time series on all-element geodetic
variations, and then select the variations to be plot.

Look at the amplitude of various rotation polar shift effects, the in-phase or out-of-phase
(same or opposite sign) relationship between different types of variations, and the time-
varying characteristics of the rotation polar shift effect curves.

The program outputs the Earth’s rotation polar shift effect time series file at the
calculation point. The file header occupies a row and includes the name of the calculation
point, longitude (degree decimal), latitude (degree decimal), ellipsoidal height (m) and
starting MJDO.

From the second row onwards, the first column of the record is the system format time,
the second column is the difference between the MJD day and starting MJDO, and the last
14 columns are the Earth’s rotation polar shift effects on all-element geodetic variations.
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© 4 Calculation of Earth'’s shift i ywhere ? x

of Earth's polar shift effects on surface geodeti ywh _:

Location of surface point to be forecast

Pole shift effect time series on all-element geodetic variations

‘ Longitude 121.240000° *
| Latitude 29.428100° %
|
|

Ellipsoidal height 17.830m 3

Time series parameters
| Start time 20180101 5
Effects to be plot
| End time 120200101 : I geoid or height anomaly (mm)
|| Time interval | 240.00 min 2 ] ground gravity (uGal)
| gravity disturbance (Gal)
¥ Calculate and save as ] ground tilt (SW, mas) (=
£ Reference epoch time of the non-tidal - Vertical deflection (SW, mas) |
pole shift effects: Start time entered. _| horizontal displacement (EN, mm)’)
[/ ground radial displacement (mm) (s 010404 5 0.308 0 203 0.0031
I normal (orthometric) height (mm) () Z S
_| radial gravity gradient (10pE)
] horizontal gravity gradient (W, fouE)  Setline thickness |3 S 7. Extract time series to be plot Plot] ] |

Pole shift effect curve of surface geodetic variations 4.1 Save the current plot as ‘
|
|

o1nins 070218 0101119 070319

@ Firstly, calculate the Earth’s rotation polar shift effect time series on all-element geodetic variations, and then select the variations to be plot. |
@ Look at the amplitude of various rotation polar shift effects, the in-phase or out-of-phase (same or opposite sign) relationship between different types of variations, and the time-varying characteristics of the rotation
polar shift effect curves.

4 Calculation of Earth’s rotation polar shift effects on geodetic variations anywhere ? x

of Earth's ion polar shift effects on i surface geodeti ywh -:

Location of surface point to be forecast Pole shift effect time series on all-element geodetic variations

| Longitude 121.240000° < 428100 ‘_Ug;‘;ez:w ‘
1 Latitude 29.428100° %
| Ellipsoidal height 17.830m <
| Time series parameters
| Start time 20180101 s
Effects to be plot
| End time 20200101 > ] geoid or height anomaly (mm)
|| Time interval  240.00 min 2 | ground gravity (uGal) (=)
] gravity disturbance (pGal)
& Calculate and save as 7] ground tilt (SW, mas)

£) Reference epoch time of the non-tidal | vertical deflection (SW, mas)
pole shift effects: Start time entered 41 horizontal displacement (EN, mm)(s.
"] ground radial displacement (mm) (s,

| normal (orthometric) height (mm) &
_| radial gravity gradient (10pE)
] horizontal gravity gradient (NW, 10uE)

Set ine thickness 3 2 7| Extract time series to be piot Plot) ] |

Pole shift effect curve of surface geodetic variations 4. Save the current plot as ‘
|
|

08
06
04
02
0
02
-04

0.6,
o1po1/18 07018 0101119 070319

@ Firstly, calculate the Earth’s rotation polar shift effect time series on all-element geodetic variations, and then select the variations to be plot. |

| @ Look at the amplitude of various rotation polar shift effects, the in-phase or out-of-phase (same or opposite sign) relationship between different types of variations, and the time-varying characteristics of the rotation |
| polar shift effect curves.

The last 14 columns of the record are the tidal load effects on the height anomaly (mm,
31 column), ground gravity (uGal, 4t column), gravity disturbance (uGal), ground tilt (SW, to
the south and to the west, mas, 61 and 7t columns), vertical deflection (SW, to the south
and to the west, mas), horizontal displacement (EN, to the east and to the north, mm, 10"
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and 11% columns), ground radial displacement (mm), ground normal or orthometric height
(mm, 13" column), radial gravity gradient (10uE, 14t column) or horizontal gravity gradient
(NW, to the north and to the west, 10uE, 151 and 16" columns), respectively.

alculation of Earth's rotation polar shift effects on geodetic variations anywhere

Calculation of Earth's ion polar shift eff on various surface geodetic variati: y |

Location of surface point to be forecast Pole shift effect time series on all-element geodetic variations

Longitude 121.240000° *

110104

Latitude 29.428100°

Ellipsoidal height 17.830m

Time series parameters

Start time 20180101
Effects to be plot

End time 20200101 : geoid or height anomaly (mm)
Time interval |240.00 min & ground gravity (uGal) =
SS————————————— gravity disturbance (uGal)
& Calculate and save as 7] ground tiit (SW, mas)

vertical deflection (SW, mas)
] horizontal displacement (EN, mm)(e.
ground radial displacement (mm) (=
normal (orthometric) height (mm) (= é
| radial gravity gradient (10HE)
7| horizontal gravity gradient (NW, 10uE)

[ Reference epoch time of the non-tidal
pole shift effects: Start time entered

Set line thickness = . Extract time series to be piot Plot|

Pole shift effect curve of surface geodetic variations 4! Save the current plot as

e rudiall gruvity gradiens(10pE)
= Horlzoata gradicat (N.104E)
| e st ratis (w1008

o1o118 07mNn8 0101119 070319

. Firstly, calculate the Earth's rotation polar shift effect time series on all-element geodetic variations, and then select the variations to be plot.
@ Look at the amplitude of various rotation polar shift effects, the in-phase or out-of-phase (same or opposite sign) relationship between different types of variations, and the time-varying characteristics of the rotation
polar shift effect curves

2.4.5 Forecast of the tidal effect time series on Earth’s rotation

[Function] Set the time series parameters, calculate and display the long period or short
peroid tidal effects on Earth’s rotation. Here, the long period tidal effects include the zonal
tidal effects and long period ocean tidal effects on Earth’s rotation. The calculation function
for the zonal tidal effects calls the routine RG_ZONT2.F, while that for the short period tidal
effects calls the routine ORTHO_EOP.F. The two routines are available from the IERS
conventions (2010) website.

Firstly, set the time series parameters and select the type of tidal effects, then calculate
and plot the tidal effect time series on Earth’s rotation.

When "Long-period tidal effect” selected, the program outputs the long-period tidal effect
time series file on Earth's rotation parameters (ERP), and the file record include the epoch
date (long integer agreed by ETideLoad), number of days relative to the first epoch, rotation
polar shift m; and m, (pas), length variation of day (us/day), UT1 variation (ms), effective
angular momentum (EAM) variation y; and y, (mas), and rotation rate varition (10~ "*rad/s).

When "Short-period tidal effect" selected, the program outputs the diurnal and semi-
diurnal ocean tidal effect time series file on Earth's rotation, and the file record include the
epoch date (long integer agreed by ETideLoad), number of days relative to the first epoch,
rotation polar shift m; and m, (uas), length variation of day (us/day) and UT1 variation
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Forecast of the tidal effect time series on Earth’s rotation (EPR)I |

The tidal effect time series on Earth's rotation (EPR)

y ml m2(uas) dLOD

i Forecast time series parameters

| Start time 20180101 5
| End time 20200101 &
| Time interval 240.00 min 5

select the type
of tidal effect -O"'d Period tidal effect

¥ Calculate and save as
| Set line thickness 2 - 7. Extract time series to be plot Plot|

2
2
2
24

| The tidal effect time series curves on Earth's rotation (EPR) & Save the current plot as

il !
il W‘W‘l" Gk W\f ‘ _,

010118 010119

§§§§

l

o

@ Firstly, set the time series parameters and select the type of tidal effects, then calculate and plot the tidal effect time series on Earth's rotation.
@ The calculation function for the zonal tidal effects calls the routine RG_ZONT2.F, while that for the short period tidal effects calls the routine ORTHO_EOP.F. The two routines are available from the
IERS Conventions (2010) website. |

Forecast of the tidal effect time series on Earth’s rotation (EPR)| |

The tidal effect time series on Earth's rotation (EPR)

date day ml m2(uas) dLOD

s/day) dUT1(us)
-23.15 75 ' 7 1

0

i Forecast time series parameters

| Start time 20180301 &
| End time 20180501 5
| Time interval 15.00 min $

select the type
of tidal effect Short peroid tidal effect

¥ Calculate and save as

Set line thickness 2 - 7. Extract time series to be plot Plot|

| The tidal effect time series curves on Earth's rotation (EPR) & Save the current plot as

”.‘\M‘ﬂ‘.‘x‘;'“ ’f!~},1!,11,t}.‘HJ’H!.h‘r‘.‘ﬁh",’ I

‘ ‘ """\\1\ ! \]

030818 228 040518 oS

@ Firstly, set the time series parameters and select the type of tidal effects, then calculate and plot the tidal effect time series on Earth's rotation.
@ The calculation function for the zonal tidal effects calls the routine RG_ZONT2.F, while that for the short period tidal effects calls the routine ORTHO_EOP.F. The two routines are available from the
IERS Conventlons (2010) website. |

B e — — o

[Computation of Earth's flgure polar shift effects on geodet|c varlatlons from the
measured AC,; and AS,,] (An internal test program)

Input the site time series file and the UT/CSR RL-06 AC,; and AS,; monthly time series
file C21_S21 RLOG6.txt in the directory C:\ETideLoad4.5 win64en\iers (the first 15 rows in
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the file ignored by the program) to compute the Earth's figure polar shift effects on the geoid
or height anomaly (mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW,
to the south and to the west, mas), vertical deflection (SW, to the south and to the west,
mas), horizontal displacement (EN, to the east and to the north, mm), ground radial
displacement (mm), ground normal or orthometric height (mm), radial gravity gradient (10uE)
or horizontal gravity gradient (NW, to the north and to the west, 10uE).

AC21(0.5%x107'°) AS,;(0.5%107'%) Ax,p,(m) Ay,p,(m)in ITRS Month/daylyear
3 AV 4
0170118 01/01/19 01701720 010121 01/01722

Degree-2 tesseral sector harmonic geopoential coefficient and Earth’s figure polar shift time series measured by SLR from UT/CSR

Earth's figure polar shift effect time sereis on geodetic variations

Vertical deflection (S, W, mas) horizontal displacement (E, N, mm) horizontal gravity gradient (N, W, 10pE) Month/daylyear
v

010118 0101119 0101720 010121 0101722

2.5 Computation of the permanent tidal and Earth's mass centric variation effects
on geodetic variations

[Purpose] Compute the permanent tidal effects and Earth's mass centric variation
effects on various geodetic variations.

2.5.1 Computation of permanent tidal effects on various geodetic variations

[Function] According to the location in the point record file, compute the permanent tidal
effects on the geoid or height anomaly (mm), ground gravity (uGal), gravity disturbance
(uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, to the
south and to the west, mas), horizontal displacement (EN, to the east and to the north, mm),
ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity
gradient (10uE) or horizontal gravity gradient (NW, to the north and to the west, 10uE).

[Input file] The geodetic point record file.
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Multi-row file headers are allowed without the content and format limited.

A row of record stands for the data for a geodetic site. Each record include the site
number (name), longitude (degree decimal), latitude (degree decimal), .... There is an
ellipsoid height attribute in the record.

[Parameter settings] Set the input file format parameters, and select the type of
permanent tidal effects.

[Output file] The permanent tidal effect file.

The file header is the same as the input file. Behind the input file record, adds one or
several columns of the permanent tidal effects selected as the output file record. In this
example, all types are selected, and there are 14 attributes added to the record.

@ Computation of permanent tidal and Earth's mass centric variation effects on geodetic variations -
Y = et 2
- =~ 4 o L7 A
Openfile Saveas Imporparameters Start computation  Saye process  Follow example
Computation of permanent tidal effects Computation of Earth’s mass centric variation Forecast of ocean tidal load effects Forecast of atmosphere tidal load effects
on various geodetic variations effects on all-element geodetic variations on Earth's mass centric variation on Earth's mass centric variation
' Open the geodetic point record file 4.1 Save program process as 2 Effects of the Earth's mass centric variations and figure polar shifts
Set the file parameters >> [Function] According to the location in the point record file, compute the permanent tidal effects on the geoid or height anomaly (mm),  ~ |

ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, to the south |
and to the west, mas), horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or
Column ordinal number of ellipsoidal |, = | orthometric height (mm), radial gravity gradient (10pE) or horizontal gravity gradient (NW, to the north and to the west, 10LE).

height in the record >> Open the geodetic point record file C:/E TideLoad4.5_\ xt.
** Enter the file format parameters according to the text box below. After giving the output file name, click the control button [Import
Select the type of variations satting parameters)
| geoid or height anomaly (mm Permanentdgeocenter/permrst.txt

] %S X Behind the input file record, add several columns of the computed results as the output file record |
4 ground gravity (uGal) >> ting parameters have been imported into the program! |

The number of rows of the file header 0

~/ gravity disturbance (uGal) ** ClicRNge control button [Start computation], or the tool button [Star p

] ground tilt (SW, mas) (= >> Comput: start time: 2024-10-18 14:37:47 I Columns 2 and 3 of the record are agreed as the

] vertical deflecfon (SW, mas) 22 SSTET{{%‘_""&AM Pf?"f:‘g' $he permanem fda) effects! I longitude and latitude of the calculated point. <
~| horizontal disglacement (EN, mm) (= Type of permanent l A =

5 Total v | g E Sta putath

| ground radial displacement (mm) (= tidal effects ctal el s = Save the computed result as # Import setting parameters & Start computation

& ground normal or orthometric height (mm) (=
~ disturbing gravity gradient (radial, 10uE)
] horizontal grayity gradient (NE, 10uE)

Display of the input-oufput file 4. Save the data in the text box as

< < ST 5 5 I >
@ The permanent tide does not change with time. 1t 1s he Zero-lrequency tide ACz in the long-pernod Solid tide. The permanent tide produces a permanent adaiional oblateness that varies with |

latitude to the Earth, and its effects on the geodetic quantities have nothing to do with the longitude of its location. The Love numbers in the program are ks==0.29525, h:=0.6078 and |::=0.0847.

g to the tide way, there are three types of geodetic tide systems, namely free tide, mean tide and zero tide. The mean tide does not remove the permanent tidal
effects, the zero tide removes the direct effects of the permanent tide and the free tide removes the sum of the direct and indirect effects of the permanent tide.
@ The variation of the Earth's center of mass is equal to the first-degree term of Earth's loading deformation, which excites the variations of all the geometric and physical geodetic elements in the
Earth's space with time, rather than can be simply expressed as the ground site displacement of pure geometric quantity.

The permanent tide does not change with time. It is the zero-frequency tide AC,, in the
long-period solid tide. The permanent tide produces a permanent associated oblateness that
varies with latitude to the Earth, and its effects on the geodetic variations have nothing to do
with the longitude of its location.

The Love numbers in the program are k,,=0.29525, h,,=0.6078 and |,,=0.0847.

According to the permanent tide correction way, there are three types of geodetic tide
systems, namely free tide, mean tide and zero tide. The mean tide does not remove the
permanent tidal effects, the zero tide removes the direct effects of the permanent tide and
the free tide removes the sum of the direct and indirect effects of the permanent tide.

There is no direct effect of the tidal potential on the ground geometric geodetic variations.
Therefore, the zero-tide geometric geodetic variations are equal to the mean-tide geometric
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geodetic variations.

2.5.2 Computation of Earth's mass centric variation effects on all-element geodetic
variations

[Function] Input the calculation point coordinate file with the epoch time on the ground
or outside the earth, using the Earth's mass centric variation time series from the measured
SLR, and compute the Earth's mass centric variation effects on the geoid or height anomaly
(mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to
the west, mas), vertical deflection (SW, to the south and to the west, mas), horizontal
displacement (EN, to the east and to the north, mm), ground radial displacement (mm),
ground normal or orthometric height (mm), radial gravity gradient (10uE) or horizontal gravity
gradient (NW, to the north and to the west, 10uE).

The variation of the Earth's center of mass is equal to the first-degree term of Earth's
loading deformation, which excites the variations of all the geometric and physical geodetic
elements in the Earth's space with time, rather than can be simply expressed as the ground
site displacement of pure geometric quantity.

[Input file] The location and time file of the calculation points.

The first row is the file header. From the second row onwards, the second and third
attributes in the file record are conventionally longitude and latitude (degree decimals), and
there are the sampling epoch time and ellipsoidal height attributes in the records.

[Parameter settings] Set the input file format parameters, and select the type of the

@ Computation of permanent tidal and Earth's mass centric variation effects on geodetic variations
= . n = a=h 2
j l__‘l | 2 » a7 Am
Openfile Saveas Imporparameters Start computation  Save process — Follow example
‘Computation of permanent tidal effects ‘Computation of Earth's mass centric variation Forecast of ocean tidal load effects Forecast of atmosphere tidal load effects
on various geodetic effects on all-element geodetic variations on Earth's mass centric variation on Earth's mass centric variation
¥ Open the location and time file of calculation points 4./ Save program process as 2 Effects of the Earth's mass centric variations and figure polar shifts
Set the file parameters >> [Function] Input the calculation point coordinate file with the epoch time on the ground or outside the earth, using the Earth's mass A
Column ordinal number of time | | centric variation time series from the measured SLR, and compute the Earth's mass centric variation effects on the geoid or height
in the record ~ | anomaly (mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection

(SW, to the south and to the west, mas), horizontal displacement (EN, to the east and to the north, mm), ground radial displacement

(mm), ground normal or orthometric height (mm), radial gravity gradient (10uE) or horizontal gravity gradient (NW, to the north and to the

west, 104E).

>> Open the location and time file of calculation points C:/ETideLoad4.5_\ txt.

** Enter the file format parameters according to the text box below. After giving the output file name, click the control button [Import |

Column ordinal number of ellipsoidal
height in the record

Column ordinal number of starting 5 %
MJDO in the header

4

Select the type of variations

ieocenterst txt
~/| geoid or height anomaly (mm) o e input file record, add 3 columns of Earth's mass centric variations interpolated and one or several columns of Earth's mass |
I ground gravity (uGal) (= "ec'shs:\f:%:z:s te outputfle fecond... Columns 2 and 3 of the record are agreed as
&/ gravity disturbance (uGal) “ Plick tha rantrl e Start ~dmntation]_ar tha anl hutinn <1 - the longitude and latitude of the calculation point vl
1 d il ; D Y
41 ground Wt (SW, mas) % Save the computed result: # Import setting parameters & Start computation

| vertical deflection (SW, mas)

| horizontal displacement (EN, mm) (=

| ground radial displacement (mm) (=

| ground normal or orthometric height (mm) (=
| disturbing gravity gradient (radial, 10pE)

/] horizontal gravity gradient (NE, 10uE)

4.1 Save the data in the text box as

>

@ The permanent tide does not change with time. It is the zero-frequency tide ACx in the long-period solid tide. The permanent tide produces a permanent additional oblateness that varies with
latitude to the Earth, and its effects on the geodetic quantities have nothing to do with the longitude of its location. The Love numbers in the program are k==0.29525, h:=0.6078 and 1::=0.0847.

ding to the tide way, there are three types of geodetic tide systems, namely free tide, mean tide and zero tide. The mean tide does not remove the permanent tidal
effects, the zero tide removes the direct effects of the permanent tide and the free tide removes the sum of the direct and indirect effects of the permanent tide.
@ The variation of the Earth's center of mass is equal to the first-degree term of Earth's loading deformation, which excites the variations of all the geometric and physical geodetic elements in the
Earth's space with time, rather than can be simply expressed as the ground site displacement of pure geometric quantity.
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[Output file] The Earth's mass centric variation effect file.

The file header is the same as the input file. Behind the input file record, adds 3 columns
of Earth's mass centric variations interpolated and one or several columns of Earth's mass
centric variation effects selected as the output file record.

Earth's mass centric variation Ax.,,mm Ay.,mm Az, mm height anomaly (mm) orthometric height (mm)

Month/day/year

o108 01ming 0101220 o121 o2
Earth's mass centric variation and their effects on the height anomaly geoid and orthometric height

Gravity disturbance (uGal) horizontal displacement (E, N, mm) radial gravity gradient (10pE) +

Month/day/year

[ITIETY 010119 010120 0101221 010122

Earth's mass centric variation effect time series on various geodetic variations

If the epoch time to be calculated exceeds the time range of Earth's mass centric
variation time series from the measured SLR, please update the time series file.

2.5.3 Forecast of ocean tidal load effects on Earth's mass centric variation

[Function] Input time series parameters, and forecast the ocean tidal load effect time
series on Earth's mass centric variation (Xcm, Ycm, Zcm, in unit of mm) from the first-degree
ocean tidal load spherical harmonic coefficient file OtideOne.dat output by the function
[Spherical harmonic analysis on ocean tidal constituent harmonic constants].

[Output file] The ocean tidal load effect time series file on Earth's mass centric variation.

The first row is the file header, and starting from the second row of the file, each row
record stores the sampling epoch time, 3 columns of the ocean tidal load effects on Earth's
mass centric variation (Xcm, Ycm, Zcm, in unit of mm).

- 7 b x
6 Ocean tidal load effect time series on Earth's mass centric variation

R PT hH .,'\!" AN

BX (M) AY el Az ()
070716 07/14/16

=

IS

&

Month/day/year
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@ Computation of permanent tidal and Earth’s mass centric variation effects on geodetic variations - o X

Ea f&‘ & &z a!‘

Openfile Saveas Imporparameters Startcomputation  Save process — Follow example

P Computation of permanent tidal effects Computation of Earth’s mass centric vanahon Forecast of ocean tidal load effects Forecast of atmosphere tidal load effects
on various geodetic variations effects on all-els it geodetic on Earth's mass centric variation on Earth's mass centric variation
Foracest time shrics parsmeiers 4.1 Save program process as 2 Effects of the Earth's mass centric variations and figure polar shifts
Start time | 20160701 < | |>> Computation end time: 2024-10-18 14:40:01 ol

End ti = >> [Function] Input time series parameters, and forecast the ocean tidal load effect time series on Earth's mass centric variation (Xcm, Yem, Zem, in unit of |
R me 20160715 = mm) from the first-degree ocean tidal load spherical harmonic coefficient file OtideOne.dat output by the function [Spherical harmonic analysis on ocean

i . tidal constituent harmonic constants].
Time interval 5 [i ]
90.00 min >> Save the computed results as C/ETideLoad4 5 winé4en/examples/Permanentdgeocenter/otdgeocntrst txt.

** The output file record includes the sampling epoch time, 3 columns of the ocean tidal load effects on Earth's mass centric variation (Xcm, Ycm, Zem, in
unit mm).
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation]...
>> Computation start time: 2024-10-18 14:41:56
>> Complete the computation of ocean tidal load effects on Earth's mass centric variation!
>> Computation end time: 2024-10-18 14:41:56

[} save the computed results as # Import setting parameters & Start computation

Display of the input-output file || 4. Save the data in the text box as

201607,

@ The permanent tide does not change with time. It is the zero-frequency tide AC:s in the long-period solid tide. The tide p { that varies with
latitude to the Earth, and its effects on the geodetic quantities have nothing to do with the longitude of its location. The Love numbers in me program are kx=0.29525, h»=0.6078 and 1::=0.0847.
o g to the tide way, there are three types of geodetic tide systems, namely free tide, mean tide and zero tide. The mean tide does not remove the permanent tidal

effects, the zero tide removes the direct effects of the permanent tide and the free tide removes the sum of the direct and indirect effects of the permanent tide.
@ The variation of the Earth's center of mass is equal to the first-degree term of Earth's loading deformation, which excites the variations of all the geometric and physical geodetic elements in the
Earth's space with time, rather than can be simply expressed as the ground site displacement of pure geometric quantity.

2.5.4 Forecast of atmosphere tidal load effects on Earth's mass centric variation

[Function] Input time series parameters, and forecast the atmosphere tidal load effect
time series on Earth's mass centric variation (Xcm, Ycm, Zcm, in unit of mm) from the first-
degree atmosphere tidal load spherical harmonic coefficient file AtideOne.dat output by the
function [Spherical harmonic analysis on atmosphere tidal constituent harmonic constants].

[Output file] The atmosphere tidal load effect time series file on Earth's mass centric
variation.

The first row is the file header, and starting from the second row of the file, each row
record stores the sampling epoch time, 3 columns of the atmosphere tidal load effects on
Earth's mass centric variation (Xcm, Ycm, Zcm, in unit of mm).

Atmosphere tidal load effect time series on Earth's mass centric variation

Y em(Mm) Az, (mm) Month/daylyear

2 s L
oroins 07/02/18 o119 07/03119
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@ Computation of permanent tidal and Earth's mass centric variation effects on geodetic variations -

Y = ~ ~
= 5 v &zt an
Openfile Saveas Imporparameters Start computation  Save process — Follow example
Computation of permanent tidal effects Computation of Earth's mass centric variation Forecast of ocean tidal load effects Forecast of atmosphere tidal load effects
on various geodetic variations effects on all-element geodetic variations on Earth's mass centric variation on Earth's mass centric variation
Forecast time series parameters 4./ Save program process as 3 Effects of the Earth's mass centric variations and figure polar shifts
Starttime | 20160701 = | [>> Computation end time: 2024-10-18 14:41:56 Al
End ti >> [Function] Input time series . and forecast the p tidal load effect time series on Earth's mass centric variation (Xcm, Yem, Zem, in |
nd time | 20160715 unit of mm) from the first-degree atmosphere tidal load spherical harmonic coefficient file AtideOne.dat output by the function [Spherical harmonic analysis
Tame teeval [60.00 min =| onatmosphere tidal harmonic constants]
>> Save the computed results as C:/ETideLoad4.5_win64en/examples/Permanentdgeocenter/atdgeocntrst.txt.

** The output file record includes the sampling epoch time, 3 columns of the atmosphere tidal load effects on Earth's mass centric variation (Xem, Yem,
Zem, in unit mm).
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation]
>> Computation start time: 2024-10-18 14:42:36
>> Complete the computation of atmosphere tidal load effects on Earth's mass centric variation!
>> Computation end time: 2024-10-18 14:42:36

¥} Save the computed results as » Import setting parameters & Start computation

Display of the input-output file | 4. Save the data in the text box as

14

3 iia a1 0. 0E11 2 2 2000 v

@ The permanent tide does not change with time. It is the zero-frequency tide ACx in the long-period solid tide. The permanent tide produces a permanent additional oblateness that varies with
latitude to the Earth, and its effects on the geodetic quantities have nothing to do with the longitude of its location. The Love numbers in the program are k=0.29525, h:=0.6078 and 1:=0.0847

Q g to the tide way, there are three types of geodetic tide systems, namely free tide, mean tide and zero tide. The mean tide does not remove the permanent tidal
effects, the zero tide removes the direct effects of the permanent tide and the free tide removes the sum of the direct and indirect effects of the permanent tide.

@ The variation of the Earth's center of mass is equal to the first-degree term of Earth's loading deformation, which excites the variations of all the geometric and physical geodetic elements in the
Earth's space with time, rather than can be simply expressed as the ground site displacement of pure geometric quantity.

2.6 Computation of solid Earth and load tidal effects on geodetic networks

[Purpose] Compute the solid Earth, ocean tidal load or surface atmosphere tidal load
effects on the GNSS baseline or level height difference according to the location and
observation time in the input geodetic control network record file.

[Input file] The geodetic network observation record file.

The first row is the file header. The record format: the GNSS baseline or leveling route
name, starting point longitude, latitude, height, ending point longitude, latitude, height, ...,
observation time, ....

The column ordinal number of the time attribute should not be less than 8.

The GNSS baseline network file and the level route network file are the same in
ETideLoad format.

[Parameter settings] Select the type of geodetic control network, set the input file format
parameters, and enter maximum truncated degree of the coefficient model when computing
the tidal load effects.

The tidal effect on geodetic observation should be at the actual observation time. The
duration of the leveling height difference observation should not exceed 2 hours to compute
validly the effect of the semi-diurnal tidal constituent.

The height of the ground control site is the ellipsoidal height when calculating the solid
tidal effects, the normal or orthometric height when calculating the ocean load effects, and
the height relative to the surface (set as zero in the program) when calculating the
atmosphere tidal load effects.
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The gravity observation of the gravity control network need be only operated on the
gravity sites, so the solid tidal, ocean tidal load and atmosphere tidal load effects should be
calculated according to the site location and actual observation time.

(% Computation of solid Earth and load tidal effects on geodetic networks - o x
~

= 2 ] 3 A

Openfile Saveas Importparameters Startcomputation  Save process Follow example

[ e C ion of solid Earth tidal effects ] <& Computation of ocean tidal load effects 2 Computation of atmosphere tidal load effects

Se;:nct"zamx GNSS baseline network >> Program Process ** Operation Prompts 4! Save program process as
>> [Function] Compute the solid Earth, ocean tidal load or surface atmosphere tidal load effects on the GNSS baseline or level height =

Open the GNSS baseline network file difference according to the location and observation time in the input geodetic control network record file.
; including time attribute ** The input file adopts ETideLoad's own format. The file header occupies a row. Record format: the GNSS baseline or leveling route name,

starting point longitude, latitude, height, ending point longitude, latitude, height, ..., observation time, ... The GNSS baseline network file and

Set the file parameters the level route network file are the same in ETideLoad format.

Column ordinal number of starting 3% ~ | | >> Select the type of the control network firstly, and select the computation function from the 3 control buttons on the top of the interface...

MJDO in the header ~| | >> Compute the solid Earth tidal effects (mm)...

Column ordinal number of time .| | >> Compute the tidal effects on 3-D GNSS baseline vectors...

in the record 10 = | |>> Open the GNSS baseline network file including time attribute C:/ETideLoad4.5_wi

GNSsSbaseline_levelingroutine.txt.
** Enter the file format parameters according to the text box below. After giving the output file name, click the control button [Import setting

R esulls as C/ETideLoad4.5_winba am oine

** Behind th&waput file record, add the tidal effects as the output file record.
>> Setting paramef@rs.have been imported into the program!

** Click the control buttoMm{Start computation], or the tool button [Start computation]....

>> Computation start time: 202#~10-18 15:28:48

Display of the input-output file | [} save the computed resuits™as 3 Import setting parameters & Start computation

9 4 57022 ~
! CANN_DONT [ 120.424700 27.522580 21.8 121.150270 27.834630 28.6 79493.9) 1.5 [2016072412) 1.2202 ~2.7422

CANN_FDIQ | 120.424700 27.522580 21.8 120.207320 27.335310 32.5 29876.4 | 1.5 | 2016072412 1.2721 1.0012

CANN_JHYW | 120.424700 27.522580 21.8 120.078380 29.272690 32.5 196899.1| 1.5 | 2016072412 1.3927 -1.9788

CANN_JINH [ 120.424700 27.522580 21.8 119.642580 29.217830 32.5 202930.8 | 1.5 | 2016072412 1.6668 -0. -0.5259

CANN_JINX | 120.424700 27.522580 21.8 119.379220 29.070950 32.5 199897.1| 1.5 | 2016072412 1.3931 The solid tidal effects

CANN_JNJZ | 120.424700 37.5225 EaphlO.F37540 1270976350 0 30,5 92473.9 | 1.5 | 2016072412 1.2143 .8e35 3 Rty

CANN_JsAN | 120.424700 Longitude, latitude, and ellipsoidal - ;5061 ¢ | 2.5 | 2016072512 [ 1.2766 _..on GNSS baseline

CANN_LHAT | 120.424700 : i : 170695.1 | 2.5 | 2016072512 | 1.3588 ¢ i

CANN_LISH | 120.424700 h.Eight OfStam“g'end'ngstatlons .5 114864.2 | 2.5 | 2016072512 1.6040 é dISPIa.cemem

CANN_LONQ [ 120.424700 27.522580 21.8 119.133090 28.080720 32.5 141509.7 | 2.5 | 2016072512 1.3241 ~0.72 (ENU,. mm)

CANN_LUOY | 120.424700 27.522580 21.8 119.705090 27.552460 32.5 71164.3 | 2.5 | 2016072512 1.1005 -0.4621 .3085 2.5352

CANN_PANA | 120.424700 27.522580 21.8 120.436660 29.054190 32.5 169743.8 | 2.5 | 2016072512 1.8985 0.2692 .2575 -4.7458

CANN_PCHQ | 120.424700 27.522580 21.8 118.542210 27.923210 32.5 190867.4| 2.5 | 2016072512 1.4645 -1.1110 8864 5.6815

CANN PCJOM | 120.424700 27.522580 21.8 118.445440 28.167970 32.5 207660.5] 2.5 ]2016072512] 1.7441 -1.1253 -0.9801 5.2647 .

@ The GNSS baseline network file and the level route network file are the same in ETideLoad format.
@ The tidal effect on geodetic observation should be at the actual observation time. The duration of the leveling height difference observation should not exceed 2 hours to compute validly the
effect of the semi-diurnal tidal constituent.

@ The height of the ground control site is the ellipsoidal height when calculating the solid tidal effects, the normal or height when ing the ocean load effects, and the height
relative to the surface (set as zero in the prog when the tidal load effects.
i Computation of solid Earth and load tidal effects on geodetic networks - o X

B N 3 ¥ a2 @

Openfile Saveas Importparameters Startcomputation  Save process Follow example

[ v C ion of solid Earth tidal effects | ~x Computation of ocean tidal load effects 2 Computation of atmosphere tidal load effects

Select the type of [} ¢ gjjng control network ~ | >> Program Process * Operation Prompts 4. Save program process as
>>C start time: 2024-10-18 15:28:48 -
Open the levelling network routes file >> Complete the computation of the tidal effects!
3 including time attribute >> Computation end time: 2024-10-18 15:28:49
>> Compute the solid Earth tidal effects (mm)...
Set the file parameters >> Compute the tidal effects on levelling height di
Column ordinal number of starting - |>>Open the levelling network routes file including time attribute C-/ETideLoad4.5_y Sontrol ef/
MJDO in the header 3% ~ | GNSSbaseline_levelingroutine.txt.
Column ordinal number of time 30 =1 ** Enter the file format paral rs according to the text box below. After giving the output file name, click the control button [Import setting
in the record =

** Behind the input file record, add the tidal effects as the output file record.
etting parameters have been imported into the program!

>> Computation end time~ 4-10-18 15:30:04

Display of the input-output file | F=) save the computed results 3 Import setting parameters & Start computation

9 4 57022 A
! CANN_DONT [ 120.424700 27.522580 21.6 121.150270 27.834630 26.6  79493.5] 1.5 1.2202 3.2574

CANN_FDIQ | 120.424700 27.522580 21.8 120.207320 27.335310 32.5 29876.4 | 1.5 1.2721 -1.1628

CANN_JHYW | 120.424700 27.522580 21.8 120.078380 29.272690 32.5 196899.1|1.5 1.3927 1.8728

CANN_JINH | 120.424700 27.522580 21.8 119.642580 29.217830 32.5 202930.8 | 1.5 1.6668 0

CANN_JINX | 120.424700 27.522580 21.8 119.379220 29.070950 32.5 199897.1]1.5 1.3931 -1.1770 . .

CANN_JNJZ | 120.424700 37.5225 BoahlOF37540 2270876350 0 32.5  92473.9 | 1.5 1.2143 -2.1936 The solid tidal effects

CANN_JsAN | 120.424700 Longitude, latitude, and ellipsoidal - ,,56610¢ 2. 1.2766 -3.8987 on height difference of

CANN_LHAT | 120.424700 : i : 170695.1 | 2.5 1.3588 7.8461 : :

CANN_LIsH [ 120.424700 height of Starting-énding stations . 77207 | 22 1.6040 0.9773 the levelling routine

CANN_LONQ | 120.424700 27.522580 21.8 119.133090 28.080720 32.5 141500.7 | 2.5 1.3241 -3.7956

CANN_LUOY | 120.424700 27.522580 21.8 119.705080 27.552460 32.5 71164.3 | 2.5 1.1005 -3.0525

CANN_PANA | 120.424700 27.522580 21.8 120.436660 29.054190 32.5 169743.8 | 2.5 1.8985 5.1476

CANN_PCHQ | 120.424700 27.522580 21.8 118.542210 27.923210 32.5 190867.4| 2.5 | 2016072512 1.4645 -6.9589

CANN PCJOM | 120.424700 27.522580 21.8 118.445440 28.167970 32.5 207660.5] 2.5 ]2016072512] 1.7441 -6.5510 S

@ The GNSS baseline network file and the level route network file are the same in ETideLoad format.

@ The tidal effect on geodetic observation should be at the actual observation time. The duration of the leveling height difference observation should not exceed 2 hours to compute validly the
effect of the semi-diurnal tidal constituent.

@ The height of the ground control site is the ellipsoidal height when calculating the solid tidal effects, the normal or height when ing the ocean load effects, and the height
relative to the surface (set as zero in the prog when the tidal load effects.
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% Computation of solid Earth and load tidal effects on geodetic networks = o X

B N g2 ¥ &z

Openfile Saveas Importparameters Staricomputation  Save process Follow example

«« Computation of solid Earth tidal effects | wx C lion of ocean tidal load effects of tidal load effects
Select the typs of Levelling control network >> Program Process ** Operation Prompts 4! Save program process as
control ne
>> Computation start time: 2024-10-18 15:31:11 o

Open the levelling network routes file >> Complete the computation of the tidal effects!
; including time attribute >> Computation end time: 2024-10-18 15:32:13
>> Compute the ocean tidal load effects (mm)....
Set the file parameters >> Compute the tidal effects on levelling height

Column ordinal number of starting | ~ | >> Open the levelling network routes file including time attribute C:/ETideLoad4.5_
MJDO in the header |3 % = |GNSSbaseline levelingroutine.txt.

Column ordinal number of time Enter the file format parameters according to the text box below. After giving the output file name, click the control button [Import setting
in the record

|10

es den/e on
" Behind me mput ﬁle record, add the tidal aﬂects as the output fi ﬂe reoom

of th gegree 120 I tting parameters have been imported into the program!
2 e control button [Start computation], or the tool button [Start computation]
tart time: 2024-10-18 15:33:19
>> Complete the tation of the tidal effects!
>> Computation end time™ 4-10-18 15:34:19
| v
Display of the input-output file | [ save the computed results 3 Import setting parameters & Start computation
9 4 57022 a
CANN_DONT [ 120.424700 27.522580 21.8 121.150270 27.834630 28.6 79493.9 | 1.5 [2016072412] 1.2202 ~8.5306
CANN_FDIQ | 120.424700 27.522580 21.8 120.207320 27.335310 32.5 29876.4 [ 1.5 | 2016072412 1.2721 2.6530
CANN_JHYW | 120.424700 27.522580 21.8 120.078380 29.272690 32.5 196899.1[1.5 | 2016072412 1.3927 -22.2233
CANN_JINH [ 120.424700 27.522580 21.8 119.642580 29.217830 32.5 202930.8 [ 1.5 | 2016072412 1.6668 -28.6171
CANN_JINX [ 120.424700 27.522580 21.8 119.379220 29.070950 32.5 199897.1|1.5| 2016072412 1.3931 |-32.2487| The ocean tidal load
CANN_JNJZ | 120.42470 .522 4 : ; 12 92473.9 | 1.5 | 2016072412 1.2143 | -14.7665 p
CANN_JsAN | 120.42470 Longitude, latitude, and orthometric . 52061 ¢ | 205 | 2016072512 | 1.276¢ | -19.4702 effects on height
CANN_LHAT | 120.42470 28 : % 170695.1 | 2.5 | 2016072512 1.3588 -16.2967 difference of the
CANN_LISH | 120.42470 height Ofstanmx ending stations 114864.2 | 2.5 | 2016072512 1.6040 -21.7500 = S
CANN_LONQ | 120.424700 27.522580 21.8 119.133090 28.080720 32.5 141509.7 | 2.5 | 2016072512 1.3241 -31.6030 Ieveilmg routine
CANN_LUOY | 120.424700 27.522580 21.8 119.705090 27.552460 32.5 71164.3 [ 2.5 | 2016072512 1.1005 -
CANN_PANA | 120.424700 27.522580 21.8 120.436660 29.054190 32.5 169743.8 | 2.5 | 2016072512 1.8985 -24.1759
CANN_PCHQ | 120.424700 27.522580 21.8 118.542210 27.923210 32.5 190867.4 [ 2.5 | 2016072512 1.4645 -41.8315
CANN PCJM | 120.424700 27.522580 21.8 118.445440 28.167970 32.5 207660.5] 2.5 | 2016072512 1.7441 -46.4215 v

@ The GNSS baseline network file and the level route network file are the same in ETideLoad format.
@ The tidal effect on geodetic observation should be at the actual observation time. The duration of the leveling height difference observation should not exceed 2 hours to compute validly the
effect of the semi-diurnal tidal constituent.

@ The height of the ground control site is the ellipsoidal height when calculating the solid tidal effects, the normal or height when ling the ocean load effects, and the height
relative to the surface (set as zero in the when ing the tidal load effects.
i Computation of solid Earth and load tidal effects on geodetic networks - o x

® 4 3 ¥ e

2
Openfile Saveas Importparameters Staricomputation  Save process Follow example

+~« Computation of solid Earth tidal effects s Computation of ocean tidal load effects a C ion of tidal load effects
Select the type of | o\ o paceline network >> Program Process ** Operation Prompts 4! Save program process as
| control network '
>> Computation start time: 2024-10-18 15:33:19 a
Open the GNSS baseline network file >> Complete the computation of the tidal effects!
B ciding time athiuls >> Computation end time: 2024-10-18 15:34:19
>> Compute the atmosphere tidal load effects (mm)....
Set the file parameters >> Compute the tidal effects on 3-D GNSS baseline vectors...

Column ordinal number of starting | ~ | | >> Open the GNSS baseline network file including time attribute C:/ETideLoad4.5_
MJDO in the header |3 %X = |GNSSbaseline levelingrouti

Column ordinal number of time Enter the file format parameters according to the text box below. After giving the output file name, click the control button [Import setting
in the record

|10

* Behind the input file record, add the tidal effects as the output file record.
of th fegree 120 I tting parameters have been imported into the program!
2 e control button [Start computation], or the tool button [Start computation]
tart time: 2024-10-18 15:36:16
>> Complete the tation of the tidal effects!
>> Computation end time™ 4-10-18 15:36:19
| v
Display of the input-output file | [ save the computed results 3 Import setting parameters & Start computation
| ¢ 4 57022 a
CANN_DONT [ 120.424700 27.522580 21.8 121.150270 27.834630 28.6 79493.9 | 1.5 [2016072412] 1.2202 =0.0310 ~0.016% 0.0046
CANN_FDIQ | 120.424700 27.522580 21.8 120.207320 27.335310 32.5 29876.4 [ 1.5 | 2016072412 1.2721 0.0101 0.0082 0.0158
CANN_JHYW | 120.424700 27.522580 21.8 120.078380 29.272690 32.5 196899.1[1.5 1.3927 -0.0253 ~0.0468 -0.3490
CANN_JINH [ 120.424700 27.522580 21.8 119.642580 29.217830 32.5 202930.8[1.5 1.6668 -0.0092 -0.0386 -0.3743
gmﬁ;g}f igg:g:;gg 27.522580 21.8 119.379220 29.070950 32.5 1;;2:;§ 12 i;;:; ‘The atmosphere tidal
Z P n 11 é 5 91, 3
can_osan | 120.424700 -7 LODgitude, latitude, and surface . s 22281.¢ 2.5 1.2766 ‘load effects on GNSS.
CANN_LHAT | 120.424700 2 paf of Starting- ing stations’-5 170695.1 2.5 1.3588 baseline displacement
CANN_LISH | 120.424700 3 ; 5 114864.2 | 2.5 1.6040 ] ¢
CANN_LONQ | 120.424700 27.522580 21.8 110.133090 28.080720 32.5 141509.7[2.5 1.3241 .02 (ENU, mm)
CANN_LUOY | 120.424700 27.522580 21.8 119.705090 27.552460 32.5 71164.3 [ 2.5 1.1005 0.0186 0.0104 -0.0494
CANN_PANA | 120.424700 27.522580 21.8 120.436660 29.054190 32.5 169743.8[2.5 1.8985 -0.0333 -0.0434 -0.2715
CANN_PCHQ | 120.424700 27.522580 21.8 118.542210 27.923210 32.5 190867.4|2.5 1.4€45 0.0348 0.0161 -0.2217
CANN PCJM | 120.424700 27.522580 21.8 118.445440 28.167970 32.5 207660.5] 2.5 | 2016072512 1.7441 0.0339 0.0087 -0.2787 v)

@ The GNSS baseline network file and the level route network file are the same in ETideLoad format.

@ The tidal effect on geodetic observation should be at the actual observation time. The duration of the leveling height difference observation should not exceed 2 hours to compute validly the
effect of the semi-diurnal tidal constituent.

@ The height of the ground control site is the ellipsoidal height when calculating the solid tidal effects, the normal or height when ling the ocean load effects, and the height
relative to the surface (set as zero in the when ing the tidal load effects.

2.7 The regional approach of load tidal effects by load Green's Integral

[Purpose] From the regional residual ocean or surface atmosphere tidal harmonic
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constant grids, compute the residual ocean or atmosphere tidal load effects near-Earth
space by Green’s function integral.

Here, the residual harmonic constants are equal to the regional harmonic constants
minus the model value of the harmonic constants calculated using the global tidal load
spherical harmonic coefficient model.

The program requires that residual harmonic constant grid files of all tidal constituents
are stored in a directory. The harmonic constant grid file is saved in the form of a vector grid,
and the seventh attribute of the file header is the Doodson constant.

ETideLoad4.5 takes the regional harmonic constant grid as the observations, employes
global tidal load spherical harmonic coefficient model as a tidal load reference field, and
refines the regional residual tidal load effects by load Green'’s funtion integral. Which is also
called the remove-restore process. The program only calculates the regional residual value
of the tidal load effects in the remove-restore process.

2.7.1 Computation of residual ocean tidal load effects by Green's Integral

[Function] From the regional residual ocean tidal harmonic constant grids, compute the
residual ocean tidal load effects on the geoid or height anomaly (mm), ground gravity (uGal),
gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical
deflection (SW, to the south and to the west, mas), horizontal displacement (EN, to the east
and to the north, mm), ground radial displacement (mm), ground normal or orthometric
height (mm), radial gravity gradient (mE) or horizontal gravity gradient (NW, to the north and
to the west, mE) by load Green's function Integral.

[Input file] The location and time file of near-Earth points, and the regional residual ocean
tidal harmonic constant grid files.

The location and time file of near-Earth points. The first row is the file header. From the
second row onwards, the second and third attributes in the file record are conventionally
longitude and latitude (degree decimals), and there are the sampling epoch time and height
attributes in the records.

In this example, 8 residual ocean tidal constituent harmonic constant grid files are
selected from the difference between the ocean tide height model GOT4.8 (0.5°x0.5°
harmonic constant grid) and FES2004.

[Parameter settings] Set the input file format parameters, select the type of ocean tidal
load effects, and enter Green’s integral radius.

The height of the calculation point is normal or orthometric height relative to the sea
surface since the ocean tidal loads are generally considered to be on the sea surface.

[Output file] The residual ocean tidal load effect file.

The file header is the same as the input file. Behind the input file record, adds one or
several columns of the residual tidal effects selected as the output file record. In this example,
all types are selected, and there are fourteen attributes added to the record.
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The regional approach of Ioad tidal effects by load Green's Integral

ﬁ 5 az

Open file Save as Start computation  Save process  Follow example

| & Open the location and time file of near-Eartn points | >> Program Process ** Operation)

Import parameters
[

-

Open any residual ocean tidal . . Computation of rpsidual ocean tidal
harmenic constant grid file load effects by Gyeen's Integral

Prompts

C:/ETideLoad4.5_winB4en/residOTide/P1gotd.8_FES2004.dat
C:/ETideLoad4.5_winB4en/residOTide/Q1gotd 8_FES2004 dat
C:/ETideLoad4 5 win64en/residOTide/S2got4.8 FES2004.dat
ime file of near-Earth points leLoadd.

Set the format of input file
Column ordinal number of starting n
MJDO in the header

Column ordinal number of time 1

in the record
Column ordinal number of the norm: 4
or orthometric height in record
Select the type of effects \
1
I

>> Selling paramelers have been imported into the program!
[ geoid or height anomaly (mm)

x

5>

e location an

B

-+ Computation of residual atmosphere tidal
“* load effects by Green's Integral

8 residual ocean tidal constituent
harmonic constants from difference
between GOT4.8 and FES2004

gram process as

en/example: reenintegral/Posfiontm. Bt

** Behind the input file record, add several columns of the load tidal effects as the output file record

>> Prepare to compute the residual ocean tidal load effects...
[| ground gravity (pGal) (=)

= Glielth utton-fEtart the-teat-button-{H
utation start time: 2024-10-18 15:48:40
[ gravity disturbance (uGal)

1t harmoenic constants grid my

com

els involved in mL Columns 2 and 3 of the record are

[ ground tilt (SW, mas) (=) | 18 15:48:41
[ vertical deflection (SW, mas)
] horizontal displacement (EN, mm;

I ground radial displacement (mm) (&)

¥ Import

setting parameters.

l agreed as the longitude and latitude

¥ Start computation

%! Save data in the text box as

[ ground normal or orthometric height (mm) (=)
[ radial gravity gradient (mE) j
] horizontal grayity gradient (NW, mE) 2
2
Green's integral padius | 400 km 2
2
2.
2.
2
2
2
2
2
9 2.218
‘ l
@ The residual ffarmonic constants are equal to the regional harmonic minus the model value of harmonic constannts by global tidal load spherical harmonic ¢ model.

@ The program requires that residual harmonic constant grid files of all tidal constituents are stored in a folder. The file is saved in the form of a vector grid, and the seventh attribute of the file header is the
Doodson constant.
@ The height of the ground site is orthometric (normal) height when calculating the ocean tidal load effects, and the height relative to the surface when calculating the surface atmosphere tidal load effects.

vl H l‘ Hlll‘&;' ‘. hARAR ‘ﬁ‘}‘l IH}UH',“"" ol
R
llllll|||ll| ‘ll|‘|iixl‘
AR AR 1S A

The residual ocean tidal load effects (GOT4.8-FES2004): ground tilt (S, mas), (W, mas), horizontal displacement (E, mm) ), (N, mm)

2.7.2 Computation of residual atmosphere tidal load effects by Green's Integral

[Function] From the regional residual surface atmosphere tidal harmonic constant grids,
compute the residual tidal load effects on the geoid or height anomaly (mm), ground gravity
(uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical
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deflection (SW, to the south and to the west, mas), horizontal displacement (EN, to the east
and to the north, mm), ground radial displacement (mm), ground normal or orthometric
height (mm), radial gravity gradient (mE) or horizontal gravity gradient (NW, to the north and
to the west, mE) by load Green's funtion integral.

The height of the ground site is the normal or orthometric height when calculating the
ocean tidal load effects, and the height relative to the surface (set as zero in the program)
when calculating the surface atmosphere tidal load effects.

2.8 Forecast of various tidal effects on surface all-element geodetic variations

[Purpose] Forecast the solid Earth tidal, ocean tidal load or surface atmosphere tidal
load effects on various surface geodetic variations anywhere and anytime.

The height of the site is the ellipsoidal height when forecasting the solid tidal effect, the
normal or orthometric height when forecasting the ocean tidal load effects, and the height
relative to the surface (set as zero in the program) when forecasting the atmosphere tidal
load effects.

Date or time is agreed as the long integer format agreed by ETideLoad. E.qg,
20181224122642 represents 12:26:42 on December 24, 2018, and 2018122412 represents
12: 0: 0 on December 24, 2018.

» Numerical forecast of various tidal effects on surface geodetic variations - a X

. o 3 r ™
Solid Earth tide Ocean tidal load Atmosphere tidal load Import parameters  Forcast  Follow example

Global forecast of tidal effects on surface all-element geodetic variations

s Numerical forecast of solid - - Numerical forecast of ocean - Numerical forecast of surface
* Earth tidal effects " tidal load effects ** atmosphere tidal load effects
Location of surface point to be forecast & # @ Date or time is agreed as the long integer format

agreed by ETideLoad. E.g, 20181224122642
represents 12:26:42 on December 24, 2018.
Latitude |29.428100° - @ The spherical harmonic coefficient model of the

a
Height ' 17.830m & ST T el 7@ ocean tidal load or surface atmosphere tidal load can
be updated with the program [geophysical model and
e

Longitude | 121.240000° 3 AN NCBEIONCHK

numerical standard settings].

Input the forcast time | 201607010930 = -+ Import setting parameters & Start to forcast

Forecast with the given location and time

geoid or height anomaly (mm) |-231.664 ground gravity (uGal) -95.069 gravity disturbance (uGal) -106.300
horizontal displacement (E, mm) | 19.803 ground tilt (S, mas) 4.378 vertical deflection (S, mas) 8.226
horizontal displacement (N, mm) -16.581 ground tilt (W, mas) -5.369 vertical deflection (W, mas) -10.035

ground radial displacement (mm) -109.027 normal or orthometric height (mm) 66.407
disturbing gravity gradient (10pE) 122.637 horizontal gravity gradient (N, 10pE) 3.743 horizontal gravity gradient (W, 10pE) -25.385

@ The height of the site is the ellipsoidal height when forecasting the solid tidal effect, the normal or orthometric height when forecasting the ocean
tidal load effects, and the height relative to the surface (set as zero in the program) when forecasting the atmosphere tidal load effects.
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L D . o
. o

% Numerical forecast of solid
* Earth tidal effects

Location of surface point to be forecast

Longitude ' 128.240000°

Latitude 29.428100°
Height | 17.830m -

Maximum truncated

degree of model 120 =

Input the forcast time 1201607010130

Forecast with the given location and time
geoid or height anomaly (mm) -6.455
horizontal displacement (E, mm) 2.169
horizontal displacement (N, mm) 1.532
ground radial displacement (mm) ' 10.273

disturbing gravity gradient (10pE) 16.728

.« Numerical forecast of various tidal effects on surface geodetic variations
b )
Solid Earth tide Ocean tidal load Atmosphere tidal load

As

Follow example

2 >

Import parameters ~ Forcast

Global forecast of tidal effects on surface all-element geodetic variations

Numerical forecast of surface

- . Numerical forecast of ocean -
** atmosphere tidal load effects

“* tidal load effects

~ ) 9 @ Date or time is agreed as the long integer format agreed by
\/\J/\ 5 ETideLoad. E.g, 20181224122642 represents 12:26:42 on
INI NI NININT =N December 24, 2018.
9] @ The spherical harmonic coefficient model of the ocean tidal load
TN @ or surface atmosphere tidal load can be updated with the program
[geophysical model and numerical standard settings].

£ Sea surface tidal height (cm) -85.797

3 Import setting parameters & Start to forcast..

gravity disturbance (uGal) |-15.955
vertical deflection (S, mas) -0.271

ground gravity (uGal) -13.944
ground tilt (S, mas) 0.809
ground tilt (W, mas) -5.538 vertical deflection (W, mas) -1.812
normal or orthometric height (mm) -43.601

horizontal gravity gradient (N, 10pE) -17.762 horizontal gravity gradient (W, 10uE) -20.674

@ The height of the site is the ellipsoidal height when forecasting the solid tidal effect, the normal or orthometric height when forecasting the ocean
tidal load effects, and the height relative to the surface (set as zero in the program) when forecasting the atmosphere tidal load effects.

i

% Numerical forecast of solid
* Earth tidal effects

Location of surface point to be forecast
Longitude ' 101.240000° =

Latitude 29.428100°
Height | 0.000m -

Maximum truncated -
120
degree of model

Input the forcast time (201607011115

Forecast with the given location and time
geoid or height anomaly (mm) |2.151
horizontal displacement (E, mm) 0.561
horizontal displacement (N, mm) 0.495
ground radial displacement (mm) -2.434
disturbing gravity gradient (10pE) -4.585

.+ Numerical forecast of various tidal effects on surface geodetic variations

Solid Earth tide Ocean tidal load Atmosphere tidal load

= a X
: =, - a2
o v 4 - -7
Import parameters ~ Forcast  Follow example

Global forecast of tidal effects on surface all-element geodetic variations

Numerical forecast of surface

- . Numerical forecast of ocean .
** atmosphere tidal load effects

“" tidal load effects

. = ; . @ Date or time is agreed as the long integer format agreed by
o\ Py A\ s ETideLoad. E.g, 20181224122642 represents 12:26:42 on
LN IS December 24, 2018.

= 9] @ The spherical harmonic coefficient model of the ocean tidal load
TN @ or surface atmosphere tidal load can be updated with the program
[geophysical model and numerical standard settings].

£ Surface atmosphere (hPa/mbar) 1.740

ir Import setting parameters & Start to forcast..

ground gravity (uGal) 0.889 gravity disturbance (uGal) |1.100

ground tilt (S, mas) -0.127 vertical deflection (S, mas) -0.116

ground tilt (W, mas) [-1.469 vertical deflection (W, mas) -0.537

normal or orthometric height (mm) 19.636

horizontal gravity gradient (N, 10pE) -0.363 horizontal gravity gradient (W, 10uE) -18.152

@ The height of the site is the ellipsoidal height when forecasting the solid tidal effect, the normal or orthometric height when forecasting the ocean
tidal load effects, and the height relative to the surface (set as zero in the program) when forecasting the atmosphere tidal load effects.
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3 Processing and analysis on non-tidal geodetic variation time series

Based on the characteristics of non-tidal geodetic time series, the group of programs
adopt some stable and reliable algorithms to uniformly process and analyze massive various
geodetic variation time series data.

= Processing and analysis on non-tidal geodetic variation time series ) X

Processing and analysis on non-tidal geodetic variation time series|

MA ; A
o AW \ e A S SR o A R SR
‘ ,J) Yy ""'VIN’J\’}\\ 17 oW g ¢ ek ! %
| Py 4) o
j k/ { "o THT -~
| B Lo PR il L4 )
, B PR
Separation and processing Low-pass filtering and signal Weighted operation, difference, Normalized extraction from
of irregular geodetic reconstructing for irregular integral and interpolation batch time series of ‘
varition time series time series on time series geodetic monitoring network ‘
! oS AN } o l
RA 7 = ¥ JEa
s " § & > ==
%‘ s ] '_i - ’ ’ - ‘
! f o g o] =3 I |
. ik A ¢
7T o |
> i — |
Processing and analysis on Construction and analysis Processing and analysis Muiti-form spatiotemporal
batch time series of on record time series on variation (vector) interpolation from
geodetic monitoring network from geodetic network grid time series grid time series
|
A |
Functional architecture of the subsystem (@ The files format of 5 kinds of geodetic variation time series

| @ ETideLoad only recognizes the five kinds of geodetic variation time series data in own format. The five kinds of files include the ground geodetic ‘

| variation time series file, geodetic site variation record time series file, geodetic network observation variation time series file, variation (vector) grid time 1
series files and spherical harmonic coefficient (Stokes coefficient) model time series files.

: @ Time (date and epoch) are agreed to adopt Greenwich Time (zero time zone), which is expressed in modified Julian Date (MJD, in GPS time, and

| Julian Date 2000.0 = MJD 51544.5) or a long integer agreed by ETideLoad, e.g., 2018122412.

ETideLoad only recognizes the five kinds of geodetic variation time series data in own
format. The five kinds of files include the ground geodetic variation time series file, geodetic
site variation record time series file, geodetic network observation variation time series file,
variation (vector) grid time series files and spherical harmonic coefficient (Stokes coefficient)
model time series files.

Time (date and epoch) are agreed to adopt Greenwich Time (zero time zone), which is
expressed in modified Julian Date (MJD, in GPS time, and Julian Date 2000.0 = MJD
51544.5) or a long integer agreed by ETideLoad. In most cases, the long integer agreed by
ETideLoad is employed. E.g., 20181224122642 represents 12:26:42 on December 24, 2018.
Here, the epoch is an instantaneous time.

3.1 Separation and processing of irregular geodetic varition time series

[Purpose] On the irregular geodetic varition time series in the given input file, perform
preprocessing such as gross error detection and separation, time format transform,
reference epoch unification of multi-column time series or averaging according to the given
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time period.

In the record of the geodetic variation time series file, each attribute except the sampling
epoch time represents a type of variation time series, and the sampling time epoch time of
all types of variation time series are the same.

3.1.1 Gross error detection and separation on variation time series

[Function] According to the given number of the low-pass filtering parameters, using the
continuous Fourier and Chebyshev combined basis functions, construct the low-pass
filtering reference curve from the irregular variation time series of the specified attribute,
calculate the difference between the sampling value and the reference value to get the
residual time series, and then separates the variation at the corresponding epoch time when
the residual is greater than the given multiple of the standard deviation of the residual time
series as the gross error. The program performs 5 iterations of the gross error detection and
separation.

[Input file] The geodetic variation time series file.

The first row is the file header. Starting from the second row of the file, each row record
stores the sampling values of all the variations at one sampling epoch time. At least one
column of the attributes in the record is the sampling epoch time.

[Parameter settings] Set the input file format parameters, enter column ordinal number
of the epoch time and target attribute time series to be detected in the record, and enter the
multiple of the standard deviation and the number of low-pass filtering parameters.

o . » 5 2 {
B M r az A=
Openfile Saveas Importparameters Startcomputation  Save process  Follow example
. Gross error detection and separation Transform of time between Unification of reference epoch for Averaging on time series according
on variation time series ETideLoad and MJD the specified attribute time series to the given time period
¥ Open the geodetic variation time series file >> Program Process ** Operation Prompts @ Save program process as
Set the file parameters >> [Function] According to the given number of the low-pass filtering using the Fourier and Chebyshev combined basis
Column ordinal number of = functions, construct the low-pass filtering reference curve from the irregular variation time series of the specified attribute, calculate the difference
starting MJDO in the header > X - between the sampling value and the reference value to get the residual time series, and then separate the variation at the corresponding epoch time
Column ordinal number of . Wwhen the residual is greater than the given multiple of the standard deviation of the residual time series as the gross error. The program performs 5
Hens trifie racoRT L % ~ iterations of the gross error detection and separation

>> Open a geodetic variations time series file C:/ETideLoad4.5 ) i P JHYW_U.txt.

** Set the file format parameters according to the text box below. After giving the output file name, click the control button [Import setting parameters]
>> Save the results as C/ETideLoad4.5_win64en/examples/TmsrSEorseppreproc/Emsepu.txt

** Behind the input time series file header, add two attributes including the constant term and linear term (annual rate of variation, a) as the output file
header. Behind the input time series file record, add 5 attributes including the low-pass filtering value, low-pass filtering value after removing the
constant, low-pass filtering value after removing the constant and linear term, linear variation and residual value as the output file record.
>> Setling parameters have been Imported Into the program!

** Click the control button [Start computation], or the tool button [Start computation)....
>> Computation start time: 2024-10-19 08:49:23
** The mean, standard deviation, minimum and maximum of the residual time series, constant term and linear term (/a): 1379.786, 11659.408, -38.788
9900.000, 31.027, -1.4856
>>Gomplete the computation!
>> Comqputation end time: 2024-10-19 08:49:25

Column ordinal numbe
of the target time series
Multiple numbers of the

standard deviation
Number of low-pass
filtering parameters

3.0

=) save the resulits as.

» Import setting pafameters

When the sampling epoch time is

@ In the record of the time series file, each attribute except the sampling time attribute represents a type of variation |
in ETideLoad format, the starting

time series, and the sampling epoch time of all types of variation time series are the same.

MJDO is not Y. |
1.
Extract time series to be plot Plot]

120

100

80 {

P 4

40

20

-20

0703/15 oroie 216 ovin? 07102117
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The entered number of the low-pass filtering parameters is not more than 1/2 of the
number of time series samples, and not less than 1/30 of the number of samples. When the
entered number exceeds this range, the program automatically takes the minimum or
maximum value.

[Output file] The variation time series analysis file after removing gross errors.

Behind the input time series file header, adds two attributes including the constant term
and linear term (annual rate of variation, /a) as the output file header. Behind the input time
series file record, adds 5 attributes including the low-pass filtering value, low-pass filtering
value after removing the constant, low-pass filtering value after removing the constant and
linear term, linear variation and residual value as the output file record.

3.1.2 Transform of time between ETideLoad and MJD

[Function] Automatically detect the time (date) format in the variation time series file, and
then transform time (date) between the ETideLoad format and MJD day (GPS time). The
zero point of MJD (GPS time) is JD2400000.5.

The transformed time is stored as the last column of the record. When the target is the
MJD day, the program also adds the MJD day corresponding to the first sampling epoch time

(namely the starting MJDO) into the last column of the input file header as the output file
header.

W3 - 3 A
Openfile Saveas Import parameters tart computat Save process  Follow example
__ Gross error detection and separation Transform of time between ] Unification of reference epoch for Averaging on time series according
on variation time series ETideLoad and MJD the specified attribute time series to the given time period
# Open the geodetic variation time series file | >> program Process ** Operation Prompts 4.t Save program process as
Set the file parameters >> Computation start time: 2024-10-19 08:49:23
Column ordinal number of x - ** The mean, standard deviation, minimum and maximum of the residual time series, constant term and linear term (/a): 1379.786, 11659.408, -38.788,

starting MJDO in the header
Column ordinal number of
time in the record,

99900.000, 31.027, -1.4856
>> Complete the computation!
>> Computation end time: 2024-10-19 08:49:25
>> [Function] Automatically detect the time (date) format in the variation time series file, and then transform time (date) between the ETideLoad format
and MJD day (GPS time). The zero point of MJD (GPS time) is JD2400000.5.
>> Open a geodetic variations time series file C:/ETideLoad4.5_\ al JHYW_U.txt
** Set the file format parameters according to the text box below. After giving the output file name click the control button [Import setting parameters]
>> Save the results as C:/ETideLoad4.5_win64en/examples/TmsrsEmorseppreproc/timeconvrst. txt.

** The transformed time is stored as the last column of the record. When the target is the MJD day, the program also adds the MJD day corresponding

foutet
P

>> Setting parameters have been imporied into the program!
* Click the control button [Start computation], or the tool button [Start computation].
>> Computation start time: 2024-10-19 08:51:40
>> Complete the computation!
>> Computation end time: 2024-10-19 08:51:40

When the sampling epoch time is
in ETideLoad format, the starting
MJDO is not necessary.

@ In the record of the time series file, each attribute except the sampling time attribute represents a type of variation
time series, and the sampling epoch time of all types of variation time series are the same.

{ + =MD day (GPs time) |

3.1.3 Unification of reference epoch for the specified attribute time series

[Function] Using the cubic spline or Gaussian function interpolation method, interpolate
the sampling value of the specified attribute time series at the given reference epoch time,
and then remove the corresponding sampling values from the time series, thereby unifying
the reference epoch time. At the reference epoch time, the sampling value of the specified
attribute time series is always zero.

[Input file] The geodetic variation time series file.
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[Parameter settings] Set the input file format parameters, enter column ordinal number
of the first and last attribute time series, the reference epoch time (ETideLoad long integer
format), and select interpolation method.

The program requires that the reference epoch time is no earlier than the first sampling
time and no later than the last sampling time, otherwise automatically set to the first or last
sampling time.

The program requires that the number of the time series attributes selected are not more
than 20, that is, the difference between the column ordinal number of the last attribute time
series and the first attribute time series is small than 20.

The reference epoch time need not be one of the sampling epochs of the input variation
time series.

When there are more noise or missing samples in time series signals, Gaussian function
interpolation is recommended.

[Output file] The variation time series analysis file.

Behind the input file header, adds the reference epoch time as the output file header.
Behind the input file record, adds the unified attributes of the specified time series as the
output file record.

The unification of reference epoch time for multi-source data is the most basic
requirement for geodynamics monitoring.

¥ S 4 ag A=
Openfile Saveas Importparameters Start computaton  Save process Follow example
. Gross error detection and separation Transform of time between Unification of reference epoch for Averaging on time series according
on variation time series ETideLoad and MJD the specified attribute time series to the given time period
$ Open the geodetic variation time series file >> Program Process ** Operation Prompts 4t Save program process as
Set the file parameters >> [Function] Using the cubic spline or Gaussian function interpolation method, interpolate the sampling value of the specified attribute time series at
ok il b of . the given reference epoch time, and then remove the corresponding sampling values from the time series, thereby unifying the reference epoch time.
starting MJDO in the header x = At the reference epoch time, the sampling value of the specified attribute time series is always zero.
Coliinn oedinal number o4 = ** The program requires that the reference epoch time is no earlier than the first sampling time and no later than the last sampling time, otherwise
Tore i e record L1 N * automatically set to the first or last sampling time.
** The program requires that the number of the time series attributes selected are not more than 20, that is, the difference between the column |

Column ordinal number of 4 - ordinal rmmber o' the Ias( aﬂﬂbale nme series and the first attribute time series is small than 20.

the first time series = pen eode ons s file del oadd T {
Column ordinal number of 6 - ** Set lhe frle Iovma( pavame(ers accordmg to the text box bdiow. After giving the output file name, click the conlml bunon [Import setting

he | = |
Enter the reference - | [>> Save the resuits as C/ETideLoad4.5_wint en/exam lesTmsrSErTorseppreprociepochrst it

epoch time 2016p10112 ¥ * Behind the input file header, add the reference epoch timel be-the-atstput-fl 8 he-npt-fil . add the unified attributes of the

Interpolation method Gaugsian function int
}=) save the resfiits as

pecified time series as the output file record,
>> Setting have been imported into the program!
** Click the control button [Start computation], or the tool butjon [Start computation]
>> Computation start time: 2024-10-19 08:54:27
¥ Import setting parameters >> Complete the computation!
>> Computation end time: 2024-10-19 08:54:27

& Start com)
@ In the record of th time series file, each attribute except the sampiing time attribute represents a type of
variation time series, anfi the sampling epoch time of all types of variatip time series are the same.

Didplay of the input-output file| |

When the sampling epoch time is
in ETideLoad format, the starting
MJDO is not necessary.

Extract time series to be plot Plot}

0703/15 o101/16 070216 o7 0702117
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3.1.4 Averaging on time series according to the given time period

[Function] From the regular or irregular variation time series, according to the column
ordinal number of the specified attribute, calculates the attribute mean value time series by
the given average time period.

[Input file] The geodetic variation time series file.

[Parameter settings] Set the input file format parameters, enter column ordinal number
of the specified attribute and select average period.

[Output file] The variations average time series file.

Behind the input file header, adds the average mode (0 is the monthly average, 1 is the
GPS weekly average, and 2 is the given days average) as the header of the average time

series file. The record format: the middle epoch, the average value, the number of the
samples used to average.

p— . 5 a 2
B N ¥ 5 3 Bs
Openfile Saveas Importparameters Startcomputation  Save process  Follow example
. Gross error detection and separation Transform of time between Unification of reference epoch for Averaging on time series according
on variation time series ETideLoad and MJD the specified attribute time series to the given time period

# Open the geodetic variation time series file >> Program Process ** Operation Prompts @& Save program process as
Set the file parameters

>> Setting parameters have been imported into the program!
Column ordinal number of

** Click the control button [Start computation), or the tool button [Start computation].

starting MJDO in the header X 5> Computation start time: 2024-10-19 08:54:27
Column ordinal number of «  >> Complete the computation!
e Tt FREoRt . | *  >>Computation end time: 2024-10-19 08:54:27
>> [Function] From the regular or irregular variation time series, according to the column ordinal number of the specified attribute, calculate the attribute
Column ordinal numbe/! & ean value time series by the given average method
of the target time series >> Open_a geodetic variations time series file C:/ETideLoad4.5_\ T JHYW_U.txt.
Select average penozf Onp week |

[ save jhe reshits as

% Import sktting pjrameters >> Setling parameters have beénimported into the program! B |
** Click the control button [Start conputation], or the tool button [Start computation].
>> Computation start time: 2024-10-19 06651 [\ = e
>> Complete the computation! STSOW. 5w anach Siee
>> Computation end time: 2024-10-19 08:56:51 | in ETideLoad format, the starting
MJDO is not necessary.
Display of the inputoutputfle; @ " the record of the time series fle, each attribute excet the samping tme afribute represens a type of variaton |
time series. and the sampling epoch time of all types of variation time series are the same.
HYW 1 16216832 109.877 s00 ()= I
Extract time series to be plot Plot}
50
0
30
20
10
o111S 0101116

own? owouvs |
3.2 Low-pass filtering and signal reconstructing for irregular time series

[Purpose] Using the continuous Chebyshev and triangular base function combination
method, estimate the low-pass parameters of the irregular time series, separates the
constant term and linear term, and then reconstruct the time series according to the user's
requirements.

The program can separate the constant term, linear term and noise, and realize the
short-time interpolation and bidirectional prediction of various irregular variation time series.
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3.2.1 Estimation of the low-pass parameters and linear term of irregular time series

[Function] Using the continuous Chebyshev and triangular base function combination
method, estimate the constant term, linear term and low-pass parameters of the irregular
variation time series according to the entered number of the parameters to be estimated.

[Input file] The geodetic variation time series file.

The first row is the file header. Starting from the second row of the file, each row record
stores the sampling values of all the variations at one sampling epoch time. At least one
column of the attributes in the record is the sampling epoch time.

[Parameter settings] Set the input file format parameters, enter column ordinal number
of the epoch time and target attribute time series in the record and enter the number of low-
pass filtering parameters.

The number of the estimated low-pass parameters should not be greater than 1 / 2 of
the number of samples in the input time series and should not be less than 1 / 30 of the
number of samples. Otherwise, the program automatically takes the minimum or maximum

r Ty = ash a
CY- 5 & &2 £
Openfile Saveas Importparameters Startcomputation Save process — Follow example
| Estimation of low-pass parameters and Reconstruction of the low-pass signal at Reconstruction of low-pass time series according
linear term of irregular time series all sampling epochs of given time series to given sampling specification
% Open the geodetic variation time series file >> Program Process ** Operation Prompts 4. Save program process as
Set the file parameters ** Set the file format parameters according to the text box below. After giving the output file name, click the control button [Import
Column ordinal number of starting 5 x - setting parameters]
| MJDO in the header " [>> Save the estimated parameters as C./ETideLoad4.5 win64en/examples/Tmsrsiowpfitrconstr/filterpara.txt
Column ordinal number of time - ** Behind the input time series file header, add the 5 attributes including the constant term, linear term (annual rate of variation, /a), {
| in the reco) * number of the parameters, starting MJDO, and ending MJD as the parameters file header. |
Column ordinal numbe of/the . >> Setting parameters have been imported into the program!
target time séries 2 2 ** Click the control button [Start computation], or the tool button [Start computation].
>> C start time: 2024-10-19 09:11:47

Number of parameters lo}é estimated 120

o

>> Complete the computation!

>> Computation end time: 2024-10-19 09:11:48

When the sampling epoch time is >> The program automatically outputs the time series file C:/ETideLoad4.5_) T JHYW_U.rst.

in ETideLoad format, the starting Behind the input time series file header, add two attributes including the constant term and linear term (annual rate of variation, /a) as
MJDO is not necessary. the output file header. Behind the input time series file record, add 5 attributes including the low-pass filtering value, low-pass filtering
| value after removing the constant, low-pass filtering value after removing the constant and linear term, linear variation and residual

}4) save the estimated parameters as value as the output file record.
¥ Import setting parameters Display of the input- @ The program can separate the constdnt term, linear term and noise, and realize the short-time interpolation
& Start computatior output file| and bidirectional prediction of various irregular variation time series.
JHY 1 2 109 g

. Extract time series to be plot Plot|
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[Output file] The low-pass filtering parameter file. The low-pass filter variation time series

analysis file.

The low-pass filtering parameter file. Behind the input time series file header, adds the
5 attributes including the constant term, linear term (annual rate of variation, /a), number of
the estimated parameters, starting MJDO, and ending MJD as the parameter file header. And
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then all low-pass filter parameter values be saved into the file in order.

The low-pass filter variation time series analysis file *.rst. Here, * is the input geodetic
variation time series file name.

Behind the input time series file header, adds two attributes including the constant term
and linear term (annual rate of variation, /a) as the output file header. Behind the input time
series file record, adds 5 attributes including the low-pass filtering value, low-pass filtering
value after removing the constant, low-pass filtering value after removing the constant and
linear term, linear variation and residual value as the output file record.

3.2.2 Reconstruction of the low-pass signal at all sampling epochs of given time series

[Function] According to the entered number of the low-pass parameters (here, the
entered number should be no greater than the maximum number of the estimated low-pass
parameters), reconstruct the low-pass variation time series with the sampling epochs
corresponding to the given time series.

[Input files] The geodetic variation time series file to be reconstructed. The low-pass
filtering parameter file, which be automatically called by the program without manual input.

[Parameter settings] Set the column ordinal number of the epoch time in the input file
record and enter the number of the low-pass parameters for reconstruction.

The number of the low-pass parameters for reconstruction should not exceed the
estimated number of the low-pass parameters. Otherwise, the program automatically takes
the estimated number as the number of the low-pass parameters.

— . = aa P
B M > & 8 an
Openfile Saveas Importparameters Start computation save process — Follow example
Estimation of low-pass parameters and Reconstruction of the low-pass signal at Reconstruction of low-pass time series according
linear term of irregular time series all sampling epochs of given time series to given sampling specification
) Open the variation time series file to be reconstructed | > program Process ** Operation Prompts 4. Save program process as
Set the file parameters >> [Function] According to the entered number of the low-pass parameters (here, the entered number should be no greater than the
Column ordinal number of starting ¢ x % number of the low-pass the low-pass variation time series with the sampling epochs

MJDO in the header, corresponding to the given time series.
Column ordinal number of ti 1 - ** The number of the low-pass parameters used for reconstruction should not exceed the estimated number of the low-pass
in the regérd \ * parameters. Otherwise, the program automatically takes the estimated number as the number of the low-pass parameters.
—1 |>> Open the geodetic variation time series file C:/ETideLoad4.5 i JHYW U.txt |
] ** Set the file format parameters according to the text box below. After giving the output file name, click the control button [Import

| |[Number of parameters for rgconstruction 90 \

>> Save the result time series as C:/ETideLoad4.5_\ JHY txt

* Behind the input time series file header, add two attributes |ncludmg the constant term and linear term (annual rate of variation, /a
as the output file header. Behind the input time series file record, add 4 attributes including the low-pas$ filtering value, low-pass filtering|
value after removing the constant, low-pass filtering value after removing the constant and linear term, and linear variation as the output |
file record.
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation)].
S\ Camnitation etart tima.2024.10.10 00-14-24
Display of the input- @ The program can separate the constant term, linear term and noise, the short-ti
and bidirectional prediction of various irregular variation time series.

When the sampling epoch time is
in ETideLoad format, the starting
MJDO is not necessary.

| [ save the result time series as

¥ Import setting parameters

# Start computatio

. Extract time series to be plot Plot|

JAVANAVA A /\/\/\/\/\[\/\/\ /\/\/\/‘/\/\ JAVVA\ /
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[Output file] The low-pass reconstruction variation time series file.

Behind the input time series file header, adds two attributes including the constant term
and linear term (annual rate of variation, /a) as the output file header.

Behind the input time series file record, adds 4 attributes including the low-pass filtering
value, low-pass filtering value after removing the constant, low-pass filtering value after
removing the constant and linear term and linear variation as the output file record.

3.2.3 Reconstruction of low-pass time series according to given sampling specification

[Function] Reconstruct the low-pass variation time series according to the starting and
ending epoch time, sampling interval (hours), and the entered number of the low-pass
parameters for reconstruction.

[Input files] The low-pass filtering parameter file, which be automatically called by the
program without manual input.

[Parameter settings] Set the starting and ending epoch time, sampling interval (hours)
and enter the number of the low-pass parameters for reconstruction.

Y = -

=) 5 4 az ES
Openfile Saveas Importparameters Sfart compuiation save process —Follow example
Estimation of low-pass parameters and Reconstruction of the low-pass signal at Reconstruction of low-pass time series according
linear term of irregular time series all sampling epochs of given time series to given sampling
Number of parameters for reconstruction 90 2| >> Program Process ** Operation Prompts 4! Save program process as
Set the starting epoch time 20160101 +| >> Computation start time: 2024-10-19 09:14:24

>> Complete the computation!
Set the encing spoch time. 20161231 >> Computation end time: 2024-10-19 09:14:24
Set the sampling interal 12.000 h +| >>[Function] Reconstruct the low-pass variation time series according to the starting and ending epoch time, sampling interval (hours),
and the entered number of the low-pass for
>> Save the result time series as C:/ETideLoad4.5_\ m xt
** The output file header comes from the low-pass parameter file. The file record have 5 attributes including the sampling epoch time,
low-pass filtering value, low-pass filtering value after removing the constant, low-pass filtering value after removing the constant and
linear term, and linear variation
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation].
>> Computation start time: 2024-10-19 09:16:19
>> Complete the computation!
>> Computation end time: 2024-10-19 09:16:19

[ Save the result time series as
¥ Import setting parameters
S SEL SOk aser Display of the input- @ The program can separate the constant term, linear term and noise, and realize the short-time interpolation and |
output file| bidirectional prediction of various irregular variation time series |

JHYW U 12

. Extract time series to be plot Plot|

) i ¥

031016 051916 0728116 100616 1271516

The starting epoch time should not be earlier (may be slightly earlier) than the first
sampling epoch time of the variation time series used for parameter estimation.

The ending epoch time should not be later (may be slightly later) than the last sampling
epoch time of the variation time series used for parameter estimation.

The starting-ending epoch time should be not earlier (or slightly earlier) than the starting
time of the time series employed to estimate the low-pass parameters and not later (or
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slightly later) than the ending time of the time series.

[Output file] The low-pass reconstruction variation time series file.

The output file header comes from the low-pass parameter file. The file record have 5
attributes including the sampling epoch time, low-pass filtering value, low-pass filtering value

after removing the constant, low-pass filtering value after removing the constant and linear
term and linear variation.

3.3 Weighted operation, difference, integral and interpolation on time series

[Purpose] Directly perform weighted operation, difference, integral or interpolation
operations on the irregular geodeic variation time series in the given manner.

3.3.1 Weighted operation between two attributes time series

[Function] Perform weighted plus, minus or multiply operation on two attributes time
series in the irregular variation time series file.

[Input file] The geodetic variation time series file.

The first row is the file header. Starting from the second row of the file, each row record
stores the sampling values of all the variations at one sampling epoch time. The attributes
in the record include the sampling epoch time and two attributes time series to be operated.

[Parameter settings] Set the input file format parameters, enter column ordinal number
of the epoch time and two attributes time series to be operated in the record, and enter the
two attribute weights.

. n 5 & &
= | 3 v &z Ra
Openfile Saveas Importparameters Startcomputation  Save process — Follow example
Weighted operation between 4 Difference operation on irregular 4, Integral operation on irregular Construction of time series by interpolation
two attributes time series variation time series variation time series from another time series
1 Open the geodetic variations time series file >> Pragram Process ** Operation Prompts 4.+ Save program process as

Set the file parametars >> [Purpose] Directly perform weighted operation, difference, integral or interpolation operatians on the irregular time series in the given
| Column ordinal number of starting 5 . manner.
MJDO in the header T >> Select the computation function from the 4 contral buttons on the top of the interface..
Column ordinal number of time »_>> [Function] Perform weighted plus, minus or multiply operation on two attributes time series in the \nvgular time senes file.
| in the record = | >> Open the geodetic variation ime series file C:/ETideLoad4.5 T Er |
Column ordinal number of the = ** Set the file format parameters according to the text box below. After giving the Bulpul ﬁle name, cl\ck the cunlrcl button [Import setting
first attribute time series * parameters).
>> Save the result time series as C:/ETideLoad4.5_win64er (TmsrsAddifferir JSrstixL
** Behind the input time series file record, add a column of the calculated values as the output file record

|| Weighted operation mode / plus+

>> Setting parameters have been imported into the program!
- ** Click the control button [Start computation], or the topl button [Start computation].

Column ordinal number of th

second attribute time serie:

| ”n' ; t‘ ey l; >> Computation start time: 2024-10-19 09:53:33
eight of the first attribute fime series 10000 »5 Complete the computation!

‘Weight of the second attripute time series 1.0000 > Computation end time: 2024-10-19 09:53:33

When the sampling epoch time is
in ETideLoad format, the starting
MJDO is not necessary.

tting parameters

Extract ime series to be plot Plot]
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[Output file] The weighted operation result variation time series file.
Behind the input time series file record, adds a column of the calculated values as the
output file record.

3.3.2 Difference operation on irregular variation time series

[Function] Perform difference operation on a given irregular variation time series by
calculating the weekly variation rate (namely per week). The result of the difference
calculation is the weekly rate of the variation difference between before and after in variation
time series, and the epoch time of the difference result is the middle time of the variations
before and after.

[Input file] The irregular geodetic variation time series file.

[Output file] The variation rate time series file.

The output file header comes from the input time series file. The output file record
consists of four attributes including the sampling epoch time in ETideLoad format, number
of days relative to the first sampling epoch, period of the difference (days) and the variation
rate (per week, /wk).

| B 3> & & As

Openfile Saveas Importparameters Start computatio Save process  Follow example
Weighted operation between . Difference operation on irregular 4. Integral operation on irregular Construction of time series by interpolation
two attributes time series ~ variation time series * variation time series from another time series
'8 Open the geodetic variations time series file >> Program Process ** Operation Prompts 4. Save program process as
Set the file parameters >> Computation start time: 2024-10-19 09:53:33
| Column ordinal number of starting x . >>Complete the computation!
MJDO in the header ~ >>Computation end time: 2024-10-19 09:53:33
Column ordinal number of time . >>[Function] Perform difference operation on a given irregular variation time series by calculating the weekly variation rate (namely per
| in the record 1 = dt=1/7). The result of the difference calculation is the weekly rate of the variation difference between before and after in variation time |
Column ordinal number of thefime series, and the epoch time of the difference result is the middle time of the vananons before and after.
orioa to bb differaaiiat 5 >> Open the geodetic variation time series file C:/ETideLoad4.5_\ J.txt.
** Set the file format parameters according to the text box below. After giving the oulpul file name, click the control button [Import
setting
>> Save the result time series as C:/ETideLoad4.5_win64er T xt

T Errveet. o1 8

PEN §7120.0442178 2 ** The header of the output file comes from the input time series file. The output file record consists of four attributes including the

sampling epoch time in ETideLoad format, the number of days relative to the first sampling epoch, period of the difference (days), and |

the variation rate (per week, /wk).

>> Setting parameters have been |mported into the program!
= Click the control button

>> Computation start time: 2024-10- 1909 55:19

>> Complete the computation!

>> Computation end time: 2024-10-19 09:55:19

[ save the result time series as ¥ Import setting parameters & Start nputation

When the sampling epoch time is
in ETideLoad format, the starting
MJDO is not necessary.

JHYW_U 12

Extract time series to be plot Plot| Soituini b 1. oc
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3.3.3 Integral operation on irregular variation time series

[Function] Perform integral operation on a given irregular variation time series by
accumulating the weekly variation (namely dt = 7 days). The first sampling epoch value of
the integration result time series is always zero, and the weekly rate at the middle epoch
time is calculated by the Gaussian function interpolation method from the given time series.
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The accumulated value of each step is equal to the weekly rate at the middle epoch time
multiplied by the sampling time interval (seven days).

The output file header comes from the input time series file. Behind the input time series
file record, adds a column of the calculated values as the output file record.

When there is some noise in the time series signal, Gaussian basis function interpolation
is recommended.

B M3 § @

Openfile Saveas Importparameters Start computatios Save process  Follow example

Weighted operation between . Difference operation on Irregular 4. Integral operation on Irregular . Construction of time series by interpolation
two attributes time series ~ variation time series ~ variation time series from another time series
|
'8 Open the geodetic variations time series file >> Program Process ** Operation Prompts 4. Save program process as
Set the file parameters ** Click the control button [Start computation], or the tool button [Start computation]
| Column ordinal number of starting x . >>Computation start time: 2024-10-19 09:55:19
5 B

>> Complete the computation!
>> Computation end time: 2024-10-19 09:55:19
>> [Function] Perform integral operation on a given irregular variation time series by accumulating the weekly variation (namely dt = 7
days). The first sampling epoch value of the integration result time series is always zero, and the weekly rate at the middle epoch time
is by the function method from the given time series. The accumulated value of each step is equal to
the weekly rate at the middle epoch time multiplied by the sampling time interval (seven days).
>> Open the geodetic variation time series file C/ETideLoad4.5 \ M xt.

** Set the file format parameters according to the text box below. After giving the output file name, click the control button (Import
setting parameters).
> Save the resull ime series as C./E 11deLoada.5_winbaen/examples/T msrsAddifennterp/inigrst it
hind the input time series file record, add a column of the integral sampling values as the output file record

MJDO in the header

Column ordinal number of time
| inthe record

Column ordinal number of the jime

series to be integrated

4

When the sampling epoch time is
| |in ETideLoad format, the starting ol button [Start computation], or the tool button [Start computation],
MJDO is not necessary.

Fs y \
Extract time series to be plot Plot|
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3.3.4 Construction of time series by interpolation from another time series

[Function] From the irregular time series, interpolate the time series sampling value with
the given sampling time epochs according to the cubic spline interpolation or Gaussian
function interpolation.

[Input file] The geodetic variation time series file to be interpolated. The geodetic
variation time series file for interpolation.

[Output] The interpolation result variation time series file.

The output file header comes from the input time series file. Behind the input time series
file record, adds a column of the interpolation sampling values as the output file record.
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B A3 - 3 e
Openfile Saveas Import parameters

Weighted operation between . Difference operation on Irregular .. Integral operation on irregular __ Construction of time series by interpolation
two attributes time series variation time series variation time series from another time series

Start computatior Save process  Follow example

W Open the geodetic variations time series file >> Program Process ** Operation Prompts 4. Save program process as
Set the file parameters ** Click the control button [Start computation], or the tool button [Start computation].
| Column ordinal number of starting . >>Computation start time: 2024-10-19 09:58:20
MJDO in the header 5 x ~_ >> Complete the computation!
Colirn ordal dxmberof fime . >>Computation end time: 2024-10-19 09:58:21
| in the record 1 * >>[Function] From the irregular time series, interpolate the time series sampling value with the given sampling time epochs according

to the cubic spline interpolation or Gaussian function interpolation

>> Open the geodetic variation time series file C/ETideLoad4.5_\ T TsepN.
@ Open the variation time series file for interpolation } * Set the file format parameters according to the text box below. After giving the output file name, click me control button [Import
| - setting parameters].
Setine e parameters >> oéen the variation time series file for interpolation C:/E TideLoadd 5_winb4en/examples/TmsrsAddifferinterp/ErrsepU.ixt
Column ordinal number of starting ¢ = " Setthe file format parameters according to the text box below.
| MJDO in the header x * |>> Save the result time series as C:/ETideLoad4.5_wi T tprst.txt.
Column ordinal number of time 1 - * Behind the input time series file record, add a column of the interpolation sampling values as the output file record
in the record T >> Setting parameters have been imported into the program!
| Column ordinal number of thefime - ** Click the control button [Start computation], or the tool bufton [Start computation]
series to be 4 E25 >>C start time: 2024-10-19 09:59:26
Select interpolation mpde The cubic spline >> Comwete the computation!
e\‘ \] end time: 2024-10-19 09:59:26
F) Save the result time series as ¥ Import setting parameters & Start computation
Extract time series to be plot Plot|
| 4“0
20
0
|
20
40 | iccrpedaied e soses

s e 0Ne owown? 0o

3.4 Normalized extraction from batch time series of geodetic monitoring network

[Purpose] From the text files of batch geodetic sites or batch CORS network baselines
that contain the specified variation time series data with the same format, extract data and
generate the corresponding variation time series files in the ETideLoad format.

The program requires all the source text files stored in a directory, and the source file
name contains the site name or baseline name with the same number of the characters. The
extracted time series files will be saved into another directory.

3.4.1 Normalized extraction from batch time series of geodetic network sites

[Function] From the text files of batch geodetic network sites that contain the specified
time series data with the same file format, extract data and generate the corresponding time
series files in the ETideLoad format, which will be saved into the specified directory.

[Parameter settings]

The program requires that wildcards can uniquely identify files in the directory, and their
instance characters will be also used as the extracted time series file name.

If there is no height attribute in the source file, or the entered height column ordinal
number exceeds the maximum number of the attributes, the program automatically set the
height to zero.

If there is not the starting MJDO in the header of the source file, please enter the starting
time agreed in ETideLoad format. After entering the epoch time in ETideLoad format, the
program would automatically calculate MJD day.
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[Output files] Batch geodetic variation time series files in ETideLoad format.

The file header: The site name (instance of the file name wildcard), longitude, latitude,
height, starting MJDO and constant term (the first sampling value of the target time series).

The record format: The sampling epoch time, days relative to the starting MJDO,
sampling value which has removed the first sampling value, other copyed attributes.

The sum of the starting MJDO in the header and the sampling epoch time (day) is equal
to the sampling epoch time of MJD day in the record. When the sampling epoch time is in
ETideLoad format, the starting MJDO is not necessary for the file header.

— oY = & 2
) = ¥ ¥ & A=
Input folder  Results folder Import parameters ~ Start extracting  Save process ~ Follow example
Normalized extraction from batch time Normalized extraction from batch time
| 9 Cpen.any textfies he exiracied I the foloer *“ series of geodetic network sites “* series of CORS network baselines

Set the wildcard of the batch file names

>> Program Process ** Operation Prompts &' Save program process as
Ordinal number of first wildcard in file name = >> [Function] From the text files of batch geodetic network sites that contain the specified variationtime series data with the same

Number of consecutive wildcards in file namég file format, extract data and generate the corresponding variation time series files in the ETideLoad format, which will be saved |
e specified folder.
Set parameters of the site location >> Opeél text file to be extracted in the folder C:/ETideLoad4.5_) T

Column ordinal number of the longtitude@ 101 5

* Please care!ully lool

e source file information in the text box below, enter the parameters, select the output files folder, and

Latitude 102 3 Height 103 = then click the Button [Import se rameters] to import these parameters into the program
>> Create or sglect the result file folder idelL.oad4.5_\ ay
Set the extracting parameters ** The site time series files searched by wildcal tantiation

| x C:/ETideLogd4. ONT| UUT.txt
Number of rows of the input file header 1 < C-/ETideLoad4. 5 T 5 10Q DUTixt
Column ordinal number of the 1 - C/ETideLogd4.5_ T JHYW] UUT.txt
sampling time in file record = C/ETidelLogd4.5_ il [TINTE [THe S
Column ordinal number of the masts - C:/ETideLo: d4.5_wnn&en/examplesﬂmsrsba(cr
extracting time series in record = >> Setting parameters have been imported into the:

Ratio to be multipied with = >> Prepare fof normalized extraction of batch time
| the master time series 1000 000\ s ** Click the control button [Start extracting], or the { ,h )ﬁ f
‘! N (|

Copy parameters for other time series® }x‘r B >> Computatign start time: 2024-10-19 10:15:54
in E{ideLoau

Complete tb extract for the 5 site variation time
>> utatign end time: 2024-10-19 10:15:54

‘"u']' "‘lF ”‘ﬁ i M fr'Mr' il

Time format in the input file Long integer

{4 set the|

ler to save results 5 Imp| ol

,(‘I

The output site time series file

[ aisan | soiois

time series of 2 ? from |
imn ordinal number that exceeds the attribute range of the source file record.

15 ” The mput text file to be extracted
20150113120000. 23.759
1501141200000l |-19.780

| @ O 101 represents the first row and first column, and 202 represents the second row and second column. @ 302 lndlcatls that the
the 3rd column will be saved into the target file. The program automatically ignores the colt

3.4.2 Normalized extraction from batch time series of CORS network baselines

[Function] From batch baseline solution files of the CORS network that contain the
specified time series data with the same file format, extract data and generate the
corresponding baseline solution time series files in the ETideLoad format, which will be
saved into the specified directory.

The program extracts the time series of one-dimension components of the ENU baseline
solutions once.

@ 101 represents the first row and first column, and 202 represents the second row and
second column.

® 302 indicates that the attribute time series of 2 consecutive columns starting from the
3rd column will be saved into the target file. The program automatically ignores the column
ordinal number that exceeds the attribute range of the source file record.
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[Output files] Batch CORS baseline solution time series files in ETideLoad format.

The file header: The baseline name (instance of the file name wildcard), starting station
longitude, latitude, height, ending station longitude, latitude, height, starting MJDO and
constant term (the first sampling value of the target time series).

The record format: The sampling epoch time, days relative to the starting MJDO,
sampling value which has removed the first sampling value, other copyed attributes.

~ . = = ~
“ = 2 — a7 e
Input folder  Results folder Import parameters ~ Start extracting  Save process =~ Follow example
Normalized extraction from batch time Normalized extraction from batch time
9. Open:any, tax! fia io be:axtractad i fhe folder " series of geodetic network sites “* series of CORS network
| Set the wildcard of the batch file names >> Program Process ** Operation Prompts 4.t Save program process as

| Ordinal number of first wildcard in file name >> [Function] From batch baseline solution files of the CORS network that contain the specifiedtime series data with the same file

: format, extract data and generate the corresponding baseline solution time series files in the ETideLoad format, which will be
| saved into the specified folder.

Location parameters of starting point of CORS basline **The program extracts the time series of one-dimension components of the ENU baseline solutions once.
ext file to be extracted in the folder C:/ETideLoad4.5_\ T esqu/

—) >>Opena
Column ordinal number of the longtitude@ 101 v CANN DONT .
Latitude 102 3 Height 103 X B2 ** Please carelully looRatthe source file information in the text box below, enter the parameters, select the output files folder, and

then click the button [Import s2tiag parameters] to import these parameters into the program.

Number of consecutive wildcards in file namg

Set the extracting parameters >> Create 9r select the result file folderG/ETideLoad4.5_) T
& ** The CQRS baseline time series files se2rshed by wildcard instantiatio
Number of rows of the input file header 2 - Ci/ETidel.0add.5_) T F——]ANN_DON - Ztxt
Column ordinal number of the s C/ETidel.oad4.5_) Zg/ba elmesgdCANN FDIQ| Z.txt l {

| sampling time in file record C:/ETide}.0oad4.5_\
Column ordinal number of the maste( ,, - C:/ETidel.0ad4.5_)
extracting time series in record S C:/ETide}).oad4.5
Ratio to be multipied with \ = I C:/ETidel.oad4.5_)
lhe master time series 1000.000C E g';gpgetmg: g_ i
= -/ETide] 0ad4

| Copy parameters for other time series® 'h\ >>Setting have been imported into the program!
>>;§a‘e for normallzed extraction of batch time TG i ey Ere—— |

949493493

rh

f“ i W u“m b it M i

| Time format in the input file  MJD (GPS time)

S The locatiof Column ordinal number - -
‘ Set time parameters about the MJD ending point of CORS of the longtitude@ 01 - Latitude 202 - ] Height 204 -
@ There is no starting MJDO In the input file
| a [ set # Import setting parameters & Start ctir

Enter the starting epoch time 2015010112

.. The input text file to
be extracted

The output baseline
time series file

=3 3 == 1 ; ERICIS] )| |
| @ © 101 represents the first lm and first column, and 202 represents the second row and second column. @ 302 indicates that the attributes fime series of 2 consecutive columns starting from |
| the 3rd column will be saved into The target file. The program automatcally ignores the column ordinal number that exceeads the attribute range of the source file record. |

3.5 Processing and analysis on batch time series of geodetic monitoring network

[Purpose] On the specified attribute time series from batch variation time series files with
the same format, perform the gross error detection, linear term separation, low-pass filtering
and signal reconstructing, or calculate the mean time series according to the given period.

The program requires all source time series files saved in a directory. The output time
series files will be saved into the specified directory.

3.5.1 Gross error detection, low-pass filtering and reconstructing for batch time series

[Function] On the specified attribute time series from batch time series files with the
same format, estimate the low-pass filtering parameters, separate the linear term using the
low-pass filtering curve as a reference curve to detect gross errors, and then reconstruct the
low-pass filtering value time series. The output time series files will be saved into the
specified directory.

[Input files] Batch geodetic variation time series files with the same formats.
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The first row is the file header. Starting from the second row of the file, each row record
stores the sampling values of all the variations at one sampling epoch time. At least one
column of the attributes in the record is the sampling epoch time.

[Parameter settings] Set the wildcard parameters for batch variation time series files,
enter column ordinal number of the epoch time and target attribute time series in the record,
and enter the multiple of the standard deviation and number of low-pass filtering parameters.

The entered number of the low-pass filtering parameters is not more than 1/2 of the
number of time series samples, and not less than 1/30 of the number of samples. When the
entered number exceeds this range, the program automatically takes the minimum or
maximum value.

@ CH'Y = 2-h {
L] t\!' 4 &7 a-
| Openfolder Results folder Import parameters ~ Star ssing  Save process ~ Follow example
_ . Gross error detection, low-pass filtering, Batch time series averaging and record
B Open‘any time serieafle 10 e processad In the foldet " _and reconstructing for batch time series format time series construction
| Set the wildcard of the batch file names >> Program Process ** Operation Prompts 4. Save program process as

| Ordinal number of first wildcard in file name ** Behind the input file header, add two attributes including the constant term and linear term (annual variation rate) as the

Number of consecutive wildcards in file nami gutput file header. Behind the input file record, add 5 attributes including the low-pass filtering value, low-pass filtering value

residual valuea
** The time series files

| Format parameters of the time series file the_output file record.

d by wildcard instantiation:

Column ordinal number of starting MJDO in header 5 X < CH/ETideLoad4.5_wir Tmsrsr o ANN_DONT txt
Column ordinal number of sampling time in record 1 = C:/ETideLoad4.5_wir a1 ANN_FDIQ fxt
Column ordinal number of the attribute - C:/ETideLoad4.5_wir Al ANN_JHYW txt
time series to be processed in record 2 C:/ETideLoad4.5_wir /Tmsr ANN_JINH fxt
C/ETideLoad4.5_wir I ysp ANN_JINX gt
Multiple of the standard deviation 3.0 S Ci/ETideLoad4.5_wir Al P ANN_INJZ fxt
C:/ETideLoad4.5_wir T ANN_JSAN|txt
Number of the low-pass filtering paramet§rs 90 C:/ETideLoad4.5_wir T ANN_LHAL fxt

>> Setting parameters have been imported into the program'
>> Prepare for the gross error detection, low-pass filtering, and signal reconstructing
™ Click the control button [Start batch processing], or the tool button [Start processing]

>> Computation start time: 2024-10-19 10:54:03

>> Complete the gross error separation, low-pass filtering, and signal reconstructing for 8 time series!

>> Computation end time: 2024-10-19 10:54:12

** The program outputs the linear variation file TsqLinear#.txt (# is the column ordinal number of the specified attribute time

series in the source time series file) without the file header. Each record of the file stores an input time series filtering

information which includes the input time series file header, number of the filtering parameters, annual variation rate (per year,

/a), constant term and residual standard deviation after reconstruction |

<

120.4247  21.5226 0.0 121.1503__ 27.8346
1.0000 0 1.72%

wwatiin W o

el 1vBCANX_DON
|50

Display of theAnput-output file|

Output time series

611

@ After batch time series processing and analysis, plot and check the processing quality of each time series. When y, the and p g of the gross errors in
iregular time series] and [Low pass filtering and signal recons!rucung for |negu|ar time series] can be called to process and analyze some a time series |nd|vndual|y

[Output flles] Batch low-pass fllterlng time series files. The linear variation file.

The low-pass filtering time series file. Behind the input file header, adds two attributes
including the constant term and linear term (annual variation rate) as the output file header.
Behind the input file record, adds 5 attributes including the low-pass filtering value, low-pass
filtering value after removing the constant term, low-pass filtering value after removing the
constant and linear term, linear variation and residual value as the output file record.

The linear variation file TsgLinear#.txt (# is the column ordinal number of the specified
attribute time series in the source time series file) without the file header. Each record of the
file stores an input time series filtering information which includes the input time series file
header, number of the filtering parameters, annual variation rate (per year, /a), constant term
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and residual standard deviation after reconstruction.
3.5.2 Batch time series averaging and record format time series construction

[Function] On the specified attribute time series from batch time series files with the
same format, perform the average according to the given mode. The output time series is
stored in two ways. The one is each time series saved as a file. The other is to arrange all
the time series in rows, each record store a time series, and all the time series are stored
into a record time series file.

[Input files] Batch variation time series files with the same format.

[Parameter settings] Set the wildcard parameters for batch variation time series files and
input file format parameters, enter column ordinal number of the epoch time and target
attribute time series in the record, and select the average period and type of the input time
series files.

"The site variation time series" means that the sample of time series is the coordinate
component, gravity, normal (orthometric) height or tilt component of the ground site.

"Geodetic network time series" means that sample of the time series is the GNSS
baseline component, leveling height difference or gravity difference of the geodetic network.

[Output files] Batch mean variation time series files.

Behind the input file header, adds the average mode (0 is the monthly average, 1 is the
GPS weekly average and 2 is the average of the given days) as the header of the average
time series file. The record format: the middle epoch, average value, and number of the
samples involved in the average calculation.

The program output the average value time series in the record format in the following
two files.

(1) The average value record time series file. Each average time series is arranged as
a row record into the record time series file, and the file hame is TsqavrRow#.txt (# is
averaging mode).

The file header: the number of characters of the time series name (equal to the number
of wildcards), the number (M) of the attributes that represent location information, average
mode (0~2), the number (N) of samples, N sampling epochs.

The file record format: average time series name (wildcard instance), M location
information, N average value (default 9999).

(2) The average number file TsgavrRkk#.txt (# is averaging mode). The file is in the same
format as the record time series file, only replacing "average value" with the number of
samples used to average.

After batch time series processing and analysis, plot and check the processing quality
for each time series. When necessary, the functions [Separation and processing of the gross
errors in irregular time series] and [Low-pass filtering and signal reconstructing for irregular
time series] can be called to process and analyze some a time series individually.
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| time series to be processed in record

| @ After batch time series processing and analysis, plot and check the processing quality of each time series. When

@s

Follow example

¥

— Y

»

Open folder Results folder Import parameters ~ Start processing

a7
Save process

Gross error detection, low-pass filtering,

8 Open any time series file to be processed in the folder and reconstructing for batch time series

Set the wildcard of the batch file names >> Program Process ** Operation Prompts

Ordinal number of first wildcard in file name

Batch time series averaging and record
format time series N

&:! Save program process as

= CUETideLoad4.5_wir T p
Number of consecutive wildcards in file nami o _Wir Tmsr P
| C:/ETideLoad4.5_3 les/Tmsr

Format parameters of the time series file

C/ETideLoad4.5_wir

L = C:/ETideLoad4.5_wir M pro/stal
Column ordinal number of starting MJDO in header 4 X < CHETideLoad4.5_wir Tmsrer
Column ordinal number of sampling time in record 1 = C:/ETideLoad4.5_wir ITi P
C:/ETideLoad4.5_wir T P

Column ordinal number of the attribute

3

\

Select average period One week
Type of the time series The site variajion time series

C:/ETideLoad4.5_wir

>> Setting have been imported into the program!

>> Computation start time: 2024-10-19 10:58:50

>> Computation end time: 2024-10-19 10:58:51

average value (default 9999).

>> Prepare for the Batch time series averaging and record format time series construction
** Click the control button [Start batch processing], or the tool button [Start processing]..

>> Complete the averaging and record format time series construction for 16 time series!

** The average values time series in the record format are saved in the following two files.

** (1) Each average time series is arranged as a row record into the records time series file, and the file name is
TsqavrRow#.txt (# is averaging mode). The file header: the number of character of the time series name (equal to the numbers
of wildcards), the number of the attributes (M) that represent location information, average mode (0~2), the number of samples
(N), N sampling epochs. The file record format: average time series name (wildcard instance), M location information, N

** (2) The average number file Tsqavrl
series file, only [average valu

| avrDONT. txt £ |

DoNT 12
2014

[=) Set the folder to save resuits
Display of the input-output file |

—
85.999 4.1458 -1.7406 | 1

7 |
; the GPS weekly average |

Input time series

Ik | / Output time series |
; |

the middle epoch, average
value, and number of the |
samples used to average |

. 4.81 L= vy T oz

o

g of the gross errors in

y. the

and p

iregular time series] and [Low-pass filtering and signal reconstructing for irregular time series] can be called to process and analyze some a time series individually.

3.6 Construction and analysis on record time series from geodetic network

[Purpose] Construct and analyze the variation record time series composed of multi-

periods or continuous data from the geodetic monitoring network.

The record time series file is employed to represent the time series of a certain geodetic
variation (monitoring element) in the geodetic network composed of multi-sites. One record

represents a variation time series for a geodetic site, a GNSS baseline component, a gravity
difference, a leveling route height difference or an INSAR monitoring point.

3.6.1 Construction of record time series from batch time series with same specifications

[Function] From batch variation time series files with the same specifications (same
sampling time span and interval) stored in a directory, construct a record time series file

according to the specified attribute.

The program calculates the maximum-minimum values of the sampling epochs and the

minimum sampling interval in all the variation time series to build a new sampling
specification. Each record stores one time series of the specified attribute, whose location

information comes from the header of the corresponding input file. An attribute of 9999.000

indicates that there is no valid sampling value at the current epoch time.
[Input files] Batch variation time series files with the same sampling specifications.
[Parameter settings] Set the wildcard parameters for batch variation time series files and

site location parameters in the input file header, enter column ordinal number of the epoch

time and target attribute time series in the record.
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[Output files] The variation record time series file.

The file header: the number of characters of the time series name, number of columns
occupied by the location information of the monitoring object in the record, length of the time
series (number of samples) and all the sampling epochs arranged with time.

The file record: the time series name, location information (generally 3 to 4 attributes for
a site, 6 to 8 attributes for a baseline or route), sampling variations arranged with sampling

3 £ &7 A
Openfile Saveas Importparameters Start computalon  Save process — Follow example
—Construction of record time series from ‘ Interpolation repair for missing , , Time-space statistics and space-mean Removal of some sampling attri- Removal or restoration of linear
batch time series with same s 2 samples in record time series  “~ separation for record time series butes from record time series file variations for record time series
% Open any time series file in the folder >> Program Process ** Operation Prompts 4! Save program process as
Ordinal Number of the first wildcard in the filg - >> [Function] From batch time series files with the same specifications (same sampling time span and interval) stored in a folder, construct a
= record time series file according to the specified attribute.
Number of consecutive wildcards in file name ** The program calculates the maximum-minimum values of the sampling epochs and the minimum sampling interval in all the time series |
Site location parameters in header 203 - o build a new sampling specification. Each record stores one time series of the specified attribute, whose location information comes from
~ hegeader of the comesponding input file. An attribute of 9999.000 indicates that there is no valid sampling value at the current epoch time.
Column ordinal number of starting MfDOinheader 5 X '  >> OPmgany time series file in the folder C:/ETideLoad4.5_\ T DAEJ_U.txt

Column ordinal number of sampling §me in record 1

Column ordinal number of the target 3
attribute time series in record

route), sampling variations sort€¥gy sampling time.

** Open any time series file in the fider

=) ‘] 51 = The time series files searched by wildsagd instantiation:

. C/ETideLoadd.5_) ples/Ti AEJJU.txt
4 C/ETideLoad4.5_) T PZ]U.txt

C:/ETideLoad4.5_) M <Qro L txt
C/ETideLoad4.5_) Al P NGM_U.txt
C:/ETideLoad4.5_) T NJD JU.txt
CU/ETideLoad4.5_) m NLCJU.txt

EF -5y u P NLJ_U.txt
C:/ETideLoad4.5_) T NMJJ U txt
C:/ETideLoad4.5_) i NRL{U.txt
C/ETideLoad4.5_\ m o YNSD] U.txt
C/ETideLoad4.5_) T NTCJU txt
C/ETideLoad4.5_) il NXPJU.txt

C/FTidel 0add & m U txt

[} save the results as ¥ s t

Output record : Record: the time series name, location, sampling |;
time series -0000 variations arranged with sampling time. 7

-1.92¢

@ The record time series file Is used to represent the time series of a certain monitoring quantity in the geodetic network of multi-sites. One record a variation time series for a geodetic
site, a GNSS baseline component, a gravity difference, a leveling route height difference, or an INSAR monitoring point

3.6.2 Interpolation repair for missing samples in record time series

[Function] Interpolate and repair the missing samples in the variation record time series
by the cubic spline or Gaussian function interpolation method. The function is not suitable
for short-time estimation and prediction. For more missing samples repaired, please use the
function [Low-pass filtering and signal reconstructing for irregular time series].

When there are more noise or missing samples in time series signals, Gaussian function
interpolation is recommended.

3.6.3 Time-space statistics and space-mean separation for record time series

[Function] Firstly, calculate the time average, standard deviation, minimum and
maximum of each variation record time series during the entire sampling period. Then
calculate the spatial average, standard deviation, minimum and maximum of all variations at
each sampling epoch time. Finally, calculate the spatiotemporal average, standard deviation,
minimum and maximum of all variations during the entire sampling period.
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[Input file] The variation record time series file.

The sampling epochs in the file header should be one-by-one correspondence with the
sampling variations in the file record.

[Parameter settings] Set the input file format parameters, enter column ordinal number
of the epoch time in the header and target attribute time series in the record, and select the
checkbox of time-space separation of record time series and converting record time series
into site time series.

[Output files] The statistics result file on record time series, the variation record time
series file after removing the space average, the variation record time series file after
removing the time average, and the spatial statistics time series file.

The statistics result file on record time series file. No file header, and the record format:
all the attributes between the first attribute and the first sampling value (excluding the first
sampling value) from the input record time series, the time average, standard deviation,
minimum and maximum of the time series.

The spatial statistics time series file. The file header: Epoch_statistics, spatial mean of
longitudes, latitudes and heights for all the points, the spatiotemporal mean, standard
deviation, minimum and maximum of all sampling variations over the entire sampling time
span. The record: The sampling epoch time, valid sampling variations number at the epoch
t|me spatlal mean, standard deV|at|on minimum and maximum.

B M 3 v a7 @e

Openfile Saveas Importparameters Start compulalon  Save process — Follow example
Construction of record time series from Interpolation repair for missing [, . Time-space statistics and space-mean Removal of some sampling attri- Removal or restoration of linear
batch time series with same specifications samples in record time series | * for record time series butes from record time series file variations for record time series
4 Open the record time series file >> Program Process ** Operation Prompts & Save program process as
File parameters of the record time series >> Computation end time: 2024-10-19 11:15:40
>> [Function] Firstly, calculate the time average, standard deviation, minimum and maximum of each variation record time series during the
CONRIN. Ordiesl sabe;of fwt spcch Ui In header, 4 entire sampling period. Then calculate the spatial average, standard deviation, minimum and maximum of all variations at each sampling |
Column ordinal number of the first variation in recdrd 5 S epoch time. Finally, calculate the spatiotemporal average, standard deviation, minimum and maximum of all variations during the entire
sampling period.
BT pace mean of dsAime serigs >> Open the record time series file C:/ETideLoadd.5_\ m txt
X **Look at the input file information in the text box below, set the format parameters of the records time series file
8 Converting records time series into sife time segles >> Create or select the result files folder C:/ETideLoad4.5_win64en/examples/Tmrecordanalysproc/removavitmsqu.
I [ Set the results tipfe series fold;( I d4.5_winG4en/examples/Tmrecordanalysproc/tmrecordremovavr.ixt.
- * No header. and the record format: all the attributes between the first attribute and the first sampling value (excluding the first sampling

ge. standard deviation, minimum and maximum of the time series.
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation]...
o4 >> C start time: 2024-10-19 11:18:15

49 >> The program outputs the file G/E TideLoadd 5_\ i stm of spatial statistics time
. series into the current directory, whose sampling value are spatial statistics of the record time series

“The file header- Epoch_statistics, spatial mean of longliudes, fatitudes, and heights for all the points, the spatiotemporal mean, standard
deviation, minimum and maximum of all samplmg variations over the entire sampling time span. The record: The sampling epoch time, valid

riati ial mean, I viation, minis ind maxi
>> The program outputs the new record time series file C:/ETideLoad4.5_ i sprinto
the current directory after removing the spatial average value from all the variations at each epoch time.
I 1: 2082 2 2 2 >> And outputs the new records time series file C:/ETideLoad4.5_\ m tms after
Input record time series { removing the time average value from the record time series of each variation.
| wrs >> Complete the Computation! :E
! SSK_ 142 s ” sz | 4 >> Computation end time: 2024-10-19 11:18:18 cs  104.4021 27,

|4} Save the results as ¥ Import setting

1
1

1
10
1

1

1

YNXP 101.9061

@ The record time series file is used to represent the time series of a certain monitoring quantity in the geodetic network of multi-sites. One record a variation time series for a geodetic
site, a GNSS baseline component, a gravity difference, a leveling route height difference, or an INSAR monitoring point
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3.6.4 Removal of some sampling attributes from record time series file

[Function] Remove several consecutive columns of the sampling attributes from the
record in the record time series file, and then remove the corresponding sampling epoch
time in the file header.

[Input file] The variation record time series file.

[Parameter settings] Set the input file format parameters, input the location parameters
of the removal sampling variations.

¥ e &4 5
Openfile Saveas Importparameters Start computalion  Save process — Follow example
Construction of record time series from Interpolation repair for missing  ,, Time-space statistics and space-mean Removal of some sampling attri- Removal or restoration of linear
batch time series with same specifications samples in record time series  “ separation for record time series ___butes from record time series file variations for record time series
@ Open the record time series file >> Program Process ** Operation Prompts 4t Save program process as
File parameters of the record time series >> Setting parameters have been imported into the program!

** Click the control button [Start computation], or the tool button [Start computation].

Column ordinal number of first epoch time in header 4 >> Computation start time: 2024-10-19 11:18:15 |

Column ordinal number of the first variation in recor S >>The program outputs the file C:/ETideLoad4.5_\ /Ti stm of spatial statistics time
senes into the current dlrec(ory whose sampling value are spatial statistics of the reoom time series.

Set the location parameters of the - / : of longitudes, latitudes, and heights for all the points, the spatiotemporal mean, standard

removal sampling variations deviation, minimum and maximum of all sampling variations over the entire sampling time span. The record: The sampling epoch time, valid

sampling variations number at the epoch time, spatial mean, standard deviation, minimum and maximum

>> The program outputs the new record time series file C:/ETideLoad4.5_) /T .Spr into
the current directory after removing the spatial average value from all the variations at each epoch time.
>> And outputs the new records time series file Cl/ETideLoad4.5_\ i tms after

removing the time average value from the record time series of each variation
>> Complete the Computation!
>> Computation end time: 2024-10-19 11:18:18
>> [Function] From the variation record time series file record, select the column ordinal number of the linear term parameter (annual
variation rate), then according to the given referefice epoch time (at this time, the linear variation is equal to zero), calculate the linear
variation record time series, and then remove or restore the linear variations from the input variation record time series.
>> Open the record time series file C-/ETideLoad#.5_ m txt

** Look at the input file information in the text box below, set the format parameters of the records time series file.
>> Setting parameters have been imported into the program!

** Click the control button [Start computation], off the tool button [Start computation).
>> Computation start time: 2024-10-19 11:20:19|
>> Complete the Computation!
>> Computation end time: 2024-10-19 11:20:20

the 5 consecutive column sampling
variations starting from the first
sampling variation.

|4} save the results as ¥ Import setting parameters

Output time series

1.91

@ The record time series file Is used to represent the time series of a certain monitoring quantity in the geodetic network of multi-sites. One record a variation time series for a geodetic
site, a GNSS baseline component, a gravity difference, a leveling route height difference, or an INSAR monitoring point.

3.6.5 Removal or restoration of linear variations for record time series

[Function] From the variation record time series file record, select the column ordinal
number of the linear term parameter (annual variation rate), then according to the given
reference epoch time (at this time, the linear variation is equal to zero), calculate the linear
variation record time series, and then remove or restore the linear variations from the input
variation record time series.

[Input file] The variation record time series file.

[Parameter settings] Set the input file format parameters, enter column ordinal number
of the linear term parameter in the record and the reference epoch time, and select to remove
or restore the linear term.

[Output files] The result variation record time series file. The result file format is the same
as that in the input record time series file.
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= 3 & a7 Be

Openfile Saveas Importparameters Startcomputalon — Saveprocess —Follow example
Construction of record time series from Interpolation repair for missing  ,, Time-space statistics and space-mean Removal of some sampling attri- Removal or restoration of linear
batch time series with same specifications samples in record time series  “* separation for record time series butes from record time series file | variations for record time series |
W Open the record time series file >> Program Process ** Operation Prompts 4t Save program process as
File parameters of the record time series removing the time average value from the record time series of each variation.

>> Complete the Computation!
>> Computation end time: 2024-10-19 11:18:18
Column ordinal number of the first variation in reco(d/s S >> [Function] From the variation record time series file record, select the column ordinal number of the linear term parameter (annual

Column ordinal number of first epoch time in header 4

variation rate), then according to the given reference epoch time (at this time, the linear variation is equal to zero), calculate the linear

ol ol pXanber of the lear aisions’ 4 variation record time series, and then remove or restore the linear variations from the input variation record time series

<9 >> Open the record time series file C:/ETideLoad4.5_ T txt
Reference epoch time for linear term 20170101 =] * Look at the input file information in the text box below, set the format parameters of the records time series file....
Select operation mode Remove the linead te >> Save the result time series as C/ETideLoad4.5_\ m txt
>> Setting have been imported into the program!

** Click the control button [Start computation], or the tool button [Start computation]
>> Computation start time: 2024-10-19 11:20:19
>> Complete the Computation!
>> Computation end time: 2024-10-19 11:20:20
>> [Function] Remove several consecutive columns of the sampling attributes from the record in the record time series file, and then remove
the corresponding sampling epoch time in the file header.
>> Open the record time series file C:/ETideLoad4.5 T txt
** Look at the input file information in the text box below, set the format parameters of the records time series file.
>> Save the result time series as C:/ETideLoad4.5_win64: !nlexamElesz mreoordanalzsévodtmremovemearD(l
** The output record time series file format is exactly the same as the input record time series file format
>> Setting parameters have been imported into the progrgm!
** Click the control button [Start or the [Start
>> Computation start time: 2024-10-19 11:22:47
>> Complete the Computation!
>> Computation end time: 2024-10-19 11:22:48

# Import setting parameters & Start cor

1

Qutput time series

o ¢ EDPAre

Input time series

YSSK 142.7167 47,0297 .7404 e: 7.606¢ 81434

@ The record time series file is used to represent the time series of a certain monitoring quantity in the geodetic network of multi-sites. One record a variation time series for a geodetic
site, a GNSS baseline component, a gravity difference, a leveling route height difference, or an INSAR monitoring point

3.7 Processing and analysis on variation (vector) grid time series

[Purpose] Perform operations such as the reference epoch transformation, difference
and statistical analysis on the variation (vector) grid time series in the specified directory.
The variation (vector) grid time series files are extracted according to the given wildcards.

The variation (vector) grid time series is composed of a series of numerical grid files of
a certain kind of variation (vector), and the seventh attribute of the file header in each grid
file is agreed to be the sampling epoch.

3.7.1 Reference epoch transformation for grid time series

[Function] Unify the reference epoch time for all the variation (vector) grid time series by
subtracting the variation (vector) grid at the given sampling time. After the epoch is unified,
the variation grid values at the reference epoch time are always zero.

[Input file] The variation grid time series files. The variation grid file at the reference
epoch time.

3.7.2 Low-pass filtering operation on grid time series

[Function] Using the low-pass filters such as the moving average, Gaussian, exponential
or Butterworth, perform low-pass filtering on the variation grid time series. Before and after
filtering, the grid specifications (Latitude and longitude range and spatial resolution) remain

unchanged.
For the moving average filtering, the greater the filtering parameter n, the greater the
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filtering strength. For "Gaussian", "Exponential” or "Butterworth" filters, the smaller the n, the
greater the filtering strength.

~ Y = ah £
o 3 v 84 £

Open folder Saveas Import parameters Start computation  Save process ~ Follow example
... Reference epoch transformation .. Low-pass filtering operation ..+ Statistical analysis on variation  , . Coordinate form transformation for Removal and restoration of linear
** for grid time series """ on grid time series “** (vector) grid time series “** variation vector grid time series variations for grid time series

¥ Open any variation grid time series file >> Program Process ** Operation Prompts &:! Save program process as
Set the wildcard of the grid file names "Exponential' or 'Butterworth'’ filters, the smaller the n, the greater the filtering strength. |

>> Open any variation grid time series file C:/ETideLoad4.5 T q! 0160101 dat |

Oridnal Number of the first wildcard in the fi
Number of consecutive wildcards in file na

>> Create or select the result files folder C:/ETideLoad4.5_wir 'T.uy[
he (vector) grid time series files searched by wildcard instantiation: |

name 5
R 8

C:/ETideteadd 5 T {0160101.dat

Process the vector grids time series C:/ETideLoad4.5_} deg/exan T 160131.dat
C:/ETideLoad4.5_) i grid/zwdxp0160301 dat

Select low-pass filters  Moving average I C:/ETideLoadd.5_wir o5/ T alysisp dxP0160331.dat

| - C:/ETideLoad4.5_wir m m 160501.dat
Set the low-pass filter parameter (n) 5 C/ETideLoad4 5. m —*«4_‘ 160531 dat
C:/ETideLoad4.5_wir ples/Ti 160701.dat

C:/ETideLoad4.5_wir T 160801.dat

C:/ETideLoad4.5_wir M 160831.dat

C:/ETideLoad4.5_wir il 161001.dat

C:/ETideLoad4.5_wir I 161031.dat

C:/ETideLoad4.5_) a1 dx0161201 dat

>> 12 grid time series files are found by wildcard instantiation.

>> Setting parameters have been imported into the program!
| ** Click the control button [Start computation], or the tool button [Start computation].
| >> Computation start time: 2024-10-19 11:38:52

>> Complete the low-pass filtering for 12 grid time series!
| >> Computation end time: 2024-10-19 11:38:53

esults ¥ Import 4 computation

@ The variation (vector) grid time series is composed of a series of numerical grid files of a certain kind of variation (vector), and the seventh attribute of the file header in each grid file is agreed to be
the sampling epoch
|

3.7.3 Statistical analysis on variation (vector) grid time series

[Function] Calculate the spatial mean, standard deviation, minimum and maximum of
the variation (vector) grid time series at each sampling epoch time, to generate the spatial
mean, standard deviation, minimum and maximum (four attributes) time series file. Then
generate a new variation (vector) grid time series by removing the spatial mean grid at each
epoch time. Finally, calculate the time mean, standard deviation, minimum and maximum of
the time series of each (vector) cell-grid element, to generate time mean, standard deviation,
minimum and maximum (vector) four grid files.

The program outputs the spatial mean, standard deviation, minimum and maximum time
series file gridstatmsqu.txt of the variation (vector) grid time series.

The file header: tmgridstatitics, the grid center longitude, latitude, zero value. The record:
the sampling epoch time of the variation (vector) grid time series, the spatial mean, standard
deviation, minimum and maximum of the grid at sampling epoch time.

The program also outputs the time mean, standard deviation, minimum and maximum
(vector) grid files gridtmavr.dat, gridtmstd.dat, gridtminv.dat, and gridtmaxv.dat.

3.7.4 Coordinate form transformation for variation vector grid time series

[Function] The vector in the variation vector grid time series is transformed between the
polar coordinate form (r, a) and the plane rectangular coordinate form (E, N).

80



[Input file] The variation vector grid time series files.

= — = ~
4 v &z -
| Openfolder Saveas Importparameters Startcompuiation  Save process = Follow example
... Reference epoch transformation . Low-pass filtering operation .+ Statistical analysis on variation |, . Coordinate form transformation for Removal and restoration of linear
** for grid time series *'* on grid time series “** (vector) grid time series “** variation vector grid time series variations for grid time series
B Open any vector grid time series file >> Program Process ** Operation Prompts 4. Save program process as

|
| Setthe wildcard of the grid file names >> [Function] The variation vector representation in the variation vector grid time series is transformed between the polar coordinate |

form (r, a) and the plane rectangular coordinate form (E, N)
Qridual tdmber ol the st Widcard In the i€ niey) 8 5 Open any vector grid time series file C/E TideLoadd 5_wii g T g 1502071 5
Number of consecutive wildcards in file name_8 eate or select the result files folder C:/ETideLoad4.5_wir oy i |
** The (veTtor-grid time series files searched by wildcard instantiation
C:/ETideLoad4.5_Wr T {20150201 txt |
| [ Vector transform mode  The plane rectangular | g;:i::ztz:g: g—::: %._ bt ;35‘.5'4:5:::
C:/ETideLoad4.5, a1 20150504 txt
Ci/ETideLoadd.5_ m tmvgrare 15060 txt
| C:/ETideLoad4.5_) a1 g 150706 txt
C:/ETideLoad4.5_wir T 150807} txt
C:/ETideLoad4.5_\ T g 150904 txt
C:/ETideLoad4.5_wit /Tmgri p 151009 txt
C:/ETideLoad4.5_wir oy 151110|txt

>> 10 grid time series files are found by wildcard instantiation.
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation]..
>> Computation start time: 2024-10-19 11:46:10 |

>> Complete the coordinate form transformation for 10 vector grid time series!
>> Computation end time: 2024-10-19 11:46:10

|
Display of the input-output file|
11 1

| parameters & Start computation

— U —
@ The variation (vector) grid time series is composed of a series of numerical grid files of a certain kind of variation (vector), and the seventh attribute of the file header in each grid file is agreed to be
| the sampling epoch.

3.7.5 Removal and restoration of linear variations for grid time series

[Function] Using the annual variation (vector) rate grid, calculate the linear variation
(vector) grid time series according to the given reference epoch time (the linear variation at
reference epoch time is always equal to zero), and then remove or restore the linear
variations of the variation (vector) grid time series.

3.8 Multi-form spatiotemporal interpolation from grid time series

[Purpose] From the variation (vector) grid time series files in the specified directory,
construct the variation time series according to the location and sampling specifications by
the given space and time interpolation method. The variation (vector) grid time series files
are extracted according to the given wildcards.

The latitude and longitude of the site to be interpolated should not exceed the latitude
and longitude range of the grid time series, and the interpolated epoch should not exceed
the sampling time range of the grid time series by too much.

When there is large noise or more default values in the variation (vector) grids or their
time series, Gaussian function interpolation is recommended for space interpolation, and the
trigonometric function method is recommended for time interpolation.

3.8.1 Interpolation of irregular variation time series from grid time series

[Function] From the variation (vector) grid time series files, construct the irregular
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variation time series according to the location and sampling specification in the input irregular
time series by the given two-dimensional space interpolation and one-dimensional time
interpolation method.

[Input file] The variation (vector) grid time series files. The site variation time series file
to be interpolated.

[Parameter settings] Set the wildcard parameters for the variation (vector) grid time
series files and the site variation time series file format parameters. Select the space
interpolation and time interpolation method.

m . - P
| B M o ad e
| Openfile Saveas Importparameters Start compulation  Save process  Follow example
Interpolation of irregular variation | ., Interpolation of given record time ., Interpolation at the given location , , Construction of record time series ., Reconstruction of grid time series according
" " time series from grid time series | *'* series from grid time series *'* and time from grid time series “** by space-time interpolation “"* to given spatiotemporal resolution
¥ Open any variation grid time series file >> Program Process ** Operation Prompts 4! Save program process as
| Set the wildcard of the grid file names C/ETideLoadd.5 m 760807
Ordinal Number of the first wildcard in the fil name 5 > C:/ETideLoad4.5_\ T 160831
Numberof ti idcards in fil 1 = C:/ETideLoad4.5_) Tl 161001
jumber of consecutive wildcards in file name_8 TideLoad.5._ m 161031 |
Vector grids time series Ci/ETidetoedd 5 il 161201
C:/ETideLoad4.5_} Tmg 170101
# Open the site time series file to be interpolated C:/ETideLoad4.5_\ 170131
C-/ETideLoad4 5. Tmgraitemp 170301
Column ordinal number of the starting MJDO in header 4 X C-/ETideLoad4 5 m 170331
Column ordinal number of the sampling time in record 1 s C:/ETideLoad4 5: il 170501
< C:/ETideLoad4.5_\ m 170531
Spatial interpolation mode Gaussian my«fu C:/ETideLoad4.5 i 170701
Temporal y mode C/ETideLoad4.5_ Tmg! 170801
| C:/ETideLoad4.5_) T 170831
| C:/ETideLoad4.5_\ Tmg 171001
C:/ETideLoad4.5_) L 171031
C:/ETideLoad4.5_) M 171201
Ci/ETideLoad4.5_ m 0171231

>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation].
>> Ci start time: 2024-10-19 11:58:11

>> Complete the computation![There are 37 grid time series files involved in the computation! |
>> Computation end time: 2024-10-19 11:58:12

) save the results as ¥ Import setting parameters & Start putation

08!

08|

| [ oeuie owae G o

| @ The latitude and longitude of the site to be interpolated should not exceed the latitude and longitude range of the grid time series, and the interpolated epoch should not exceed the sampling time range of
the grid time series by too much.

| @ When there is large noise or more default values in the variation (vector) grid or their time series, Gaussian function is for space and the function |
method is recommended for time interpolation.

3.8.2 Interpolation of the given record time series from grid time series

[Function] Using the given two-dimensional space interpolation and one-dimensional
time interpolation method, interpolate to obtain all the sampling values of the input record
time series from the variation grid time series files. The output record time series file format
is the same as the input record time series file.

The program also outputs the remnant variation record time series file (file extension rnt)
into the current directory. The format is the same as the input record time series file. Here
the remnant variation is equal to the difference between the input sample value and the
interpolation.

3.8.3 Interpolation at the given location and time from grid time series

[Function] Using the given two-dimensional space interpolation and one-dimensional
time interpolation method, interpolate or estimate the sampling value at the given location
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and epoch time from the variation grid time series files.
3.8.4 Construction of record time series by space-time interpolation

[Function] Using the given two-dimensional space interpolation and one-dimensional
time interpolation method, from the variation grid time series files, construct the record time
series at the specified location sites in the input discrete point file according to the given
sampling time specifications.

" 3 H TI' &4 a4 ™

Openfile Saveas Importparameters Startcomputation  save process  Follow example

... Interpolation of irregular variation ., Interpolation of given record time . Interpolation at the given location |, , Construction of record time series | .., Reconstruction of grid time series according
| "7 time series from grid time series  *'" series from grid time series *'* and time from grid time series " by space-time interpolation *'* to given spatiotemporal resolution
| % Open any variation grid time series file >> Program Process ** Operation Prompts 4! Save program process as
Set the wildcard of the grid file names >> [Function] Using the given ty space and time method, from the variation
Ordinal Number of the first wildcard in the fil name 5 $  grid time series files, construct the record time series at the specified location sites in the input discrete point file according to the
[ENGmber of " Idcards In fil . given sampling time specifications
ANTIDGF, OF CONSRCUIVE, WG et U i 750 CATIR 8 =~ [>> Open any variation grid time series file C-/E TideLoad4 5_\ T 20150101 dat |
3 Open the discrete point file to be interpolated \Q Open the discrete point file to be interpolated C: /ETideLoad4 5\ /TsqLinear2.txt.

& th fle format parameters according [0 th fext box below. After giving the ou!pul file name, click the control button (import

Spatial interpolation mode Gaussian function
Temporal tion mode function
| Number of rows of the file header 0
Start time for the target time series 20150112

C:/ETideLoad4.5_}
C:/ETideLoad4.5
C/ETideLoad4.5
|| End time for the target time series 20171215 S C:/ETideLoad4.5
C:/ETideLoad4.5
C:/ETideLoad4.5
C:/ETideLoad4 .5
C:/ETideLoad4.5
C:/ETideLoadd4.5.
C:/ETideLoad4.5
| C/ETideLoad4 5

C:/ETideLoad4.5_

C:/ETideLoad4.5

C:/ETideLoad4.5_)

| Sampling internal for the target time series  7.000 day

o D b B B )

-\-1-\-1-14-1-3-1-\-\-7’-1-4

) save the results as 3 Import setting parameters & Start computation |

omine o7 |

| @ The latitude and longitude of the site to be interpolated should not exceed the latitude and longitude range of the grid time series, and the interpolated epoch should not exceed the sampling time range of |
| the grid time series by too much |
| @ When there is large noise or more default values in the variation (vector) grid or their time series, Gaussian function ion s for space ion, and the function |
| method is recommended for time interpolation.

3.8.5 Reconstruction of grid time series according to given spatiotemporal resolution

[Function] Using the given two-dimensional spatial interpolation and one-dimensional
time interpolation or estimation method, increase or decrease the spatial and temporal
resolution of the grid time series according to the given grid spatial resolution and time
sampling specification, and then calculate time-derivative (per week, /wk) of the variation
grid time series.

The program output the variation (vector) grid time series files grdtmsp*.dat and their
time-derivative (vector) grid time series files grdtmdf.dat (per week, /wk).
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4 Load deformation field approach and monitoring from heterogeneous
variations

The non-tidal load variations of atmosphere, sea level, soil water, groundwater, lakes
and glaciers in the Earth's surface layer lead to geopotential variation, while can excite solid
Earth deformation and then cause all-element geodetic variations with time, while these
variations can also be captured by various geodetic technologies.

The group of programs can be employed to compute and approach the global and
regional non-tidal load effects on all-element geodetic variations, and then constrain and
assimilate the deep fusion of multi-source heterogeneous geodetic data strictly according to
the principles of the geodesy and Earth's deformation, so as to realize the collaborative
monitoring of the land water variations and time-varying gravity field from various
heterogeneous geodetic techniques.

Load deformation field approach and
ing from g i

[ 4 ‘ @ The non-tidal load variations of atmosphere, sea level, soil water,

groundwater, lakes and glaciers in the Earth's surface layer lead to

@ = geopotential variation, while can excite solid Earth deformation and then
= R

cause all-element geodetic variations with time, while these variations can
also be captured by various geodetic technologies.

Spherical harmonic analysis on lysis on tide

global surface load time series H of the and construction of tidal load model

ceoste @

Computation of the load model value Computation of load deformation field Regional refinement of load Regional approach of load |
by spherical harmonic synthesis by spherical y field by Green's Integral deformation field using SRBFs |

Complete computation processes
ﬁ' of high-resolution regional load
deformation field time series

Collaborative monitoring process
& of groundwater variations
and load deformation field

Load deformation field monitoring Load deformation field monitoring
from heterogeneous variations with from heterogeneous variations using
Green’s integral constraints spherical radial basis functions

y on gt Surface load and load deformation field
field grid time series

Using the analytically compatible geodetic and geodynamic algorithm system with the
numerical standards unified and geophysical models coordinated, to monitor and represent
various geodetic non-tidal effects are the important basis for 1cm (20uGal) accuracy level of
geodesy, and are also necessary conditions to realize the collaborate monitoring of various
geodetic technologies, deep fusion of multi-source heterogeneous geodetic data, and
construction and maintenance of high-precision geodetic datum frame.
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4.1 Spherical harmonic analysis on global surface load time series

[Purpose] From the global grid model of the surface loads such as land/sea surface
atmosphere, land water and sea level variation, construct a normalized surface load
spherical harmonic coefficient model by spherical harmonic analysis. Using the model, the
non-tidal load effects on various geodetic variations outside the solid Earth can be computed
by the spherical harmonic synthesis.

The degree number n of spherical harmonic coefficient model is equal to the number
of global surface load cell-grids in the latitude direction. For example, the 0.25° x 0.25° global
surface load grid corresponds to n =720.

4.1.1 Construction of global surface data grid in spherical coordinates

[Function] From the global land/sea surface discrete point value data, according to the
simple average method and given spatial resolution, construct the spherical coordinate grid
model. When there is no valid discrete point data in the cell-grid area, the value at the cell-
grid is set to zero.

[Input files] A series of global land/sea surface discrete point value data files with the
same format.

The file record format: Point number (name), longitude, latitude (decimal degrees), ...,
attribute to be gridded, ....

o
&

~ o = ah 7
&4 E 5 4 &4 A
Open file Saveas Importparameters Start computalion  Save process  Follow example
4, Construction of global surface data e Spherical harmonic analysis on global = Spherical harmonic analysis on Spherical harmonic analysis on
“ grid in spherical coordinates surface atmosphere variations - global land water variations global sea level variations

4 Open any global surface discrete point data file 4/ Save program process as 2 Surface load spherical harmonic analysis and load effect synthesis

Set the wildcards of the file names >> [Purpose] From the global grid model of the surface loads such as land/sea surface atmosphere, land water and
v sea level variation, construct a normalized surface load spherical harmonic coefficient model by spherical harmonic
analysis. Using the model, the non-tidal load effects on various geodetic variations outside the solid Earth can be
computed by the spherical harmonic synthesis.

Select the computation function from the 4 control buttons on the top of the interface

Ordinal number of first wildcard in the file namg
Number of consecutive wildcards in file name
The discrete point file format

Number of rows of the file header 1

data in the cell-grid 3
>> Open any global surfacedtscrete point data file C:/ETideLoad4.5_win64en/examples/Loadspharmonanalys/
gridate/landwater. txt

** The window below only shows no moré&tha

Column ordinal number of target atkqbu!e in record 4
Target grid resolb{lon 300"

Ol o

>> Create or select the result file folder C:/ETide[vad4 5_wir g
** The discrete point value files by wildcard i
C:/ETideLoad4.5_win64er pl ar | {txt
Ci/ETideLoad4.5_win6der ar te/bealvichg]txt

>> Setting parameters have been imported into the program!

** Click the control button [Start computation], or the tool button [Start computation]..
>> Computation start time: 2024-10-19 22:44:37
>> Computation end time: 2024-10-19 22:45:01

[ Set the results folder ) Import setting parameters & Start computation

30110000 -3500000.250000 2018011512 ]

Local Disk (C:) » ETideLoad4.5 winb4en > examples > Loadspharmonanalys > gridrst |

& XN T T

sphlandwater.dat 2022/12/26 12:54 AT {4 57 KE

sphsealvichg.dat 2022/12/26 12:55 AT 3244 57 KB

@ The degree number n of spherical harmonic coefficient model is equal to the number of global surface load cell-grids in the latitude direction. For example, the 0.25° x 0.25" global
surface load grid corresponds to n=720.

[Parameter settings] Set the wildcard parameters of the input file names, and enter the
number of rows of the input file header, row ordinal number of target attribute in the file
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record and grid resolution.
[Output files] A series of spherical coordinate grid files that correspond one-to-one with
the input discrete point value files.

4.1.2 Spherical harmonic analysis on global surface atmosphere variations

[Function] From the global land/sea surface atmosphere variation (in unit of hPa or mbar)
spherical coordinate grid time series, construct the non-tidal atmosphere load spherical
harmonic coefficient model (in unit of m) time series by normalized spherical harmonic
analysis.

The spherical coordinate grid time series files are extracted according to the given
wildcards.

[Input files] The global land/sea surface atmosphere variation spherical coordinate grid
time series files.

[Parameter settings] Set the wildcard parameters for the file names of grid time series
and enter the iteration condition parameters.

Iteration termination condition: The standard deviation of the residual grid value is less
than a% of the standard deviation of the original grid value, or the difference of the residual
standard deviation of the previous step iteration relative to the current step iteration is less
than b%o of the standard deviation of the original grid values.

o
&£

9 ¥ Ed a2 £
Open file Saveas Importparameters Start computalion  Save process  Follow example
4, Construction of global surface data ‘ Spherical harmonic analysis on global = Spherical harmonic analysis on Spherical harmonic analysis on
# grid in spherical surface atmosphere “** global land water variations global sea level variations

5 Open any surface atmosphere spherical coordinate grid file | 25 save program process as & surface load spherical harmonic analysis and load effect synthesis

Set the wildcards of the file names C:/ETideLoad4.5_win64er 020112512 dat

Ordinal number of first wildcard in the file namé 7 < C:/ETideLoad4.5_win64er o 02012021 4dat
C+/ETideLoadd.5 hgr020120914 dat

Number of consecutive wildcards in file name \ 10 % C:/ETideLoad4.5_win64er ar 020121613 dat
S 5 C:/ETideLoad4.5_win64er ar 020122314 dat

Set termination condition of the iteration CH/ETideLoad4 5. v 2020123017 dat

= >> Setting have been imp into the prog
Resldual standard deviation threshoid (a) 1.0 % Y ** Click the control button [Start computation], or the tool button [Start computation]
ion of residual () 1.0% . >> Computation start time: 2024-10-19 22:47:06
>> Complete the spherical harmonic analysis for 157 surface atmosphere variation grigh§?
** The program outputs the surface atmosphere load spherical harmonic coefficient il
iteration process statistics files{pro™.ini and residual atmosphere grid files rnt***.dat.
The surface harmonic functions in the spherical ** The file header of theairpress™cs daf] the geocentric gravitational constant GM (x
harmonic coefficient model are defined on the a(m) of the Earth, zero-degree term aACw (hPa) and relative error © (%). Where © is theigis
spherical surface whose radius is equal to the deviation of the last step iteration as a percentage of the standard deviation of the original grt@
equatorial radius a of the Earth. are also known as the scale p. of the harmonic model in which the
functions are defined on the spherical surface whose radius is equal to the equatorial radius of the Earth I
>> Computation end time: 2024-10-19 23:05:53
t,| Set the results folder 3 Import setting parameters & Start computation
|B airpres=2018010312¢s. dat 3
| q -0.1761  1.061
LS GM(x 10"*m? /s*). a(m) zero-degree term (hPa/mbar), relative et
2 o|7. 5
- 1 1.7
180-degree y 2 2 %9 7231548586846 7
coefficient model the scale parameter
e % s 3 2 -
1 ¢ 5 .3034 S .
4
4
number of i mean, SD, 4

@ The degree number n of spherical harmonic coefficient model is equal to the number of global surface load cell-grids in the latitude direction. For example, the 0.25° x 0.25" global ‘
surface load grid corresponds to n=720. [

[Output files] The surface atmosphere load spherical harmonic coefficient model files
airpress***cs.dat, iteration process statistics file pro***.ini and residual atmosphere grid file
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rnt***.dat. Here, *** are the instance of the given wildcards.

The file header of the airpress***cs.dat: the geocentric gravitational constant GM
(x10"m3/s?), equatorial radius a(m) of the Earth, zero-degree term aACy, (hPa) and relative
error @ (%). Where @ is the residual standard deviation of the last step iteration as a
percentage of the standard deviation of the original grid values, and GM,a are also known
as the scale parameter of the spherical harmonic coefficient model in which the surface
harmonic functions are defined on the spherical surface whose radius is equal to the
equatorial radius of the Earth.

The zero-degree term represents the variations of the total atmospheric mass caused
by the variation of global atmospheric pressure, which is meaningless under the condition of
Earth’s atmospheric mass conservation. The three first-degree spherical harmonic
coefficients (ACyo, AC11, AS;1) represent the variations of the Earth's center of mass due to
the variations of global atmospheric pressure.

The program outputs also the global atmosphere load effect time series file
geocenterairpr.txt on Earth's mass centric variations into the current directory. The record
format: Epoch time (real years), Xcm (mm), Ycm (mm), Zcm (mm) and date (long integer
agreed by ETideLoad).

6

Axem(mm) Ay ep(mm) Az, (mm) Month/daylyear
07/02/18 owvor1s 070319 o220 07/02/720
The surface atmosphere load effect time series (mm) on Earth's mass centric variations

4.1.3 Spherical harmonic analysis on global land water variations

[Function] From the global land equivalent water height variation (in unit of cm) spherical
coordinate grid time series, construct the land water non-tidal load spherical harmonic
coefficient model (in unit of m) time series by normalized spherical harmonic analysis.

[Input files] The global land equivalent water height variation spherical coordinate grid
time series files. The land-sea terrain spherical coordinates grid file.

The spatial resolution of the land-sea terrain grid should not be lower than that of the
surface load grid.

[Parameter settings] Set the wildcard parameters for the file names of grid time series
and enter the iteration condition parameters.

[Output files] The global land water load spherical harmonic coefficient model files
Indwater***cs.dat, iteration process statistics file pro***.ini and residual equivalent water
height grid file rnt***.dat. Here, *** are the instance of the given wildcards.
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The file header of the Indwater***cs.dat: the geocentric gravitational constant GM
(x10"*m?3/s?), equatorial radius a(m) of the Earth, zero-degree term aACy, (cm) and relative
error O (%).

The three first-degree spherical harmonic coefficients (AC10, AC;11, AS;;) represent the
variations of the Earth's center of mass due to variations of global land water. For global
geodetic purposes, the first-degree spherical harmonic coefficients need to be considered.
The zero-degree term can be controlled to a small value by adjusting the time datum.

@
{ P . = — - -~
Y. ) ¥ R4 a2 an
Open file Saveas Importparameters Start computalion  Save process  Follow example
&, Construction of global surface data ‘ Spherical harmonic analysis on global = Spherical harmonic analysis on Spherical harmonic analysis on
“# grid in spherical coordinates surface atmosphere “** global land water variation: global sea level variations
 Open any land water spherical coordinate grid file 4.1 Save program process as 2 surface load spherical harmonic analysis and load effect synthesis
Set the wildcards of the file names C:/ETideLoadd.5_winb4er y grdchgP020081912|dat
Ordinal number of first wildcard in the file namg 7 & C:/ETideLoad4.5_y i 1analys/lar g igP0200826 12{dat
= Lokl 45 ndw60m/grdchgP020090212{dat
Number of consecutive wildcards in file name \ 10 < C:/ETideLoad4.5_wi \analys/landw60m/grdchgp020090912|dat
5 C:/ETideLoad4.5_win64er analys/lar grdchgP020091612|dat
Set termination condition of the iteration CH/ETideLoad4.5_y \analys/lai g 0p020092312|dat
4| S = >> Setting have been imps into the prog
| | Residual standard deviation threshold (@) - 1.0% = " Gjick the control button [Start computation], o the tool button [Start computation]....

>> Computation start time: 2024-10-19 23:12:37

of residual (b) 1.0%
= >> Complete the spherical harmonic analysis for 143 land water variation grids!
— . . - ** The program outputs the land water load spherical harmonic coefficient model il iteration
(Z) Open the land-sea terrain spherical coordinate grid file process statistics files[pro™~.iniland residual land water variation grid files rt™"* % qgiven
wildcards. :
** The file header of the|indwater***cs.dat| the geocentric gravitational const: s
- = . = a(m) of the Earth, zero-degree term aACx (cm) and relative error © (%). Whet
The s"r!a” harm'omc functions in the spherical deviation of the last step iteration as a percentage of the standard deviation of thi M.a
| harmonic coefficient model are defined on the are also known as the scale of the mod:l‘im‘ - ~oe narmonic
spherical surface whose radius is equal to the functions are defined on the spherical surface whose radius is equal to the equatorial radius of the Earth.
equatorial radius a of the Earth. >> Computation end time: 2024-10-19 23:34:25
H Set the results folder 3 Import setting parameters & Start computation

1 2.5000000

B Indwater2018010312cs. dat &3 |

1 0 15.416149549451711 10
GM(x 10" m*/s*) a(m) zero-degree term

2 1 lc
2 248
the scale parameter

3 72599

72
5575

number of iterations, mean, SD, minimum, maximun

@ The degree number n of spherical harmonic coefficient model is equal to the number of global surface load cell-grids in the latitude direction. For example, the 0.25° x 0.25" global
surface load grid corresponds to n=720.

The program outputs also the global land water load effect time series file
geocenterlandw.txt on Earth's mass centric variations into the current directory. The record
format: Epoch time (real years), Xcm (mm), Ycm (mm), Zcm (mm) and date (long integer
agreed by ETideLoad).

3

E me(mm) AYem(mm) A‘Zcm mm) Month/daylyear |

07/02118 01/01/19 07/03/19 01/01/20 07/02/20
The global land water variation load effect time series (mm) on Earth's mass centric variations
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4.1.4 Spherical harmonic analysis on global sea level variations

[Function] From the global non-tidal sea level variation (in unit of cm) spherical
coordinate grid time series, construct the sea level variation load spherical harmonic
coefficient model (in unit of m) time series by normalized spherical harmonic analysis.

[Input files] The global sea level variation spherical coordinate grid time series files. The
land-sea terrain spherical coordinates grid file.

The spatial resolution of the land-sea terrain grid should not be lower than that of the
surface load grid.

[Parameter settings] Set the wildcard parameters for the file names of grid time series
and enter the iteration condition parameters.

Iteration termination condition: The standard deviation of the residual grid value is less
than a% of the standard deviation of the original grid value, or the difference of the residual
standard deviation of the previous step iteration relative to the current step iteration is less
than b%o of the standard deviation of the original grid values.

[Output files] The global sea level variation load spherical harmonic coefficient model
files seachg***cs.dat, iteration process statistics files pro***.ini and residual sea level
variation grid files rnt***.dat. Here, *** are the instance of the given wildcards.

o
&

~ . = A R
4 tg 2 k= & Am
Open file Saveas Importparameters Start computation  save process  Follow example
o Construction of global surface data e Spherical harmonic analysis on global - Spherical harmonic analysis on Spherical harmonic analysis on
“# grid in spherical coordinates surface atmosphere variations “** global land water variations global sea level variations
[ Open any sea level variation spherical coordinate grid file 4.4 Save program process as 2 Surface load spherical harmonic analysis and load effect synthesis
Set the wildcards of the file names C:/ETideLoad4.5_win64er adsphai ar 1gP020112512|dat
Ordinal number of first wildcard in the file namé 7 < C:/ETideLoad4.5_win64er o PPRU20120212 Cat
- ETideloadd 5 1analys/seal60m/grdchgP020120912{dat
Number of consecutive wildcards in file name \ 10 - C:/ETideLoad4.5_win64er p ar 1gR020121612|dat
C:/ETideLoad4.5_win64er p ar 1gP020122312|dat
Set termination condition of the iteration Ci/ETideLoadd 5_winbder oadspharmonar 1gR020122912|dat

| = >> Setting parameters have been imported into the program!
= ** Click the control button [Start computation], or the tool button [Start computation]
Termination condition of residual decrease (b) 1.0 % = >> Computation start time: 2024-10-19 23:36:37
>> Complete the spherical harmonic analysis for 157 sea level variation grids!
5 - ** The program outputs the sea level variation load spherical harmonic coefficient model files seachgr***cs.dat,

(2} Open the land-sea terrain spherical coordinate grid file iteration process statistics files[pro™.ini ind residual sea level variation grid files mt™*.dat. *** is the instance of the

gwen wildcards
* The file header of the feachg™cs dat] the geocentric gravitational constant GM (x10*m?/s?), equatoriaradius

a(m) of the Earth, zero-degree term a)C (cm) and relative error © (%). Where © is the residual standard
deviation of the last step iteration as a percentage of the std ot —Z/\r" S
are also known as the scale parameter of the spherical hard -~
spherical surface whose radius is equal to the functions are defined on the spherical surface whose radlus.’_',
| equatorial radius a of the Earth. >> Computation end time: 2024-10-20 00:11:21

Residual standard deviation threshold (a) 1.0 %o

The surface harmonic functions in the spherical
harmonic coefficient model are defined on the

[ Set the results folder 3 Import setting paramel |,

1

2794

i e 01
' number of i mean,SD i

@ The degree number n of spherical harmonic coefficient model is equal to the number of global surface load cell-grids in the latitude direction. For example, the 0.25° x 0.25" global
surface load grid corresponds to n=720.

The three first- degree spherlcal harmonic coefﬁments (AClO, AC;1, AS1,) represent the
variations of the Earth's center of mass due to global sea level variations. For global geodetic
purposes, the first-degree spherical harmonic coefficients needs to be taken into account.
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The zero-degree term can be controlled to a small value by adjusting the time datum.

The program outputs also the global sea level variation load effect time series file
geocentersealv.txt on Earth's mass centric variations into the current directory. The record
format: Epoch time (real years), Xcm (mm), Ycm (mm), Zcm (mm) and date (long integer
agreed by ETideLoad).

Axem(mm) AY cp(MM) A2 (MM) Monthiday/year
070218 01/01719 07/03/19 01701720 07/02/20

The global sea level variation load effect time series (mm) on Earth's mass centric variations

For global geodetic purposes, the zero constraint should be considered that the sum of
the zero-degree terms of sea, land and atmosphere at any epoch time is equal to zero, that
is, the total loads of sea level, land water and atmospheric pressure variations is conserved.

Using the time series file of Earth's mass centric variations effected by surface non-tidal
loads output by the program, the function [Computation of Earth's mass centric variation
effects on all-element geodetic variations] in section 2.5.2 can be called to calculate the
Earth's mass centric variation effects on all-element geodetic variations due to various non-
tidal surface loads.

4.2 Spherical analysis on tidal harmonic constants and construction of tidal load
model

[Purpose] From the tidal constituent harmonic constant grid of the global land/sea
atmosphere or sea surface height, construct a normalized tidal load spherical harmonic
coefficient model by spherical harmonic analysis. The model format is the same as FES2004
ocean tidal load model in the IERS conventions (2010). Using the model, the tidal load
effects on various geodetic variations outside the solid Earth can be computed by the
spherical harmonic synthesis.

The unit of the tidal constituent harmonic constants is the same as the unit of the tidal
load spherical harmonic coefficients. The unit of the surface atmosphere tidal harmonic
constants and the atmosphere tidal load spherical harmonic coefficients are hPa or mbar,
and the unit of the ocean tidal harmonic constants and the load spherical harmonic
coefficients are cm.

The degree number maxn of tidal load spherical harmonic coefficient model is equal to
the number of harmonic constant spherical coordinate cell-grids in the latitude direction. For
example, the 0.25° x 0.25° tidal harmonic constant spherical coordinate grid corresponds to
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maxn=720.
4.2.1 Construction tidal harmonic constant grid in spherical coordinates

[Function] From the tidal constituent harmonic constants of the surface atmosphere or
sea surface height on the discrete points, according to the simple average method and given
spatial resolution, construct spherical coordinate harmonic constant vector (in-phase
amplitude, out-of-phase amplitude) grid model. When there is no valid discrete harmonic
constant data in the cell-grid area, the vector on the cell-grid is set to zero.

[Input files] A series of global discrete tidal constituent harmonic constant files with the
same format.

The program requires at least one row of file header in the tidal constituent harmonic
constant file, and there are the name and Doodson constant of the tidal constituent in the
file header.

The Doodson constant (integer, e.g. M- tidal Doodson constant is employed to identify
the tidal type and frequency, thus which should be correct.

[Parameter settings] Set the wildcard parameters of the input file names. Enter the
number of rows of the input file header, column ordinal numbers of the tidal constituent name
and Doodson constant in the input file header, column ordinal number of the component 1
and 2 of harmonic constants in the record and select the form of harmonic constants.

[Output files] The spherical coordinate grid files of the tidal constituent harmonic
constants sph***.dat. Here, *** are the tidal constituent’s name.

- = ~

¥ » az T
Openfile Saveas Importparameters Stari computalion  Save process  Follow example
4 Construction tidal harmonic constant @ Spherical harmonic analysis on surface s« Spherical harmonic analysis on ocean -~
‘ gnd in sphencal ‘ tidal harmonic constants tidal constituent harmonic constants » Algcn(hm formulas
8 Open any discrete tidal constituent harmonic constant file >> Program Process ** Operation Prompts 4. Save program process as

Set the wildcard of the file names hPa or mbar, and the unit of the ocean tidal harmonic constants and the load spherical harmonic coefficients are cm
>> Select the computation function from the 3 control buttons on the top of the interface..
>> [Function] From the surface atmosphere tidal constituent harmonic constant (in unit of hPa or mbar) spherical coordinate
grid, construct the surface atmosphere tidal load spherical harmonic coefficient model (in unit of hPa or mbar) in FES2004
Qrmat by the normalized spherical harmonic analysis.
**Theprogram requires at least one row of file header in the tidal constituent harmonic constant file, and there are the name

| Ordinal number of the first wildcard in the file,
Number of consecutive wildcards in file name\

| Number of rows of the file header 1

Column ordinal number of the component 1 of »_and Doodsomsapstant of the tidal constituent in the file header.
harmonic parameters in the record 4 ~ |>> Open any discre! | constituent harmonic constant file C:/ETideL.oad4.5_\
Column ordinal number of the component 2 of . .sphgridate/S1_airp.txt
| harmonic parameters in the record = ** The window below only shows ¥ e than 3000 rows of data in the file!
Spatial Jut f the t tgrid 9 \ . >>Create or select the result file folder C:/l 0ad4.5_\
SADTeCONN Of e IRUSt 9. 300 > *The discrete tidal constituent harmonic constan earched by wildcar instantiation
[The form of o C:/ETideLoad4.5 phgridatefS1_pirp.txt
v C/ETideLoadd.5_wir 2_jirp.txt
Column ordinal number of the tide constituent 1 : C/ETideLoad4.5_wir < irp.txt
[inemainiie e heacer C/ETideLoad4 5_wir sahirp. txt
Colurin ordinal number of the Doodeor) + >> Setting parameters have been imported into the program!

| constant in the file header

** Click the control button [Start computation], or the tool button [Start computation]...
>> Computation start time: 2024-10-20 07:52:19

>> Complete the spherical coordinate griding for 4 discrete tidal constituent harmonic constant files!
** The program outputs the spherical coordinate grid files sph***.dat of the tidal constituent harmonic constants into the
output folder. *** is the tidal constituent's name.

>> Computation end time: 2024-10-20 07:53:13
[ Set the resuits folder ¥ Import setting pafameters & start computatio
examples > Loadtidespharmsynth|> gridrst v O

2 IR s

| < 0O &s ExEy
sphS1_dat 2022/1/11 10:30
b sphS2_dat 2022/1/11 10:31
8 sphSa_dat 2022/1/1110:31
1) sphSsa.dat 2022/1/11 10:31
1 7 ,05396

| @ The unit of the tidal constituent harmonic constants is the same as the unit of the tidal load spherical harmonic coefficients. The unit of the surface tidal and the

| atmosphere tidal load spherical harmonic coefficients are hPa or mbar, and the unit of the ocean tidal harmonic constants and the load spherical harmonic coefficients are cm
@ The Doodson constant (integer, e.g. M: tidal Doodson constant is employed to identify the tidal type and frequency, thus which should be correct.
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4.2.2 Spherical harmonic analysis on surface atmosphere tidal harmonic constants

[Function] From the surface atmosphere tidal constituent harmonic constant (in unit of
hPa or mbar) spherical coordinate grid, construct the surface atmosphere tidal load spherical
harmonic coefficient model (in unit of hPa or mbar) in FES2004 format by the normalized
spherical harmonic analysis.

The tidal constituent harmonic constant vector spherical coordinate grid files are
extracted according to the given wildcards.

[Input files] All the surface atmosphere tidal constituent harmonic constant vector
spherical coordinate grid files.

[Parameter settings] Set the wildcard parameters for the input file names, enter the
column ordinal number of the tidal constituent’s name and its Doodson constant in the input
file header, and set the iteration condition parameters.

3 Y & {
Y- > d a} s
Openfile Saveas Importparameters Start computatior Save process  Follow example
& Construction tidal harmonic constant Spherical harmonic analysis on surface s+ Spherical harmonic analysis on ocean ~
. PY ¢
grid in spherical coordinates [ tidal harmonic constants tidal harmonic s Algortthm formulas

8 Open any tidal constituent harmonic constant grid file >> Program Process ** Operation Prompts & Save program process as

Set the wildcard of the file names ** The program outputs the spherical coordinate grid files sph**".dat of the tidal constituent harmonic constants into the output

folder. *** is the tidal constituent's name.
Ordinal number of the first wildcard in the file >> Computation end time: 2024-10-20 07:53:13 bharmsynth > airptidecs v
Number of consecutive wildcards in file name\ >> [Function] From the surface atmosphere tidal constituent harmonic constant (in unit of -
Column ordinal nimber of the tide constituent oRatruct the surface atmosphere tidal load spherical harmonic coefficient model (in unit { —
e e et thegor ateed spherical harm:mc analysis e TE e airptideS1_cs.dat
>> n an Nl mOoni ri N X
Coliin oedinet rumbis of the Doodson sphs;;e dg‘y uWa onic constant grid file ideLoadd.5_win64en/exar| airptides2_cs.dat
constant in the file header ** The window below only show: ore than 3000 rows of data in the file! SlrplideSs cidat
Set termination condition of the iteration >> Create or select the result file folder CTE¥ideL oad4.5_win64en/examples/Loadtidespl| airptideSsacs.dat
Residual standard deviation threshold (@) 1.0 ** The tidal constituent harmonic constant grid f rched by wildcard instantiation: Airtdloadcs dat
C:/ETideLoad4.5_) phS1_{dat proS1_ini
Termination condition of residual decrease (b) 1\0 %« 5 C:/ETideLoad4.5_) _|dat pros2_ini
C:/ETideLoad4.5_y 1Sa_|dat oS
C:/ETideLoad4.5_\ idrst/spHSsaldat x
>> Setting parameters have been imported into the program! = proSsaint ..
** Click the control button [Start computation], or the tool button [Start computation]. mis1_ Output files
>> Computation start time: 2024-10-20 07:59:20 mts2_dat
>> Ccmplete the spherical harmonic analysis for 4 surface atmosphere tidal constituent harmonic constant grids!
Degree 360 spherical harmonic * The program outputs the surface atmosphere tidal load spherical harmonlc coem:lem model file Airtdloadcs.dat, all the tidal
: constituentspherical harmonic coefficient model files aurnde *cs.datHeere b afistics files pro***.ini and residual
coefficient model
armonic constant grid files rmt***.dat into the output folder, *** is the tidal conslvluenl 'S name.
>% Computation end time: 2024-10-20 08:11:22

Set the results folder ¥ Impg -phase amplitude spherical harmonic coefficients model
2004418 €3 2.

, relative erro(%)

@ The unit of the tidal constituent harmonic constants is the same as the unit of the tidal load spherical harmoni
atmosphere tidal load spherical harmonic coefficients are hPa or mbar, and the unit of the ocean tidal harmonic cons
@ The Doodson constant (integer, e.g. M: tidal Doodson constant is employed to identify the tidal type and frequeng

[Output files] The surface atmosphere tidal load spherical harmonic coefficient model file
Airtdloadcs.dat, all the tidal constituent spherical harmonic coefficient model files
airptide***cs.dat, iteration process statistics files pro***.ini and residual harmonic constant
grid files rnt***.dat. Here, *** are the tidal constituent’s name.

The program also outputs the first-degree atmosphere tidal load spherical harmonic
coefficient file AtideOne.dat into the current directory. Which should be copyed into the
directory c:\ETideLoad4.5_win64en\iers and can be employed to forecast the atmosphere

tidal load effects on Earth's mass centric variation as section 2.5.4.
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The file header inludes the geocentric gravitational constant GM (x10"“m3/s?) and
equatorial radius a(m) of the Earth. The record (starting from the third row) includes the tidal
constituent's name, Doodson constant, the degree-1 order-0 spherical harmonic coefficient
Ciot+ from in-phase amplitude, that C,,- from out-of-phase amplitude, and the degree-1
order-1 spherical harmonic coefficient C;;+ from in-phase amplitude, that C,;- from out-of-
phase amplitude, and the degree-1 order-1 spherical harmonic coefficient S;;+ from in-

phase amplitude, that Sll— from out-of-phase amplitude.

=] = 1 Airtdloadcs. dat 3
kuxface atmospheric tidal load normalized spherical harmonic coefficient model in hPa or mbar.
> by ETideLoad, ZHANG 4h\anm Chinese Academy of Surv t='-, ing and Mapp .

ame n m C+ eps+
Sl 1 0 0.011866 3157 0
Sl 1 1 H“V/Z 24 0
S1 2 0 0 8 0
sl 2 1 0.044451
s1 2 2 0.054369 2
sl 3 0 0.027150
sl 3 1 0.035646
sl 3 2 0.043073
sl 3 3 0.06617256 0.066728
sl 4 0 0.01956420 .026769
S1 4 1
S 4 2
sl 4 3
sl 4 4
s1 5 0 0.016467 n_uu.(
sl 5 1 -0.01117229 0.013047 0.033920
sl 5 2 -0.01642619 0.017076
sl 5 3 0.055619
sl 5 4 0.034155
sl 5 5 0.061964
sl 6 0 Jr.01<m/lm7 -0.01902007 0 3 02
sl 6 1 0.01292417 0.01614491 0 U.UZHBLU 2
sl € 2 -0.02124270 -0.005 v?ﬁ/e 0 0.010014
sl 6 3 -0.01510560 0.028 0.0 0 332.0960 0.026179
s1 6 4 -0.01607949 —.">.D\7?”7“/ -0.00 0. 222.8943 0.013106
[=] oS 1 el - | ~ el = R 3 /= AirtdOne. dat E3
| 3.986004418 6378137.00
name Doodson Cl0+ C10- Cll+ Cll- S11+ S11-
S1 164.556 -0.32755435E-08 0.17648553E-08 -0.73961840E-08 -0.43745105E-07 -0.53411096E-07 -0.10724379E-08
S2 273.555 -0.63049967E-09 0.13744707E-08 0.80115817E-10 0.52363295E-08 0.33900139E-08 -0.10865938E-08
Sa 56.565 0.82105514E-07 -0.16159915E-06 -0.35243498E-07 -0.82919083E-08 0.35037721E-07 -0.12165101E-06
Ssa 57.555 0.65256321E-08 0.64837464E-07 -0.35845502E-07 -0.25039833E-07 0.12771654E-07 0.24911463E-07

4.2.3 Spherical harmonic analysis on ocean tidal constituent harmonic constants

[Function] From the ocean tidal constituent harmonic constant (in unit of cm) spherical
coordinate grid, construct the ocean tidal load spherical harmonic coefficient model (in unit
of cm) in FES2004 format using the normalized spherical harmonic analysis.

[Input files] All the ocean tidal constituent harmonic constant vector spherical coordinate
grid files. The land-sea terrain spherical coordinate grid file.

The land-sea terrain spherical coordinates grid is employed for the land-sea separation
for the ocean tidal harmonic constants, whose resolution should not be lower than that of
the ocean tidal constituent harmonic constant grid.

The tidal constituent harmonic constant vector spherical coordinate grid files are
extracted according to the given wildcards.

[Parameter settings] Set the wildcard parameters for the input file names, enter the
column ordinal number of the tidal constituent’s name and its Doodson constant in the input
file header, and set the iteration condition parameters.

[Output files] The ocean tidal load spherical harmonic coefficient model file
Otideloadcs.dat, all the tidal constituent spherical harmonic coefficient model files
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Otidetide***cs.dat, iteration process statistics file pro***.ini and residual harmonic constant
grid file rnt*** dat. Here, *** are the tidal constituent’s name.

The program also outputs the first-degree ocean tidal load spherical harmonic coefficient
file OtideOne.dat into the current directory. Which should be copyed into the directory
c:\ETideLoad4.5_win64en\iers and can be employed to forecast the ocean tidal load effects
on Earth's mass centric variation as section 2.5.3.

BH ¥ F %

Openfile Saveas Importparameters Start computation  Save process  Follow example
4 Construction tidal harmonic constant Spherical harmonic analysis on surface = Spherical harmonic analysis on ocean
gnd in spherical coordinates 2 tidal i tidal constituent harmonic constants 4 Agorthm formulas

L B Open any tidal constituent harmonic constant grid file | >> Program Process ** Operation Prompts & Save program process as

Set the wildcard of the file names C:/ETideLoad4.5_wi i ES2014_60m/sphfEAsT]|dat
C:/ETideLoad4.5, ES2014, PhAAS2)

| Ordinal number of the first wildcard in the filefiame 4 c IEdeeLoadl 5 ES2 .4: o "
Number of consecutive wildcards in file namé\ 4 ~ 1d4.5_ ES2014_¢ PHAA it
= = y Oat-5—winGide ES2014_60m/sphAAt2 Hat
COMII orciial DTy of the tide eonsthvent 5 :  CYETideLoad4 5 win64end E£52014_60m/spl dat
C:/ETideLoad4.. 5_w|n64en/examples/Load( desptarm ES2014, pl

Column ordinal number of the Doodson

5 7 :  Ci/ETideLoad4.5_\ Ot \msf Kat
constant in the file header Ci/ETideLoad4.5_wi i ES2014_60m/sp [ dat
Set termination condition of the iteration C:/ETideLoad4.5_wi i ES2014_¢ p dat

Residual standard deviation threshold (a) 1.0 % G| C:ETdelcadd.s 82014, 60m/spl

. C:/ETideLoad4.5_wi i ES2014_¢ Pl Hat

Termination condition of residual decrease (b) 1.0 % 2 C:/ETideLoad4.5_\ ES2014_ 2 Hat

" Z X = C:/ETideLoad4.5_wi { ES2( .4_ Hat

(2} Open the land-sea terrain spherical coordinate grid file C:/ETideLoad4.5. i

C:/ETideLoad4.5_\ ES20 |4 _60m/sphsgny).dat

>> Setting parameters have been imported into the program!
** Click the control button [Start computation), or the tool button [Start computation]....
>> Computation start time: 2024-10-20 08:15:35
>> Complels me sphenwl harmonic analysis for 34 ocean tidal consmuenl harmonic constant grids!
model file O dat, all the tidal

constant gnid file mt**".dat into the output folds

[ cceosiéetics mﬂl—inﬂmﬂl >>C ion end time: 2024-10-20 08:37:44
T, " n.mnu coe!uclenla model 1 AR Ko
0. i -
St conson o =i Otideloadcs dat 202271724 2008
’ GM(ID"mU.\“) n(m) zero-degree term (cm). relati rro(%) =1 oceantidemsqmes dat 2022/
2 1 -8692151140697192E-07 -1.5099193342176944E-07 o promsqmuini 202
2 2 -§.2683633592200017E-07 § 00506117612-07 = mimsqm.dat 2022
0 0
2 i oceantidemks2cs.dat 2022/1/24 2
the scle pamTNL.AS : 0 promic2in 20227202
3 D-somen o o0 = mtmks2 dat 2022/1/24 2008
4« 1 érsteaea00scaznase «s = oceantidelamzcsdat 2022/1/24 2007
o3 Do ) proam2ini
a4 5 = milam2.dat 2022,
§ [ 0 & oceantideeps2cs. dat 2022/
Y 2
s 2 s L) proeps2ini 2022/1/24 2006 1
s 3 -2. zlv(‘a}dﬂwén: 01_2 =i mteps2.dat 2022/1/24 2006 15
” - " o & , o« o 2y & ” - tideAs i 2022/1/24 2005
@ The unit of the tidal constituent harmonic constants is the same as the unit of the tidal load spherical harmonic coefficients. The unit of the | = *o" ! o s b
atmosphere tidal load spherical harmonic coefficients are hPa or mbar, and the unit of the ocean tidal harmonic constants and the load spherical hal |, assaini Output files @
@ The Doodson constant (integer, e.g. M: tidal Doodson constant is employed to identify the tidal type and frequency, thus which should be correc! « oceantideAnucs dat “0ées vieh e 1,995 KB

B wirpticest oo dor i3] B oeost o 3 JB Alstaloades. dat £ (] Otideloades. dat £ |

1 Dcean tidal height load normalized spherical harmonic coefficient model in cm.

2 Created by ETideLoad, ZHANG Chuanyin, Chinese Academy of Surveying and Mapping.
Doodson name Csin+ Ccos+ Csin- Ccos- c+ eps+ c- eps—
247.455 2N2 .00458562 0.00231038 0.00458562 .00231038 005135 63.2596 0.005135 63.2596
247.455 2N2 -0.00773380 0.00473565 0.01063946 -0.00152991 009069 301.4805 0.010749 98.1828

o
o

247.455 2N2 0.01415077 -0.00470716 0.01415077 -0.00470716 014913 108.3994 0.014913 108.3994
7 247.455 2N2 -0.01749377 0.01964053 -0.02057617 0.01244109 026302 318.3086 0.024045 301.1587
8 247.455 2N2 -0.05076973 0.15409810 0.03408330 -0.00708020 162246 341.7648 0.034811 101.7353
9  247.455 2N2 -0.00345932 -0.05402235 -0.00345932 -0.05402235 054133 183.6639 0.054133 183.6639
1 247.455 2N2 0.00459468 0.02860553 0.08674509 0.04125120 028972 9.1250 0.096054 64.5668

247.455 2N2
247.455 2N2
247.455 2N2

-0.01359111 -0.04803085 0.00043095 0.01917460
.11576000 0.04745531 0.10043379 -0.03897379
-0.04607076 0.02579335 -0.04607076 .02579335

049917 195.7997 0.019179 1.2875
125109 €7.7090 0.107731 111.2090
052800 299.2429 0.052800 299.2429

=)

247.455 2N2 0.03322584 0.01467790 0.01394749 .02945707 036324 66.1660 0.032592 25.3369
247.455 2wn2 0.06616682 -0.16308472 0.08023800 .03608357 175996 157.9166 0.087978 65.7862
247.455 2N2 -0 097259 206.3921 0.119948 317.9635

247.455 2N2
247.455 2N2
247.455 2N2
247.455 2N2
247.455 2N2

-0.07108370 0.11911427 -0.03283587 .04029420
.00423674 0.05025371 0.00423674 .05025371
-0.06599377 0.02863740 -0.06611923 -0.08775797
.03191636 0.09160043 -0.12292118 .09809027
-0.04622306 0.08929694 -0.03229352 -0.0233116€3

138712 329.1726 0.051979 320.8233
050432 4.8190 0.050432 4.8190
071939 293.4580 0.109878 216.9954
097002 19.2099 0.157262 308.5896
100551 332.6324 0.039828 234.1757

=

0
0
0
0
.04323293 -0.0871224¢ -0.08031745 0.08908738
0
0
0
0

COUBWNHFOUVBWNHOBWNHFOWNRONHOROS
o

ANV UNOUUNUSDDEDSWWWWNNN-D
o N N R R-R- NN NN -R- NN -N-W-R-N-N-N-NW-N-N-

247.455 2N2 0.12978448 -0.00340802 -0.08015548 0.01815451 129829 91.5042 0.082186 282.7617
247.455 2N2 0.07170340 0.02947675 0.04405895 -0.08476786 077526 67.6528 0.095534 152.5364
247.455 2N2 0.03947937 -0.02794239 0.03947937 -0.02794239 048367 125.2898 0.048367 125.2898
247.455 2N2 -0.03340601 -0.04901155 0.00654233 -0.02479353 059314 214.2781 0.025642 165.2182
247.455 2N2 0.01502432 0.05093430 -0.00472606 -0.04361353 053104 16.4347 0.043869 186.1846
247.455 2N2 0.00272363 0.04846491 -0.00102382 0.02626808 048541 3.2165 0.026288 357.7680
247.455 2N2 0.05940714 -0.01371178 0.06957119 0.00812134 060969 102.9969 0.070044 83.3418
247.455 2N2 -0.06310363 -0.02281638 0.02184442 0.02667029 067102 250.1215 0.034474 39.3193
247.455 2N2 0.06505389 0.01875362 0.05082476 0.11432385 067703 73.9189 0.125112 23.9684

The file header inludes the geocentric gravitational constant GM (x10"m?3/s?) and
equatorial radius a(m) of the Earth. The record (starting from the third row) includes the tidal
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constituent's name, Doodson constant, degree-1 order-0 spherical harmonic coefficient Cyy+
from in-phase amplitude, C,,- from out-of-phase amplitude, C;,+ from in-phase amplitude,
C,,- from out-of-phase amplitude, and S;;+ from in-phase amplitude, S;;- from out-of-phase

amplitude.
H oceantideA2n2cs. dat | [l proA2n2. ini 3 0r1deﬂne‘datm‘
1 | 3.986004418 6378137.00
name Doodson Cl0+ Cl0- Cll+ Cll- S1l+ Sll-
2N2 247.455 .14379190E-08 0.7244€933E-09 45556662E-09 .50261431E-09 0.98234968E-09 0.28806626E-08
J1 175.455 .22805765E-08 =-0.14599680E-07 11146859E=-07 .31354016E-08 0.49073923E-08 0.50239288E-08
K1 165.555 .65903198E-07 -0.23618735E-06 15240517E-0% .54510351E-07 0.57951321E-07 0.91115166E-07
K2 275.555 .58820344E-08 0.78223673E-09 82634785E-08 .17098158E-07 0.28274727E-08 0.95641986E-09
L2 265.455 -99527541E-09 0.43369491E-10 27208849E-08 .1883BB93E-08 -0.93316186E-09 -0.31242492E-09
M2 255.555 .64086749E-07 0.33741274E-07 82092113E-07 .76976307E-08 -0.39331272E-07 0.74234937E-07
M3 355.555 -51159035E-10 0.26216l133E-10 20622631E-10 -0.16737336E-10 -0.74054752E-10 -0.325024€5E-10
M4 455.555 -0.12877739E-09 -0.82078020E-09 21241775E-09 .89312487E-09 -0.11238411E-09 -0.11882183E-08
M6 655.555 .18174228E-08 0.30921490E-09 36600543E-09 .36841599E-09 -0.72147727E-09 -0.13743491E-09%

M8 855.555 -
Mf 75.555
Mm 65.455
N2 245.655
N4 435.755 -
0l 145.555

.59854172E-10 -0.29503418E-11
-23994538E-07 -23160661E-08
-12211587E-07 -0.10619733E-08 -
-16604395E-07 -24692742E-08
.11170849E-09 -0.41029169E-10
.23239277E-07 -0.16830188E-06
Pl 163.555 -16600812E-07 -0.74602430E-07
QL 135.8655 -40244812E-08 -0.29117940E-07

0
0
0
0
0
0
0
0
0
0 41858427E-10
0

0

0

0

0

0

0

R2 274.554 0.21029138E-09 96276767E-10

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

14961765E-07 -
13680094E-08 -

Q
o]
"]
0
0
4]
]
0
0
0.58809710E-10 -0.34465624E-10 .B81925459E-11
0.19050356E-07 .57231952E-08 -0.38155669E-08
0.93454574E-08 .34149364E-08 -0.61740212E-09
10060051E-07 0.75631673E-09 -0.49125733E-09 -20845840E-07
37178942E-10 -0.10703469E-09 -0.53442667E-10 -0.19926918E-10
86481239E-07 0.11802879E-07 .58555768E-07 .34726677E-07
0
0
i}
0
Y]
4]
]
Q
0
i}
0
0
a

coo
oo
=3 o

©
=

48235157E-07 .14146460E-07 .16888410E-07 -27904988E-07
15908436E-07 . 77164577E-09 .12770867E-07 .14909422E-08
25728894E-09 .46084038E-09 .53716115E-10 .14500876E-09
48716881E-08 .11419251E-07 .T4509139E-08 -0.34899535E-09
30377828E-07 .49157638E-07 -0.61338730E-08 .76805145E-08
12925319E-11 .14038268E-09 .10308541E-09 .11742749E-09
71714382E-10 .49927099E-10 -0.42733149E-10 -0.53422994E-10
20944307E-08 .29614380E-08 .1376€7437E-09 .10318216E-08
24279253E-09 -0.66374018E-09 -0.14062685E-09 .16716883E-09
10873236E-08 .38092589E-09 -0.40703836E-09 -0.28009461E-09
20898774E-09 .69234415E-09 .16108594E-08 .36734€74E-09
47545363E-08 -0.16109463E-08 .13034435E-08 -4619783BE-10
B80856645E-09 .28475772E-08 .30945151E-08 -39961507E-08
16643629E-08 0.77176190E-09 -0.34369557E-09 .49489633E-08
85777470E-08 -0.10849053E-08 .38854237E-09 -0.73333943E-09
18709319E-08 -0.17678032E-09 .14037532E-08 -0.64291979E-09
29230225E-08 -0.81098933E-09 -0.68691816E-09 -0.10714953E-08
81955321E-10 0.53313693E-09 .52931064E-09 .23733568BE-09
.96864729E-10 0.18391545E-09 -0.15315104E-09 -0.66456652E-11

oo

51 164.556 -0.40129653E-08 48653114E-08 -
52 273.555 -22430236E-07 94564697E-08
54 491.555 -32089047E-09 14407638E-09
Sa 56.55%4 .21793187E-09 12972260E-09
T2 272.556 -13719484E-08 734255B4E-09
MN4 445.655 -0.70793273E-09 76823301E-10
M54 473.555 .32582237E-09 10684852E-08
-52032006E-09 12958178E-08
-38057222E-08 89028662E-09
-27230195E-08 54548861E-09
.31512988E-08 -13274377E-08
.85592993E-08 -0.21041028E-09 -
.15232320E-08 -0.54284574E-09
-77975910E-09 -0.46145888E-09
-76338045E-11 -0.81694611E-10
-17382639E-09 -0.21085098E-11

coocooo

=

z Msf 73.555

29 Mtm 85.455

3 mu2 237.555

nuzZ 245.655

Ssa 57.555

eps2 227.655

lamZ 263.655
MKS2 257.555 -

Msgm 93.555

=

COoODO0OO0OoCODOOO
=

cocooCcCOoOOooOO

=
cooo
[

=

000 COoO0O0CO0O0DO0OD0000000C0000D00C00CODO0O0
o

4.3 Computation of the load model value using spherical harmonic synthesis

[Purpose] From the tidal load spherical harmonic coefficient model or the surface non-
tidal load spherical harmonic coefficient model, compute the model values of the tidal
harmonic constants or the non-tidal surface loads using spherical harmonic synthesis.

In the remove-restore process, the program can be employed for regional tidal load
effect refinement based on the tidal load spherical harmonic coefficient model, and for
regional load deformation field refinement based on surface load spherical harmonic model.

4.3.1 Computation of model value of surface load equivalent water height

[Function] From the surface atmosphere, land water, or sea level variation load
normalized spherical harmonic coefficient model (m), compute the model value of the
surface atmosphere (hPa/mbar), land equivalent water height (cm) or sea level variation (cm)
at the given location.

[Input files] The surface calculation point file. The surface load spherical harmonic
coefficient model file.

The calculation point file can be a discrete calculation point file or a calculation surface
height grid file.

The discrete calculation point file record format: Point number (name), longitude, latitude
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(decimal degrees), height....

[Parameter settings] Select the format of the calculation point file, enter maximum
truncated degree of the load spherical harmonic coefficient model and select the type of
surface loads.

The program automatically selects the minimum value between the maximum degree of
tidal load spherical harmonic coefficient model and entered maximum degree as the
calculation degree.

[Output file] The surface load model value file.

When the discrete calculation point file input, the output file header is the same as the
input file. Behind the input file record, adds a column of the model value of surface load as
the output file record.

When the calculation surface height grid file input, the program outputs the surface load
model value grid files with the same grid specifications.

S
P . = = 2
C Y- | & -
Openfile Saveas Importparameters Startc tat Save process ~ Follow example
5 Computation of model value of surface 5 Computation of model values of tidal « Computation of model value time series
~ load eq water height constituent harmonic constants of load equivalent water height

Select the calculation point file format >> Program Process ** Operation Prompts 4! Save program process as

The discrete calculation point file
>> [Purpose] From the tidal load spherical harmonic coefficient model or the surface non-tidal load spherical harmonic

¥ Open the surface calculation point file coefficient model, compute the model values of the tidal harmonic constants or the non-tidal surface loads using spherical
harmonic synthesis.
Number of rows of the file header 1 ~  >> Select the computation function from the 3 control buttons on the top of the interface..
Bl >> [Function] From the surface atmosphere, land water, or sea level variation load normalized spherical harmonic coefficient
(5 Open surface load harmonic coefficient mode file model (m), compute the model value of the surface phere (hPa/mbar), land eq water height (cm) or sea level
variation (cm) at the given location.
¥pe ofBurface o Surfice dimosphere (hPa/mbah) ] >> Open the surfaoegcalculahon point file C:/ETideLoad4.5_\ 4 p hesis/calcpnt.xt.
Maximum truncated degree of o, +| " Look at the file information in the window below and set the row number of the file header.
the coefficients model >> Open surface load harmonic coefficient model file C:/E TideLoad4.5_ esi

airpress2016020312cs dat.

** The window below only shows no more than 3000 rows of data in the file!
>> Save the results as C:/ETideLoad4.5 win64en/examples/Loadspharmsynthesis/airpmdirst.txt.
>> Setting parameters have been imported into the program!

** Click the control button [Start computation], or the tool button [Start computation]....
>> Computation start time: 2024-10-20 08:53:36
>> Complete the computation!
>> Computation end time: 2024-10-20 08:53:42

[ save the results as 3 Import setting parameters & Start computation

5 1 -6 -10_5 0
@ In the remove-restore process, the program can be employed for regional tidal load effect refinement based on the tidal load spherical harmonic coefficient model, and for regional load
deformation field refinement based on surface load spherical harmonic model

@ Due to the mixing effects between the high-degree spherical harmonic coefficients, the model values of the sea level variation and ocean tidal harmonic constants are not zero in the
coastal land area, and the model values of the land equivalent water height are not also zero in the coastal sea area.

4.3.2 Computation of model values of tidal constituent harmonic constants

[Function] From the surface atmosphere or ocean tidal load normalized spherical
harmonic coefficient model (hPa/cm), calculate the harmonic constant model values
(hPa/cm) of all tidal constituents in the harmonic coefficient model at the given location.

[Input files] The surface calculation point file. The tidal load spherical harmonic
coefficient model file.

[Output file] The tidal harmonic constant model value file.

96



The output file header comes from the input calculation point file. Behind the input file
record, adds 2n columns of the tidal harmonic constant model values as the output file
record. Here, n is the number of tidal constituents in the harmonic coefficient model.

Y

= Y = -

5 &7 A
Openfile Saveas Importparameters Start Save process ~ Follow example
-~ Computation of model value of surface .= Computation of model values of tidal « Computation of model value time series
" load equivalent water height constituent harmonic constants ¥ of load equivalent water height
j Open the surface calculation point file >> Program Process ** Operation Prompts & Save program process as
Number of rows of the file header 1 = ** Click the control button [Start computation], or the tool button [Start computation]....
>> Ci start time: 2024-10-20 08:53:36
I j Open tidal load harmonic coefficient model file ] >> Complete the computation!
™ T Ted 7 >> C end time: 2024-10-20 08:53:42
manmum o id Iegree o 480 >> [Function] From the surface atmosphere or ocean tidal load pl harmonic model (hPa/cm),
L mogel the harmonic constant model values (hPa/cm) of all tidal constituents in the harmonic coefficient model at the given
location
>> Open the surface calculation point file C:/ETideLoad4.5 txt

** Look at the file information in the window below and set the row number of the file header.
>> Open tidal load harmonic coefficient model file C:/ETideLoad4.5_win64er
dat
** The window below only shows no more than 3000 rows of data in the file!
>> Save the results as C:/ETideLoad4 .5 win64en/examples/Loadspharmsynthesis/airptiderst.ixt.__}—
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation]..

>> Computation start time: 2024-10-20 08:55:45
>> Complete the computation of the harmonic constant model values for 4 tidal constituents!
>> Computation end time: 2024-10-20 08:56:19

[l Save the results as ¥ Import setting parameters 4 Start computation

1
3
1
1
1

1.178

@ In the remove-restore process, the program can be employed for regional tidal load effect refinement based on the tidal load spherical harmonic coefficient model, and for regional load
deformation field refinement based on surface load spherical harmonic model.

@ Due to the mixing effects between the high-degree spherical harmonic coefficients, the model values of the sea level variation and ocean tidal harmonic constants are not zero in the
coastal land area, and the model values of the land equivalent water height are not also zero in the coastal sea area.

4.3.3 Computation of model value time series of load equivalent water height

[Function] From the surface atmosphere, land water, or sea level variation load
normalized spherical harmonic coefficient model (m) time series, compute the model value
record time series of the atmosphere (hPa/mbar), land equivalent water height (cm), or sea
level variation (cm) on the given points in the input file.

[Input files] The surface calculation point file. The surface load spherical harmonic
coefficient model time series files.

[Parameter settings] Set the wildcard parameters for the surface load spherical harmonic
coefficient model time series files, and enter the number of rows of the input file header, row
ordinal number of target attribute and grid resolution.

[Output file] The surface load model value record time series file.

Behind the input file header, adds n sampling epoch times of the surface load spherical
harmonic coefficient model time series as the output file header. Behind the input file record,
adds n load model values as the output record. Here, n is the sampling number.

The computation process needs to wait.... During the computation period, you can open
the output files to look at the computation progress!

Due to the mixing effects between the high-degree spherical harmonic coefficients, the
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model values of the sea level variation and ocean tidal harmonic constants are not zero in
the coastal land area, and the model values of the land equivalent water height are not also
zero in the coastal sea area.

(Y
| . = & a
- ¥ at A
| Openfile Saveas Import parameters tat Save process ~ Follow example
- Computation of model value of surface .« Computation of model values of tidal «. Computation of model value time series |
" load equivalent water height constituent harmonic constants ¥ of load equivalent water height

| select the calculation point file format
The discrete calculation point file

>> Program Process ** Operation Prompts & Save program process as

>> [Function] From the surface atmosphere, land water, or sea level variation load normalized spherical harmonic coefficient

¥ Open the surface calculation point file model (m) time series, compute the model value record time series of the atmosphere (hPa/mbar), land equivalent water
height (cm), or sea level variation (cm) on the given points in the input file.
| Number of rows of the file header 1 < [>>Open the surface calculation point file C:/ETideLoad4.5 ; txt
| ** Look at the file information in the window below and set the row number of the file header... l
I _”J' Open any load harmonic coefficient model file I >> Open any load harmonic coefficient model file C:/ETideLoad4.5_win6. oadspharmsynth l

| i swsc2018010312.coe. |

Set the Widcard ol It 18 namos ** The window below only shows no more than 3000 rows of data in the file! |
| Ordinal number of the first - >> Save the results as C:/ETideLoad4.5_\ txt.

** Behind the header (the last row) of the input computed point file, adds the wildcards of the instantiated spherical

| Number of consecutive wildga harmonic coefficient model files to identify the sampling epoch time of the record time series as the output file header.

| in file name ** The Toad-haxmonic coefficient model files searched by wildcard instantiation

| C:/ETideLoad4.5_y \armsy 018010312} coe

| [Type of surface load Land water EWH (cm) C/ETideLoad4 5_wm649nlexampw 018011012|coe

| [Maximum truncated degree of 180 C/ETideLoadd4.5_win64er y E 018011712[coe
the model = C:/ETideLoad4.5_win64er adspt 018012412}coe
C/ETideLoad4.5_win64er phar 018013112|coe
C:/ETideLoad4.5_win64er 018020712} coe

>> Setting parameters have been imported into the program!

| wildcard in the file name

[l Save the results as ¥ Import setting parameters & Start computatio

1 3 166
3 105.041667 25.041667

| @ In the remove-restore process, the program can be employed for regional tidal load effect refinement based on the tidal load spherical harmonic coefficient model, and for regional load
| deformation field refinement based on surface load spherical harmonic model.

| @ Due to the mixing effects between the high-degree spherical harmonic coefficients, the model values of the sea level variation and ocean tidal harmonic constants are not zero in the
L coastal land area, and the model values of the land equivalent water height are not also zero in the coastal sea area.

4.4 Computation of load deformation field using spherical harmonic synthesis

[Purpose] From the surface atmosphere, land water and sea level variation load
spherical harmonic coefficient model (m), compute the non-tidal load effects on various
geodetic variations on the ground or outside the solid Earth by the spherical harmonic
synthesis algorithm.

The epoch time of the load effects is equal to the sampling epoch time of the load
spherical harmonic coefficient model.

When computing the load effects of sea level variations, the height of the calculation
point is the normal or orthometric height. When computing the load effects of surface
atmosphere or land water variations, the height of the calculation point is the height relative
to the Earth’s surface.

4.4.1 Computation of various load effects using spherical harmonic synthesis

[Function] From the surface atmosphere, land water or sea level variation load spherical
harmonic coefficient model (m), compute the non-tidal load effects on the geoid or height
anomaly (mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the
south and to the west, mas), vertical deflection (SW, to the south and to the west, mas),

98



horizontal displacement (EN, to the east and to the north, mm), ground radial displacement
(mm), ground normal or orthometric height (mm), radial gravity gradient (10uE) or horizontal
gravity gradient (NW, to the north and to the west, 10uE) using spherical harmonic synthesis.

[Input files] The calculation point file. The surface load spherical harmonic coefficient
model file.

The calculation point file can be a discrete calculation point file or a calculation surface
height grid file.

The discrete calculation point file record format: Point number (name), longitude, latitude
(decimal degrees), height....

[Parameter settings] Select the format of the calculation point file, enter column ordinal
number of the height in the input file record and maximum truncated degree of the spherical
harmonic coefficient model and select the type of surface loads.

The program automatically selects the minimum value between the maximum degree of

load spherical harmonic coefficient model and entered maximum degree as the calculation
degree.

B B ¥ s e o

Openfie Saveas Importparameters 100 Saveprocess  Follow example

| Computation of various load effects | Computation of various load effects of Computation of load effect time series = Global surface load spherical harmonic
| using spherical harmonic synthesis ® Earth satelite or outside solid Earth using spherical harmonic synthesis " analysis and load effect synthesis
| Select the calculation point file format [ The type of surtace load Land water EWH | 4t Save program process as
The discrete calculation point file
** When computing the load effects of sea level variations. the height of the calculation point is the normal or orthometric height. When computing the load effects of surface.
8 Open the space calculation point file atmosphere or land water variations, the height of the calculation point is the height relative to the Earth's surface.
=7 >> Select the computation function from the 3 control buttons on the top of the interface
Number of the file h :
bl 1o L e e ey | > >> [Function] From the surface atmosphere, land water or sea level variation load spherical harmonic coeffcient model (m), compute the non-tidal load effects on the geoid or
Column ordinal number of the height in record 4 < height anomaly (mm), ground gravity (iGal), gravity disturbance (Gal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, to the south and to the
[ & Open surtace load hammonic coefiient modeT g ] west, mas), horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity

gradient (10uE) or horizontal gravity gradient (NW, to the north and to the west, 10uE) using spherical harmonic synthesis.
| Select the type of effects >> Open the space calculation point flle C/ETideLoad4.5_. ot

8 geoid or height anomaly (mm) **L00K at the file information in the window below and sef the row number of the flle header...
® ground gravity (uGsl) & Shgpen surface load harmonic coefficient model file C./E TideLoad4.5_win64en/examples/Loadeformharmsynthiandwcs/swsc2018011012.coe.
| £ gravity disturbance (uGal)

s below only shows no more than J000 tows of data in the i
he resuits as C/ETideLoad4 5_winéden/examp |es/Loauelormharms nthioaddfmrst bd.
| ) ground titt (SW, mas) (¢ >> Setling pacameters have been imporied into the prograi
vertical deflection (SW, mas) ccnck x‘;: Ba tol lemon {?:zrh °?é"§$"§§°'"3' o he tool bution (Start computation).
4 >> Comp! st time:
hortzontal dispiacement (EN. mm) >> Complete the computation of the model values of load effects!
@ ground radial displacement (mm) (+ >> Computation end time*2024-10-20 09:15:18
ground normal or orthometric height (mm)

radial gravity gradient (10pE) :"“;""’:g‘e‘m“‘:r"‘?me 1
horizontal gravity gradient (NW, 10E)

N nowed 300 s 14 Save the results as ¥ Import setting parameters & Start computation
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| 08 06 04 02 002 04 -1 o 1 2 o us 1 15 2
| — O - : :
geoid / height anomaly (mm) ground gravity (uGal) radial displacement (mm)

[Output file] The surface load effect file.

When the discrete calculation point file input, the output file header is the same as the
input file. Behind the input file record, adds one or several columns of the surface load effects
selected as the output file record. In this example, 3 attributes of load effects on height
anomaly, ground gravity and ground radial displacement are added to the record.
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When the calculation surface height grid file input, the program outputs the grid files *.??7?
of the surface load effects selected, where * is the input file name, and ??? = ksi, gra, rga,
dft, vdf, dph, dpr, nmh, grr or hgd, respectively, representing the grid file of load effects on
the height anomaly, ground gravity, gravity disturbance, ground tilt, vertical deflection,
horizontal displacement, radial displacement, normal or orthometric height, radial gravity
gradient or horizontal gravity gradient.

= . — . |
B M 5 s a2 Re
Openfile Saveas Importparameters S'art compulat Save process  Follow example

Computation of various load effects Computation of various load effects of Computation of load effect time series 73 Global surtace load spherical hamonic

| l using spherical harmonic synthesis [ ® Eart satelite or outside solid Earth using spherical harmonic synthesis *® analysis and load effect synthesis

Select the calculation polnt file format [The type of surface load _Surface atmosphere 4.t Save program process as

The calculation surface height grid file
= >> Computation end time: 2024-08-15 09:35:49
¥ Open the calculation surface height grid file >> [Function] From the surface atmosphere, land water or sea level variation load spherical harmonic coefficient model (m), compute the non-tidal load effects on the geoid or
4 height anomaly (mm). ground gravity (uGal), gravity disturbance (4Gal), ground tiit (SW, to the south and to the west, mas), vertical deflection (SW, to the south and to the
) Open surfacs ioa! hermonic cooficlent modei file west, mas), horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity
|| Select the type of effects gradient (104) or horizontal gravity gradient (NW, to the north and to the west, 104E) using spherical harmonic synthesis. |

|1 2 geoid or height anomaly (mm) >> Open the calculation surface height grid file C-/ETideL0ad4.5_ 520170315.1xt.
s < >> The open file is not a grid fle!
|8 Ground granity (:Gal) >> Open the calculation surface height grid file C-/E TideLoad4 5_ 15m dat
gravity disturbance (uGal) >> Open surface load harmonic coefficient model file C-/ETideLoad4 5 0170315.txt.
71 ground tit (SW, mas) (© & f et
7] vertical deflection (SW, mas) >> Save the results as C /ETideL0oadA 5 ot
5 5> Sefting parameters have been imporied into The programt
CJ hortzontal displacement (EN, mm) ** Click the control button [Start computation], or the tool button [Start computation].
71 ground radial displacement (mm) (& >> Computation start time: 2024.08-15 09:38:14
|| £ ground normal or orthometric height (mm) (= >> Complete the computation of the model values!
radial graviy gradient (104E) >> Computation end time: 2024-08-15 09:38:31 [
horizontal gravity gradient (NW, 104E) |
T Biing degmes [ — o) Maximun iuncaied on, =) Save e results as # Import setting parameters & Start computation

of the coefficient model degree

geoid / height anomaly (mm) ground gravity (uGal) radial displacement (mm)
4.4.2 Computation of various load effects of Earth satellite or outside solid Earth

[Function] From the surface atmosphere, land water or sea level variation load spherical
harmonic coefficient model (m), compute the non-tidal load effects on the geopotential
(0.1m?/s?), gravity (uGal), or gravity gradient (10uE) outside the solid Earth using spherical
harmonic synthesis.

Here the space point outside the solid Earth generally refers to the point that is not fixed
with the solid Earth in ocean space, near-Earth space, or satellite altitude.

[Input files] The discrete calculation point file. The surface load spherical harmonic
coefficient model file.

The calculation point file can be a discrete calculation point file or a calculation surface
ellipsoidal height grid file.

The discrete calculation point file record format: Point number (name), longitude, latitude
(decimal degrees), ellipsoidal height....

[Output file] The surface load effect file.
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When the discrete calculation point file input, the output file header is the same as the
input file. Behind the input file record, adds one or several columns of the surface load effects
selected as the output file record. In this example, all types are selected, and there are 14
attributes added to the record.

B M 3 I 8 & 7

Openfile Saveas Importparameters S'arl computaion  Saveprocess  Follow example

| . Computation of various load effects 1§ Computaion of various oad efiecs of Computation of load effect time series 12i Olobal surface load spherical harmonic

| using spherical harmonic synthesis Earth satellite or outside solid Earth * using spherical harmonic synthesis analysis and load eflect synthesis

i

JgEssct ooy PO A Iﬂverypedwr'-xluu Sea level variation 4t Save program process as
| The discrete calculation point file

| > start time: 1815

[ B Open the space calculated point file I »Oonummawnpuu of the model values of load effects!

|

i o oLie e hisacio | s >> [Function] Fr;:mwfzz‘aw\omslﬂd ‘water or sea level variation load spherical harmonic coefficient model (m). compute the non-tidal load effects on the
1 - ul
Column ordinal number of the height in record 4 : (0.1m#/s%), gravity (uGal), or gravity gradient (10E) outside the solid Earth using spherical harmonic synthesis.
surface ** Here the space point outside the solid Earth generally refers to the point that is not fixed with the solid Earth in ocean space, near-Earth space. or satellite altitude.
‘E:n' foad harmonic coefficents modete, | )Openmspauwmmpouﬂﬁec/ETmLmlfi .
Select the type of effects " LOGK 3l the Tie information in

616 (W NUMBEF Of the flé heager.
@ geopotential (0.1ms")
| T gravity vector (XZ. pGai)

L) gravity vector (ENU, pGal)

Seting
| O gravity gragient (XYZ, 104E) ** Click the comt oofwumon) or i to0 utton [Start computation).
| [@ gravity gradient (ENU, 104E) >> Computation s : 2024-10-20 09:21:16

>> Complete the 2
| >> Computation end tme.

fion of the model values of load effects!
iy GOCE satellite altitude
e D S w S : 1 Save the resutts as 3 Import setiing parameters Start computation

~28.4375
2 09

1
1
1
1
1
1
1
1
1
1
1

Extract deformation field to be plot . Piot)

136 138

gravity gradient (E, 104E) gravity gradient (N, 104E) gravity gradient (U, 104E)

‘B B ¥ e 4 &t (N

Openfile Saveas Importparameters S'art computalion  Saveprocess  Follow example

| .. Computation of various load effects § Compaton of various foad efects of Computation of load effect time series £2i Olobal surface load spherical harmonic

| using spherical harmonic synthesis Earth satelite or outside solid Earth using spherical harmonic synthesis analysis and load effect synthesis

|

[ ect e culolialion poind S el I‘metyped;uﬂ.eeloau Sea level variation it Save program process as
| The discrete caiculation point fie

> C start time: 2024-10-20 09:21:16
I >> Complete the computation of the model values of load effects!

B Open the space calculated point file
|

| Number of rows of the file header 0 s
| > >> [Function] From the surface atmosphere, land water or sea level variation load spherical harmonic coefficient model (m). compute the non-lidal load effects on the

Column ordinal number of the height in record 4 : (0.1ma/s?), gravity (uGal), or gravity gradient (10yE) outside the solid Earth using spherical harmonic synthesis.

e fMcients modeTig > Hop e the space point outside the solld Earth generaly refers to the point that is not fixed with the solid Earth in ocean space, near-Earth space. or satellite altitude.
[ Boper 000 bR oK mod [ e e ot lte B N ey _vnG4en/exampies/L oadeformharmsynthisatpr. xt
Select the type of effects GOK AT 15 1 IIOrmalion i 1he WIdow Beiow ard Se1 the oW nUMber o e fé Feader.

@ geopotential (0.1m'/s")
| L gravity vector (XYZ. yGa

8 gravity vector (ENU. pGal)

T gravity gradient (XYZ. 104E)
\ () gravity gradient (ENU, 10pE)
|

>> Computation end time: 2024-10-20 09:22:29

12018010312cs dat ]

ine: 2024-10-20 09:24:58

a0 of e mocel vlues o o afecs! ‘ |
GRACE satellite altitude \

[ save the results as ¥ Import setting parameters t computation

Extract deformation fieid to be plot A Piot]

138

gravity vector (N, uGal) gravity vector (U, uGal)
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When the calculation surface ellipsoidal height grid file input, the program outputs the
grid files *.??7? of the surface load effects selected, where * is the input file name, and ? ? ?
= gpv, pVvX, pVy, pvz, pve, pvn, pvr, VXX, Vyy, VZz, or vee, vnn, vIr, respectively, representing
the grid file of load effects on the geopotential, x, y, z components of gravity, E, N, U
components of gravity, x, y, z components of gravity gradient or E, N, U components of
gravity gradient.

4.4.3 Computation of load effect time series using spherical harmonic synthesis

[Function] From the surface atmosphere, land water or sea level variation load spherical
harmonic coefficient model (m) time series, compute the time series of the non-tidal load
effects on various variations on the calculation points in the input file using spherical

harmonic synthesis.
[Input files] The surface calculation point file. The surface load spherical harmonic

coefficient model time series file.

The calculation point file can be a discrete calculation point file or a calculation surface
height grid file.

The discrete calculation point file record format: Point number (name), longitude, latitude

(decimal degrees), height....
The time series files of the load spherical harmonic coefficient model are extracted

according to the given wildcards.

| =
| B [ v az

e -
Openfie Saveas Importparameters —Start comput Save process  Follow example
Computation of various load effects Computation of various load effects of Computation of ioad effect time series £ Global surface load spherical harmonic
using spherical harmonic synthesis ® Eartn satelite or outside solid Earth using spherical harmonic synthesis *# analysis and load effect synthesis
| Select the caicutation point file format [The type of surface load_ Sea level variation - | 4 Save program process as
The calculation surface height grid file
> [Function] From the surface atmosphere, land water or sea level variation load spherical harmonic coefficient model (m) time series, compute the time series of the non-
# Open the land surface height grid file ucal load effects on various variations on the calculation points in the input file using spherical harmonic synthesis.
4 >> Open the land surface height grid file C/E TideLoad4 5_ 15m dat
@ Opon any load hamonko oosficiont model e 2,0pen ant oed termior coefiians el e G Ememm 5.1 12¢s.dat
Set the wildcard of the file names. 000 ¢ ofd !

Ordinal number of first wiidcard In file nar

Number of consecutive wildcards in file
Select the type of eflects

8 geoid or height anomaly (mm)

7ies fes 31, gra, rga, ot vdf, dph, dpr. nmh, gIT or hgd, respectively, representing
add ne B load effcts on the he»ghl anomary ground gravity, gramy ihrboncs qvwnd it vertical deflection, horizontal displacement, radial displacement, normal or

Jow be no 0 2l e
: = Creste or se\ect he lesu\!s 'oidev C/ETnueLoaoA 5.\ Vinben examples’Loaoe?ormharmsynm seaload
‘Program outputs. CT gid tme sei =

s ofthe model tme series e name, whoss nstance can denty the samplig epoch time o the compuied kosd effcts. The rumber of utput

| @ ground gravity (uGal) & files is equai to the number 3 g series fles of the load spherical harmonic coefficient model.
s i ~"The I0ad harmonic coeficient modeMMee.sgarched by wicard instaniiation I
gravity disturbance (uGal) CY/ETideLoad4 5. oadefomMmasasynitys [2019010217cs dat
ground tit (SW, mas) (& CU/ETideLoadd. 5. aligs/sea 19010914cs dat
vertical deflection (SW, mas) CU/ETideLoad4 5 ) 19011612cs dat
o CU/ETideLoad4 5, dat
horizontal displacement (EN, mm) CIETideL 004 5 oo
8 ground radial displacement (mm) (= G(FTidel 0add 5 5 at
1 ® 7 s R
ground normal or orthometric height (mm) Winimum starting degree | - Maximum runcated | B ¥ Set the resultfoider ¥ impoti seling parameters J

radial gravity gradient (104E)
honzontal gravity gradient (NW. 104€)

of the coefficient mode!

96 04 02 0

geoid / height anomaly (mm) ground gravity (uGal) radial displacement (mm)

[Output file] The surface load effect time series files.
When the discrete calculation point file input, the program outputs the surface load effect
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record time series files loadfmdl***.txt. Each output file header is the same as the input file.
Behind the input file record, adds one or several columns of the surface load effects selected
as the output file record.

When the calculation surface height grid file input, the program outputs the surface load
effect grid time series files loadfmdl***.???, where ??? = ksi, gra, rga, dft, vdf, dph, dpr, nmh,
grr or hgd, respectively, representing the grid file of load effects on the height anomaly,
ground gravity, gravity disturbance, ground tilt, vertical deflection, horizontal displacement,
radial displacement, normal or orthometric height, radial gravity gradient or horizontal gravity
gradient.

Here, *** are the wildcards of the load spherical harmonic coefficient model time series
file name, whose instance can identify the sampling epoch time of the computed load effects.
The number of output files is equal to the number of the time series files of the load spherical
harmonic coefficient model.

The computation process needs to wait.... During the computation period, you can open
the output files directory to look at the computation progress!

The last column attribute of each output file header is the instance of the wildcards of
the file name of the model time series, which represents the sampling epoch time of the
output file.

[ B = ¥ & &g An \
Openfile Saveas Importparameters Start compulalion  Save process —Follow example
Computation of various load effects { Computation of various ioad effects of Computation of load effect time series ¢ Global surface load spherical harmonic
using spherical harmonic synthesis Earth satelitte or outside solid Earth using spherical harmonic synthesis analysis and load effect synthesis
| - Select the calculation point file format The type of surface load_Land water EWH 4! Save program process as

The calculation surface height grid file

>> [Function] From the surface atmosphere, land water or sea level variation load spherical harmonic coefficient model (m) time series, compute the time series of the non-

tidal load effects on various variations on the calculation points In the input file using spherical harmonic synthesis.

>> Open the land surface height grid file C./ETideLoad4 5

>> Open any load harmonic coeflicients model file C:/ETideLoad4 5 coe
The window below only shows no more than 3000 rows of data in the file!

:+ [E>Create or select the resuits folder C/ETileLoad4.5. wnn&en/exampleszLoaderormnavmsynwlmgrﬂwml
rogram oUtputs e surface 10ad eect gnd ime senes fes Where 777 = ksi, gra, rga, di, v, dph, dpr, nmh, grT or hgd, respectively, representing

atid file of load effects on the height anomaly, ground gravity. gravity disturbance, ground tit, vertical deflection, horizontal displacement, radial displacement, normal or

# Open the land surface height grid file

{2} Open any load harmonic coefficient model file

Set the wildcard of the file names.
Ordinal number of first wildcard in file namé
Number of consecutive wildcards in file n:

Select the type of effects eight, radial gravity gradient or horizontal gravity gradient
8 geokd or height anomaly (mm) Here, *** are Thwikigards of the model time series file name, whose instance can identify the sampling epoch time of the computed load effects. The number of output
| @ ground gravity (uGal) = files is equal to the number SThedigne series files of the load spherical harmonic coeflicient model.
kst (o ** The load harmonic coefficient mode earched by widcard Instantiation
gravity disturbance (uGal) CJ/ETideLoad4.5_y asynth 018010312fcoe
ground tilt (SW, mas) & CJ/ETideLoad4 5., 101
| (1 vertical deflection (SW, mas) CJETideLoad4.5_ 1712foe l
, CJETideLoad4.5_) 12412}coe
horizontal displacement (EN, mm) C/ETIdeLoad4 5 ook
| @ ground radial displacement (mm) (= C-{FTidel 0add & 120e
| () ground normal or orthometric height (mm) (& Minimum starting degree = Maximum truncated - 3 s
1 360 : Set the result folder ¥ Import setting parameters & Start computation
radial gravity gradient (104E) of the coefficient model degree 8 > e
horizontal gravity gradient (NW, 104E) TR Tetenre 3

|
| w
|
1 £
|
F5
%
1o : ¢ 3 106 3 " nr e
<14 -12 -1 08 06 04 02 2 -1 0 1 2 05 1 L3 2 2.5
geoid / height anomaly (mm) ground gravity (Gal) radial displacement (mm)

The program also outputs the time series file Loadfmcmsfptm.txt of surface load effects
on the first and second degree geopotential coefficients, Earth's center of mass and Earth's
figure polar shifts into the current directory, which is an internal test file. The first row is the
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file header, and starting from the second row of the file, each row record stores the sampling
epoch time, 8 columns of surface load effects on the first and second degree normalized
geopotential coefficients AC;q, ACy1,AS11, ACyy, ACy,ASy1,AC,,,AS,, (x107'°), 3 columns
of surface load effects on Earth’s mass centric variations Ax.p,, AYenAZey (in unit of mm)
and 2 columns of surface load effects on Earth’s figure polar shifts Axgz,, Aygs,(in ITRS
space rectangular coordinate system, in unit of m).

T TR R | [ SO IROITIE E0] ] Losdfacasfota txt 0|

Axgrp(m) Aygpp(m) Month/daylyear

070218 010119 070319 01/0120 U”Ul)lﬂm
The global sea level variation load effect time series (m) on Earth’s figure polar shift in ITRS

/‘ "W/ L M'*N

-y

»

»

o

&

4
-6
i Axgpp(m) Aygpp(m) Month/daylyear |
07/02/18 0101719 07/0319 01701720 07/02720
The surface atmosphere variation load effect time series (m) on Earth’s figure polar shift in ITRS

04
02

0
02}
04F
0.6
08 Axgpi(m) Ayspp(m) Month/daylyaar,

0’?.'0‘21]!1 a1/017/19 0703/19 01401720 07/0220
The global land water variation load effect time series (m) on Earth’s figure polar shift in ITRS
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month/dayl/year

07/02/18 o10119 07/03/19 010120 07/02/20
Land water load effect time series in Chinese mainland (360-degree model): geoidal variation (mm)

: i i : mont.hldaylyear
07/02/18 01/01/19 07/03/19 01/01720 07/02/20
Land water load effect time series in Chi inland (360-deg del): ground normal height variation (mm)

07/02/18 01/01/19 07/03/19 ‘ 01/01/20 07/02/20
Land water load effect time series in Chinese mainland (360-degree model): radial gradient variation (10uE)
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i H : month/daylyear
07/02/18 01/01/19 07/03/19 01/01220
Sea level load effect time series in Chinese coastal zone (360-degree model): geoidal variation (mm)

)
e

LIRS

: £ : month/daylyear |
07/02/18 01/01/19 07/03/19 01/01/20
Sea level load effect time series in Chinese coastal zone (360-degree model): normal height variation (mm)

61 J
: H ; month/dayl/year
07/02/18 01/01/19 07/03/19 01/01220
Sea level load effect time series in Chinese coastal zone (360-degree model): gravity disturbance variation (pGal)
100 <3 » ! X
50 = S ]
ok 74
50+ R B
A
-t ;
-1oop : s : onth/daylyear |
07/02/18 01/017119 07/03/19 01/01/20
Sea level load effect time series in Chi tal zone (360-deg del): radial gradient variation (10pE)
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Using the monitoring data to global surface atmosphere, land water and sea level
variations, determine the non-tidal temporal Earth's gravity field, as well as the non-tidal load
effects on the geopotential coefficients, and then you can calibrate various parameters of
the gravity satellite's key measurement equipments, and then effectively improve and check
the quality, reliability, and accuracy of the time-varying monitoring of satellite gravity field.

4.5 Regional refinement of load deformation field by Green's Integral

[Purpose] From the regional residual surface load equivalent water height grid which
have been removed the reference model value with global load spherical harmonic
coefficient model, calculate the residual load deformation field grid by load Green's function
integral to refine the regional load deformation field and temporal gravity field.

When computing the load effects of sea level variations, the height of the calculation
point is the normal or orthometric height. When computing the load effects of surface
atmosphere or land water variations, the height of the calculation point is the height relative
to the Earth’s surface.

4.5.1 Computation of regional residual surface load effects by Green's Integral

[Function] From the regional residual equivalent water height (EWH) variation grid (cm),
compute the residual surface load effects on the geoid or height anomaly (mm), ground
gravity (uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas),
vertical deflection (SW, to the south and to the west, mas), horizontal displacement (EN, to
the east and to the north, mm), ground radial displacement (mm), ground normal or
orthometric height (mm), radial gravity gradient (mE) or horizontal gravity gradient (NW, to
the north and to the west, mE) by load Green's function integral.

[Input files] The space calculation point file. The regional residual equivalent water height
variation grid file.

The calculation point file can be a discrete calculation point file or a calculation surface
height grid file.

The discrete calculation point file record format: Point number (name), longitude, latitude
(decimal degrees), height....

[Parameter settings] Select the format of the calculation point file, enter the load Green’s
function integral radius and select the type of surface loads.

[Output file] The regional surface load effect file.

When the discrete calculation point file input, the output file header is the same as the
input file. Behind the input file record, adds one or several columns of the surface load effects
selected as the output file record. In this example, 4 attributes of load effects on height
anomaly, ground gravity, ground radial displacement and radial gravity gradient are added
to the record.

When the calculation surface height grid file input, the program outputs the grid files *.???

107



of the surface load effects selected, where * is the input file name, and ??? = ksi, gra, rga,
dft, vdf, dph, dpr, nmh, grr or hgd, respectively, representing the grid file of load effects on
the height anomaly, ground gravity, gravity disturbance, ground tilt, vertical deflection,
horizontal displacement, radial displacement, normal or orthometric height, radial gravity
gradient or horizontal gravity gradient.

'® B 3

| Openfile Saveas Importparameters S

az As

Save process  Follow example

. Computation of regional residual surface | . Computation of lakes, glaciers, and snow . Computation of regional load effect & Algorithm f I
*= load effects by Green's Integral == load effects by Green's Integral == time series by Green's Integral 3 ORI Tomuas,
Select the calculation point file format [Yhe type of surface load Surface atmosphere 4 Save program process as
The discrete calculation point file
spherical harmonic coefficient model, calculate the residual load deformation field grid by load Green's function integral to refine the regional load
8 Open the space calculated point file deformation field and temporal gravity field.
=7 *When computing the load effects of sea level variations, the height of the calculation point is the normal or orthometric height. When computing the load
ARG f (G 0F i Ma Dol 1 effects of surface atmosphere or land water variations, the height of the calculation point is the height relative to the Earth's surface
Column ordinal number of height in record 4 S>> Select the computation function from the 3 control buttons on the top of the interface
>> [Function] From the regional residual equivalent water height (EWH) variation grid (cm), compute the residual surface load effects on the geoid or height
Open the residual lent wat
a8 m:;:( v;'f::"m“;”;q"'::’a ent water anomaly (mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW. to the south and to the west, mas), vertical deflection (SW. to the south
nd to the west, mas), horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or orthometric |
Select the type of effects iaht (mm), radial aravity aradient (mE) or horizontal ravity aradient (NW. to the north and to the west, mE) by load Green's function integral

@ geoid or height anomaly (mm) »\Qpen the space calculation point file C:/ETideLoad4.5_y txt.

® ground gravity (uGal) & ** Lok at the file information in the window below and set the row number of the file header.
gravity disturbance (Gal)

. ground tilt (SW, mas) (=
vertical deflection (SW, mas)
horizontal displacement (EN, mm) (=

>> Complete the fefinement computation!
8 ground radial dispiacement (mm) >> Computation end\jme: 2024-10-20 10:24:04

ground normal or orthometric height (mm) (&
e ——— ——

radial gravity gradient (mE)
horizontal gravity gradient (NW, mE)

¥ save the results as ¥ Import setting parameters ¥ startc

o ne "
4 2 o 2 3 B 3 2 4 o 1

geoid / height anomaly (mm) ground gravity (iGal) radial displacement (mm)

4.5.2 Computation of lakes, glaciers and snow load effects by Green's Integral

[Function] From the load equivalent water height variation grid (cm) of the inland water-
bodies such as the rivers, lakes, reservoirs, glaciers or snow-capped mountains, compute
the water-body load effects on the geoid or height anomaly (mm), ground gravity (uGal),
gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical
deflection (SW, to the south and to the west, mas), horizontal displacement (EN, to the east
and to the north, mm), ground radial displacement (mm), ground normal or orthometric
height (mm), radial gravity gradient (mE) or horizontal gravity gradient (NW, to the north and
to the west, mE) by load Green's function integral.

[Input files] The space calculation point file. The water-body equivalent water height
variation grid file.

The calculation point file can be a discrete calculation point file or a calculation surface
height grid file.

The height in the calculation point file refers to the height of the calculation point relative
to the water surface.
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[Parameter settings] Select the format of the calculation point file and enter the load
Green’s integral radius.

[Output file] The same with chapter 4.5.1.

The equivalent water height variation grid of multiple water bodies at the same sampling
epoch time can be merged directly, and then you can get the total load effects by load
Green's function integral.

If the changes of the inland water bodies such as the rivers, lakes, reservoirs, glaciers,
and snow-capped mountains are represented by the load equivalent water height variations
grid, the program can accurately compute these load effects on various geodetic variations.

Due to shortwave dominance of the residual load effects, the residual load equivalent
water height grid is required to have an appropriate spatial resolution to reflect the loads
shortwave characteristics. Otherwise, Green's function integral may be unstable.

[ N | 3 v at as
Openfile Saveas Importparameters —Start iation  Save process  Follow example
Computation of regional residual surface | Computation of lakes, glaciers, and snow Computation of regional load effect O it
*= Joad effects by Green's Integral *= load effects by Green's Integral == time series by Green's Integral P ugorithm formas,

Select the calculation point file format

4 Save program process as
The discrete calculation point file

>> Computation end time: 2024-10-20 10:26:55
# Open the space calculation point file >> [Function] From the load equivalent water height variation grid (cm) of the inland water-bodies such as the rivers, lakes, reservoirs, glaciers or snow-
capped mountains, compute the water-body load effects on the geoid or height anomaly (mm), ground gravity (uGal), gravity disturbance (iGal), ground titt
(SW. to the south and to the west, mas), vertical deflection (SW, to the south and to the west, mas), horizontal displacement (EN, to the east and to the
Column ordinal number of height in record 4 = north, mm). ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity gradient (mE) or horizontal gravity gradient (NW, to
the north and to the west, mE) by load Green's function integral
& Sgg:“'\',:':a';z‘:‘dgyr;q;"l‘:a'e“‘ U? ** The height in the calculation point file refers to the height of the calculation point relative to the wabar suséana

Number of rows of the file header 1

**The water height variation grid of multiple water bodies at the same sampling epoch t . W o P ll
Select the type of effects total load effects by load Green's function integral
8 geoid or height anomaly (mm) > Open the space calculation point file C/ETideLoad4 .5 o
8 ground gravity (4Gal) @ 00k at the file information in the window below and sef the row number of the file header. I
QIound Jraviy o) >> Open water-body equivalent water height variation grid file C-/ETideLoad4.5_win64enfexamples. "
gravity disturbance (uGal) [>> Savethe results as C/ETideLoadd.5 \ ‘oadim afmrst tixt il
ground tilt (SW, mas) (= 55 Sefling pagameters have been imporied into the program!
vertical deflection (SW., mas ** Click the Gontrol button [Start computation], o the tool button [Start computation] -
R (m o EN’ s >> Computation Stat time: 2024-10-20 10:29:17
RN P sosnent (0, ) >> Complete the refiftement computation!
8 ground radial displacement (mm) (= >> Computation end time:,2024-10-20 10:36:07

@ ground normal or orthometric height (mm) (=
@ radial gravity gradient (mE)
horizontal gravity gradient (NW, mE)

¥ save the results as

Green's integral radius_300km ™. |

t the effe be % Plot]

17 1L me mz L e nz uLe s
o ™ 006 o008 002 0M 006 008 01 a1 014 016 a4 m o2 01
—— =
geoid / height anomaly (mm) ground gravity (iGal) radial displacement (mm)

4.5.3 Computation of regional load effect time series by Green's Integral

[Function] From the regional residual equivalent water height (cm) grid time series,
compute the time series of the residual value of the load effects on various geodetic
variations at the calculation points in the input file by load Green's function integral. The
residual equivalent water height variation (cm) grid time series files are extracted according
to the given wildcards.

When calculating of the lakes, glaciers, or snow load effects, please select “Land water
EWH? as the type of surface load.
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[Input files] The surface calculation point file. The regional residual equivalent water
height grid time series file.

The calculation point file can be a discrete calculation point file or a calculation surface
height grid file.

The discrete calculation point file record format: Point number (name), longitude, latitude

(decimal degrees), height....
The time series files of the equivalent water height grids are extracted according to the

given wildcards.

[Parameter settings] Select the format of the calculation point file and set the wildcard
parameters for the surface load equivalent water height grid time series files, enter the load
Green s mtegral radlus and select the type of surface Ioads

B8 3

Openfile Saveas Importparameters Stari compuiation  Save process  Follow example
. Computation of regional residual surface . Computation of lakes, glaciers, and snow ~ Computation of regional foad effect P
*= Joad effects by Green's Integral == load effects by Green's Integral == time series by Green's Integral ORI TOrILAS,
Select the calculation point file format [Tha type of surface load Land water EWH | 4 Save program process as
The discrete calculation point file
>> [Function] From the regional residual equivalent water height (cm) grid time series, compute the time series of the residual value of the load effects on
8 Open the surface calculation point file various geodetic variations at the calculation points in the input file by load Green's function integral. The residual equivalent water height variation (cm) grid
= time series files are extracted according to the given wildcards.

e Dente 1 = " The epoch time of the residual load effects is the sampling epoch time of the surface equivalent water height grid model

Column ordinal number of height in record 4 S _*When calculating of the lakes, glaciers, or snow load effects, please select “Land water EWH" as the type of surface oad.
>> Open the surface calculation point ile C:/ETideL.0ads.5 | .

@ 000 2ry Insicuial aquivalent watar ‘ “Look at the file information in the window below and sef the row number of the file header.
9 9 >> Open any residual equivalent water height variation grid file C/ETideLoad4.5 win64en/examples/Loadfmmtgreenintg/swscSEP2018041112.dat |
Set the wildcard of the file names >> Create or select the resuf foder C /ETideLoadé 5_win64en/examples/Loadfmmigreeninig/oadims

& program outputs the residual load effect record time senes flles miGreen .ixt. Each output file header is the same as the input file. Behind the
input file record, adds one or several columns of the surface load effects selected as the output file record.

a.the wildcards of the variation grid time series file names, whose instance can identify the sampling epoch time of the load effects.
a-gad files searched by wildcard instantiation.

Ordinal number of first wildcard in file name,
Number of consecutive wildcards in file name 10
** The load EWH

Select the type of effects 7
8 geoid or height anomaly (mm) Ci/ETideLoad4.5_) mp) H2018041112at
C:/ETideLoad4.5_y 2018041812fdat

8 ground gravity (1Gal) Ci/ETideLoad4.5_) 018042512/dat
gravity disturbance (Gal) C:/ETideLoad4.5_\ 2018050212}dat

>> 4 equivalent water height variation grid time series files are found by wildcard instantiation
>> Setting parameters have been imported into the program!

vertical deflection (SW, mas)
horizontal displacement (EN, mm) (& Green's integral radius_300km = [ Setthe results folder 3 Import setting parameters 4 Start computation

@ ground radial displacement (mm) (=

@ ground normal or orthometric height (mm) (=)
@ radial gravity gradient (mE)

@ horizontal gravity gradient (NW, mE)

ground tilt (SW, mas) ©

Extract the effects to be plot s Plot

L L
108 ne n

L
3 ne "

 geoid / height anomaly (mm) ground gravity (iGal) radial displacement (mm)

[Output file] The residual surface load effect files.

When the discrete calculation point file input, the program outputs the residual load effect
record time series files rntGreen***.txt. Each output file header is the same as the input file.
Behind the input file record, adds one or several columns of the surface load effects selected
as the output file record.

When the calculation surface height grid file input, the program outputs the residual load
effect grid time series files rntGreen***.???, where ??? = ksi, gra, rga, dft, vdf, dph, dpr, nmh,
grr or hgd, respectively, representing the grid file of load effects on the height anomaly,
ground gravity, gravity disturbance, ground tilt, vertical deflection, horizontal displacement,
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radial displacement, normal or orthometric height, radial gravity gradient or horizontal gravity

gradient.

The epoch time of the residual load effects is the sampling epoch time of the surface
equivalent water height grid model.

The number of the output files is equal to the number of time series files of the residual
equivalent water height variation grid. Here, *** are the wildcards of the variation grid time
series file names, whose instance can identify the sampling epoch time of the load effects.

-

- T ¥ o A

| Openfile Saveas Importparameters Staricomputation  Save process — Follow example

| . Computation of regional residual surface .. Computation of lakes, glaciers, and snow . Computation of regional load effect
‘ ** load effects by Green's Integral ** load effects by Green's Integral ** time series by Green's Integral
Select the calculation point file format | he type of surtace load _Land water EwH | 4. Save program process as
The calculation surface height grid file
= . >> [Function] From the regional residual equivalent water height (cm) grid time series, compute the time series of the residual value of the load effects on
3 Open the land surface height grid file various geodetic variations at the calculation points in the input file by load Green's function integral. The residual equivalent water height variation (cm) grid

time series files are extracted according to the given wildcards.
I ** The epoch time of the residual load effects is the sampling epoch time of the surface equivalent water height grid model

= Algorithm formulas {

a8 Open any residual equivalent water
=3 height variation grid file

™ When calculating of the lakes, glaciers, or snow load effects, please select ‘Land water EWH" as the type of surface load
>> Open the land surface height grid file C/ETideLoadd.5 dat

Set the wildcard of the file names

Ortiiak raanbec of frat wideard I e viarna - pen any residual equivalent water height variation grid file C/ETideLoad4 5_win64en/examples/Loadfmmigreenintg/swscSEP2018041112.dat
e or select the result folder C/ETideLoad4.5_winb4en/examples/Loadfmrmigreeninigioadims.
Number of consecutive wildcards in file na - T efect grid ime senes T e RIS ST, gra, rga, aft, vd, dph, dpr, nmh, grr or hgd, |
Select the type of effects respectiveTy~eq load effects on the height anomaly, ground gravity, gravity disturbance, ground tit, vertical deflection, horizontal
8 geoid or height anomaly (mm) normal or height, radial gravity gradient or horizontal gravity gradient
G et = are the wildcards Wﬁ file names, whose instance can identify the sampling epoch time of the load effects.
% ** The load EWH variation gnd files seal wildcard instantiation;
gravity disturbance (Gal) C/ETideLoad4.5 ialg/swscSEF201804 1112 at
ground tilt (SW, mas) C/ETideLoad4 5. £2018041812]dat '
C/ETideLoad4 5 18042512}dat
Varfioa) deflaction (Ovr es) C/ETideLoad4 51 A2018050212}cat
horizontal displacement (EN, mm) = >> 4 equivalent water height variation grid time series files are found by wildcard instantiation
@ ground radial displacement (mm) (= >> Setting parameters have been imported into the program!

@ radial gravity gradient (mE)
@ horizontal gravity gradient (NW, mE)

8 ground normal or orthometric height (mm) © Green's integral radius 300km = [l Setthe results folder 3 Import setting parameters ¥ Start computation

geoid / height anomaly (mm) ground gravity (iGal) radial displacement (mm)

10

month/daylyear |

070218 01/01/19 070319 o120 07/02/20
30'x30' residual soil water load effects in Chinese mainland (Green integral): ground gravity variation (uGal)

The computation process needs to wait.... During the period, you can open the output

file directory to look at the computation progress!
The last attribute of each output file header is the instance of the wildcards of the time
series file name of the residual equivalent water height grid model, which represents the
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sampling epoch time of the output file.

o7ozs 01/01/19 07/03/19 01/01/20 07/02/20
30"x30' residual soil water load effects in Chinese mainland (Green integral): gravity gradient variation (radial, mE)

: : month/dayl/year
07/02/18 01/01/19 07/03/19 01/01720 07/02/20
30'x30’ residual soil water load effects in Chinese mainland (Green integral): horizontal gradient variation (N, mE)

montpldaylyear
07/02/18 01/01/19 07/03/19 01/01720 07/02/20
30'x30' residual soil water load effects in Chinese mainland (Green integral): horizontal gradient variation (W, mE)

After superimposing the load effects of ultrashort wave surface water and groundwater,
the variation magnitudes of the ground gravity gradient will increase by more than several
times. How to effectively deal with the surface load effects with complex space-time
characteristics is a key problem that must be faced in high-precision measurement of ground
gravity gradient.

4.6 Regional approach of load deformation field using SRBFs

[Purpose] From the regional residual surface load equivalent water height grid, approach
the regional residual surface loads in spectral domain using spherical radial basis functions
(SRBFs) and then calculate the residual load effects on all-element geodetic variations using
SRBF synthesis to solve the high-degree oscillation and poor convergence troubles of load
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Green's function in the near area around the calculation point.

When computing the load effects of sea level variations, the height of the calculation
point is the normal or orthometric height. When computing the load effects of surface
atmosphere or land water variations, the height of the calculation point is the height relative
to the Earth’s surface.

4.6.1 Approach of residual load and synthesis of residual load effects using SRBFs

[Function] From the regional residual equivalent water height (EWH) variation grid (cm),
approach the regional residual surface loads using spherical radial basis functions (SRBFs)
and then calculate the residual EWH estimation (cm) and residual load effects on the geoid
or height anomaly (mm), ground gravity (uGal), gravity disturbance (uGal), ground tilt (SW,
to the south and to the west, mas), vertical deflection (SW, to the south and to the west,
mas), horizontal displacement (EN, to the east and to the north, mm), ground radial
displacement (mm), ground normal or orthometric height (mm), radial gravity gradient (mE)
or horizontal gravity gradient (NW, to the north and to the west, E) using SRBF synthesis.

[Input files] The space calculation point file. The regional residual equivalent water height
variation grid file.

The calculation point file can be a discrete calculation point file or a calculation surface
height grid file.

The discrete calculation point file record format: Point number (name), longitude, latitude
(decimal degrees), height....

[Parameter settings] Select the calculation point file format and set SRBF approach
algorithm parameters.

The effectiveness principle of the parameter optimization and cumulative approach: (1)
The estimated load EWH and load effects in space are continuous and differentiable, and
(2) the residual standard deviation of the estimated load EWHSs is obviously reduced and the
residual statistical mean tends to zero.

Select the spherical radial basis functions: radial multipole kernel function, Poisson
wavelet kernel function.

Enter the order number m. The order number m of the radial multipole kernel function or
Poisson wavelet kernel function. The greater the m, the bigger the kurtosis of SRBF. The
zero-order radial multipole kernel function is the point mass kernel function, and the zero-
order Poisson wavelet kernel function is the Poisson kernel function.

Enter minimum and maximum degree of SRBF Legendre expansion. Minimum and
maximum degree can be employed to adjust SRBF bandwidth.

Input the Bjerhammar sphere burial depth: The depth of the Bjerhammar sphere relative
to the mean height surface of the observed variations can be employed to adjust the spectral
center and bandwidth of SRBF. The greater the burial depth, the smoother the SRBF, the
smaller the kurtosis namely the wider the spectral bandwidth.

113



Enter the action distance of SRBF center. The action distance is also called as the radius
of influence = spherical angular distance x the mean radius of the Earth. Which is equivalent
to load Green’s function integral radius in space domain.

A fixed action distance is adopted to ensure the coordination and consistency of the
spatial and spectral figure of load deformation field.

Cumulative SRBF approach times. Every cumulative SRBF approach can be considered
that the current load deformation field is refined by the remove-restore scheme with the
previous load deformation field as the reference field. Generally cumulative 1 ~ 2 times can
obtain a stable solution.

(= ]
| - 3 » azr ‘
Openfile Saveas Importparameters Startcompuialon  Save process Follow example
= Approach of residual load and synthesis Computation of residual surface load and =
O eidualload eflects using SHBFs B efloct tme seies using SRBFs Load deformation field approach from heterogeneous variations using SRBFs
Select the Calculelion polit 1o format [ sotution of nomal equation LU triangular decompos - Cumative SREF approach times 1= | & Save program process as
The discrete calculation point file
>> Open the residual equivalent water height variation grid file C/ETideLoad4.5_win6 131.dat.
# Open the space calcutation point file > Save the results as C/E TideLoadd 5_win4en/examples/loacfmtewhSRBFs/SRBFmtdfm txt
. '55'Sefing parameters hiave been mporied imto he progran
| Number of rows of the file header 1 - ** Click the control button [Start computation]. or the tool button [Start computation]
Column ordinal number of height in record 4 :  >>Computation start time: 2024-10-20 15:53:40
>> Complete the computation for approach of residual load and synihesis of residual load effects!
3 Open the residual equivalent water ‘ The source EWH observations (cm): Mean -22.9259 standard deviation 22.8930 minimum -146.8799 maximum 87.2602
— height variation grid file The Oth iterated residual EWH (cm): Mean 0.0052 standard deviation 44537 minimum -37.6941 maximum 255549
2 of the first SREF appoach h flerated residual EWWH (cm): Mean 00025 standard deviation 3.5260 minimum -28.325¢ maximum 221824, | _ _ _ . ____________ 1
>> Computation end time: 2024-10-20 15:58:46 f
Select SRBF radial multipole kemel | . The program also outputs the SRBF spatial curve file *spc.rbf and spectral curve fles *dgr.rbf of 11 kinds of |
order number m 0 - ** *spc.rof file header format: SRBF type (0-radial multipole kernel function, 1-Possion wavelet kernel functiog t

minimum degree 15 2| Legendre expansion, buried depth (km). The record format: spherical distance (km), normalized SRBF valuesi, |

~| disturbance, ground tilt, vertical deflection, horizontal radial height, rd |

| A dexee 900 | **Thefile header of * dgr.rbf is the same as * spc.bf. The record format: degree n of SRBF Legendre expan! .
burial depth of Bjerhammar sphere 5.0km 2| nheight anomaly, ground gravity, gravity disturbance, ground tit, vertical deflection, horizontal displacement, raq

action distance of SBRF center 150km ] hovizontal grecient varlalons. i
| Reuter network level K 1800 : [} Save the results as : . | -
| _Parameters of cumutative SRBF appoach e 66666 i
| Select SRBF radial multipole kerel ’ 1 g " o0 o MseT =R 3 R i LT

order numberm 0
minimum degree 45
maximum degree 1800
| | burial depth of Bjerhammar sphere 10.0km
action distance of SBRF center 90km

Reuter network level K 1800

geoid / height anomaly (mm) ground gravity (pGal) radial displacement (mm) radial gradient (mE)

: @ The effectiveness principle of the parameter optimization and cumulative approach: (1) The estimated load EWH and load effects In space are continuous and differentiable, and (2) the residual standard deviation of the estimated load
| [EWHs is obviously reduced and the residual statistical mean tends to zero

Set the Reuter network level K: The spherical surface is divided into K prime vertical
circles, and the latitude interval is 180°/K. The larger the K value, the greater the spatial
resolution of the spherical Reuter network. The suitable 180°/K is approximately equal to the
average distance between observation points.

Select the method of the solution of normal equation. LU triangular decomposition
method or Cholesky decomposition. The normal equation here does not need regularization
and iterative computation.

[Output file] The residual EWH estimation and residual load effect file.

When the discrete calculation point file input, the output file header is the same as the
input file. Behind the input file record, adds the residual EWH estimation and residual load
effects on the height anomaly, ground gravity, gravity disturbance, ground tilt, vertical

114



deflection, horizontal displacement, radial displacement, normal or orthometric height, radial
gravity gradient or horizontal gravity gradient a total of 14 columns of attributes as the output
file record.

When the calculation surface height grid file input, the program outputs the the residual
EWH estimation and residual load effect all-element grid files *.???, where * is the input file
name, and ??? = ewh, ksi, gra, rga, dft, vdf, dph, dpr, nmh, grr or hgd, respectively,
representing the grid file of the residual EWH estimation and residual load effects on the
height anomaly, ground gravity, gravity disturbance, ground tilt, vertical deflection, horizontal
displacement, radial displacement, normal or orthometric height, radial gravity gradient or

horizontal gravity gradient.
|& - ) 1

. | 3 ¥ az
Openfie Saveas Importparameters Startcompuialion  Save process — Follow example

= Approach of residual load and synthesis
* of residual load effects using SRBFs

Select the calculation point file format
The calculation surface grid file

Computation of residual surface load and

* Joad effect time series using SRBFs

3 Load deformation field approach from heterogeneous variations using SRBFs

| sotution of nomal equation LU trangular decompos - Cumulative SRBF approach times 1 & | it Save program process as

>> [Function] From the regional residual equivalent water height (EWH) variation grid (cm), approach the regional residual surface loads using spherical radial basis functions

(SRBFs) and then calculate the residual EWH estimation and residual load effects on the geoid or height anomaly (mm), ground gravity (uGal), gravity disturbance (4Gal),
ground titt (SW. to the south and to the west, mas), vertical deflection (SW to the south and to the west. mas), horizontal dispiacement (EN, to the east and to the north, mm),
a Open the residual equivalent water ground radial displacement (mm), ground normal or orthometric height (mm), radial gravity gradient (mE) or horizontal gravity gradient (NW, to the north and to the west, mE)

height variation grid file using SRBF synthesis.
Parameters of the first SRBF appoach >> Open the calculation surface height grid file C/ETideLoad4.5_ 1m dat
>> Open the residual equivalent water height variation arid file C/
Select SRBF radial muttipole kemel > Save the resuits as C/ETideLoadd.5_win64en/examples/ioad
order numberm 0 * | 55 Tetfing parameters have bee & program
minimum degree 15 2| Click the control button [Start computation]. or the tool button [Start computation]
= | >> Computation start time: 2024-10-20 16:09:06
maximum degree 900

| | >> Complete the computation for approach of residual load and synthesis of residual load effects!
| | burial depth of Bjerhammar sphere 5.0km S The source EWH observations (cm): Mean -40.4567 standard deviation 31.3639 minimum -191.3139 maximum 75.7680.
action distance of SBRF center 150km | | ™e oth iterated residual EWH (cm): Mean 0.0087 standard deviation 5.5002 minimum 436331 maximum  39.0007.
| | Line 1th iterated residual EWH (cm): Mean _0.0011_standard deviation 4.5873 minimum_-40.7119 maximum__30.1390
| RN IsOL e 1000 =1 >> Computation end tme: 2024-10-20 161236
| _Parameters of cumulative SRBF appoach >> The program also outputs the SRBF spatial curve file *spc.rbf and spectral curve files "dar.rbf of 11 kinds of geodetic variations into the current directory,

Select SRBF radial multipole kemel [ Save the results as ¥ Import setting parameters & Start Computatior
order numberm 0 :
| minimum degree 45
maximum degree 1800
|

burial depth of Bjerhammar sphere 10.0km
|| action distance of SBRF center 90km
Reuter network level K 1800

# Open the calculation surface height grid file

deloadd 5 win6
fmtewhSRBFs/SRBFmtdfmgrd txt.

mporied into

geoid / height anomaly (mm) ground gravity (pGal) radial displacement (mm) radial gradient (mE)

|[@ The effectiveness principle of the parameter optimization and cumuiative approach: (1) The estimated load EWH and load effects In space are continuous and differentiable, and (2) the residual standard deviation of the estimated xoaal
| |EWHs is obviously reduced and the residual statistical mean tends to zero

The program also outputs the SRBF spatial curve file *spc.rbf and spectral curve file
*dgr.rbf of 11 kinds of geodetic variations into the current directory.

*spc.rbf file header format: SRBF type (0-radial multipole kernel function, 1-Poisson
wavelet kernel function), order of SRBF, Minimum and maximum degree of SRBF Legendre
expansion, buried depth (km). The record format: spherical distance (km), the normalized
SRBF values from the load EWH, height anomaly, ground gravity, gravity disturbance,
ground tilt, vertical deflection, horizontal displacement, radial displacement, orthometric
height, radial gravity gradient and horizontal gradient variations.

The file header of * dgr.rbf is the same as * spc.rbf. The record format: degree n of
SRBF Legendre expansion, the degree-n normalized SRBF values from the load EWH,
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height anomaly, ground gravity, gravity disturbance, ground tilt, vertical deflection, horizontal
displacement, radial displacement, orthometric height, radial gravity gradient and horizontal
gradient variations.

4.6.2 Computation of residual surface load and load effect time series using SRBFs

[Function] From the regional residual equivalent water height (EWH) variation grid (cm)
time series, approach the regional residual surface load in spectral domain using spherical
radial basis functions (SRBFs) and then calculate the residual EWH estimation and residual
load effect all-element grid time series on the geoid or height anomaly (mm), ground gravity
(uGal), gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical
deflection (SW, to the south and to the west, mas), horizontal displacement (EN, to the east
and to the north, mm), ground radial displacement (mm), ground normal or orthometric
height (mm), radial gravity gradient (mE) or horizontal gravity gradient (NW, to the north and
to the west, mE) using SRBF synthesis.

[Input files] The space calculation point file. The regional residual equivalent water height
variation grid time series files.

The calculation point file can be a discrete calculation point file or a calculation surface
height grid file.

The discrete calculation point file record format: Point number (name), longitude, latitude
(decimal degrees), height.... 7 :
0

¥ ¥ a s
Openfile Saveas Import parameters Start computa Save process  Follow example

Approach of residual load and synthesis
of residual load effects using SRBFs

Select the calculation point file format
The discrete calculation point file

= = zz‘g‘fgm:ﬁ:f:;’?&g’sg G 3 Load deformation field approach from heterogeneous variations using SRBFs

[ solution of nomal equation LU triangular decompos - Cumative SRBF approach times 1 % | i Save program process as

C/ETideLoad4 5,
# Open the surface calculated point file

Number of rows of the file header 1
| Column ordinal number of height in record 4

fGitton [Start computation], or the tool button [Start computation]

@) Open any residual equivalent water
height variation grid file

I ** Click the

Number of consecutive wildcards in file nante
Parameters of the first SRBF appoach

i
C/ETideLoad4.5_\ A H
T C/ETideLoadd 5., i H
S C/ETideload4 5., ATSRBF les '
2 >>6 equivalent water height varia ime series files are found by wikicard instantiation. i i
| >> Setting 7 imported into the program! HE / {
process needs to wait .. During the computation period, you can open the output files L !

| 10 look at the progress!! 0 : i
T LTI, OF K WA CRTS &y e T ’ =" The last cotm atribue of sach output file header is the instance of the wildcards of the file name of ti , . <. P = '

8 < theoutput file. § b

oy

>> Computation start time: 2024-10-20 16:15:52 e el ) LEDTES TR .

order numberm 0
minimum degree 15
maximum degree 900
burial depth of Bjerhammar sphere 5.0km
action distance of SBRF center 150km
Reuter network level K 1800

Select SRBF  radial multipole kemel

= | |>> SRBF approach statistics of 20180328 load EWHs:

[>> SRBF approach statistics of 20180131 load EWHSs.
The source EWH observations (cm): Mean -229259 standard deviation 22.8930 minimum -146.8799 maximum 87.2602.
The Oth iterated residual EWH (cm): Mean 0.0052 standard deviation 4.4537 minimum -37.6941 maximum 25.5549
The 1th iterated residual EWH (cm): Mean 0.0025 standard deviation 3.5260 minimum -28.3254 maximum 22.1524.

The source EWH observations (cm): Mean -40.4567 standard deviation 31.3639 minimum -191,3139 maximum 75.7880,
The Oth iterated residual EWH (cm): Mean 0.0087 standard deviation 55002 minimum 436331 maximum 39.0007.
The 1th iterated residual EWH (cm): Mean 0.0011 standard deviation 4.5873 minimum -40.7119 maximum 30.1390.

[ Set the results folder

¥ Import setting parameters # start

Parameters of cumulative SRBF appoach

order numberm 0

minimum degree 45

| maximum degree 1800

|| burial depth of Bjerhammar sphere 10.0km

action distance of SBRF center 90km
Reuter network level K 1800

Select SRBF _radial multipole kemel

. Plot)

o wms s

| geoid / height anomaly (mm)

T
» . w__» s w3 o s w s _»

ground gravity (pGal)

radial displacement (mm) radial gradient (mE)

@ The effectiveness principle of the parameter optimization and cumulative approach: (1) The estimated load EWH and load effects in space are continuous and differentiable, and (2) the residual standard deviation of the estimated xoaal
EWHs is obviously reduced and the residual statistical mean tends to zero,

[Parameter settings] Directly employing the Parameter settings from the chapter 4.6.1.
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[Output file] The residual EWH estimation and residual load effect all-element grid time
series files.

When the discrete calculation point file input, the program outputs the residual load effect
record time series files rntSRBFs***.txt. Each output file header is the same as the input file.
Behind the input file record, adds the residual EWH estimation and residual load effects on
the height anomaly, ground gravity, gravity disturbance, ground tilt, vertical deflection,
horizontal displacement, radial displacement, normal or orthometric height, radial gravity
gradient or horizontal gravity gradient a total of 14 columns of attributes as the output file
record.

When the calculation surface height grid file input, the program outputs the the residual
EWH estimation and residual load effect all-element grid time series files rntSRBFs*.?7?7?,
where ??? = ewh, ksi, gra, rga, dft, vdf, dph, dpr, nmh, grr or hgd, respectively, representing
the grid file of the residual EWH estimation and residual load effects on the height anomaly,
ground gravity, gravity disturbance, ground tilt, vertical deflection, horizontal displacement,
radial displacement, normal or orthometric height, radial gravity gradient or horizontal gravity

gradient.
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| Openfie Saveas Importparameters Start computal Save process  Follow example

Computation of residual surface load and
load effect time series using SRBFs

Approach of residual load and synthesis

B caidualload efiects using SHBFs 3 Load deformation field approach from heterogeneous variations using SRBFs

=

Selectinecuiculation paiit fe fornsat [ Solution of normal equation LU triangular decompos - Cumulative SREF approach times 1 & ]}
The calculation surface grid file i
Ci/ETideLoadd 5. s 1003 dat '
# Open calculation surface zero value grid file C/ETideLoad4 5 1208 dat ol
>> 6 equivalent water height variation grid time foubd by wilddard instantiation '
@@ Open any residual equivalent water l >> Setting parameters have o the program! &
| height variation grid file ** Click the. tart computation], or the tool button [Start computation). ?
1 O oo St et W T ThE v 3 = putation process needs to wait... During the computation period, you can open the output files fus
| to look at the progress!! ] .
| Number of consecutive wildcards in file nanie_8 : ** The last column attribute of each output file header is the instance of the wildcards of the file name of th .,
| _Parameters of the first SRBF appoach the output file. 8
! Select SRBF radial multh kemel >> Computation start time: 2024-10-20 16:47:12 o PP QN JUQUUINN. DU NUN— R—
| uitipole | [F> SRBF approach statistics of 20180131 load EWHs.
| order numberm 0 - The source EWH observations (cm): Mean -22.9259 standard deviation 22.8930 minimum -146.8799 maximum 87.2602
minimum degree 15 2| | Tneoth iterated residual EWH (cm): Mean 0.0052 standard deviation 4.4537 minimum -37.6941 maximum 255549
e 200 <1 | The 1th iterated residual EWH (cm): Mean 0.0025 standard deviation 35260 minimum -28.3254 maximum 22.1524. |
= | |>> SRBF approach statistics of 20180328 load EWHs:
burial depth of Bjerhammar sphere 5.0km B The source EWH observations (cm): Mean -40.4567 standard deviation 31.3639 minimum -191.3139 maximum 75.7880.
2 | |__Tne oth iterated residual EWH (cm): Mean _0.0087_standard deviation 5.5002 minimum _-43.6331 maximum__39.0007

action distance of SBRF center 150km
Reuter network level K 1800 < [ Set the results folder ¥ Import setting parameters & start
Parameters of cumulative SRBF appoach
Select SRBF _radial multipole kernel
order numberm 0
minimum degree 45
maximum degree 1800
burial depth of Bjerhammar sphere 10.0km
action distance of SBRF center 90km
Reuter network level K 1800
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@ The effectiveness principle of the parameter opimization and cumulative approach: (1) The estimated load EWH and load effects In space are continuous and differentiable, and (2) the residual standard deviation of the estimated xoaal
| LEwts is obviously reduced and the residual statistical mean tends to zero

Here, *** are the wildcards of the variation grid time series file names, whose instance
can identify the sampling epoch time of the load effects. The time of the residual load effects
is the sampling epoch time of the surface equivalent water height grid model.

The last attribute of each output file header is the instance of the wildcards of the time
series file name of the residual equivalent water height grid model, which represents the
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sampling epoch time of the output file.
The computation process needs to wait.... During the period, you can open the output
file directory to look at the computation progress!

4.7 Load deformation field monitoring from heterogeneous variations with
Green’s integral constraints

[Purpose] Using the heterogeneous geodetic variations from the regional CORS network,
gravity tide stations and various geodetic monitoring networks as the observations, and the
load Green's function integral as the geodynamic constraints, estimate the regional land
water variation and the load effects on all-element load deformation field (time-varying
gravity field).

It is technically required that the long wave parts of the load effects on geodetic
variations should be removed to satisfy the local Green’s integral condition.

The geodetic variations here can be one or more of the following five types of variations.
(1) Height anomaly variations (mm) from GNSS-leveling monitoring network, (2) disturbance
gravity variations (uGal) from GNSS-gravity monitoring network or CORS-gravity tide
stations, (3) ground gravity variations (uGal) from gravity monitoring network or gravity tide
stations, (4) ellipsoidal height variations (mm) from CORS network or GNSS monitoring
network, and (5) normal or orthometric height variations (mm) from leveling monitoring
network.

4.7.1 Load deformation field estimation from heterogeneous variations with Green’s
integral constraints

[Function] Using various heterogeneous geodetic variations as the observations and the
load Green's function integral as the geodynamic constraints, estimate the regional surface
load equivalent water height (EWH) and all-element load effects to obtain the land water
EWH, geoid or height anomaly (mm), ground gravity (uGal), gravity disturbance (uGal),
ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, to the south and
to the west, mas), horizontal displacement (EN, to the east and to the north, mm), ground
radial displacement (mm), ground normal or orthometric height (mm), radial gravity gradient
(mE) and horizontal gravity gradient (NW, to the north and to the west, mE) variation grids.

[Input files] The heterogeneous geodetic variation record time series file. The calculation
surface height grid file.

The geodetic variation record time series file. The file header contains the time series
length and the sampling epoch time arranged with time. Record format: ID (the site name /
no), longitude, latitude, ..., weight, variation type, ..., variations arranged in time series
length (default value is 9999.0000).

Variation type = 1 represents the height anomaly variation (mm), = 2 represents gravity
disturbance variation (uGal), = 3 represents ground gravity variation (uGal), = 4 represents

118



ground ellipsoidal height variation (mm), and = 5 represents normal or orthometric height
variation (mm).

The calculation surface height is the height of the calculation point relative to the ground
surface. When calculating the ground load deformation field, enter the zero-value grid. The
calculation surface height grid specification is employed to specify the latitude and longitude
range and spatial resolution of the land water EWH grid to be estimated.

The program requires that the grid range of the calculation surface height must be larger
than the geodetic site distribution range to absorb the edge effect. The actual effective range
of the land water EWH and its load deformation field grid to be estimated will be less than
the coverage range of these geodetic sites.

[Parameter settings] Set the geodetic variation record time series file format parameters,
enter the column ordinal number of the current variations, load Green’s integral radius and
mean distance between geodetic sites, and set the algorithm control parameters.

The weights of variations are employed only to distinguish the quality of variations in the
same type.

The column ordinal number of the current variations in the file record. The program
estimates an epoch time of the land water EWH and all-element load effect grids once,
therefore you need to specify the column ordinal number of the variations at the epoch time.

Mean distance (km) between the geodetic sites. Input the approximate value of the mean
distance between the geodetic sites. Which should not be greatly reduced intentionally,
otherwise it will seriously affect the speed of parameter estimation and the stability of the
solution. The mean distance is not directly related to the spatial resolution of the estimated
land water EWH.

Green’s integral radius (km). Afixed integral radius is adopted to ensure the coordination
and consistency of the spatial and spectral figure of the load deformation field.

The Laplace operator weight p. It is employed to suppress spatial noise. The greater
the weight, the greater the spatial filtering intensity. Not smooth when p = 0, smooth
enhancing when p > 1 and smooth weakening when p < 1.

Edge effect suppression parameter n. The program lets the unknown EWHSs of n cell-
grids located in the region edge equal to zero as the observation equations to suppress the
edge and far zone effects.

Cumulative approach times. Every cumulative approach can be considered that the
current load deformation field is refined by the remove-restore scheme with the previous
load deformation field as the reference field. Generally cumulative 1 ~ 3 times can obtain a
stable solution.

The effectiveness principle of the parameter optimization and cumulative approach: (1)
The estimated load EWH and load deformation field in space are continuous and
differentiable, and (2) the residual standard deviation of the variations is obviously reduced,
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and the residual statistical mean tends to zero.
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B Open the geodetic variation record time series file [sotution of normal equation LU triangular decomposition 4.t Save program process as
Column ordinal number of the first . >> [Function] Using various heterogeneous geodetic variations as the observations and the load Green's function integral as the geodynamic constraints,
pact ine I header 2 * estimate the regional surface load equivalent water height (EWH) and all-element load effects to obtain the land water EWH, geoid or height anomaly
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6 ¢ [>> Open the geodetic variaton record tim Series il C /ETideLoadd.5_ ORSad; ixt |

variation t) in record
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;";:ﬁ:?:a:‘;:;'xzx' aAme ** The program outputs the land water EWH grid file ewh""" dat, residual geodetic variation file mt*** txt and all-element load effect grid files into the

— |current directory. Here, *** is the sampling epoch time which is aiso saved as the last column attribute of the load effect grid file header.
Mean distance between tic sites 15.0 km - = 11) Greengeoid ~.dat Is the load effect gnd file on geoid or height anomaly i
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Laplace operator weight p 1.0000
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@ The geodetic variations here can be one or more of the following five types of variations. (1) Height anomaly variations (mm) from GNSS-levels network, (2) gravity variations (Gal) from GNSS-
gravity monitoring network or CORS-graviy tide stations, (3) ground gravity variations (Gai) from gravity monitoring network or gravity tide stations, (4) elipsoidal height variations (mm) for CORS network o GNSS monitoring

network, and (5) normal or orthometric height variations (mm) from leveling monitoring network
@ The effectiveness principle of the parameter optimization and cumulative approach: (1) The estimated load EWH and load field in space are and and (2) the residual standard deviation
of the variations is obviously reduced, and the residual statistical mean tends to zero.

Select the type of adjustable variation and set the contribution rate x of the adjustable

variation.

The program multiplies the normal equation coefficient matrix and constant matrix of the
adjustable variations by x, respectively, to increase (k > 1) or decrease (k < 1) the
contribution of the adjustable variation. When k =1, it means that there is not any
adjustable variation selected. When k = 0, the adjustable variation does not participate in
the EWH estimation.

Select the method of the solution of normal equation. LU triangular decomposition
method or Cholesky decomposition. The normal equation here does not need regularization
and iterative computation.

ETideLoad4.5 employs the normalzation of normal equations to combine multiply
heterogeneous geodetic monitoring system, so that the properties of the load EWH
estimation solution are only related to the space distribution of geodetic variations without
influence of various monitoring error. Which can improve significantly the universality and
reliability of the estimation algorithm.

[Output files] The land EWH variation and all-element load effect grid files, the residual
geodetic variation file for the cumulative approach process.

The program outputs the land water EWH grid files ewh****.dat, residual geodetic
variation file rnt***.txt and various load effect grid files into the current directory.
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@ The geodetic variations here can be one or more of the following five types of variations. (1) Height anomaly variations (mm) from GNSS-level network, (2) gravity variations (Gal) from GNSS-
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Here, *** is the sampling epoch time which is also saved as the last column attribute of
the load effect grid file header.
(DGreengeoid***.dat is the load effect grid file on geoid or height anomaly (mm),
(2)Greenterrgrav***.dat is the load effect grid file on ground gravity (uGal),
(3)Greengravdist***.dat is the load effect grid file on gravity disturbance (uGal),
(@)Greengrndtilt***.dat is the load effect vector grid file on ground tilt (SW, to the south
and to the west, mas),
(5)Greenvertdefl***.dat is the load effect vector grid file on vertical deflection (SW, to the
south and to the west, mas),

(6)Greenhorzdisp***.dat is the load effect vector grid file on horizontal displacement (EN,
to the east and to the north, mm),

(7)Greenelliphgt***.dat is the load effect grid file on ground radial displacement (mm),

(8)Greenorthohgt***.dat is the load effect grid file on ground normal or orthometric height
(mm),

(9)Greengradient***.dat is the load effect grid file on radial gravity gradient (mE) and

(10Greenhorzgrad***.dat is the load effect vector grid file on horizontal gravity gradient
(NW, to the north and to the west, mE).

After the computation is completed, the residual geodetic variation file should be opened
to observe the standard deviation and mean value of the residual variations and their
changes with the cumulative number of times to optimize the parameter settings and
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cumulative number of times, and then recompute.

4.7.2 Time-varying gravity field monitoring from heterogeneous variations by
Green’s integral constraints

[Function] Using various heterogeneous geodetic variation time series as the
observations and the load Green's integral as the geodynamic constraints, estimate the
regional surface load equivalent water height (EWH) and all-element load effect grid time
series (usually employed to represent regional time-varying gravity field).

[Input files] The heterogeneous geodetic variation record time series file. The calculation
surface height grid file.

The geodetic variation record time series file. The file header contains the time series
length and the sampling epoch time arranged with time. Record format: ID (the site name /
no), longitude, latitude, ..., weight, variation type, ..., variations arranged in time series
length (default value is 9999.0000).

Variation type = 1 represents the height anomaly variation (mm), = 2 represents gravity
disturbance variation (uGal), = 3 represents ground gravity variation (uGal), = 4 represents
ground ellipsoidal height variation (mm), and = 5 represents normal or orthometric height
variation (mm).
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B Open the geodetic variation record time series file [sotution of normal equation LU triangular decomposition 4. Save program process as

Column ordinal number of the first
epoch time in header

>> [Function] Using various heterogeneous geodetic variation time series as the observations and the load Green's integral as the geodynamic

2 constraints, estimate the regional surface load equivalent water height (EWH) and all-element load effect grid time series (usually employed to represent

Column ordinal number of the first .~ Tegional time-varying gravity fieid).
\ariaion in recond 7 = **The file header contains the time series length and the sampling epoch time arranged with time. Record format: ID (the site name / no), longitude,
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** The program outputs the land water EWH grid file ewh™*" dat, residual geodetic variation file mt**.txt and all-element load effect grid files into the 1
current directory. Here, *** is the sampling epoch time which is also saved as the last column attribute of the load effect grid file header.
L ) Greengeo«a = dat s the load effect gna file on geoid or height anomaly (mm),

# Open the calculation surface height grid file
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Cumulative approach times 3
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@ The geodetic variations here can be one or more of the following five types of variations. (1) Height anomaly variations (mm) from GNSS-level network, (2) gravity variations (uGal) from GNSS-

gravity monitoring network or CORS-gravity tide stations, (3) ground gravity variations (4Gai) from gravity monitoring network or gravitytide stations, (4) elipsoidal height variations (mm) for CORS network or GNSS monitoring
network, and (5) normal or orthometric height variations (mm) from leveling monitoring network
@ The effectiveness principle of the parameter optimization and cumulative approach: (1) The estimated load EWH and load field in space are and and (2) the residual standard deviation
of the variations is obviously reduced, and the residual statistical mean tends to zero.

[Parameter settings] All the algorithm parameters that are same as the function [Load

deformation field estimation from heterogeneous variations with Green’s integral constraints].
During the monitoring period, when the spatial distribution of geodetic monitoring sites
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or shape of geodetic monitoring networks and the types of geodetic variations are basically
unchanged, the algorithm parameters will remain unchanged, which is a typical feature of
ETideLoad algorithm of load deformation field approach that is especially useful for
automatic processing of multiple heterogeneous multi-period or continuous geodetic
monitoring networks.

[Output files] The program outputs the land water EWH grid time series file ewh**** dat,
residual geodetic variation time series files rnt***.txt and all-element load effect grid time
series files.

Here, *** is the sampling epoch time which is also saved as the last column attribute of
the load effect grid file header.
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o Orihal T bar o e T . >>[Function] Using various heterogeneous geodetic variation time series as the observations and the load Green's integral as the
ec‘:t::h n::: :nar:e:dn;!:e ot thefise 2 - geodynamic constraints, estimate the regional surface load equivalent water height (EWH) and all-element load effect grid time series
(usually employed to represent regional time-varying gravity field).
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variation in record 7 < ** The file header contains the time series length and the sampling epoch time arranged with time. Record format: ID (the site name / no),
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@ The geodetic variations here can be one or more of the following five types of variation. (1) Height anomaly variations (mm) from GNSS-leveling monitoring network, (2) disturbance gravity variations (uGal) |
from GNSS-gravity monitoring network or CORS-gravity tide stations, (3) ground gravity variations (uGal) from gravity monitoring network or gravity tide stations, (4) ellipsoidal height variations (mm) for CORS

network S itori and L] etric height variati 1i1) leveli onitoring n: rk, |
@ The effectiveness principle of the ion and approach: (1) The estimated load EWH and load deformation field in space are continuous and differentiable, and (2) the ras;duall {
standard deviation of the variations is obviously reduced, and the residual statistical mean tends to zero. |

(D Greengeoid***.dat is the load effect grid file on geoid or height anomaly (mm),

(2)Greenterrgrav***.dat is the load effect grid file on ground gravity (uGal),

(3)Greengravdist***.dat is the load effect grid file on gravity disturbance (uGal),

(4)Greengrnditilt***.dat is the load effect vector grid file on ground tilt (SW, to the south
and to the west, mas),

(5)Greenvertdefl***.dat is the load effect vector grid file on vertical deflection (SW, to the
south and to the west, mas),

(6)Greenhorzdisp***.dat is the load effect vector grid file on horizontal displacement (EN,
to the east and to the north, mm),
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(7)Greenelliphgt***.dat is the load effect grid file on ground radial displacement (mm),

(8)Greenorthohgt***.dat is the load effect grid file on ground normal or orthometric height
(mm),

(9)Greengradient***.dat is the load effect grid file on radial gravity gradient (mE) and

(10Greenhorzgrad***.dat is the load effect vector grid file on horizontal gravity gradient
(NW, to the north and to the west, mE).

After the estimation is completed, the residual value files should be opened to check the
results. The first few rows of the file indicate the change information of the mean and
standard deviation of the residual value with the number of iterations. If necessary, the
algorithm parameters should be adjusted and recomputed for individual epochs without ideal
solutions by the function [Load deformation field estimation from heterogeneous variations
with Green’s integral constraints]. Particular attention should be paid at the monitoring epoch
time when the distribution or types of geodetic variations occur obvious changes.

4.8 Load deformation field monitoring from heterogeneous variations using
spherical radial basis functions

[Purpose] From the heterogeneous geodetic variations in the regional CORS network,
gravity tide stations and various geodetic networks, approach or monitor the regional land
water variations and the load effects on all-element load deformation field (time-varying
gravity field) in spectral domain using spherical radial basis functions (SRBF).

It is technically required that the long wave parts of the load effects on geodetic
variations should be removed to satisfy the regional SRBF approach condition.

The variations here can be one or more of the following six types of variations. (1) Height
anomaly variations (mm) from GNSS-leveling monitoring network, (2) disturbance gravity
variations (uGal) from GNSS-gravity monitoring network or CORS-gravity tide stations, (3)
ground gravity variations (uGal) from gravity monitoring network or gravity tide stations, (4)
ellipsoidal height variations (mm) for CORS network or GNSS monitoring network, (5) normal
or orthometric height variations (mm) from leveling monitoring network, and (6) equivalent
water height variations (cm) from hydrological monitoring stations.

4.8.1 Load deformation field approach from heterogeneous variations using
spherical radial basis functions

[Function] Using spherical radial basis functions in spectral domain, approach the
regional surface load equivalent water height (EWH) and all-element load effects to obtain
the land water EWH, geoid or height anomaly (mm), ground gravity (uGal), gravity
disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection
(SW, to the south and to the west, mas), horizontal displacement (EN, to the east and to the
north, mm), ground radial displacement (mm), ground normal or orthometric height (mm),
radial gravity gradient (mE) and horizontal gravity gradient (NW, to the north and to the west,
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mE) variation grids from various heterogeneous geodetic variations.

[Input files] The heterogeneous geodetic variation record time series file. The calculation
surface height grid file.

The variation record time series file. The file header contains the time series length and
the sampling epoch time arranged with time. Record format: ID (the site name / no),
longitude, latitude, ..., weight, variation type, ..., variations arranged in time series length
(default value is 9999.0000).

Variation type = 1 represents the height anomaly variation (mm), = 2 represents gravity
disturbance variation (uGal), = 3 represents ground gravity variation (uGal), = 4 represents
ground ellipsoidal height variation (mm), = 5 represents normal or orthometric height
variation (mm), and = 6 represents equivalent water height variations (cm).

The calculation surface height is the height of the calculation point relative to the ground
surface. When calculating the ground load deformation field, enter the zero-value grid. The
calculation surface height grid specification is employed to specify the latitude and longitude
range and spatial resolution of the land water EWH grid to be estimated.

The program requires that the grid range of the calculation surface height must be larger
than the monitoring site distribution range to absorb the edge effect. The actual effective
range of the land water EWH and load effect grid to be estimated will be less than the
coverage range of these monitoring sites.

[Parameter settings] Set the variation record time series file format parameters, enter
the column ordinal number of current variations and mean distance between geodetic sites,
and set the SRBF parameters and algorithm control parameters.

The weights of variations are employed only to distinguish the quality of variations in the
same type.

The column ordinal number of the current variations in the file record. Each time, the
program estimates an epoch time of the land water EWH and load deformation field grid,
you need to specify the column ordinal number of the current variations at the epoch time.

Mean distance (km) between the geodetic sites. Input the approximate value of the mean
distance between the geodetic sites. Which should not be greatly reduced intentionally,
otherwise it will seriously affect the speed of parameter estimation and the stability of the
solution. The mean distance is not directly related to the spatial resolution of the estimated
land water EWH.

Select the spherical radial basis functions: radial multipole kernel function, Poisson
wavelet kernel function. The zero-order radial multipole kernel function is the point mass
kernel function, and the zero-order Poisson wavelet kernel function is the Poisson kernel
function.

Enter the order number m. The order number m of radial multipole kernel function and
Poisson wavelet kernel function. The greater the m, the bigger the kurtosis of SRBF.
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Input the Bjerhammar sphere burial depth: The depth of the Bjerhammar sphere relative
to the mean height surface of the observation variations can be employed to adjust the
spectral center and bandwidth of SRBF. The greater the burial depth, the smoother the SRBF,
the smaller the kurtosis namely the wider the spectral bandwidth.
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@ The variations here can be one or more of the following six types of variations. (1) Height anomaly variations (mm) from GNSS-leveling monitoring network. (2) disturbance gravity variations (Gal) from GNSS-gravity monitoring network or
CORS-gravity tide stations, (3) ground gravity variations (uGal) from gravity monitoring network or gravity tide stations, (4) ellipsoidal height variations (mm) for CORS network or GNSS monitoring network, (5) normal or orthometric height
variations (mm) from leveling monitoring network, and () equivalent water height variations (cm) from hydrological monitoring stations.

@ The effectiveness principle of the parameter optimization and cumuiative approach: (1) The estimated load EWH and load effects in space are continuous and differentiable, and (2) the residual standard deviation of the variations is obviously|
| Lreduced and the residual statistical mean tends to zero

Enter the action distance of SRBF center. The action distance is also called as the radius
of influence = spherical angular distance x the mean radius of the Earth. Which is equivalent
to load Green’s function integral radius in space domain.

A fixed action distance is adopted to ensure the coordination and consistency of the
spatial and spectral figure of load deformation field.

Enter minimum and maximum degree of SRBF Legendre expansion. Minimum and
maximum degree can be employed to adjust SRBF bandwidth.

Cumulative SRBF approach times. Every cumulative SRBF approach can be considered
that the current load deformation field is refined by the remove-restore scheme with the
previous load deformation field as the reference field. Generally cumulative 1 ~ 3 times can
obtain a stable solution.

The effectiveness principle of the parameter optimization and cumulative approach: (1)
The estimated load EWH and load effects in space are continuous and differentiable, and
(2) the residual standard deviation of the variations is obviously reduced, and the residual
statistical mean tends to zero.

Select the type of adjustable variation and set the contribution rate x of the adjustable
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variation.

The program multiplies the normal equation coefficient matrix and constant matrix of the
adjustable variations by &, respectively, to increase (x > 1) or decrease (x < 1) the
contribution of the adjustable variation. When k =1, it means that there is not any
adjustable variation selected. When x = 0, the adjustable variation does not participate in
the EWH estimation.

Select the method of the solution of normal equation. LU triangular decomposition
method or Cholesky decomposition. The normal equation here does not need regularization
and iterative computation.

ETideLoad4.5 employs the normalzation of normal equations to combine multiply
heterogeneous geodetic monitoring system, so that the properties of the load EWH
estimation solution are only related to the space distribution of geodetic variations without
influence of various monitoring error. Which can improve significantly the universality and
reliability of the estimation algorithm.

[Output files] The land EWH variation and all-element load effect grid files, the residual
variation file for the cumulative approach process.

The program outputs the land water EWH grid files ewh**** dat residual variation file
rnt***.txt and various load effect grid files into the current directory.

Here, *** is the sampling epoch time which is also saved as the last column attribute of
the load effect grid file header.

(1)SRBFgeoid***.dat is the load effect grid file on geoid or height anomaly (mm),

(2)SRBFterrgrav***.dat is the load effect grid file on ground gravity (uGal),

(3)SRBFgravdist***.dat is the load effect grid file on gravity disturbance (uGal),

(4)SRBFgrndtilt***.dat is the load effect vector grid file on ground tilt (SW, to the south
and to the west, mas),

(5)SRBFvertdefl***.dat is the load effect vector grid file on vertical deflection (SW, to the
south and to the west, mas),

(6)SRBFhorzdisp***.dat is the load effect vector grid file on horizontal displacement (EN,
to the east and to the north, mm),

(7)SRBFelliphgt***.dat is the load effect grid file on ground radial displacement (mm),

(8)SRBForthohgt***.dat is the load effect grid file on ground normal or orthometric height
(mm),

(9)SRBFgradient***.dat is the load effect grid file on radial gravity gradient (mE) and

(10SRBFhorzgrad***.dat is the load effect vector grid file on horizontal gravity gradient
(NW, to the north and to the west, mE).

The program also outputs the SRBF spatial curve file *spc.rbf and spectral curve files
*dgr.rbf of 11 kinds of geodetic variations into the current directory.

*spc.rbf file header format: SRBF type (O-radial multipole kernel function, 1-Poisson
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wavelet kernel function), order of SRBF, Minimum and maximum degree of SRBF Legendre
expansion, buried depth (km) of Bjerhammar shpere. The record format: spherical distance
(km), the normalized SRBF values from the load EWH, height anomaly, ground gravity,
gravity disturbance, ground tilt, vertical deflection, horizontal displacement, radial
displacement, orthometric height, radial gravity gradient and horizontal gradient variations.
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@ The variations here can be one or more of the following six types of variations. (1) Height anomaly variations (mm) from GNSS-leveling monitoring network. (2) disturbance gravity variations (Gal) from GNSS-gravity monitoring network o
CORS-gravity tide stations, (3) ground gravity variations (uGal) from gravity monitoring network or gravity tide stations, (4) ellipsoidal height variations (mm) for CORS network or GNSS monitoring network, (5) normal or orthometric height
variations (mm) from leveling monitoring network, and (6) equivalent water height variations (cm) from hydrological monitoring stations.

@ The effectiveness principle of the parameter optimization and cumulative approach: (1) The estimated load EWH and load effects in space are continuous and differentiable, and (2) the residual standard deviation of the variations is obviously|
| Lreduced. and the resicual statistical mean tends to zero

The file header of * dgr.rbf is the same as * spc.rbf. The record format: degree n of SRBF
Legendre expansion, the degree-n normalized SRBF values from the load EWH, height
anomaly, ground gravity, gravity disturbance, ground tilt, vertical deflection, horizontal
displacement, radial displacement, orthometric height, gravity gradient and horizontal
gradient variations.

After the computation is completed, the residual geodetic variation file shoulid be opened
to observe the standard deviation and mean value of the residual variations and their
changes with the cumulative number of times to optimize the parameter settings and
cumulative number of times, and then recompute.

4.8.2 Time-varying gravity field monitoring from heterogeneous variation time series
using SRBFs

[Function] From various heterogeneous geodetic variation time series, using spherical
radial basis function approach method in spectral domain, estimate the regional surface load
equivalent water height (EWH) and all-element load effect grid time series (usually employed
to represent regional time-varying gravity field).
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[Input files] The heterogeneous variation record time series file. The calculation surface
height grid file.

The variation record time series file. The file header contains the time series length and
the sampling epoch time arranged with time. Record format: ID (the site name / no),
longitude, latitude, ..., variation type, weight, ..., variations arranged in time series length
(default value is 9999.0000).

Variation type = 1 represents the height anomaly variation (mm), = 2 represents gravity
disturbance variation (uGal), = 3 represents ground gravity variation (uGal), = 4 represents
ground ellipsoidal height variation (mm), = 5 represents normal or orthometric height
variation (mm), and = 6 represents equivalent water height variations (cm).

[Parameter settings] All the algorithm parameters that are same as the function [Load
deformation field approach from heterogeneous variations by spherical radial basis
functions].

During the monitoring period, when the spatial distribution of geodetic monitoring sites
or shape of geodetic monitoring networks and the type of geodetic variations are basically
unchanged, the algorithm parameters will remain unchanged, which is a typical feature of
ETideLoad algorithm of load deformation field monitoring that is especially useful for
automatic processing of multiple heterogeneous multi-period or continuous geodetic
monitoring networks.
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@ The variations here can be one or more of the following six types of variations. (1) Height anomaly variations (mm) from GNSS-leveling monitoring network. (2) disturbance gravity variations (Gal) from GNSS-gravity monitoring network or
CORS-gravity tide stations, (3) ground gravity variations (uGal) from gravity monitoring network or gravity tide stations, (4) ellipsoidal height variations (mm) for CORS network or GNSS monitoring network, (5) normal or orthometric height
variations (mm) from leveling monitoring network, and () equivalent water height variations (cm) from hydrological monitoring stations.

@ The effectiveness principle of the parameter optimization and cumuiative approach: (1) The estimated load EWH and load effects in space are continuous and diferentiable, and (2) the residual standard deviation of the variations is obviously|
| Lreduced and the residual statistical mean tends to zero,

[Output files] The program outputs the land water EWH grid time series file ewh**** dat
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residual variation time series files rnt***.txt and all-element load effect grid time series files.
Here, *** is the sampling epoch time which is also saved as the last column attribute of the
load effect grid file header.
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@ The variations here can be one or more of the following six types of variations. (1) Height anomaly variations (mm) from GNSS-leveling monitoring network. (2) disturbance gravity variations (uGal) from GNSS-gravity monitoring network or

CORS-gravity tide stations, (3) ground gravity variations (iiGal) from gravity monitoring network or gravity tide stations, (4) ellipsoidal height variations (mm) for CORS network or GNSS monitoring network, (5) normal or orthometric height

variations (mm) from leveling monitoring network, and () equivalent water height variations (cm) from hydrological monitoring stations.

@ The effectiveness principle of the parameter optimization and cumulative approach: (1) The estimated load EWH and load effects in space are continuous and differentiable, and (2) the residual standard deviation of the variations is obviously|
| Lreduced and the residual statistical mean tends to zero,

(1)SRBFgeoid***.dat is the load effect grid file on geoid or height anomaly (mm),

(2)SRBFterrgrav***.dat is the load effect grid file on ground gravity (uGal),

(3)SRBFgravdist***.dat is the load effect grid file on gravity disturbance (uGal),

(#)SRBFgrndtilt***.dat is the load effect vector grid file on ground tilt (SW, to the south
and to the west, mas),

(5)SRBFvertdefl*** dat is the load effect vector grid file on vertical deflection (SW, to the
south and to the west, mas),

(6)SRBFhorzdisp***.dat is the load effect vector grid file on horizontal displacement (EN,
to the east and to the north, mm),

(7)SRBFelliphgt***.dat is the load effect grid file on ground radial displacement (mm),

(8)SRBForthohgt***.dat is the load effect grid file on ground normal or orthometric height
(mm),

(9)SRBFgradient***.dat is the load effect grid file on radial gravity gradient (mE) and

(10SRBFhorzgrad***.dat is the load effect vector grid file on horizontal gravity gradient
(NW, to the north and to the west, mE).

After the estimation is completed, the residual value files should be opened to check the
results. The first few rows of the file indicate the change information of the mean and
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standard deviation of the residual value with the number of iterations.

If necessary, the algorithm parameters should be adjusted and recomputed for individual
epochs without ideal solutions by the function [Load deformation field approach from
heterogeneous variations using spherical radial basis functions]. Particular attention should
be paid at the monitoring epoch time when the distribution or types of geodetic variations
occur obvious changes.

4.9 Geodynamic calculation on geodetic field grid time series

[Purpose] Calculate the time difference, space horizontal gradient, or two vector grids
inner product of the ground deformation field grid time series to display their spatiotemporal
geodynamic characteristics.

4.9.1 Time difference operation on variation (vector) grid time series

[Function] Sort the input variation (vector) grid time series files according to the sampling
epoch time (the seventh attribute of the file header), and then calculate the variation rate at
two neighboring sampling epochs to generate the variation (vector) rate grid time series.
Here, the sampling epoch time of the current grid is equal to the average of the before and
after sampling epochs of the variation (vector) grids, the unit of the variation rate is per k day,
and k is the given differential time scale factor.

The variation (vector) grid time series files are extracted according to the given wildcards.
For the variation vector grid time series, the program requires them to be in the form of
horizontal coordinates.

[Input files] The variation (vector) grid time series files.

[Parameter settings] Set the wildcard parameters for the variation (vector) grid time
series files, enter the differential time scale factor k.

[Output files] The variation (vector) rate grid time series files.

4.9.2 Horizontal gradient calculation on batch variation grids

[Function] From batch variation grid files with the same grid specifications in the
specified directory, calculate horizontal gradient vector grids (per km). The horizontal
gradient vector can be output in the form of polar coordinates or EN horizontal coordinates.
The variation grid files are extracted according to the given wildcards.

4.9.3 Inner product operation on two groups of vector grid time series

[Function] Calculate the inner product grid time series from two groups of variation vector
grid time series in the form of the EN horizontal rectangular coordinates with the same grid
specifications.

The variation vector grid files are extracted according to the given wildcards.

The program allows a group of vector grid files with only one sampling time. When the
two groups are both vector grid time series, the program requires one-by-one
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correspondence between the sampling epochs.

Y- ¥ v ES

Open file Saveas Importparameters Start computation  save process  Follow example

Time difference operation on variation + » Horizontal gradient calculation .. Inner product operation on two groups
| (vector) grid time series “ " on batch variation grids of vector grid time series
4 Open any of variation grid time series files >> Program Process ** Operation Prompts 4 Save program process as
Set the wildcard of the grid file names C:/ETideLoad4.5_win64en/examples/Loadfmgridtmdyncalc/tmgrid/dmz{201508 txt
| Ordinal number of the first wildcard in the filg/hame 5 s C: lETldeLoad4 5 w|n649nlexampleleoadfmgrid!mdyncalc/tmgndldmz 201509 txt
S : - EHET 45 inGder nz{201510 txt
| Number of consecutive wildcards in file nam&,_ 6 < C:/ETideLoad4.5 w|n64en/exampleleoadfmgndlmdyncalcltmgndldmz 201511}txt
| |The form of horizontal gradient vector Plane polar coordinz I C:/ETideLoad4.5_win64en/examples/Loadfmgridtmdyncalc/tmgrid/dmz{201512 txt
| = >> There are 12 grid time series files searched by wildcard instantiation.
(2} Open any of the group 2 of grid time series files ** The vector grid time series files searched by wildcard instantiation:

Set the wildcard of the grid file names

C: /ETldeLoad4 5, wnn64&n/examples/Loadfmgnd(mdyncalc/vtmgnd/cxpcbh 120150201.txt
dtm grid/cxpcbhi20151211) txt
| Ordinal number of the first wildcard in the file

ad
vector grid time series files searched by wndcard instantiation.
>> Semng parameters have been imported into the program!

** Click the control button [Start computation], or the tool button [Start computation]....
One stationary vector grid file >> Computation start time: 2024-10-20 19:28:47

Number of consecutive wildcards in file name

the file header.
>> Computation end time: 2024-10-20 19:28:47

g
** represents the sampling epoch time of the vector inner product grid file, is also 7th atrribute of I

Py Save the results folder 3 Import setting parameters & Start computation

= Local Disk (C) > ETideload4.5 win6den > examples > Loadfmgridtmdyncalc > inner

¥ =

4.10 Monitoring computation processes for the surface loads and load
deformation field

4.10.1 Complete computation processes of high-resolution regional load
deformation field time series

Taking the regional soil water variations as the example, the remove-restore scheme
combined the global load spherical harmonic coefficient synthesis and regional residual load
SRBF (spherical radial basis function) approach is employed to compute the high-precision
and high-resolution regional load deformation field all-element grid time series in the near-
Earth space in the four steps.

The soil water here consists of soil water in 4 m shallow, wetland water, vegetation water,
glaciers and snow mountain water, but does not include lakes, rivers and groundwater.

The global soil water equivalent water height (EWH) time series and the regional high-
resolution soil water EWH time series are subtracted from their respective annual averages
in advance to unify the global and regional soil water variation monitoring datum.

The complete computation process of high-resolution load deformation field all-element
grid time series consists of four steps usually, namely global surface load spherical harmonic
analysis, spherical harmonic synthesis for load deformation field, regional residual load
SRBF approach and SRBF synthesis for residual load deformation field.
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Global discrete Global soil water EWH sphere coordinate Global land-sea terrain
point soil water —  gridding and load spherical harmonic spherical coordinate grid
EWH time series coefficient model construction

360-degree global soil water

Calculate and remove the global load spherical harmonic

1'x1" calculation reference model value grid time

range zero-value astlesiolacliiaatan EWE coefficient model time series
grid file zeroim.dat |
Approach of residual loads Regional 1'x1" soil
and synthesis of residual water EWH residual

1'x1" residual load .. _____.
effect all-element
grid time series

load effects using SRBFs grid time series

Calculate and restore the soil

water load effect model value Global reference model
_I—> value all-element grid

Weighted operations on two groups of grid time series time series of soil

77777777777777777777777777777777777777777777777777777777777777777777777777777777 water load effects

Global and regional soil water EWH time series are |
subtracted from their respective annual averages |  Regional 1'x1" soil water load deformation
in advance to unify their monitoring datum. 1 field all-element grid time series

Complete computation processes of regional load deformation field all-element grid time series

Step 1: Construct the global soil water EWH spherical coordinate grid time series, and
then establish the global soil water load spherical harmonic coefficient model time series.

Call the function [Construction of global surface data grid in spherical coordinates],
construct the global soil water EWH spherical coordinate grid time series glsoilewh*.dat from
global soil water observations, where * is the sample epoch time and * = 20180131

represents January 31 2018 The process is omrtted |n this example

Regional 1'x1’ soil water equivalent water height (EWH, cm) grid time series

Call the function [Spherical harmonic analysis on global land water variations], input
global land-sea terrain spherical coordinate grid sphETOPOnc30m.dat (EWH automatically
zero in sea area), whose resolution is not less than that of the soil water EWH grid, and
establish the global soil water load spherical harmonic coefficient model time series
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Indwater*cs.dat form the global soil water EWH spherical coordinate grid time series
glsoilewh*.dat.

& Spherical harmonic analysis on global surface load time series B X
. . 1 . : . 4
Step 1: Construct the global soil water EWH spherical coordinate grid time series, and then ~ ol
establish the global soil water load spherical harmonic coefficient model time series.
- -
Earth , Load Effect and Deform -
‘- Construction of global surface data . Spherical harmonic analys:s on global - Spherical harmonic analysns on Spheri stion Monitoring Computation
“# grid in spherical coordinates surface global land water global « ETideLoad4.5
kg e grid flle ‘ 4! Save program process as 2 Surface load spherical harmonic aNalySis afi | e et asms ki

‘Outobr 2024, Beiginy, Chinn

Set the wildcards of the file names Ci/ETideLoadd.5_wi Eo150131 Em.dat %
Ordinal number of first wildcard in the file nare 10 2 Ci/ETideLoadd.5_wi 328pm.dat
= CTETIOeroau4™5 Iew@m 80530pm.dat

Number of consecutive wildcards in file name - C:/ETideLoad4.5_win64er 120180801pm.dat
Froe o . C:/ETideLoad4.5_win64er 181003gm.dat
Set termination condition of the iteration C-/ETideLoad4 5 m"_da,

** Click the control button [Start computation], or the tool button [Start computation]...

Residual standard deviation threshold (a) 1.0 % &
" >> Computation start tlme: 2024-10-23 09:41:07

—| >> Setting parameters have been imported into the program!

of residual (b) 1.0 % -
= = = - = **The p ramou the an ‘water load spherical harmonic coefficient model files Indwatercs.dat] iteration
I .7 Open the land-sea terrain spherical coordinate grid file I process|statisfics files pro***.iniland residual land water variation grid files mt***.dat. *** is the instance of the given
The surface harmonic functions in the spherical ** The file header of the Indwater***cs.dat: the geocentric gravitational constant GM (x10'm?/s?), equatoriaradius
harmonic coefficient model are defined on the a(m) of the Earth, zero-degree term aACw (cm) and relative error © (%). Where © is the residual standard
spherical surface whose radius is equal to the deviation of the last step iteration as a percentage of the standard deviation of the original grid values, and GM,a
equaton'al radius a of the Earth. are also known as the scale p: o Hhe pl model in which the surface harmonic
i are defined on #he S0t 2 SUrace whose radius is equal to the equatorial radius of the Earth.
>> Computation end #ii1 v

) Set the result arameters & Start computation

740.01 2740.73 2741.32 2741.91 2742.40 2743

2737.61  2738.27 i

EE T | Wi LI
8| 3.566004416 _ 637813700 ] 0.5573 15.084 0 0.6721 -46.8962  101.1671
: 00 a1 0.0000 -36.4558 78.2553

GM(x 10""'3/52) a(m)zerodegmteM(cm).mlahveem("/) )3E-10 2 0.0000 -29.5272 71.0895
4 2 0 19 .2457930065939986E-10 0.0000000000000000E+00 3 0.0000 -29.4347 68.2698
2 1 ¥1.0268254779166223E-10 -4.7574877498471504E-11 2 00000 “S0-4298 57.2d74
the scale parameter | |1913358E-11 -9.90008301840710238-11 p oone0 308128 P
3721202E-09 0.0000000000000000E+00 : & o600 i eo7i paAf
3 1 3.6363130771720734E-10 3.5655990273019996E-10 5 % 0000 iaEsT bl
3 2 1.2302251091472584E-10 5.4106078115310523E-10 . 3

3 3 -1.2507023908057166E-10 4.4584757452995267E-10

@ The degree number n of spherical harmonic coeflicient model is equal to the number of global surface load cell-grids in the Tatitude direction. For example ihe 025" % 0.25° global
surface load grid corresponds to n=720.

Step 2: Calculate and remove the global reference model value grid time series of soll
water EWH and construct the regional high-resolution soil water EWH residual grid time
series.

Call the function [Computation of model value time series of load equivalent water
height], input the 1'x1' zero-value grid file zerolm.dat, which is employed to give the
calculation range and the zero-value represents the calculation surface as the ground, let
'land water EWH (cm)' as the surface load type and the maximum calculation degree 360,
calculate the global reference model value grid time series Idewh*.dat of soil water EWH
from the global soil water load spherical harmonic coefficient model time series
Indwater*gs.dat.

Regional 1'x1" soil water EWH model reference value (cm) grid time series

Call the function [Weighted operations on two groups of grid time series], subtract the
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soil water EWH model value grid time series Idewh***.dat from the 1'x1' soil water EWH grid
time series soilewh***.dat to generate the regional 1'x1' soil water EWH residual grid time

series rntewh***.dat.
= e
Step 2: Calculate and remove the global reference model value grid time series of soil water |
EWH and construct the regional high-resolution soil water EWH residual grid time series.

= Computation of model value of surface .« Computation of model values of tidal % Computation of model value time series
load equivalent water height constituent harmonic constants of load equivalent water height
Select the calculation point file format >> Program Process ** Operation Prompts &t Save program process as
The calculation surface height grid file v | Indwater20180131cs.dat
- — . |
; Open the calculation surface height grid file ** The window below only shows no more than 3000 rows of data in the file!
>> Select or create the result folder C:/ETideLoad4.5_wi
I § _E{ Open any load harmonic coefficient model file I ** The load harmonic coeffi model files by wildcard |
" C:/ETideLoad4.5_win64er $0180131ks.dat |
Set the wildcard of the file names C/ETideLoad4.5_win64er b0180328bs. dat |
Ordinal number of the first - C:/ETideLoad4.5_win64er aterp0180530s.dat |
wildcard in the file name 9 = CUETideload4-6— yo/sphcsmodelindwater0180801s.dat
Number of consecutive wildcards. = C:/ETideLoad4.5_win64er 20181003s.dat
nflenama 8 < Ci/ETideLoad4.5_ r20181205Fs dat
>> Setting have been imp into the program!
IType of surface load Land water EWH (cm) ** Click the control button [Start computation], or the tool button [Start computation]
Maximum truncated degree of 380 = The process needs to wait... During the computation period, you can open the output file C:/
the coefficients model

s | ~ | ETideLoad4.5 winé4en/examples/Loadfmfdcalcdemo/ewhmdl, to look at the computation progress!
** The last column attribute of each output file header is the instance of the wildcards of the file name of surface load
The surface harmonic functions in the spherical model file, which represents the ing epoch time of the output file.
harmonic coefficient model are defined on the | _>> Computation start time: 2024-10-22 22:25:02

[>> Complete the computation of the load EWH model values of 6 sampling epoch time!
::::?ocr?allsr:d':auc:avg;‘::: Er:t:‘i'l:s is equal to the >> Computation end time: 2024-10-22 22:43:12

ﬁ Set the result folder 3 Import setting parameters & Start computation

3.986004418 _ 6378137.00 0.5573 13.582 L v
0 71
0

3.636313

the scale parameter fr‘

WN O WN

@ In the remove-restore process, the program can be employed for regional tidal load effect refinement based on the tidal load spherical harmonic coefficient model, and for regional load
deformation field refinement based on surface load spherical harmonic model.

@ Due to the mixing effects between the high-degree spherical harmonic coefficients, the model values of the sea level variation and ocean tidal harmonic constants are not zero in the
coastal land area, and the model values of the land equivalent water height are not also zero in the coastal sea area.

|
|

- v , w o . - ,
20180801 20181205 .'
\ /7 » ”

| e - - iF

Regional 1'x1’ soil water EWH residual (cm) grid time series

Step 3: Determine the residual all-element grid time series of regional soil water load
deformation field by the load SRBF approach and load effect SRBF synthesis.

Call the function [Approach of residual load and synthesis of residual load effects using
SRBFs], input the calculation result area 1'x1' zero-value grid file zerolmrst.dat removed
the 1° edge area around the grid zerolm.dat, and generate the residual load effect all-
element grid ttt.??? from regional 1'x1" soil water EWH residual grid rntewh***.dat at any
epoch time to design the reasonable setting parameters according to the principle of
parameter setting optimization and cumulative approach effectiveness given below the
program interface.
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Step 3: Using the load SRBF approach and load effect synthesis method, calculate the
residual all-element grid time series of regional soil water load deformation field.

2 of residual load and synthesis
of residual load effects using SRBFs

Select the calculation point file format
The calculation surface grid file

2 of residual surface load and
load effect time series using SRBFs

| solution of normal equation LU triangular decor - Cumulative SRBF appre

>> [Function] From the regional residual equivalent water height (EWH) variation

| '8 Open the calculation surface height grid flle

spherical radial basis functions (SRBFs) and then calculate the residual EWH est|

gravity (uGal), gravity disturbance (Gal), ground tiit (SW, to the south and to the

the residual owfv-lom water
variation
Parameters of the first SRBF appoam

gom

displacement (EN, to the east and to the north, mm). ground radial displacement
mE) or horizontal gravity gradient (NW, to the north and to the west, mE)
>> Open the calculation surface height grid file C:/ETideLoadd.5_win64en/examg

orderm 0

Select SRBF  radial multipole kernel

>> Open the residual equivalent water height variation grid file C./ETideLoad4.5_|
>> Save the results as C/ETideLoadd 5_winB4en/examples/Loadimfdcalcdemoid
>> Setting have been imported in the program!

minimum degree 180

"
** Click the control button (Start computation], or the tool button [Start computati

maximum degree 720
burial depth of Bj sphere 20.0km
action distance of SBRF center 150km
Reuter network level K 1800
Parameters of cumulative SRBF appoach
Select SRBF Poisson wavelet kemel
orderm 0 -
minimum degree 360
maximum degree 1800
burial depth of Bjerhammar sphere 10.0km
action distance of SBRF center 60km
Reuter network level K 1800

>> Ct start time: 2023-05- 171546’11

tation oroach of re

The soum EWH obuwallons (em) Moan :1 3

The Oth iterated residual EWH (cm): Mean -0.0075 standard deviation 06837 minimum

m 1th iterated rusmual EWN (cm): Mean _0.0013 standard deviation 0.2514_minimum
0

-5.1512 maximum
-2.8204 maximum

in

Design the re setting par
d according to the principle below.

c n zrmc/m-anpava,

geoid / height anomaly (mm)

des nmh

Lcdemo/designpara

2 o

Ground gravity (4Gal) radial displacement (mm) gravity gradient (mE)

@ The effectiveness principle of the parameter optimization and cumulative approach: (1) The estimated load EWH and load effects in space is continuous and differentiable, and (2) the residual standard deviation of the estimated
load EWHs is obviously reduced. and the residual statistical mean tends to zero.

Step 3: Determine the residual all-element grid time series of regional soil water load
deformation field by the load SRBF approach and load effect SRBF synthesis.

&2 Approach of residual load and synthesis
of residual load effects using SRBFs
Select the calculation point file format
The calculation surface grid file

2 Load approach and load effect synthesis algorithms using SRBFs

Computation of residual surface load and
load effect time series using SRBFs

| solution of normal equation LU triangular decor - Cumulative SRBF approach times |1

‘&' Save program process as

i

'# Open calculation surface zero value grid file

2} Open any residual equvalent water
height variation file

Ordinal number of first wildcard in file name /'8
Number of consecutive wildcards In file na
Parameters of the first SRBF appoach

Ci/ETideLoadd.5 ad dat
|| CiETideLoacs 51 mol 3142018120509 dat
>> 6 equivalent water height variaton grid i seAeSTIES are found by widcard instantation
> Setiing parameters have be OTE3 in the program

Gmputation process needs to wat... During the computation period, you can open the output files folder C-/ETideLoadd. 5_wine4en/examples!
0 look at the ssit
** The last column attribute of each output file header is the instance of the wildcards of the file name of the EWH time series, which represents the sampling epoch
time of the output file.

orderm 0
minimum degree 180
| maximum degree
burial depth of B sphere 20.0km

Select SRBF  radial multipole kernel -

>> Computation start time: 2023-05-17 16:01:25
[>> SRBF approach stalistics of 20180131 load EWHs:
The source EWH observations (cm): Mean  3.3563 standard deviation 24427 minimum -8.4348 maximum
The Oth iterated residual EWH (cm): Mean -0.0075 standard deviation 0.6837 minimum -5.1512 maximum
The 1th iterated residual EWH (cm): Mean 0.0013 standard deviation 0.2514 minimum -2.8204 maximum
>> SRBF approach statistics of 20180328 load EWHs:
The source EWH observations (cm): Mean  6.8236 standard deviation 3.6424 minimum

157512
3.5556.
2.1486.

13,1111 maximum 19.4132,

action distance of SBRF center 150km
Reuter network level K 1800
Parameters of cumulative SRBF appoach

orderm 0

Select SRBF Poisson wavelet kemel -

3127 maximum 51767,
 Import setting parameters

The Oth iterated residual EWH (cm): Mean -0.0291 standard deviation 0.8465 minimum
=) Set the results folder

& Start Computation

Luad;n‘dcaw:cm/mz ratdfm/rnt SRBF:
ntdfm,

Using the setting parameters

minimum degree 360
maximum degree 1800
burial depth of Bjethammar sphere 10.0km
action distance of SBRF center 60km
Reuter network level K 1800

just designed.

alcdemo/zatrntdfa/rntSRBFS
lcdemo/rstrntdfm/rntSRBFs:

geoid / height anomaly (mm)
@ The effectiveness principle of the parameter optimization and cumulative approach: (1) The estimated load EWH and load effects in space is continuous and differentiable. and (2) the residual standard deviation of the estimated
load EWHs is obviously reduced, and the residual statistical mean tends to zero.

10
— " —

gravity gradient (mE)

Ground gravity (4Gal) radial displacement (mm)

Call the function [Computation of residual surface load and load effect time series using
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SRBFs], input the 1'x1' zero-value grid file zerolmrst.dat, and generate the residual load
effect all-element grid time series rntSRBFs***.??? from regional 1'x1' soil water EWH
residual grid time series wghcalc*.dat with the setting parameters above.

Where ??? = ewh, ksi, gra, rga, dft, vdf, dph, dpr, nmh, grr or hgd, respectively,
representing the grid file of the residual EWH estimation and residual load effects on the
height anomaly, ground gravity, gravity disturbance, ground tilt, vertical deflection, horizontal
displacement, radial displacement, normal or orthometric height, radial gravity gradient or
horizontal gravity gradient.

*** are the wildcards of the soil water EWH residual grid time series file names, whose
irjstanc? can i(ilventify Ehe saerIing epoch time of the residual load effects.

e .‘m _,’_ : e = e

T
3 ) o ' 2 3
—  ——

Regional 1°x1" soil water residual load effect (uGal) grid time series on ground gravity

1oy " »ar P

20180328 ' 201808 1 F 0181205

o3 a1 o o o
— Y —

Regional 1'x1" soil water residual load effect (mm) grid time series on ground ellipsoidal height

e
120180328

2 7\
D c—

Regional 1°x1’ soil water residual load effect (mE) grid time series on gravity gradient

Step 4: Calculate and restore the soil water load effect model value grid time series and
generate the regional high-resolution soil water load effect all-element grid time series.

Call the function [Computation of load effect time series by spherical harmonic synthesis],
input the calculation result area 1'x1' zero-value grid file zerolmrst, let 'land water EWH
(cm)' as the surface load type and the maximum calculation degree is 360, calculate the
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global reference model value grid time series loadfmdl***.??7? of soil water load effects from
the gIobaI soil Water Ioad spherlcal harmonlc coefficient model time serles Indwater*cs dat

A

20180328

1 201 80801

3 - ar 107
025 a3 a1 o P o

Regional 1'x1" soil water load effect model value (mm) grid time series on ge0|d

a5 s s “ as ] 25 3 4 3 . 5

Regional 1'x1" soil water load effect model value (uGal) grid time series on ground gravity

Call the function [Weighted operations on two groups of grid time series], directly add
the reference model value grid time series loadfm***.??? to the residual grid time series
rntSRBFs***.?2?? of soil water load effects to generate the regional 1'x1' all-element grid time
series soilloadfm***.??? of soil water load effects.

F
Step 4: Calculate and restore the soil water load effect model value grid time series, and
generate the regional high-resolution soil water load effect all-element grid time series

‘Computation of various load effects Computation of various load effects of | Computation of load effect time series ‘ 3 Aigorithm formulas

by spherical harmonic synthesis ® Eantn satelite or outside solid Eartn by spherical harmonic synthesis
Select the calculation point file format
The calculation surface height grid file

The type of surface load  Land water EWH - | 4 Save program process as

* the program outputs the surface load effect grid time series files loadfmai™~. 722, where 777 = kI, gra, rga, it va, dpn, dpr, nmh, giT or hgd, respectively,

# Open the land surface height grid fiie \ ropokaacii:g e g e o oad edeck o tha helght oy, roun graty,graly cisksbarch, rolid . verkcal dalecicn, I fecedal epjacaent, lal
ht, ntal gr;
(£} Oen any load harmonic coefficient mode! fle Hem e wceara of e madar s Sara T oo Inaiance Son oy oY ‘sampiing epoch time of the computed (0ad effects. The number of
Set the wildcard of the file names output files is equal to the number of the time series files of the load spherical harmonic coefficient model
= | ™" Theload harmonic coefficient model files searched by wildcard instantiation:

Ordinal number o irst widcard infl name 1| e TdeLoace s BOTE0TThs dat
| Number of consecutive wildcards in file nane Y TETRoRT - oadfr 180328Fs dat
| Select the type of effects C/ETideLoad4.5_\ amples/LoadTmiaEacter 180530¢s.dat

CU/ETideLoad4 5. 180801Fs dat

i geoid or height anomaly (mm 2
[ 9 ) C/ETideLoad4 5.\ 181003Fs dat

 ground gravity (uGal) C/ETideLoad4.5_) £0181205§s dat

I gravity disturbance (uGal) >> Setting parameters have been imported in the program!
| &2 ground tiit (SW. mas) © ** Click the control button [Start computation], or the tool button [Start computation]
|| & vertical defiection (SW, mas) ** The computation process needs to wait... During the computation period. you can open the output files folder C/ETideLoad4 5_win64en/examples/

ctior 4 L 10 look at the progress!!

} [ horizontal displacement (EN, mm) (= ** The last column attribute of each output file header is the instance of the wildcards of the file name of the model time series, which represents the sampling epoch
| & ground radial displacement (mm) @ fime of the outout file
| & ground nommal or orthometric height (mm) Maxinu tincaied degres 3 mport mete .
|&g (mm) Ot the CROMGIAR oS! 360 : [ Set the result folder 2 setting parameters & Start computation

4 disturbing gravity gradient (radial, 104E)
| & horizontal gravity gradient (NW, 104E)

7]

Extract deformation field to be piot 4 Plot]

25 w 100"

o 1or
a3 32 31 3 29 3 25 2 15 -1 35 3 25 2

geoid / height anomaly (mm) ground gravity (uGal) gravity disturbance (uGal)
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2 Operations on geodetic time series with same specifications

u] X
Weighted operations on two groups of (vector) grid time series
_ Weighted operations on two record _ Construction of record time series I _ Weighted operations on two _ Weighted operations on two groups
" time series with same specifications “ from batch discrete point files "™ groups of grid time series “ of vector grid time series
& Open any grid time series file of the group 1 >> Program Process ** Operation Prompts 4. Save program process as
Set the wildcard of the file names >> Create or select the results folder C:/ETideLoad4.5_wi i i A

Ordinal number of the first wildcard in the file na
Number of consecutive wildcards in the file nam

** The grid time series files of the group 1 by wildcard i
C:/ETideLoad4.5_wil d20180131 ksi

e |9
6.8

C:/ETide[caua™5 oad d20180328 ksi
o - C:/ETidelLoad4.5 P oadfmfdc: 20180530 ksi
1) Open any grid time series file of the group 2 C-/ETideLoadd.5 320180801 lksi

Set the wildcard of the file names g;g?getoag: g_ P ij‘ 8:::28: tS'
- - b - ¥ ideLoad4 . Sl
Ordinal number of the first wildcard in the file na The grid time series files of the group 2 by wildcard
Number of consecutive wildcards in the file name, 8 EFideLoadd 5_win tdfm/mtSRBF 20180131 fksi
C:/ETideLoad4.5_win64envexa 5 tdfm/mtSRBF 20180328 ksi
Select operation mode C:/ETideLoad4.5_win64er st ISRBF$20180530 i
Plus + v C:/ETideLoad4.5_wil rstrntdfm/mtSRBF 20180801 ksi
C:/ETideLoad4.5_win64er p rstmtdfm/mtSRBFs20181003 ksi
The firstweight [1.00 < The second weight (1.00 < C:/ETideLoad4.5_win64er tdfm/mtSRBF 20181205 fksi
>> Setting p have been imp in the p !
** Click the control button [Start computation], or the tool button [Start computation]....
>> Computation start time: 2023-05-17 16:50:16

>> Complete the weighted operations of two groups of grid time series files! There are 6 pairs of grid time
series files operated.
>> Computation end time: -05-17 16:50:16

Set the results fold| k Import setting paramete;
-
0

rt computation

20180131 (a.
0.0058

0

>

Where ??? = ksi, gra, rga, dft, vdf, dph, dpr, nmh, grr or hgd, respectively, representing
the grid file of the soil water load effects on the height anomaly, ground gravity, gravity
disturbance, ground tilt, vertical deflection, horizontal displacement, radial displacement,
normal or orthometric height, radial gravity gradient or horizontal gravity gradient.

*** are the wildcards of the variation grid time series file names, whose instance can
identify the sampling epoch time of the load effects.

?20180355 . " [ ] .

120180801 |

. ns 3 25

w ” - o 4

s 35 54 2 s ax s m 4 5 52 w“ 38 i .

-

-

:
| ,\
L

-

- 3 o

Regional 1'x1" soil water load effect (uGal) grid time series results on ground gravity
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Regional 1'x1" soil water load effect (mas) vector grid time series results on ground tilt

Jar

20180328

15 o
—

Regional 1'x1’ soil water load effect (mE) grid time series results on gravity gradient

According to the same processes above, you can compute regional atmosphere or sea
level variation load deformation field all-element grid time series.

ETideLoad4.5's algorithm of the load approach and load effect synthesis using SRBFs
can effectively solve the troubles of high-degree oscillation and poor convergence of load
Green's function and the spectrum leakage and singularity of load Green'’s function integral
in the near area around the calculation point.

The all-element load deformation field approached can be employed to accurately
calibrate the key payloads of geodetic satellite, verify the satellite geodetic monitoring ability
and improve effectively the monitoring performance, reliability and accuracy level.

The regional load deformation field approached can be employed for the epoch
reduction of various high-precision observations such as GNSS, leveling and gravity, which
can support the realization and coordinated maintenance of heterogeneous geodetic datum.

Itis the basic and lowest requirement for the deep fusion of multi-source heterogeneous
data and collaborative monitoring of various heterogeneous geodetic technologies for the
reduction of monitoring epoch and unification of monitoring datum based on surface load
deformation field.

4.10.2 Heterogeneous collaborative monitoring process of groundwater variations
and load deformation field

From the heterogeneous observation variation record time series from the regional
CORS station, gravity tide station and groundwater monitoring station, compute the
groundwater variations and regional load deformation field all-element grid time series in the
five steps to realize the heterogeneous collaborative monitoring to regional groundwater and
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time-vary gravity field by the remove-restore scheme based on the observed surface loads.

42 CORS station of ___, Calculate and remove the observed load 7 tide station of residual
ellipsoidal height weekly effect for CORS and gravity tide stations gravity weekly variation
variation record time series l record time series
Construct the heterogeneous 11 hydrological station of groundwater
residual observation variation —«— EWH weekly variation record time
1'x1’ zero-value grid file record time series series (calibrated to the observed level)
zero60s.dat (for the l
ground calculation range)

Load deformation field approach from

Various variation time ‘
heterogeneous variations using SRBFs

series are subtracted |
from their respective |
annual averages in |
Time-varying gravity field monitoring advance to unify the !
from heterogeneous variation record monitoring datum. :

l_ time series using SRBFs SR

1'x1" groundwater load effect Weighted operations on two Sl Al TR e B R

e : L : observed surface load effect
all-element grid time series groups of (vector) grid time series e i
all-element grid time series

Collaborative  monitoring l
results of 1'x1" regional
groundwater EWH variation
weekly grid time series

R e S ——
Collaborative monitoring results of 1'x1’ regional load effect grid weekly time series on all-element variations

Heterogeneous collaborative monitoring process of groundwater variations and load deformation field

The target monitoring area: 98°~101°E, 24°~26.5°N. Observation point distribution :
97.5°~101.5°E, 23.5°~27.0°N. Monitoring time interval: one week. Starting and ending time:
March 2019 to August 2019. Spatial resolution: 1'x1".

Step 1: Data preparation and preprocessing of various geodetic and surface load
observations.

(1) CORS network data processing and calculation of the ellipsoidal height variation
weekly time series at 42 CORS stations, and calculation of gravity variation weekly time
series at 7 gravity tide stations.

(2) Various geodetic and surface load observation variation time series are subtracted
from their respective annual averages in advance to unify variation monitoring datum.

(3) Calculation of groundwater equivalent water height (EWH) variation weekly time
series at 11 hydrological monitoring stations.

According to the process of this section, calculate the regional groundwater EWH
variation grid weekly time series in advance only from CORS and gravity tide monitoring
data, whose monitoring time span was not less than two years. Then, interpolate the
groundwater EWH at the hydrological monitoring station from thecalculated groundwater
EWH grid to calibrate the hydrogeological parameters and then transform the variation of
observed groundwater level (head) into the variation of groundwater EWH at each
hydrological monitoring station.

The process in step 1 is omitted in this example.

Step 2: Calculate and remove the observed load effect and construct the heterogeneous
residual observation variation record time series according to ETideLoad4.5 agreed format.

According to the computation process of section 4.10.1, calculate the observed load
effect variation grid weekly time series on ground ellipsoidal height and gravity.
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Step 2: Calculate and remove the observed load effects and construct the heterogeneous
residual observation variation record time series according to the agreed format.

Interpolation of irregular variation |,.. Interpolation of given record time | .., Interpolation at the given location , , Construction of record time series .. Reconstruction of grid time series according
** time series from grid time series |*"* series from grid time series *'* and time from grid time series “** by space-time interpolation *'* to given spatiotemporal resolution

{I & Open any variation grid time series file | >> Program Process ™ Operation Prompts &/ Save program process as

Set the wildcard of the grid file names >> [Function] Using the given tv space and time method, to

| Ordinal Number of the first wildcard in the file fame 4 < obtain all the sampling values of the input record time series from the variation grid time series files. The output record time series
Niimberof " \dcard file . file format is the same as the input record time series file.
SVher Of consactiive WidoRT'S 1 e bameN 10 =__>> Open any variation grid time series file C/ETideLoad4.5_\ fwatereff_grav/

W Open the record time series file ¥ei)12019022712 dat.

>> Open thegcord time series file C-/E TideLoad4.5 1 ot

| Column ordinal number of first sampling epoch in header 5 = “*Enter the file Tormaf parameters according to the text box below. After giving the output file name, click the control button [Import
setting parameters]

{ Column ordinal number of first sampling variation in record 7. ~__>> Save the results as C/ETideLoau4.5_win64en/examples/Landwdfmonitordemo/gravsurfw.txt

** The grid time series files searched by wildcard instantiation:

Spatial interpolation mode Gaussian Won \ l enes file C//E TideLoadd.5_winb4en/examples/
Landwdfmonitordemo/gravsurfw.rt into the currenfTolder, The format is the same as the input record time series file. Here the
Temporal mode Ti function q remnant variation is equal to the difference between the inpUrseqple value and the interpolation. I
C:/ETideLoad4.5_\ X g20190 712dat |
C:/ETideLoad4.5_\ ¢ 019032712 dat |
Ci/ETideLoad4.5_ x: 019041712/dat

[l save the results as ¥ Import setting parameters & start computation
$ 98" 99" 100° 101° &
o B LS e e S e o 14
@ - o |1
2.5 , 2 265" ||
5 * ]
e * o ]
26T . -126°
a
* o (o}
The observed surface loads here include the surface BSE . . ° EEE
atmosphere, soil water, vegetation water, lake and .
5 P 5 o iy S0
river water, and sea level variation loads. 5 P ey » 25
i - ]
| - . ] |
i 245+ © p s ||
} 0
24 (o] o| * Cuviyse o
@ The latitude and longitude of the site to be interpolated should not exceed the latitude and longitude range of the grid| E ©  CORS or GNSS |
the grid time series by too much. I e # ___ Hydrologic site
@ When there is large noise or more default values in the variation (vector) grid or their time series, functio] 93 5 boctostadiayal chcitan, s DY
method is recommended for time interpolation. 98" 99" 100° 1or

Call the function [Interpolation of given record time series from grid time series], remove
the observed load effects from the gravity variation weekly time series at gravity tide stations
to generate the residual gravity variation weekly time series, and remove the observed load
effects from the ellipsoidal height variation weekly time series at CORS stations to generate
the residual ellipsoidal height variation weekly time series.

The observed surface loads in this example include surface atmosphere, soil water,
vegetation water, lake and river water and sea level variation loads.

According to the agreed format in ETideLoad4.5, merge the 11 hydrological stations of
groundwater EWH variation, 7 tide stations of residual gravity variation and 42 CORS of
residual ellipsoidal height variation record time series to generate the heterogeneous
residual observation variation record time series file.

The file header contains the time series length and sampling epoch time arranged with
time. Record format: ID (the site name / no), longitude, latitude, ..., weight, variation type, ...,
variations arranged in time series length (default value is 9999.0000).

Variation type = 3 represents residual gravity variation (uGal), = 4 represents residual
ellipsoidal height variation (mm), = 6 represents groundwater EWH variation (cm).

Step 3: Call the function [Load deformation field approach from heterogeneous
variations using spherical radial basis functions] to design the reasonable setting parameters
for time series SRBF approach.

Call the function [Load deformation field approach from heterogeneous variations using
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spherical radial basis functions], input the 1'x1' zero-value grid file zero60s.dat, which is
employed to give the calculation range and the zero value represents the calculation surface
as the ground, and estimate the residual EWH variation and 10 kinds of load effect grids
from the heterogeneous residual observation variation record time series file at any epoch
time to design the reasonable setting parameters according to the principle of parameter
setting optimization and cumulative approach effectiveness given below the program
interface.

Construct the heterogeneous residual observation variation record time series.

[ heterobstm. txt 3 1 1
4 6 1 26 2019022712 2019030612 2019031314 2019032012 2019032712 2019040312
2 Gravtd 98.0147 .3549 [0 1.0[3 0.3682 -0.4066 -0.5870 -0.9507
Gravtd 98.6582 26 0442 | 0 1.0 3 0.4895 -0.3106 -0.3382 -0.6489
4 Gravtd 100.7779 25.6125 | 0 1.0 3 0.4197 -0.3512 -0.5287 -0.9992
Gravtd 100.4539 26.2831 | 0 1.0 3 0.7248 ; ] -0.7004
Gravtd 99.5602  25.1185 | 0| 1.0 3 0.7275 ‘ First sample epoch time ‘ ~0.8650
Gravtd 98.7893 24.9545 | 0 1.0 3 0.4227 -0.3528 -0.5533 -1.1046
Gravtd 100.6808 24.2371 | 0 1.0]3 0.9835 it ; -0.7727
Crrmncn P 5 aics | o 1ol ¢ onoa ‘ Variations at First epoch ‘ 5 4974
Gr{ Height of monitoring point - || 0 1.0 6| ]-17.9751 -17.4566 -10.0307 ~6.5621
Gr{ relative to ground 0 1.0 6 ~2.4838 0.7468 -5.2044 ~7.6949
12 Griumaw oo srooro | 0 1.0 6 -3.9630 Frs poe T or
L3 Gri Type of monitoring variation ‘ 0 1.0]¢e -9.1540 FPorAooT TRl Tt r T T T o
14 Griwrew A : 0 1.0 6 -6.9553 ; ®
Groundw 99.9602 26.1185 | 0 1.0 6| |-12.4726| | %5F , ° h LA
Groundw 100.4287 25.0616 | 0 1.0| 6 -9.3451 E . v o ]
Groundw 99.6155 25.4606 | 0 1.0 6 -7.1664| | *F  * o . -10%43%8
Groundw 99.3902 25.0128 | O 1.0| 6 8.7624 |} i *e 4749 =
Groundw 98.3716 25.9847 | 0 1.0 6 0.2453 “E5.8 ’ Ar2
BAIS 98.1335 25.7597 | 0 1.0 4 2.7636 aef 16994 A . Had
EJIA 101.2457 24.4573 | 0 1.0 4 2.7837 F * X 1
HQIN 100.1664 26.5621 | 0 1.0 4 2.8909| | sk % ] 8707, o o dus
JIGU 100.7302 24.1054 | 0 1.0 4 1.5699 e o .
24 LJIGC 100.2215 26.1009 | 0 1.0 4 1.9811 uf Gnviy e | o4t
MENT 99.6325 24.5268 | 0 1.0 4 7.6030 Ee ® . o]
MYON 99.7582 23.9442 | 0 1.0 4 2.4876| [ sttt L 1 —dns
QINA 100. 6244 26.3091 | 0 1.0 4 1.2489 i il i L
SAN1 101.0779 2?26 N128 1 A 2 224an A QAA2G A &273 5 1418
TDIA 99.52 Heterogeneous reS|duaI varlatlon record tlme serles heterobstm txt = 3106
gz;bllﬁ igé:?é% Tide station re5|dual grawty weekly varlatlon llme series, type =3 + g;;;
XIFU 101.2905 .4985
Yvrun 1005550 Hydrologlcal slatlon restldgal EWH weekly vanatlourf EITe series, t}."?i 6+ o830
34 YNCX 101.0928 CORS resu:lual elllpsmdal hmght weekly variation time series, type 4 6290
YNJID 100.8808 24.4371 | 0] 1.0 [ 4] |_-1.4566] 0.6380 L5221 0.8202

Step 4: Estimate the residual EWH and 10 kinds of residual load effect variation grid
weekly time series.

Call the function [Time-varying gravity field monitoring from heterogeneous variation
time series using SRBFs], input the 1'x1' zero-value grid file zero60s.dat, and estimate the
residual EWH variation grid weekly time series ewh***.dat and the following 10 kinds of
residual load effect variation grid weekly time series files from the heterogeneous residual
observation variation record time series files with the setting parameters above, while output
residual variation time series files rnt***.txt.

(DSRBFgeoid***.dat is the residual load effect grid file on geoid or height anomaly (mm),

(2)SRBFterrgrav***.dat is the residual load effect grid file on ground gravity (uGal),

(3)SRBFgravdist***.dat is the residual load effect grid file on gravity disturbance (uGal),

(4)SRBFgrndtilt***.dat is the residual load effect vector grid file on ground tilt (SW, to the
south and to the west, mas),

143



(5)SRBFvertdefl***.dat is the residual load effect vector grid file on vertical deflection
(SW, to the south and to the west, mas),

(6)SRBFhorzdisp***.dat is the residual load effect vector grid file on horizontal
displacement (EN, to the east and to the north, mm),

(7)SRBFelliphgt***.dat is the residual load effect grid file on ground radial displacement
(mm),

(8)SRBForthohgt***.dat is the residual load effect grid file on ground normal or
orthometric height (mm),

(9 SRBFgradient***.dat is the residual load effect grid file on radial gravity gradient (rmE)
and 10SRBFhorzgrad***.dat is the residual load effect vector grid file on horizontal gravity
gradient (NW, to the north and to the west, mE).

Where *** is the sampling epoch time from the heterogeneous variation record time

series file header, which is also saved as the last column attribute of the load effect grid file
header.

|-

Step 3: Design the reasonable setting parameters for time series SRBF approach.

Load deformation field approach from heterogeneous Time-varying gravity field monitoring from heterogeneous o
[ * variations using spherical radial basis functions variation time series using SRBFs ¥ Aigoritinm of SRBF Approsch
[ "3 Open the geodetic variation record. time series fle | [ Open the calculation surface height grid file ﬂ Create or select the results folder 4:f Save program process as
Column ordinal number of the first = >>[Function) Using spherical radial basis functiorr
time in header ~ load to obtain the land water EWH, geoid or height|
Column ordinal number of the first .

the west, mas), vertical deflection (SW, to the sout|
displacement (mm), ground normal or orthometric |
and to the west, mE) variation grids from various')

variation in record
The column ordinal number of the

variation type in record
The column ordinal number of the 5 - longitude, latitude, ..., weight, variation type,

weights in record * [>> Open the geodetic variation record time seriesal —
The column ordinal number of the =

current variations in record
Mean distance between geodetic sites 6.0 km
Parameters of the first SRBF appoach
Select SRBF radial multipole kemel
orderm 0
minimum degree 9

ek degiee. 900 3 SRBFgmdtilt™™ dat is the load effect vector53a Tile n Ground Gt (SVY;g The South and 10 The wayt, Mas).

0 20
burial depth of , 5, = | | Type of adjustable variations gravity disturbance var Solution of normal equation LU triangular decomp: 3 Import setting parameters.
Bjerhammar sphere
action distance of SBRF center 200km = | | Contribution rate « of adjustable variations 1.00 2 Cumulative SRBF approach times 1 & Start Computation
Parameters of cumulative SRBF appoach
Select SRBF Poisson wavelet kernel i gl l
orderm 0 S e
b Po—"
mininum degrsa’ 720 - Des-gn the r le setting par in
maximum degree 1800 : advance according to the pnnclple below.
burial depth of =
Bjerhammar sphere > 2%K™
action distance of SBRF center 60km <
= - " v
- T
nsf . . s )
26/ - . %
2.9} * * . 1.5 =
. ‘
ast . ® el
2
wst® W - . s
- ® Gy -
L 2P . ° o cown v -
. e 2 r
= w - o s w
Spatial distribution of geodetic sites Land water EWH variations (cm) Ground gravity variations (uGal) Orthometric height variations (mm)

@ The geodetic variations here can be one or more of the following five types of variation. (i) Height anomaly variations (mm) from GNSS- network, gravity variations (uGal) from GNSS-
gravity monitoring network or CORS-graviy tide stations, ( ground gravity variations (4Gal) from gravity monitoring network or gravity tide stations, '@ geodetic height variations (mm) for CORS network or GNSS monitoring
| network. © normal or height variations (mm) from leveling network. and @ equivalent water height variations (cm) from hydrological monitoring stations.

@ The effectiveness principle of the parameter optimization and cumulative approach. (L) The estimated load EWH and load effects in space is continuous and differentiable, and 2 the residual standard deviation of the,
vana(ms IS OOVDOUS‘ reduoed and the residual statistical average tends to zero.

The residual EWH variation here does not contain surface observed load variation,
which can be considered as groundwater EWH variation. Therefore ewh***.dat are the
heterogeneous collaborative monitoring results of the groundwater EWH variations, while
the residual load effect variation can be considered as the groundwater load effect variation.

Step 5: Calculate and restore the observed surface load effect all-element grid time
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series to generate the heterogeneous collaborative monitoring results of land water load
deformation field all-element grld time series.

Step 4 Estlmate the reS|duaI EWH and 10 klnds of re5|dual load effect : [
variation grid weekly time series

Load deformation field apptoach from hslevogeneom ying gravity field from ~ ’
= Variations using spherical rad - variation time series using SRBFs oI OF SRBE APpeuac
| @ open the geodetic variation record tme series fle | Open the calculation surface height grid file ) Create or select the resuts foider 4.+ Save program process as

Column ordinal number of the first o = | >> [Function] From various heterogeneous geodetic variation time series, using spherical radial basis function approach method in spectral domain, estimate

poch time in header the reglonal surface load equivalent water height (EWH) and full-element load effect grid time series (usually employed to represent regional time-varying
Column ordinal number of the first ' z

variation in record = e sampling Time arranged with time. Record format:
The column ordinal number of the | < the site name / o), longitude, laitude, ..., weight, variation type, ..., variations arranged in ime series length (default value is 9999.0000)
variation type in record > Open the geodetic variation record time series file C:/ETideLoadd.5_win64en/examples/Landwdfmonitordemo/heterobstm.txt
The column ordinal number of the =+ | Look at the file information In the window below and set the file parameters of the record time series.
weights in record >> Open the surface height grid file C:/ETideLoadd.5_ dat
Mean distance between geodetic sites |6.0 km =] | >> Create or select the resuts folder C/ETideLoad4.5._y
** The program outputs the land water EWH grid time series file ewh™** dat residual variation time series files ml"' txt and full-element load effect grid time
Parametaraiof the et SR:::F”“:' e seres files. . Here, ™ is the sampling epoch time which is also saved as the last column attribute
Select radial multipole kemel 1) SRBFgeoid**.dat is the load effect grid file on geoid or height anomaly (mm), : :
poemE |
orderm 0 2) SRBFterrgrav™™" dat is the load effect grid file on ground gravity (Gal), Usmg the setting parameters
minimum degree |9 3 SRBFgravdist™*.dat is the load effect grid file on gravity disturbance (uGal), just designed.
adnon dogrea 1900 4 SRBFgmtilt*** dat is the load effect vector grid file on ground tilt (SW, to the south and to thel L
sjem:“ﬂa' rd:::;: 1.00km Type of adjustable variations  gravity disturbance var - Solution of normal equation LU triangular decomp:  Import setting parameters

action distance of SBRF center | 200km Contribution rate K of adjustable variations|1.00 : | Cumulative SRBF approach times 1 g & Start Computation

Parameters of cumulative SRBF appoach
Select SRBF  radial multipole kemel
orderm 0
minimum degree 720
maximum degree 1800

burial depth of
Bjerhammar sphere 520
action distance of SBRF center 60km

dfmon

The monitoring ef time 2019082112 ‘
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Spatial distribution of geodetic sites Land water EWH variations (cm) Ground gravity variations (iGal) Orthometric height variations (mm)

@ The geodetic variations here can be one or more of the following five types of variation. @ Height anomaly variations (mm) from GNSS-leveling monitoring network, @ disturbance gravity variations (uGal) from GNSS-gravity
monitoring network or CORS-gravity tide stations, @ ground gravity variations (uGal) from gravity monitoring network or gravity tide stations, @) geodetic height variations (mm) for CORS network or GNSS monitoring network, &)
normal or orthometric height variations (mm) from leveling monitoring network, and (@ equivalent water height variations (cm) from hydrological monitoring stations.

@ The effectiveness principle of the parameter optimization and cumulative approach. (i) The estimated load EWH and load effects in space is continuous and differentiable. and @ the residual standard deviation of the
variations Is obviously reduced, and the residual statistical average tends to zero,

Heterogeneous collaborative monitoring: 42 CORS stations, 7 gravity tide stations and 11 hydrological stations

ws w 25 r s s w s s s

20190227

w : o B o 1%

Collaborative monitoring results of 1'x1’ regional groundwater EWH variation grid weekly time series

According to the computation process of section 4.10.1, calculate the all-element
variation grid weekly time series of the observed surface load effects. The process is omitted
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in this example.
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1'x1" regional groundwater load effect variation (mE) grid weekly time series on gravity gradient

Step 5: Calculate and restore the observed surface load effect all-element grid time series to generate the
heterogeneous collaborative monitoring results of land water load deformation field all-element grid time series

Weighted operations on two groups of (vector) grid time series

_ Weighted operations on two record _ Construction of record time series _ Weighted operations on two _ Weighted operations on two groups
"™ time series with same specifications ** from batch discrete point files ™ groups of grid time series " of vector grid time series
| 3 Open any grid time series file of the group 1 I >> Program Process ** Operation Prompts 4. Save program process as
Set the wildcard of the file names C:/ETideLoad4.5_\ I_nog dat A~
Ordinal number of the first wildcard in the file na 5 Ci/ETideL0ad4.5 = el o
: = C/ETideLoad4.5_y i_nog 2|
Number of consecutive wildcards in the file name B C/ETideLoad4.5 g 1
I _‘3} Open any grid time series file of the group 2 I gﬁg;ﬁtzg:?f ol 190612ldat
Set the wildcard of the file names C:/ETideLoad4.5_) _nog i 190619dat
Ordinal number of the first wildcard in the file nal 4 ﬁEI',}‘ﬁ,“’"ﬂ‘}f— = ;roun i snls: ;‘90703 dat
Number of consecutive wildcards in the file name \ 10 C:/ETideLoad4.5_\ i_nog 190710|dat
C:/ETideLoad4.5_\ i_nog 190717|dat
Select operation mode C:/ETideLoad4.5_ |_nog 190724|dat
Plus + v C:/ETideLoad4.5_ _nog! 190731|dat
C:/ETideLoad4.5_\ i_nog 190807|dat
The firstweight 100 < The second weight 100 = C:/ETideLoad4.5_) i_nog 190814}dat
C/ETideLoad4 .5_wi i_nog bR0190821|dat

>> Setting parameters have been imported in the program!

** Click the control button [Start computation], or the tool button [Start computation]....
>> Computation start time: 2023-05-18 15:23:19
>> Complete the weighted operations of two groups of grid time series files! There are 26 pairs of grid time series files operated. |
> Computation end tme: - 7

1) Set the results folder 3 Import setting parameters & Start computation

98. 1 4. 6. 00 .0 2 22712.00
- 3.7256 3.7210
-3.7079 -3.7096
.67 -3.6735

w5 4

w v

Call the function [Weighted operations on two groups of grid time series], directly add
the all-element variation grid weekly time series of the observed surface load effects to the
all-element variation grid weekly time series of the residual (groundwater) load effects,
respectively, to generate the regional 1'x1' all-element variation grid weekly time series of
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land water load effects, which are the heterogeneous collaborative monitoring results of land
water all-element Ioad deformatlon fleId
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Collaborative monitoring results of 1°x1’ load effect variation (uGal) grid weekly time series on ground gravity

The main technical features of ETideLoad4.5's algorithm for the heterogeneous
collaborative monitoring of the surface load and time-vary gravity field are in following.

(1) The algorithm can effectively solve the troubles of high-degree oscillation and poor
convergence of load Green'’s function and spectrum leakage and singularity of load Green's
integral in the near area around the calculation point, and then realize the collaborative
monitoring of GNSS, gravity, leveling, ground tilt and groundwater strictly according to solid
geophysical analytical constraints.

(2) There are rigorous analytical relationships between observation equations, and
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various heterogeneous geodetic monitoring systems can be deeply collaborated by
normalization of their normal equations to avoid the collaborative monitoring algorithms
affected by the observation errors. The algorithm has high stability and universality, which is
suitable for massive computation of multiple geodetic collaborative monitoring.

(3) The algorithm has the functions of the spatial and spectrum domain separation of
geophysical signals and measurement equipment parameter calibration, which can improve
the medium and long-term monitoring ability for the gravity tide station and make the EWH
monitoring ability for groundwater monitoring station, so as to enhance the level of

collaboratlve monltorlng from space, | terrestrlal and marine geodesy

Collaborative momtorlng results of 1'x1’ load effect varlatlon (mas) vector grid weekly time series on ground tilt
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5 CORS/InSAR collaborative monitoring and ground stability estimation

The group of programs can be employed to construct an accurate geometric and
physical spatiotemporal monitoring frame with regional unification, long-term stability and
high robustness, and then fuse the monitoring variations of the CORS network and multi-
source INSAR. From the variation grid time series of various geodetic deformation field,
guantitatively and continuously monitors the regional ground stability variations using
ETideLoad own defined quantitative criteria for the ground stability weakening.

¥ CORS/INSAR collaborative monitoring and ground stability estimation m) X

CORS/InSAR collaborative monitoring and ground stability estimatioﬂ

e

b 13
\ j B
oty «
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i
Pseudo-stable adjustment Gross error detection and Collaborative monitoring and Deep fusion and time series
of record time series for spatial deformation analysis processing of INSAR analysis on multi-source
geodetic network variations on InSAR variations with CORS network InSAR variations
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g s Y
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Computation of ground Computation of ground Computation of ground Statistical synthesis and
stability variation based stability variation based stability variation based prediction of ground
on vertical deformation on gravity variations on variation vectors stability variations

» Functional architecture of the subsystem
CORS and InSAR collaborative monitoring principle for vertical deformation

@ Through the gross error detection, spatial filtering and time series analysis, the INSAR vertical variation is separated into two parts, one part is the
vertical deformation of the rock and soil layer several meters deep, and the other part is the expansion and contraction of the soil own.

@ Using the CORS network ellipsoidal height variation time series as the constraints on the multi-source InSAR vertical variation time series, separate
the ground vertical deformation signals, and then realize the collaborative monitoring of the CORS network and multi-source InSAR.

@ Only the vertical deformation of the rock and soil layer several meters deep is the useful information needed for monitoring of the ground
subsidence, earthquakes, geological disasters, ground stability variations, solid Earth deformation, groundwater variations and other geodynamics.

CORS and InSAR collaborative monitoring principle for vertical deformation:

(1) Through the gross error detection, spatial filtering and time series analysis, the INSAR
vertical variation is separated into two parts, one part is the vertical deformation of the rock
and soil layer several meters deep, and the other part is the expansion and contraction of
the soil own. Only the former is compatible with most geodetic variations, while the latter is
mainly affected by the temperature and rainfall and should not be regarded as a solid Earth
deformation.

(2) Using the CORS network ellipsoidal height variation time series as the constraints
on the multi-source INSAR vertical variation time series, separate the ground vertical
deformation signals, and then realize the collaborative monitoring of the CORS network and
multi-source INSAR.
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(3) Only the vertical deformation of the rock and soil layer several meters deep is the
useful information needed for monitoring of the ground subsidence, earthquakes, geological
disasters, ground stability variations, solid Earth deformation, groundwater variations and
other geodynamics.

Continuous quantitative monitoring scheme of ground stability variations:

(1) From the grid time series of the geodetic vertical deformation, ground gravity and tilt
variations, quantitatively and continuously monitor ground stability variations by constructing
the quantitative criteria for the ground stability weakening.

(2) Quantitative criteria of the ground stability weakening can include that the ground
ellipsoidal height increases, the gravity decreases, the horizontal gradient of the height or
gravity variation is large and that the inner product of the tilt variations and terrain slope
vector is greater than zero.

(3) According to the objective nature of ground stability weakening at the place and time
of geological disaster, optimize and synthesize the ground stability variation grid time series
to adapt to the local environmental geology, and then consolidate the monitoring capabilities
of regional stability variations.

5.1 Pseudo-stable adjustment of record time series for geodetic network
variations

[Function] Using the variation time series of the GNSS baseline components, height
differences of the leveling route or gravity differences of the gravity control network as the
observations, and a given group of sites as the pseudo-stable reference datum, estimate the
variation time series of the coordinate component of the CORS network sites, height of the
leveling network sites or gravity of the gravity network sites by the indirect least squares
adjustment method.

The program can be employed to construct an accurate geometric and physical
spatiotemporal monitoring frame with regional unification, long-term stability and high
robustness.

The program requires that all the variations are strictly synchronized at each sampling
epoch time, and the reference epochs of all the variation record time series should be same
and unique.

[Input files] The observed variation record time series file of the geodetic network. The
reference variation record time series file of the reference sites.

(1) The observed variation record time series file for the geodetic network (consists of
the baselines or routes). The file header includes the number of characters of the baseline
or route name, number of characters of the site name, sampling length, ..., and all the
sampling epochs arranged with time.

The record includes the baseline or route name, starting site (longitude, latitude, height),
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ending site (longitude, latitude, height), ..., and all the observed variations arranged with
sampling time (default value is 9999).

(2) The variation record time series file of the pseudo-stable reference sites. The file
header contains all the sampling epochs arranged with time. The record format: the site
name, longitude, latitude, height, ..., and all the variations arranged with sampling time
(default value is 9999).

The relations between the baselines (or routes) and pseudo-stable reference sites in the
geodetic monitoring network are reflected with the composition of the characters of their
name. A baseline or route name (B***A) is agreed to be composed of site names A and B at
both ends, where the number of characters of all the sites names is required to be equal.
Therefore, the number of characters of the baseline or route name should not be less than
twice that of the site name.

[Parameter settings] Set the record time series file format parameters for the observed
variations of the geodetic network and reference variations of the pseudo-stable reference
sites, and set the constraint mode of the pseudo-stable references.

When the constraint of "weighted average with reference values” selected, the program
requires that the observed variation record time series are one-by-one correspond with the
sampling epoch time of the reference value record time series.

When the constraint of “weighted average with zero values” selected, the adjusted result
time series only reflect the relative deformation within the region, whose deformation
properties are similar to INSAR variation time series.

The reference variation record
time series of reference sites

- a A
Openfie Savess import Save process  Follow example
he observed réoord timg senes >> Program Process ** Operation Prompts 4.7 Save program process as

Open
 fie of the geodetic

senes fik of the geodetic net
Set the fle format parameter >> Open he vaniaton recor ‘of e paeudo-siable reference sites G /E TIdeLoadA 5_winbderexamples)

Column ordinal number of the first variaton T
Open tha reference variation
= file of the reference sites
Set the fie format paramster

al number of firs! epoch tme in hebader 4
¥ umber of starting MJOO In heafer |5
Column ordinal number of the first variaton in regord |5

Colmn ordinal number of the weigh atirbute |5

The observed variation record time ' x| [The constraint mode of the |yypieg
series of geodetic network

| Save the resuls as Import setting parameters.

{ The variation adjusted value record time
4 ! series of the geodetic network sites

the reference site adjusted :
value time series @ The relatons between the baselines (o routes) and the pseudo-stable reference sites in the geodesc monftoring network are reflected with the compostion of the characters of their name. Al
; baseline of route name (B""°A) & agreed 1o be composed of sie names A and B 3t both ends, where the rumber of characters of all e stes names is required 1o be equal. Therefore, the number of
characters of he bassline of foute name shal not be less than twice that o the sile name.
@ 'When the constrant of “weighted average with reference vakues" selected, the program requies ihat the observed variason record ime sanes are one-by-0ne comespond wih the sampling epach
L0 SEAEal 53022 55566 | bme of the reference vakue record fime serics. When the consiraint of “weighted average with zero values® selecied, the adusted result tme series onfy refect the resative deformation withi the
)= egion whose deformation propertes are smiar 1o InSAR variaton tme senes

[Output files] The variation adjusted value record time series file of geodetic sites.
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The file header comes from the reference variation record time series file of the
reference sites. The record format: the site name, longitude, latitude, height and all the
variation adjusted values arranged with sampling epoch time.

When the constraint of "weighted average with reference values" selected, the program
outputs the reference site adjusted value time series file ***.dmn into the current directory.

The file header comes from the variation record time series file of the pseudo-stable
reference sites. The record format: the site name, longitude, latitude, height, weight and all
the reference site adjusted values arranged with sampling time. The last row of the file is the
weighted average time series of the reference values of the source reference sites. Here,
*** gre the output file name of the variation adjusted value record time series.

5.2 Gross error detection and spatial deformation analysis on INSAR variations

[Purpose] Construct INSAR variation spatial analysis algorithms according to the spatial
distribution natures of the ground deformation under the action of the environmental geology
and load geodynamics, separate the outliers and gross errors from InSAR variations,
suppress and weaken the impact of the soil own variations, and then extract the INSAR
ground vertical deformation which is compatible with the other geodetic variations.

5.2.1 Gross error detection and separation on INSAR variation record time series

[Function] According to the spatial high-correlation characteristics of the ground
deformation, construct a reference surface respectively at each sampling epoch time with
the given low-pass filter to separate the outliers, gross error and abrupt signals from the
input INSAR variation record time series.

Before and after gross error separation, the format of INSAR variation record time series,
spatial and temporal distribution of monitoring points, number of monitoring points and the
value of INSAR variation remain unchanged, and only the gross error variation in the result
INSAR variation record time series are replaced by 9999.000.

[Input file] The INSAR variation record time series file.

INSAR variation time series is agreed in the record time series format, and the sampling
epoch time is agreed in ETideLoad format.

[Parameter settings] Set the INSAR variation record time series file format parameters,
select the spatial filtering mode and enter the number of gross error detection iterations.

[Output file] The INSAR variation record time series file.

The INSAR variation record time series in the output file is the same as that in the input
file with only the gross variations replaced by 9999.000.

The program automatically outputs the INSAR gross error record time series file in the
current directory. The file format is the same as the input INSAR varaition time series file.
The file header occupies a row, and the last few columns of attributes correspond to the
gross error percentage of the INSAR variations at each sampling epoch time. The default
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value of 9999.00 in the record represents that the INSAR variation is not a gross error. The
non-default value represents that the INSAR variation is a gross error, and the value is the
source INSAR variation.

% Gross error detection and spatial deformation analysis on InSAR variations - a

C & i @
Open InSAR file Save as Import parameters Start computation  save process =~ Follow example

- Gross error detection and separation on ~_ Analysis and processing of relative spatial Construction of high-resolution grid time
INSAR variation record time series " deformation on InSAR variations * series from record time series
‘& Open INSAR variation record time series file >> Program Process ** Operation Prompts 4! Save program process as
: Set format parameters of the file ** Before and after gross error separation, the format of INSAR variation record time series, spatial and temporal Al

distribution of monitoring points, number of monitoring points and the value of INSAR variation remain unchanged,

Column ordinal number of first epoch time in header |3 | and only the gross error variation in the result INSAR variation record time series are replaced by 9999.000 |
| Column ordinal number of the first variation in record/ 5 2 | |>> Open InSAR variation record time series file C:/ETideLoad4.5_) ynl ptmanalys |
by result2018-101-12.txt
| Spatial filtering mode Moving average fiter > sentgﬁeai the input file information in the text box below, set the format parameters of INSAR variation record time |
|| Set low-pass filter parametern |5 = ** The window below only shows the INSAR variation records time series with no more than 5000 rows!
>> Save the results as C:/ETideLoad4.5 win64en/examples/DyninSARsptmanalyse/pickerr2018-101-12.txt
Number of gross error detection iterations |3 3| >> Setting have been imp into the p

g
** Click the control button [Start computation], or the tool button [Start computation]....

>> Computation start time: 2024-10-21 10:17:29

>> The program automatically outputs the INSAR gross error record time series file in the current directory. The file

format is the same as the input INSAR varaition time series file. The file header occupies a row, and the last few

columns of attributes correspond to the gross error percentage of the INSAR variations at each sampling epoch time |

The default value of 9999.00 in the record represents that the INSAR variation is not a gross error. The non-default |

value represents that the INSAR variation is a gross error, and the value is the source INSAR variation.

>> Computation end time: 2024-10-21 10:18:37

¥ e

! kS il

[=) save the results as ™| : |
| v C
2 st B s Sl %y f‘T "
‘ 4 oad of fcd
| o e |
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! [
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| @ The purpose of the gross error detection and ion is to non: signals such as the outliers, gross errors and sudden changes in the InSAR |
| and eli the SAR i effects and rough surface environment interferences.
| @ The purpose of the spatial analysis is to supp the surface soil's own expansion and contraction effects due to the temperature changes, rainfall and other

| meteorological actions, and to suppress the short-wave effects of the atmospheric delay and surface multipath.

The purpose of the gross error detection and separation is to separate non-geological
deformable signals such as the outliers, gross errors and sudden changes in the INSAR
variations, and eliminate the SAR multipath effects and rough surface environment
interferences.

5.2.2 Analysis and processing of relative spatial deformation on INSAR variations

[Function] According to the spatial distribution natures that the ground vertical
deformation is inversely proportional to the distance away from the dynamic source,
suppress or weaken the local changes due to non-geological dynamics on the shallow
surface from the input INSAR variation record time series using the specified spatial filtering
algorithm.

[Input file] The INSAR variation record time series file.

[Parameter settings] Set the INSAR variation record time series file format parameters,
select the spatial filtering mode, enter spatial low-pass filter times and set the checkbox of
[use the spatial filtering value to repair the gross error].

For the moving average filter, the greater the filtering parameter n, the greater the
filtering strength, and for the spatial Gaussian filter, the smaller the n, the greater the filtering
strength.
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[Output file] The INSAR variation record time series file.

Before and after filtering, the format, time-space sampling distribution and quantity of
the monitoring points of the output INSAR variation record time series file are the same as
that of the input INSAR variation record time series file. The output variation = the input
variation — the residual variation.

5. Gross error detection and spatial deformation analysis on InSAR variations - a
Y = A =h F
- = &7 A
Open InSAR file Save as Import parameters Start computation  Save process =~ Follow example
|
-~ Gross error detection and separation on ~_Analysis and processing of relative spatial Construction of high-resolution grid time
InSAR variation record time series ~_deformation on INSAR * series from record time series |
& Open INSAR variation record time series file >> Program Process ** Operation Prompts 4. Save program process as
Set format parameters of the file proportional to the distance away from the dynamic source, suppress or weaken the local changes due to non- A
7 geological dynamics on the shallow surface from the input INSAR variation record time series using the specified |
Column ordinal number of first epoch time in header |3 < | spatial filtering algorithm |
Column ordinal number of the first variation in record/ 5 o ** Before and after filtering, the format, time-space sampling distribution and quantity of the monitoring points of the
+ output INSAR variation record time series file are the same as that of the input INSAR variation record time series file.
Z The output variation = the input variation — the residual variation ]
| filtering m
Spatial fitering mode; [Moying eversge ey >> Open INSAR variation record time series file C-/ETideLoadd.5_wir DyninSARsptmanalyse
Set low-pass filter parametern 8 < | pickerr2018-101-12.txt |
: ** Look at the input file information in the text box below, set the format parameters of INSAR variation record time
/] Use the spatial filtering value to repajr the gross Brror| ' series file.
** The window below only shows the INSAR variation records time series with no more than 5000 rows!
>> Save the results as C:/ETideLoad4.5_wir DyninS, )18-101-12.txt.
>> Setting p: have been imp« into the prog

** Click the control button [Start computation], or the tool button [Start computation].. |
>> Computation start time: 2024-10-21 10:22:48 |
>> The program automatically outputs the InSAR residual variation record time series file *.mt in the current |
directory, and * is the file name of the source input INSAR time series. The file format is the same as the source input
InSAR time series file. The residual variation = the input variation — the output variation.
>> Computation end time: 2024-10-21 10:37:42 v

[=) save the results as # Import setting parameters & Start computation

3.1025

< o f
| @ The purpose of the gross error detection and ion is to non. ical *7 085 I
| and eliminate the SAR effects and rough surface environment interferenc | E
| @ The purpose of the spatial analysis is to supp the surface soil's ow) s N 43 the s

| meteorological actions, and to suppress the short-wave effects of the atmospheric delay and s
|

The program automatically outputs the INSAR residual variation record time series file
*.rnt in the current directory, and * is the file name of the source input INSAR time series. The
file format is the same as the source input INSAR time series file. The residual variation =
the input variation — the output variation.

The purpose of the spatial deformation analysis is to suppress the surface soil's own
expansion and contraction effects due to the temperature changes, rainfall and other
meteorological actions, and to suppress the short-wave effects of the atmospheric delay and
surface multipath.

5.2.3 Construction of high-resolution grid time series from record time series

[Function] According to the given minimum number of the effective monitoring points in
a cell-grid, construct the high-resolution variation grid time series by the direct averaging or
Gaussian function interpolation method. The number of the output grid time series files are
equal to the number of sampling epochs of the variation record time series. The value on
the invalid cell-grid is represented by 9999.0.

[Input file] The INSAR variation record time series file.
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[Parameter settings] Set the INSAR variation record time series file format parameters
and enter the grid spatial resolution.

% Gross error detection and spatial deformation analysis on InSAR variations - a X
— oy = A b R
y . &7 Aw
Open InSAR file Save as Import parameters Start computation  save process =~ Follow example
- Gross error detection and separation on ~_ Analysis and processing of relative spatial Construction of high-resolution grid time
InSAR variation record time series " deformation on InSAR variations * series from record time series
& Open INSAR variation record time series file >> Program Process ** Operation Prompts 4. Save program process as
| Set format parameters of the file >> Computation end time: 2024-10-21 10:37:42 Al
2 - >> [Function] According to the given minimum number of the effective monitoring points in a cell-grid, construct the |
Column ordinal number of first epoch time in header |3 < | high-resolution variation grid time series by the direct averaging or Gaussian function interpolation method. The |

number of the output grid time series files are equal to the number of sampling epochs of the variation record time

| Column ordinal number of the first variation in record/ 5
series. The value on the invalid cell-grid is represented by 9999.0.

>> Open InSAR variation record time series file C:/ETideLoad4.5_wir DynInS. p alyse,

guass8fit2018-101-12.txt. |
** Look at the input file information in the text box below, set the format parameters of INSAR variation record time

series file... |
** The window below only shows the InSAR variation records time series with no more than 5000 rows! |

>> Create or select the results folder C:/ETideLoad4.5_win64en/examples/DynIinSARsptmanalyse/gridtm.

|4+
O

| | Setthe grid spatial resolution 7.5" /

** The results file names are grid™**.dat. The number of files is equal to the sampling number of the variation record
time series, and *** are the sampling epoch time in the long ineger format agreed by the ETideLoad.
>> Setting have been imp into the program!

** Click the control button [Start computation], or the tool button [Start computation]..
>> Computation start time: 2024-10-21 10:44:06 o+ Dy >
>> The program outputs 30 variation grids time series files!
>> Computation end time: 2024-10-21 10:44:34

¥} Set the results folder # Import setting parameters

| @ The purpose of the gross error detection and is to non: signals such as the outliers, gross errors
variations, and eliminate the SAR multipath effects and rough surface environment interferences.
| @ The purpose of the spatial analysis is to supp: the surface soil's own expansion and contraction effects due to the temp

meteorological actions, and to suppress the short-wave effects of the atmospheric delay and surface multipath.

[Output file] The results file names are grid***.dat. The number of files is equal to the
sampling number of the variation record time series, and *** are the sampling epoch time in
the long integer format agreed by the ETideLoad.

5.3 Collaborative monitoring and processing of INSAR with CORS network

[Purpose] Unify the reference epoch time of multi-source INSAR variation time series
and CORS network height variation record time series, and then through the compatibility
analysis of vertical deformation from the CORS network and INSAR, and InSAR variation
adjustment with the constraint of the CORS network, unify the spatiotemporal monitoring
frame of the INSAR variation time series to control the accumulation of the INSAR monitoring
errors over time.

The purpose of cooperative monitoring and processing of the CORS network and INSAR:
(1) Repair the tidal and non-tidal load effects on the INSAR variations, compensate the
spatial long-wave troposphere model errors. (2) Compensate the temporal information which
spatial wavelength larger than the INSAR monitoring area to control the cumulative errors of
the INSAR variations over time. (3) When there are no less than 3 CORS stations, can
precisely repair the INSAR differential interference scale error and compensate the other
medium-long wave errors.
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5.3.1 Unification of reference epoch for variation record time series

[Function] Using the cubic spline interpolation, Gaussian function interpolation or low-
pass filtering, estimate the reference value of the variation record time series at the given
reference epoch time, and then remove the reference value from the variation record time
series, thereby unify the reference epoch time of the variation record time series. At the
reference epoch time, the sampling values of all the variations are always zero.

The program requires that the reference epoch time be no earlier than the first sampling
time and no later than the last sampling time, otherwise automatically set to the first or last
sampling time.

[Input file] The INSAR variation record time series file.

[Parameter settings] Set the INSAR variation record time series file format parameters,
select the time interpolation mode, and enter the reference epoch time.

[Output file] The INSAR variation record time series file.

When the interpolation result of the record time series at the reference epoch time is
invalid, the program separates the record time series into the file ***.rep.

When there are more noise or missing samples in the variation record time series,
Gaussian function interpolation is recommended.

¥ Collaborative monitoring and processing of InSAR with CORS network

m oY = -

s > az -
Open INSAR file Save as Import parameters Start computation  Save process ~ Follow example
Unification of reference epoch for . Compatibility analysis on INSAR vertical InSAR variation time series adjustment
* variation record time series deformation using CORS network with spatiotemporal frame constraints
& Open INSAR variation record time series file >> Program Process ** Operation Prompts 4./ Save program process as

Column ordinal number of first epoch time in header 3 : | >> Select the computation function from the 3 control buttons on the top of the interface! -~
>> [Function] Using the cubic spline interpolation, Gaussian function interpolation or low-pass filtering, estimate the reference

value of the variation record time series at the given reference epoch time, and then remove the reference value from the variation

rd time series, thereby unify the reference epoch time of the variation record time series. At the reference epoch time, the

Column ordinal number of the first variation in record |5 - 2

Input the reference epoch time 2019051812

Set time interpolation mode Gaussian function m requires that the reference epoch time be no earlier than the first sampling time and no later than the last

time series into the file *

>> Open InSAR variation reWes file C:/ETideLoad4.5_wir DynCO AR/
guass6fit2019-101-12.txt.

** Look at the input file information in box below, set the format parameters of INSAR variation record time series file
** The window below only shows the InS; al n records time series with no more than 5000 rows!

>> Save the results as C:/ETideLoad4.5, [es/DynCORScntr g 6f1t2019-101-12ep.txt.

>> Setting parameters have been imported into the program!,
** Click the control button [Start computation), or the tool bu!

>> Computation start time: 2024-10-21 10:58:49

>> Complete the 1 of the of
>> Computation end time: 2024-10-21 10:58:59

=] Save the results as # Impor

@ The purpose of cooperative monitoring and processing of the CORS network and InSAR: (1) Repair the tidal and non-tidal load effects on the INSAR the spatial long:
troposphere model errors. (2) Compensate the temporal information which spatial wavelength larger than the InNSAR monitoring area to control the cumulative errors of the INSAR variations over time.
(3) When there are no less than 3 CORS stations, can precisely repair the InSAR differential interference scale error and compensate the other medium-long wave errors.

When the reference epoch time exceeds the effective time range of a record time series,
if the cubic spline interpolation selected, the program automatically extrapolates the
sampling value of the record time series at the reference epoch time by the Gaussian basis
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function method.

The geodetic variation with time is reflected by the difference between the monitoring
elements at any two epoch moments and has nothing to do with the reference epoch time.
Therefore, unifying or transforming the reference epoch time will not change the time-varying
monitoring signals of geodetic variation time series.

5.3.2 Compatibility analysis on INSAR vertical deformation using CORS network

[Function] Calculate the ellipsoidal height variation time series on the CORS site from
INSAR variation time series near the CORS site by the direct average method. Interpolates
the ellipsoidal height variations at sampling epochs of the InSAR time series from the
ellipsoidal height variation time series at the CORS sites. And then construct the CORS
baselines by the complete combinations between the CORS sites, calculate all the double-
difference time series respectively from the two kinds of CORS site ellipsoidal height
variation time series above. Evaluate the compatibility of the vertical deformation between
the CORS network and INSAR, and analyze the effectiveness of the INSAR variations gross
error detection and spatial analysis algorithm.

[Input file] The INSAR variation record time series file. The CORS site ellipsoidal height
variation record time series file.

[Parameter settings] Set the INSAR and CORS site variation record time series file
format parameters, select the time interpolation mode and enter the minimum number of
INSAR points around CORS site and surrounding search radius.

When there are more noise or missing samples in the CORS height variation record time
series, Gaussian function interpolation is recommended.

The double-difference algorithm of the INSAR variation time series on the CORS
baseline: Firstly, calculate the INSAR variation at the current epoch time at the CORS site
by the direct average method using the INSAR variations around the CORS site, and then
calculate the INSAR variation difference between the two ends of the CORS baseline at the
current epoch time, and finally calculate the time difference between the INSAR variation
differences after and before the epoch time to obtain the INSAR variation double-difference
time series of the CORS baseline.

[Output file] The comparison file CORSINSARpntcomp.txt between the CORS site
ellipsoidal height and INSAR variation time series.

The file header contains the total number of the CORS sites in the INSAR monitoring
period, number of INSAR monitoring points and all the sampling epochs. The comparison
information consists of 3 rows of records for each CORS site. The first row is the CORS site
ellipsoidal height variation time series at all the INSAR sampling epochs, the second row is
the ellipsoidal height variation time series at CORS site averaged from neighboring INSAR
variations, and the third row is the number time series of the INSAR monitoring points
involved in the calculation for the second row.
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¥ Collaborative monitoring and processing of InSAR with CORS network - o

— . = L -

2 > &z A
Open InSAR file Save as Import parameters  Start computation  Save process ~ Follow example
Unification of reference epoch for - Compatibility analysis on INSAR vertical .+ INSAR variation time series adjustment
¢
* variation record time series using CORS network with spatiotemporal frame constraints
j Open INSAR variation record time series file >> Program Process ** Operation Prompts 4./ Save program process as
Column ordinal number of first epoch time in header |4 : |>>Open the CORS network ellipsoidal height variation record time series file C:/ETideLoad4.5_win64en/examples/ -~
s nCORScntrtmInSAR/CORSUadjep2019050812.txt.
Column ordinal number of the first variation in record |5 (=@ ™+ he input file information in the text box below, set the format parameters of the CORS site ellipsoidal height variation
- —_— rd time series-file_.
@ oren d‘:‘]‘;ﬁ‘s’:i:‘;?’k elipsoidal teight variation >> Créate-at select the resiits folder C/ETideLoads 5 | DynCOI of Reomp
% ** The program ts the Ol txt between the CORS site ellipsoidal height and INSAR
~  variation time series into rent directory. Tl ader contains the total number of the CORS sites in the INSAR monitoring
= Spoc e beale = | period, number of INSAR monitorin ts and all the sampl chs. The comparison information consists of 3 rows of records
Column ordinal number of the first variation in record 5 \‘3\fogeach CORS site. The first row is the COl ellipsoidal height val e series at all the INSAR sampling epochs, the

Set spatial interpolation mode Gaussian function

Secon s the ellipsoidal height variation time seri CORS site averaged fronTneighboring INSAR variations, and the third
is the numi e series of the INSAR monitoring points i TR E) E |
Minimum number of INSAR points around CORS site |2 ~ | I rogram outpu the double-difference time series e o T ] e —— g |
~ | sampling i al, n is the numi i ooy, DBl N 3 i) s 1

sampling epochs. The file
Surrounding search radius |500 m + | n/2 sampling ey Each CORS ba double-difference rg
the InSAR variation le-difference time seri the CORS
double-difference time seri@sqf the CORS baseline

>> Setting parameters have beei rted into the program!

** Click the control button [Start com) tion], or the tool buttol
>> Computation start time: 2024-10-21 11
>> Complete the computation of the compatibility
>> Computation end time: 2024-10-21 11:02:12

[ Set the results folder - Import se|

The output comparison file CORSInSARpntcomp.txt

HOUQ
<

@ The purpose of cooperative monitoring and processing of the CORS network and InSAR: (1) Repair the tidal and non-tidal load effects on the INSAR g the spatial long-

troposphere model errors. (2) Compensate the temporal information which spatial wavelength larger than the INSAR monitoring area to control the cumulative errors of the InSAR variations over time.

(3) When there are no less than 3 CORS stations, can precisely repair the INSAR scale error and the other medi long wave errors.

The program outputs also the double-difference time series file dblediff*.txt, *=1~n/2
represents the multiple number of the sampling interval, n is the number of sampling epochs.
The file header includes the number of the difference sampling epochs n/2, n/2 sampling
epochs. Each CORS baseline double-difference record time series consists of two rows of
records. The first row is the INSAR variation double-difference time series of the CORS
baseline, and the second row is the ellipsoidal height variation double-difference time series
of the CORS baseline.

5.3.3 InSAR variation time series adjustment with spatiotemporal frame constraints

[Function] From the comparison file CORSINSARpntcomp.txt output by the function
[Compatibility analysis of vertical deformation from CORS network and InSAR], estimate
spatiotemporal monitoring datum transfer parameters, construct spatiotemporal frame
constraint equations, and performs the adjustment for the INSAR variation record time series,
so as to unify the spatiotemporal monitoring frame of the INnSAR variation record time series
into the CORS network spatiotemporal monitoring frame.

[Input files] The INSAR variation record time series file. The geodetic variation time series
file to be reconstructed. The comparison file CORSINSARpntcomp.txt between the CORS
site ellipsoidal height variations and INSAR variation time series. The two files can be
automatically called by the program without manual input.

[Parameter settings] Set the checkbox [The linear space scale constraint of the height
difference variation)].
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[Output file] The INSAR variation adjusted value record time series file. Whose format is
same as the input INSAR variation record time series file.

The program outputs the INSAR variation calibration file ***.scl in the current directory.
Here *** are the output adjusted result file name.

The header of the file is the same as the adjusted result file. The second row is the
record time series of the scale factors of the INSAR variation spatial difference, and the third
row is the number time series of the CORS baselines employed to estimate the scale factor.
When the space scale constraint is not selected, the scale factor at each epoch time is
always 1.0, and the third row is all O.

¥ Collaborative monitoring and processing of InSAR with CORS network -

S |2 & az ‘A
Open INSAR file Save as Import parameters Start computation  Save process ~ Follow example
Unification of reference epoch for +» Compatibility analysis on INSAR vertical » INSAR variation time series adjustment
* variation record time series ¥ deformation using CORS network with sp P frame
Open INSAR variation record time series file >> Program Process ** Operation Prompts 4./ Save program process as
( mn 3 >> Complete the computation of the compatibility analysis of vertical deformation from CORS network and InSAR! -~
>> Computation end time: 2024-10-21 11:02:12
mn >> [Function] From the file CO txt output by the function [Compatibility analysis of vertical
Open the CORS network ellipsoidal height variation deformation from CORS network and InSAR], estimate spatiotemporal monitoring datum transfer parameters, construct

frame , and performs the adjustment for the InNSAR variation record time series, so as to
unify the spatiotemporal monitoring frame of the INSAR variation record time series into the CORS network spatiotemporal
monitoring frame.
** The linear space scale constraint of the height difference variation: Only at the sampling epoch time when there are no less |
than 3 valid CORS sites within the range of INSAR monitoring points, program can be allowed to use the space scale constraint
to the space difference of the INSAR variations.

record time series file

** The program outputs the InSAR variation calibration file *.scl in the current directory. The header of the file is the same as
the adjusted result file. The second row is the record time series of the scale factors of the InSAR variation spatial difference,
and the third row is the number time series of the CORS baselines employed to estimate the scale factor. When the space scale
constraint is not selected, the scale facizy 2
"] The linear space scale constraint of height diffefence variation ' >> Setting parameters have been impd——

** Click the control button [Start comp|
>> Computation start time: 2024-10-2
>> Complete the computation of the In
>> Computation end time: 2024-10-21

ecord time s
16.259

[= Save the results as

6.306171¢ 122.215 9
The output InSAR variation record time series

-178.7 2.1593 21.045 The comparison file CORSInSARpntcomp.txt

<

@ The purpose of P monitoring and p! g of the CORS network and InSAR: (1) Repair thq
troposphere model errors. (2) Compensate the temporal information which spatial wavelength larger than
(3) When there are no less than 3 CORS stations, can precisely repair the INSAR differential interference s

The scale factor is an important quantitative indicator to evaluate the performance of the
INSAR deformation monitoring. At sampling epoch time whose scale factor exceeds (0.5,
2.0), the vertical deformation separation of the INSAR variations is insufficient, or the quality
of the INSAR variations is poor.

The linear space scale constraint of the height difference variation: Only at the sampling
epoch time when there are no less than 3 valid CORS sites within the range of INSAR
monitoring points, program can be allowed to use the space scale constraint to the space
difference of the INSAR variations.

5.4 Deep fusion and time series analysis on multi-source INSAR variations

[Purpose] Firstly, deeply fuse multi-source INSAR variation record time series into the
uniform spatiotemporal monitoring frame and reference epoch represented by the CORS
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variation time series respectively in time and space, and then perform time series analysis
for all INSAR variation monitoring points, to realize multi-source INSAR collaborative
monitoring.

5.4.1 Long-time connection for two same-track INSAR variation time series

[Function] From the two INSAR variation record time series in the same area and with
the same reference epoch time, respectively supplement the sampling values of each time
series by the Gaussian interpolation method, and then generate the one InSAR variation
time series by resampling with the given spatial resolution.

[Input files] The two INSAR variation record time series files in the same area and with
the same reference epoch time.

[Parameter settings] Set the two INSAR variation record time series file format
parameters and enter the resampling spatial resolution.

[Output file] The connected INSAR variation record time series file.

The output file format and reference epoch are same as that of the input INSAR variation
record time series file.

18 Deep fusion and time series analysis on multi-source InSAR variations o

. h < = P
‘ @ = | 4 v az A
| OpenInsARfile Saveas Importparameters Start computation  sSave process ~Follow example
s Long-time connection for two same- 4, Seamless spatial fusion on multi- " Analysis and filtering on variation #,4 Reconstruction of time series with
* track InSAR variation time series * source InSAR variations record time series * given sampling specifications
"4 Open the INSAR variation record time series file >> Program Process ** Operation Prompts 4:' Save program process as
Set format parameters of the file analysis for all INSAR variation monitoring points, to realize multi-source INSAR collaborative monitoring. ~
Column ordinal number of first epoch time in header 4 2 >> Select the computation function from the 4 control buttons on the top of the interface!

>> [Function] From the two InSAR variation record time series in the same area and with the same reference epoch time,

Column ordinal number of the first variation in record |5 W, LS the sampling values of each time series by the Gaussian interpolation method, and then generate the one

IT"e spatial resolution for resampling |300 m < InSARyariation time series by resampling with the given spatial resolution
| = Open ISAR variation record time series file C:/ETideLoad4.5_win64er Dynl
3‘; Open the same-track InSAR variation time series file gua! mz"[;:élj‘mkl\z 20190115 txt. |
= o the input fil formation in the text box below, set the format parameters of INSAR variation record time series file.
Colurnn number.of first spoch ime In header. (4 ** The winddw below only Shews the InSAR variation records time series with no more than 5000 rows!
Column number of the first variation in record 5 >> Open the same<{rack INSAR rex time series file C:/ETideLoad4.5_\ y |
guasssm2019 101-12x20190115.txt |

* Look at the input file it bex below, set the format parameters of INSAR variation record time series file.

>> Semn= araq
** Click the Contrdhgutton [Start comgd
>> Computation start tiee: 2024-10-2
>> Compete the long-tifie.COR
>> Computation end time: 21

e

ectlon

[=) save the results as The reference epoch 1‘;

time 20190115 b3

. Before deep fusion of multi-source INSAR variation records time series, it is necessary to ensure that the reference epochs of all the InSAR variation time series have been unified.

5.4.2 Seamless spatial fusion on multi-source InSAR variations

[Function] According to the given spatial resolution, resample the input multi-source
INSAR variation record time series to generate a new INSAR variation record time series.
The input INSAR variation record time series files are extracted according to the given
wildcards, and all the input files are in the same format.
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Before deep fusion of multi-source INSAR variation record time series, it is necessary to
ensure that the reference epochs of all the INSAR variation time series have been unified.

[Input files] Multi-source INSAR variation record time series files.

In this example, two INSAR variation record time series are in adjacent areas, and a
small number in the two groups of INSAR monitoring points are cross-distributed.

[Parameter settings] Set the file hame wildcards and file format parameters of multi-
source InSAR variation record time series and enter the resampling spatial resolution.

[Output file] The fused INSAR variation record time series file. The format is the same
as that of the input INSAR variation record time series file.

18 Deep fusion and time series analysis on multi-source INSAR variations
— Y ~ a-h &
Y =) 3 ] az Ra
Open InSAR file Saveas Import parameters ~ Start computation  Save process  Follow example

4, Long-time connection for two same- wy Seamless spatial fusion on multi- .y Analysis and filtering on variation #,4 Reconstruction of time series with
* track InSAR variation time series * source INSAR variations * record time series * given sampling specifications
& Open any InSAR variation record time series file >> Program Process ** Operation Prompts 4! Save program process as
Set the wildcard of the file names >> Computation start time: 2024-10-21 11:16:36 A
Ordinal number of the first wildcard in file nal 0 :  >>Compete the long-time connection of the same-track InSAR variation time series!
< >>Computation end time: 2024-10-21 11:17:29
Number of consecutive wilicards in fle riame <__>> [Function] According to the given spatial ple the input mult; INSAR variation record time series to

Set format parameters of the file gel g a new InSAR variation record time series. The input INSAR variation record time series files are extracted according to the
Column ordinal number of first epoch time in header 3 given widcarde. gnd ” lh?‘;s;::lcglrzst::: :\el::ss'ﬁ;n (e: ’/g'?;‘emadd 5
Column ordinal number of the first variation in recopd’ ? S| adj6fitl_ep2019050812.txt B

=71 " Look at the input file information inThetext box below, set the format parameters of InSAR variation record time series file.
] ** The window below only shows the INSAR vartatiag records time series with no more than 5000 rows!
>> Save the results as C:/ETideLoad4.5_win64en/exampresQyninSARfusiontmsqu/fusinSARep2019050812.txt. |
** The InSAR vanation record time series files searched by wildcardugstantiation:
C/ETideLoad4.5_, ynl 3ep20190508
C:/ETideLoad4.5_\ y jj6fii2]ep20190508 =
>> 2 InSAR variation record files are found by wildcard instantiation
>> Setting parameters have been imported into the program!

** Click the control button [Start computation], or the tool button [Start computation]
>> Computation start time: 2024-10-21 11:25:25
>> Complete the computation of the seamle
>> Computation end time: 2024-10-21 11:2¢=

[The highest resolution for resampling 300 m J

= B
[ save the results as

@ Before deep fusion of multi-source InSAR variation records time series, it is necessary to ensure that the reference epochs of all the InSAR variation time series have been unified.

5.4.3 Analysis and filtering on variation record time series

[Function] Using the continuous Chebyshev and triangular basis function combination
method, estimate the low-pass filtering parameters for variation record time series at each
monitoring point, and then calculate the filtering value and the linear variation (per year, /a)
at source sampling epochs.

[Input files] The INSAR variation record time series files.

[Parameter settings] Set the file format parameters of INSAR variation record time series
and enter the ratio of the number of sampling epochs to filter parameters.

[Output file] The filtered INSAR variation record time series file ***.txt. The InSAR
variation first-order time-derivative (per week, /wk) record time series file ***.dft. Here, ***

are the output file name.
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The filtered variation record time series file. The file format is the same as that of the
input INSAR variation record time series file and the fourth column in the file record is the
linear variation (per year, /a).

The INSAR variation first-order time-derivative (per week, /wk) record time series file
* dft. The file format is the same as that of the output INSAR variation record time series file,
and the fourth column in the record is the linear variation (per yeatr, /a).

18 Deep fusion and time series analysis on multi-source InSAR variations o

m Y g ah {
) = 5 = &4 an
Open InSAR file Saveas Import parameters ~ Start computation  Save process ~ Follow example
4, Long-time connection for two same- 4, Seamless spatial fusion on multi- wy Analysis and filtering on variation #,4 Reconstruction of time series with
* track InSAR variation time series * source INSAR ™ record time series * given sampling specifications
"4 Open the INSAR variation record time series file >> Program Process ** Operation Prompts 4: Save program process as
Set format parameters of the file ** Click the control button [Start computation], or the tool button [Start computation]. -
Column ordinal number of first epoch time in header 4 | >>Computation start time: 2024-10-21 11:26:25
= >> Complete the computation of the seamless spatial fusion with 2 INSAR variation record time series!
Column ordinal number of the first variation in record 5 O | 55 ¢ \ end time: 2024-10-21 11:26:04
The ratio of the number of sampling 12 Q}\» [Function] Using the continuous Chebyshev and triangular basis function combination method, estimate the low-pass filterin:
epochs to filter X for variation record time series at each monitoring point, and then calculate the filtering value and the linear variation

ear, /a) at source sampling epochs
program also outputs the INSAR variation first-order time-derivative (per week, /wk) record time series file *.dft.The file
form: e same as that of the output InSAR variation record time series file, and the fourth column in the record is the linear
variatio

year, /a)

>> Open tm}:){AR variation record time series file C-/ETideLoad4 5_win6der y
guass6fit201 12_20190115.txt

Look at the in} 'd time series file.

The window beldw o
>> Save the results as S,/ETideLoad4 5_win64en/examples/DyninSARfusiontm: ¥ mm/a
>> Setting parameters hab® been imported into the program! -

** Click the control button [Stqrtcomputation], or the tool button [Start computat| A

>> Computation start time: 202%f8:21 11:28:15 O

>> Complete the analysis and filterihg bf variation record time series! -
>> Computation end time: 2024-10-21741729:06

[=) save the results as t setting parameters

<

5.4.4 Reconstruction of time series with given sampling specifications

[Function] Using the continuous Chebyshev and triangular basis function combination
method, estimate the filtering parameters for variation record time series at each monitoring
point, and then reconstruct the variation record time series according to the given time series
sampling specifications.

The program has the time-domain interpolation and short-time forecasting capabilities.

[Input files] The INSAR variation record time series files.

[Parameter settings] Set the file format parameters of INSAR variation record time series
and enter the ratio of the number of sampling epochs to filter parameters and time series
sampling specifications.

When the starting time is earlier than the first sampling epoch time of the source variation
record time series, the program lets the starting time = the first sampling epoch time -
sampling interval * total number of the samples * 5%.

When the ending time is later than the last sampling epoch time of the source variation

162



record time series, the program lets the ending time = the last sampling epoch time +
sampling interval * total number of the samples * 5%.

[Output file] The reconstructed INSAR variation record time series file ***.txt. The INSAR
variation first-order time-derivative (per week, /wk) record time series file ***.dft. Here, ***
are the output file name.

18 Deep fusion and time series analysis on multi-source InSAR variations = o

r o = b &
@ = ) 5 & &z An
Open InSAR file Saveas Import parameters ~ Start computation  Save process ~ Follow example
|
4, Long-time connection for two same- 4.y Seamless spatial fusion on multi- ™ Analysis and filtering on variation ™ Reconstruction of time series with
* track InSAR variation time series * source INSAR variations record time series given sampling sp
& Open the INSAR variation record time series file >> Program Process ** Operation Prompts 4! Save program process as
Set format parameters of the file >> Setting parameters have been imported into the program! )
Column ordinal number of first epoch time in header 4 s ** Click the control button [Start computation], or the tool button [Start computation].
Col dinal bor of the et . d = >> Computation start time: 2024-10-21 11:28:15
olumn ordinal number of the first variation in record |5, \ = |, complete the analysis and filtering of variation record time series!
The ratio of the number of sampling 12 >> Computation end time: 2024-10-21 11:29:06
lepochs to filter parameters & > [Function] Using the continuous Chebyshev and triangular basis function combination method, estimate the filtering parameters
Starting time for the target time series | 20171001 = :o ea"?éc’s"sfnﬂﬁ‘ Sme series at each monitoring point, and then reconstruct the variation record time series according to the given
Ending time for the target time series | 20190301 - **Rye'program also outputsfthe INSAR variation first-order time-derivative (per week, /wk) record time series file *.dft..
Sampling time internal | 15.000 day = |~ Thd\program has time-domain interpolation and short-time forecasting capabilities

>> Open We MSAR variation record time series file C:/ETideLoad4 5_
guasseﬂt;}& 1-12_20190115.xt
**Look at me\q&b\ﬁle information in the text box below, set the format parameters of INSAR variation record time series file.
** The window b nly shows the INSAR variation records time series with no more than rows!
>> Save the results
>> Sefting parameters May&.been imported into the program!

** Click the control button computation], or the tool button [Start computa| mm
>> Computation start time: 0-21 11:31:31 -
" 28 4t Compete the reconstruction of riation record time series!
Maximum length of valid time for forward 22
1 4-10-8] "W
and backward forecast is 30.0 days 22:Computation end me: 2024:10 32.23
29 L
=) save the results as & mport setting parameters.
mm]wk
.
4 -
-
1368.074 .
< L T T T A T
Before dee <) 2 $ 3 } , it is necessary to ensul
P : y

The filtered variation record time series file. The file format is the same as that of the
input INSAR variation record time series file and the fourth column in the file record is the
linear variation (per year, /a).

The INSAR variation first-order time-derivative (per week, /wk) record time series file
* dft. The file format is the same as that of the output INSAR variation record time series file,
and the fourth column in the record is the linear variation (per year, /a).

5.5 Computation of ground stability variation based on vertical deformation

[Purpose] From the ground vertical deformation rate and its horizontal gradient grid
model, using the normalized statistical synthesis algorithm, quantitatively estimate the
ground stability variation grid according to the quantitative criteria of the ground stability
weakening defined by ETideLoad.

Ground stability variation grid time series here is employed to quantitatively express the
time and location, continuous influence time period and spatial distribution of ground stability
weakening.

Quantitative criteria defined by ETideLoad for the ground stability weakening based on
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the vertical deformation grid time series are in the following.

(1) The ground vertical deformation rate is relatively large (greater than zero). At this
time, the ground here is rising upward.

(2) The horizontal gradient (modulus) of the vertical deformation rate is relatively large.
At this time, the ground is twisting locally.

(3) The terrain slope value is relatively large.

The ground stability variation is a dimensionless continuous real variable. At any
sampling epoch time, the stability variation at a cell-grid is greater than zero, indicates that
the stability currently on the location of the cell-grid is decreasing, and less than zero
indicates that the stability is improving.

5.5.1 Estimation of normalized ground stability variation grid

[Function] From the ground vertical deformation rate grid and ground digital elevation
model with the same grid specifications, calculate the horizontal gradient vector grid of the
ground vertical deformation rate and the terrain slope vector grid, and then quantitatively
estimate the ground stability variation grid by the normalized statistical synthesis algorithm
according to the quantitative criteria of the ground stability weakening.

[Input files] The ground vertical deformation rate grid file and ground digital elevation
model file with the same grid specifications.

[Parameter settings] Set the weights and exponents for ground vertical deformation rate,
horizontal gradient of the ground vertical deformation rate and terrain slope.

& Computation of ground stability variation based on vertical deformation

— ~

? 4 » &z Am
Openfile Saveas Importparameters Start computation  Save process  Follow example
3 Open the ground vertical deformation rate grid file <, Estimation of normalized ground .. Estimation of ground stability
~_stability variation grid ~ \variation grid time series

1 Open a ground digital elevation model file
= with the same grid specifications >> Program Process ** Operation Prompts 4.1 Save program process as

m?;gm;:;:?ag(;ound b 3.00 ' Exponent 0.5 < | time period and spatial distribution of ground stability weakening

>> Select a computation function from the two control buttons on the upper right of the interface.
Weight of horizontal gradient 5 o ~ =3, nonent [0.5 >> [Function] From the ground vertical deformation rate grid and ground digital elevation model with the same grid specifications, |
of deformation rate calculate the horizontal gradient vector grid of the ground vertical deformation rate and the terrain slope vector grid, and then

Weight of terrain slope 2.00 s 05 < a estimate the ground stability variation grid by the algorithm g to the |
criteria of the ground stability weakening. |
@ The weights and exponent parameters do not change with  ** The ground vertical deformation rate is the variation rate of the ground vertical with time. The gradient of
time, which are only employed to roughly distinguish the ' the ground vertical deformation rate is the horizontal gradient vector of the ground vertical deformation rate.
>> Open the ground vertical deformation rate grid file C:/ETideLoad4.5
responses of different types of the to the = pevobnbzmsozm.aat g - yng
environment. Rough value can meet the needs. >> OE“ the ground dlglal elevation model file with the same grid specifications C:/ETideLoad4.5_win64en/examples/

ave the results as C: eCo wing4en/example:

>> Setting parameters have been imported into the program!

** Click the control button [Start computation], or the tool button [Start computation].

>> Computation start time:| 2024-10-21 1398
>> Complete the computation!

>> Computation end time:

[} save the resuit:

amete{s

Wi | |

159 ~0.778 “

<
@ Quantitative criteria defined by ETideLoad for the ground stability weakening based on [hié vertical deformation gnd ume series are in the following. (1) The ground |vertical deformation rate is
relatively large (greater than zero). At this time, the ground here is rising upward. (2) The horizontal gradient (modulus) of the vertical deformation rate is relatively large. At thig time, the ground is twisting
locally. (3) The terrain slope value is relatively large.
@ The ground vertical deformation may be the ground ellipsoidal height, normal or orthometric helght variation. The normalized statistical synthesis algorithm can be found in the program [Statistical |
synthesis and prediction of ground stability variations].
@ The ground stability variation is a dimensionless continuous real variable. At any sampling epoch time, the stability variation at a cell-grid is greater than zero, indicates that the stability currently on
the location of the cell-grid is decreasing, and less than zero indicates that the stability is improving.
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The ground vertical deformation rate is the variation rate of the ground vertical
deformation with time. The horizontal gradient of the ground vertical deformation rate is the
horizontal gradient vector of the ground vertical deformation rate.

The weights and exponent parameters do not change with time, which are only
employed to roughly distinguish the responses of different types of the variations to the
geological environment. Rough value can meet the needs.

[Output file] The normalized ground stability variation grid file.

5.5.2 Estimation of ground stability variation grid time series

[Function] From the ground vertical deformation rate grid time series and ground digital
elevation model with the same grid specifications, calculate the terrain slope vector grid and
the horizontal gradient vector grid time series of the ground vertical deformation rate, and
then quantitatively estimate the ground stability variation grid time series by the normalized
statistical synthesis algorithm according to the quantitative criteria of the ground stability
weakening.

[Input files] The ground vertical deformation rate grid time series files and ground digital
elevation model file with the same grid specifications.

[Parameter settings] Set the wildcard parameters for the deformation rate grid time
series files, enter the weights and exponents for the ground vertical deformation rate,
horizontal gradient of the ground vertical deformation rate and terrain slope.

£ Computation of ground stability variation based on vertical deformation - o X
ca . = - - ~
L y g az An
Open file Saveas Importparameters Start computation  Save process  Follow example
3 Open any ground vertical deformation rate grid file ... Estimation of normalized ground .. Estimation of ground stability
Set the wildcard of the file names “ stability variation grid ~variation grid time series

Ordinal number of the first wildcard in file nai ~ | >> Program Process ** Operation Prompts 4! Save program process as

Number of consecutive wildcards in file name

8 deload4.5_) YQbh{20170112|dat ~
a8 Open a ground digital elevation model file g;g’:g:‘i: g s e 'g:: 0170201 g:: ‘
with the same grid specifications C/ETideLoad4 5.\ ey bt tabliity YQbh dat

Ci/ETideLoad4.5_\ qtstablmty YQbh|
Ci/ETideLoad4 5,
C:/ETideLoad4.5 YQbh|

Weight of the ground vertical
deformation rate
Weight of horizontal gradient

300 : Exponent 0.5

of dekcariation Tike 500 % Exponent 05 :|| CyETideLoadd 5\ YQbh dat
Weight of terrain slope 200 ¢ Exponent 05 g,;sggztggz g— e’ : gz: g::
@ The weights and exponent parameters do not change with S;E’T‘:g:tsgz g— 'g:: 8:212112 d:'\
¢ X Y
time, which are only employed to roughly distinguish the . There are 35 ground vertical deformation rate grids files searched by wildcard instantiation
responses of different types of the to the >> Setting have been imported into the program!
environment. Rough value can meet the needs. ** Click the control button [Start computation], or the tool button [Start computation]

>>C start time: 2024-10-21 11:45:58

>> Complete the computation{ The program outputs 35 ground stability variation grid time series files stbhgt™™" dat. [** represents
the sampling epoch time, which is also the 7th atrmibute of the grid file header.

>> Computation end time: 2024-10-2]"1 £46:0

@ Quantitative criteria defined by ETideLoad for the ground stability weakening based on the vertical deformation grid time series are in the following. (1) The ground vertical deformation rate is

relatively large (greater than zero). At this time, the ground here is rising upward. (2) The horizontal gradient (modulus) of the vertical deformation rate is relatively large. At this time, the ground is twisting

locally. (3) The terrain slope value is relatively large.

@ The ground vertical deformation may be the ground ellipsoidal height, normal or orthometric height variation. The normalized statistical synthesis algorithm can be found in the program [Statistical |

synthesis and prediction of ground stability variations].

@ The ground stability variation is a dimensionless continuous real variable. At any sampling epoch time, the stability variation at a cell-grid is greater than zero, indicates that the stability currently on
the location of the cell-grid is decreasing, and less than zero indicates that the stability is improving

[Output file] The normalized ground stability variation grid time series files.
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The ground vertical deformation may be the ground ellipsoidal height, or normal or
orthometric height variation. The normalized statistical synthesis algorithm can be found in
the program [Statistical synthesis and prediction of ground stability variations].

5.6 Computation of ground stability variation based on gravity variations

[Purpose] From the ground gravity (or gravity disturbance) variation rate and its
horizontal gradient vector grid model, using the normalized statistical synthesis algorithm,
guantitatively estimate the ground stability variation grid according to the quantitative criteria
of the ground stability weakening defined by ETideLoad.

Quantitative criteria defined by ETideLoad for the ground stability weakening based on
the gravity variation grid time series are in the following.

(1) The ground gravity variation rate is relatively large (less than zero). At this time, the
ground here is rising upward.

(2) The horizontal gradient (modulus) of the gravity variation rate is relatively large. At
this time, the ground is twisting locally.

(3) The local terrain effect (absolute value) on gravity is relatively large (the effect is
always less than zero).

The ground gravity variation may be the ground gravity or gravity disturbance variation.

5.6.1 Normalized ground stability variation grid estimation

[Function] From the ground gravity variation rate grid and ground digital elevation model,
calculate the horizontal gradient vector grid of the ground gravity variation rate and the local
terrain effect grid on gravity, and then quantitatively estimate the ground stability variation
grid by the normalized statistical synthesis algorithm according to the quantitative criteria of
the ground stability weakening.

[Input files] The ground gravity variation rate grid file. The ground digital elevation model
grid file.

[Parameter settings] Set the weights and exponents for ground gravity variation rate,
horizontal gradient of the ground gravity variation rate and local terrain effect, and set the
checkbox [Considering the local terrain effect on gravity].

The ground gravity variation is the variation rate of the ground gravity variation with time.
The horizontal gradient of the ground gravity variation rate is the horizontal gradient vector
of the ground gravity variation rate.

Here, the local terrain effect on gravity is employed to quantify the severity of the
topographical undulations. The program requires that the latitude and longitude range of the
ground digital elevation model grid should be expanded by no less than 50km out of the
ground gravity variation grid for the computation of the local terrain effect using the numerical
integration method.

[Output file] The normalized ground stability variation grid file.
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. - PN
C Y= ¥ ¥ a3 B
Openfile Saveas Importparameters Start compulation  Save process — Follow example
| 3 Open the ground gravity variation rate grid file | & Normalized ground stability s, Estimation of ground stability
oo e = variation grid estimation variation grid time series
| % terrain ef on gravil
Open the ground digital elevation model file >> Program Process ** Operation Prompts 4./ Save program process as
>> [Function] From the ground gravity variation rate grid and ground digital elevation model, calculate the horizontal gradient vector ~
Weight of ground gravity 300 B

on rate S Exponent|0.5 5 | grid of the ground gravity variation rate and the local terrain effect grid on gravity, and then quantitatively estimate the ground
bk stability variation grid by the normalized statistical synthesis algorithm according to the quantitative criteria of the ground stability
Weight of horizontal gradient (5 o~ /= Eyponent/0.5 5 || weakening.
of gravity variation rate - -

** Here, the local terrain effect on gravity is employed to quantify the severity of the topographical undulations. The program
requires that the latitude and longitude range of the ground digital elevation model grid should be expanded by no less than 50km
_ —  out of the ground gravity variation grid for the computation of the local terrain effect using the numerical integration method.

@ The weights and exponent parameters do not change With | >> Open the ground gravity variation rate grid file C-/ETideLoad4.5_\

time, which are only employed to roughly distinguish the

responses of different types of the variations to the geological >> g en the mt.:»d unz;l:_erl;vamn;um n:; C./ETideLoad4.5_win6den/examp
>> Save the results as C/ETideLoad4.5_win64en/examples/Dyng

environment, Rough value can meet the nesds, >> Sefting parameters have been imported in the program!

** Click the control button [Start computation], or the tool button [Start computation]....
> Comnutation start tima, 20240814 N0:10:50 v

=) Save the results as 3 Import setting parameters. & Start computation

Weight of local terrain effects 200 © Exponent|05 ¢

les{Dyngrngravstablility/dtm30s.dat.
gravstablility/starst dat.

0.0166666 0.0166666, 013106 A
0.4¢44 & 0.4042
0.634% .7057

121.50000000  27.00000000 29,000

0.€431
0.5188
7

>

@ Quantitative criteria defined by ETideLoad for the ground stability weakening based on the gravity variation grid time series are in the following. (1) The ground gravity variation rate is relatively
large (less than zero). At this time, the ground here is rising upward. (2) The horizontal gradient (modulus) of the gravity variation rate is relatively large. At this time.jthe ground is twisting focally. (3)
The local terrain effect (absolute value) on gravity is relatively large (the effect is always less than ).

@ The ground stability variation is a dimensionless continuous real variable. At any sampling epoch time. the stability variation at a cell-grid is greater than zero, indicates that the stability currently on
the location of the cell-grid is decreasing, and less than zero indicates that the stability is improving.

5.6.2 Estimation of ground stability variation grid time series

[Function] From the ground gravity variation rate grid time series and ground digital
elevation model, calculate the local terrain effect grid on gravity and horizontal gradient
vector grid time series of the ground gravity variation rate, and then gquantitatively estimate
the ground stability variation grid time series by the normalized statistical synthesis algorithm
according to the quantitative criteria of the ground stability weakening.

® . j
. = a
C - | ¥ ¥ s e
Openfile Saveas Importparameters Start compulation  Save process — Follow example
[ & Open any ground gravity variation rate grid file ] % Nom::a: :roum stability ® Es:anuu:::n n‘: 3mund "stablmy
Set the wildcard of the file names. Varation gid eatimdbes L me series

Ordinal number of the first wildcard in the filg +  >>Program Process ** Operation Prompts

| Number of consecutive wildcards in file nang 5

4.l Save program process as
>> [Function] From the ground gravity variation rate grid time series and ground digital elevation model, caliculate the local terrain -
effect grid on gravity and horizontal gradient vector grid time series of the ground gravity variation rate, and then quantitatively
|54 Considering the local terrain effect on gravity | eStisqate the ground stability variation grid time series by the normalized statistical synthesis algorithm according to the quantitative

= criteria vithe ground stability weakening.
[ ) Open the ground digital elevation model fe | 24agal terrain effect on gravity is employed to quantify the severity of the topographical undulations. The program
jeight of g Gravity = =7 | requires that the Tatityde and longitude range of the ground dlgual elevation model grid should be expanded by no less than 50km
viktation rate 300 - Exponent|0.5 -| outof the ground riation grid for of the local terrain effect using the numerical integration method.
hi | = | | >> Open any ground gravify~vagation rate gnﬂ file C: IETdeLoan 5.3
v zoreal radent (5,00 2] Exponent[05 12 6if2015013106 dat

Weight of local terrain effects 200 = Exponent|0.5 & im30s.dat.
e gravity vanat dinsta
| @ The weights and exponent parameters do not change with | .- 5. 0‘50131 dat
time, which are only employed to foughly distinguish the | C./ETideLoadd 5y 15030118ldat
responses of different types of the variations to the geological C:/ETideLoad4.5_ 15033112|dat
| environment. Rough value can meet the needs. C:/ETideLoad4.5_wil i 15050100} dat
C:/ETideLoad4.5_wi 112{dat
| + = 15070100{dat
C:/ETideLoad4.5_wi 15080100{dat
| Ci/ETideLoad4.5_ f2015083112{dat =
| |
| =) Set the results folder 3 Import setting parameters.
118.00000000 122.00400000 _26.50000000  29.50000000 8.333333333: 3333333E-0 A

[0 winten + s + Oyraryamtabiity + sabiity) 71, 0 12 4 ,0.000

o a1 501 108 ot

<

>
o stagra201 512010 dat

@ Quantitative criteria defined by ETideLoad for the ground stability weakening based on the gravity variation grid time series are in the following. (1) The ground gravity variation rate is relatively
large (less than zero). At this time, the ground here is rising upward. (2) The horizontal gradient (modulus) of the gravity variation rate is relatively large. At this time, the ground is twisting locally. (3)
The local terrain effect (absolute value) on gravity is relatively large (the effect is always less than zero).

@ The ground stability variation is a dimensionless continuous real variable. At any sampling epoch time, the stability variation at a cell-grid is greater than zero, indicates that the stability currently on
the location of the cell-grid is decreasing, and less than zero indicates that the stability is improving.
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[Input files] The ground gravity variation rate grid time series files and ground digital
elevation model file.

[Parameter settings] Set the wildcard parameters for the gravity variation rate grid time
series files, enter the weights and exponents for the ground gravity variation rate, horizontal
gradient of the ground gravity variation rate and local terrain effect.

The weights and exponent parameters do not change with time, which are only
employed to roughly distinguish the responses of different types of the variations to the
geological environment. Rough value can meet the needs.

[Output file] The normalized ground stability variation grid time series files.

5.7 Computation of ground stability variation based on variation vectors

[Purpose] From the ground tilt (vertical deflection or horizontal displacement) variation
rate vector grid and ground digital elevation model, using the normalized statistical synthesis
algorithm, quantitatively estimate the ground stability variation grid according to the
guantitative criteria of the ground stability weakening defined by ETideLoad.

5.7.1 Estimation of normalized ground stability variation grid

[Function] From the ground tilt (vertical deflection or horizontal displacement) variation
rate vector grid and ground digital elevation model, calculate the horizontal gradient vector
grid of the variation rate, horizontal gradient vector grid of the terrain and inner product grid
of the two vectors, and then quantitatively estimate the ground stability variation grid by the
normalized statistical synthesis algorithm according to the quantitative criteria of the ground
stability weakening.

& Computation of ground stability variation based on variation vectors o
| r/ > & A
Openfile Saveas Importparameters Start computalion  save process  Follow example

' Open the variation rate vector grid file s Estimation of normalized ground . Estimation of ground stabilty
stability variation grid variation grid time series
=) Open a ground digial elevation mode fl
with the same grid specifications >> Program Process "™ Operation Prompts 4. Save program process as

[ weight of gradient vector of rate 300 = Exponent 05  + ‘ >> [Function] om the ground tilt (vertical deflection or horizontal displacement) variation rate vector grid and ground digital S

elevation model, calculate the horizontal gradient vector grid of the variation rate, horizontal gradient vector grid of the terrain

Weight of vectors inner product 500 |- Exponent 0.5 < || and inner product grid of the two vectors, and then quantitatively estimate the ground stability variation grid by the normalized

statistical synthesis algorithm according to the quantitative criteria of the ground stability weakening

| @ The weights and exponent parameters do not change with | >> Open the variation rate vector grid file C:/ETideLoad4.5_y Xpcbhi20150201 txt.
time, which are only to roughly the >> Open the ground digital elevation model file with the same grid specifications C./ETideLoad4.5_win64en/examples/

‘ Jipouses of difersl s ot yeaons Joxine aeacocal E’)nsdas\:'ee::;!sewrsg:ll(ltéda‘:‘g?(ETdeLoad‘i 5_winbé4en/examples/Dyndeflectstablility/starst.dat.
[>> Save the results as C./E TideLoad4.5_winb4en/examples/Dyndefiectstablility/starst.dat_|
BavEonment. Rough: vakie cen meet he:neecs. >> Selting parameters have been imported in the program!
** Click the control button [Start computation], or the tool button [Start computation].
>> Computation start time: 2024-08-14 09:28:28
>> Complete the computation!
>> Computation end time: 2024-08-14 09:28:28 5

Vector type Ground tilt vector ~ [} Save the results as 3 Import setting parameters & Start computation
] A

>

@ Quantitative criteria defined by ETideLoad for the ground stability weakening based on the Yariation vector grid time series are in the following. e directions of the ground tilt (vertical
deflection or horizontal displacement) variations are gathering or diverging. At this time, the here Is being or stretched. (2) The vector inner product of the ground tilt (vertical
deflection or variation rate and terrain gradient is greater than ero At this time, the ground here is being pulled along the terrain slope direction.

@ The ground stability variation is a dimensionless continuous real variable. At any sampling epoch time, the stability variation at a cell-grid is greater than zero, indicates that the stability currently on | |
the location of the cell-grid is decreasing, and less than zero indicates that the stability is improving.
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[Input files] The ground variation rate vector grid file and ground digital elevation model
file with the same grid specifications.

[Parameter settings] Set the weights and exponents for the rate gradient and two vectors
inner product, select the vector type.

[Output file] The normalized ground stability variation grid file.

5.7.2 Estimation of ground stability variation grid time series

[Function] From the ground tilt (vertical deflection or horizontal displacement) variation
rate vector grid time series and ground digital elevation model, calculate the horizontal
gradient vector grid time series of the variation rate, horizontal gradient vector grid of the
terrain and inner product grid time series of the two vectors, and then quantitatively estimate
the ground stability variation grid time series by the normalized statistical synthesis algorithm
according to the quantitative criteria of the ground stability weakening.

[Input files] The ground variation rate vector grid time series files and ground digital
elevation model file with the same grid specifications.

[Parameter settings] Set the wildcard parameters for the rate vector grid time series files,
enter the weights and exponents for the rate gradient and two vectors inner product, and
select the vector type.

[Output file] The normalized ground stability variation grid time series files.

@ Computation of ground stability variation based on variation vectors o
B N o > a7 Be
Openfile Saveas Importparameters Start computation  Save process — Follow example
3 Open any variation rate vector grid file L Estimation of normalized ground - Estimation of ground stabilty

stability variation grid variation grid time series

Set the wildcard of the file names

Ordinal number of the first wildcard in the file ' >>Program Process ™ Operation Prompts 4:f Save program process as

Number of consecutive wildcards in file nam Ryndeflectstablility/dtm. dat 8

- >>Create or select the result file folder C/ETideLoad4.5_\
| & Open a ground digital elevation model file ** The variationsate vector grid time series files searched by wildcard instantiation:
with the same grid specifications C:/ETideload4.5_\ P £0150201|txt
C:/ETideLoad4.5_\

C:/ETideLoadd.5_
C:/ETidelLoad4.5

Weight of gradient vector of rate 3.00 - Exponent 0.5 = C-/ETideLoad4.5 s/DyTtt 403]txt
Weight of vectors inner product 5.00 - Exponent 0.5

[

C:/ETideLoad4.5_) 150706|txt
@ The weights and exponent parameters do not change with C//ETideLoadd.5_\ 150807|txt

| time, which are only employed to roughly distinguish the  C./ETideLoadd 5.\
| responses of different types of the variations to the geological ~ C/ETideLoad4.5 151009txt
environment. Rough value can meet the needs. C:/ETideLoad4.5_) 1511102xt
C:/ETideLoadd.5_) 20151211 jtxt

| >> There are 11 variation rate vector grid files searched by wildcard instantiation.
| >> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation]
>> Computation start time: 2024-10-21 14:43:14
>> Complete the computation! The program outputs 11 ground stability variation grid time series files stovdf** dat. ***
represents the sampling epoch time, which is also the 7th atrribute of the grid file header.

>> Computation end time: 2024-10-21 14:43:15 v

Vector type Ground tilt vector ~ Bl Set the results folder '+ Import setting parameters & Start computation

21 121 29.000C

2333 401.8333

@ Quantitative criteria defined by ETideLoad for the ground stability weakening based on the variation vector grid time series are in the following. (1) The directions of the ground tilt (vertical |
deflection or horizontal displacement) variations are gathering or diverging. At this time, the ground nearby here s being squeezed or stretched. (2) The vector inner product of the ground tilt (vertical
deflection or horizontal displacement) variation rate and terrain horizontal gradient is greater than zero. At this time, the ground here is being pulled along the terrain slope direction.

@ The ground stability variation is a dimensionless continuous real variable. At any sampling epoch time, the stability variation at a cell-grid is greater than zero, indicates that the stability currently on
the location of the cell-grid is decreasing, and less than zero indicates that the stability is improving.

Quantitative criteria defined by ETideLoad for the ground stability weakening based on
the variation vector grid time series are in the following.
(1) The directions of the ground tilt (vertical deflection or horizontal displacement)
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variations are gathering or diverging. At this time, the ground nearby here is being squeezed
or stretched.

(2) The vector inner product of the ground tilt (vertical deflection or horizontal
displacement) variation rate and terrain horizontal gradient is greater than zero. At this time,
the ground here is being pulled along the terrain slope direction.

The variation vector may be the ground tilt variation, vertical deflection variation or
ground horizontal displacement.

5.8 Statistical synthesis and prediction of ground stability variations

[Purpose] According to historical disaster events during the monitoring period, by
adjusting the weights and exponents of multiple stability variations based on various
geodetic variations, optimize the ground stability variation grid time series by the statistical
normalized synthesis, to reveal the spatial distribution and temporal natures of the regional
ground stability variations.

5.8.1 Optimized synthesis of two geodetic variation grid time series

[Function] From two groups of geodetic variation grid time series with the same space-
grid and time-sampling specifications, generate the coupled geodetic variation grid time
series by the statistical normalized synthesis, to reveal the spatiotemporal dynamic effects
of the two kinds of geodetic joint monitoring.

[Input files] The two groups of geodetic variation grid time series files with the same
space-grid and time-sampling specifications.

@ Statistical synthesis and prediction of ground stability variations = d
% = 3 7 a4 A
Openfile Saveas Importparameters Start computatic Save process  Follow example
~ Optimized synthesis of two geodetic +, Optimized synthesis of three stability -, Spatiotemporal characteristics synthesis
" variation grid time series " variation grid time series "~ of ground stability variations
:I Open any among group 1 of variation >> Program Process ** Operation Prompts 4./ Save program process as
grid time series files
C:/ETideLoad4.5_ 016103118 Hat -
Ordinal number of first wildcard A file name 7 S C:/ETideLoad4.5_ 16120106 dat
C:/ETideLoad4.5_\ 17010100 dat
Number of consecutive wildcar 0 C/ETideLoad4 5.y 17013106 Hat
[ weighta 3.0 s Exponentn, 05 ] ciETideLoads s, 17030118 Hat
o o vt C:/ETideLoad4.5_ 17033118 Hat
] Open any among group 2 of variation C:/ETideLoad4.5_\ 17050106 dat
a8 grid time series files C/ETideLoad4.5_\ Bty stahgl2017053118 Hat
Ordinal number of first wildcard i file name ~ [ :1:::;2:;: g— g :;g;g:gg o
Number of consecutive wildcirds (10 & _i7Singlegrid =~ C/ETideLoad4.5_\ 17083118 Hat
T T C:/ETideLoad4.5_\ 17100106 dat
[ weightas [0 <! Exponentn, |05 *]| CiETidetoads 5 17103118 Hat
Ci/ETideLoad4.5_\ 017120106 dat

>> There are 35 variation grid files searched by wildcard instantiation.
>> Setting parameters have been imported into the program!

** Click the control button [Start computation], or the tool button [Start computation]
>> Computation start time: 2024-10-21 15:08:50

>> Compiete the computation! The program oulputs 3 synthesized variation grid ime series files integr—~.dat. ~~ represents the sampiing epoch
time, which is also the 7th atrribute of the grid file header.

>> Computation end time: 2024-10-21 15:08:50

Optimized synthes formula: x(a,b) = sgn(A)|A|"Q, + sgn(B)|B|"Q, Fa) et the results folder # Import setting parameters

A= (a-a)/o,,8=(b-b)/os Qu = 2. = L5, sgn(:) s the sign function # Start computation

121.500000

@ Repeatedly call the function [Optimized synthesis of two geodetic variation grid time series] n-1 times, you can realize the statistical normalization synthesis for the n geodetic variation grid time series. In this
case, you can design n geodetic variation weights and exponents at one time in advance. When the synthesis m (<n) is performed, the variation weights after the synthesis m-1 are the sum of the previous m-1
synthesis of weights, and the exponent is 1

@ The ground stability variations based on the vertical deformation have a large spatial influence range, but weak close-range sensitivity. The ground stability variations based on the gravity variations have a |
strong close-range sensitivity, but a small spatial influence range. The ground stability variations based on the tilt variations can describe ground stability change information in different directions. The further
synthesis of the three ground stability variations can effectively improve the sensitivity and reliability of the ground stability variation grid time series.
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[Parameter settings] Set the wildcard parameters for grid time series files, and enter the
weights and exponents.

[Output file] The synthesized variation grid time series files.

If all the characters of the file name are set as wildcards, the variation grid time series
only is an epoch sampling grid. In this case, the program can realize the normalized
synthesis between a group of the grid time series and a single epoch of grid.

With the two geodetic variation grid time series a, b, the synthesized variation grid time
series x can be calculated by the following formula.

x = sgn(A)|A|"Q, + sgn(B)|B|"*Q, Where sgn(*) is the sign function,

A=(a-@)/0,,B=(b-b)/0,,Qu=—"2,Q =

da +qb qa+qp

5.8.2 Optimized synthesis of three stability variation grid time series

[Function] From three groups of ground stability variation grid time series with the same
space-grid and time-sampling specifications, generate the ground stability variation grid time
series with spatiotemporal dynamic feature information, higher sensitivity and reliability by
the statistical normalized synthesis.

[Input files] The three groups of stability variation grid time series files with the same
space-grid and time-sampling specifications.

[Parameter settings] Set the wildcard parameters for grid time series files, enter the
weights and exponents.

[Output file] The synthesized stability variation grid time series files.

@ Statistical synthesis and prediction of ground stability variations o
e S het = a 2
3 2 » az s
Openfile Saveas Importparameters Siart compuiation Save process  Follow example
< Optimized synthesis of two geodetic ~, Optimized synthesis of three stability < Spatiotemporal characteristics synthesis
~ variation grid time series ~~ variation grid time series “ of ground stability variations
) Open any among group 1 of variation >> Program Process ** Operation Prompts 4. Save program process as
& grid time series files
C:/ETideLoad4.5_ 17033118 dat N
Ordinal number of first wildcard #f file name |7 - C/ETideLoad4.5 ) 017050104.dat
- C:/ETideLoad4.5_ 17053118 dat
N\.imbcr of consecutive wildca 0 S ] C:/ETideLoad4 5. 17070104 dat I
Weight g, (3.0 & Exponentn, 0.5 > C:/ETideLoad4.5_\ 1708010(.dat
C:/ETideLoad4.5_wi drSTability/st 17083118 dat
8 Open any among group 2 of variation C:/ETideLoad4.5_\ 1710010¢.dat
grid time series files Ci/ETideLoad4 1710311g dat
5 d4.5_) 01712010§ dat
Ordinal number of first wiidcargin fle name |7 >> There are 35 files belonging to group 2 of grid files searched by wildcard instantiation
Number of consecutive wildcal < _L4-Single grid ** The group 3 of grid time series files searched by wildcard instantiation:
- - C:/ETideLoad4.5_wi g01 50131 fa dat
[ weighta, 5.0 | Exponentns |0.5 || CiETdeLoads 5 fwointegralis 15030118 dat
C:/ETideLoad4.5 Dynstabgrdi EO1 §OSQ|£dal

&8 Open any among group 3 of variation
grid time series files

>> There are 3 files belonging to rid files searched by wildcard instantiation
>> Setung par; n imported into the program!

Ordinal number of first wildcard jrfile name |7 e control button [Start computation], or the tool button [Start computation].
Number of consecutive wildcar 0 % gle grid 22 Comsaiation atart Ymes.2024:10-21.10:10:54,

~ >> Complete the computation! The program outputs 3 synthesized stability variation grid ime series files stathr— dat. - represents the sampling I
l Weightgc 5.0 < Exponentnc 0.5 B | lepoch time. which is also the 7th atrribute of the grid file header.

>> Computation end time: 2024-10-21 15:10:54

Optimized synthes formula: x(a.b) = sgn(A)|A|*Q, + sgn(B)|B|™Q, [=) Set the results folder # Import setting parameters
A=(a-8)/ag.B=(b-B)/ay, Qu =Y. @y = =, sgnl’) is the sign function & Start computation
I 21.5000) L0166 |
i o \ o |4
'\w‘ ) 0.d \ ‘ oo
-, 22 _‘
~ | ¥ 2 % i
by v - 05 %’

@ Repeatedly call the function [Optimized synthesis of two geodetic variation grid time series] n-1 times, you can realize the statistical normalization synthesis for the n geodetic variation grid time series. In this ‘
case, you can design n geodetic variation weights and exponents at one time in advance. When the synthesis m (<n) is performed, the variation weights after the synthesis m-1 are the sum of the previous m-1 |
synthesis of weights, and the exponent is 1

@ The ground stability variations based on the vertical deformation have a large spatial influence range, but weak close-range sensitivity. The ground stability variations based on the gravity variations have a |
strong close-range sensitivity, but a small spatial influence range. The ground stability variations based on the tilt variations can describe ground stability change information in different directions. The further
synthesis of the three ground stability variations can effectively improve the sensitivity and reliability of the ground stability variation grid time series.
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5.8.3 Spatiotemporal characteristics synthesis of ground stability variations

[Function] From the ground stability variation grid time series, calculate its spatial
horizontal gradient and time-derivative grid time series. And then using the low-pass filtering
and statistical normalization synthesis algorithms, generates the grid time series files
stachr*.dat of the ground stability variations that fuse spatiotemporal characteristics
according to the given sampling specifications and statistical parameters.

[Input files] The ground stability variation grid time series files.

[Parameter settings] Enter the weights and exponents for the ground stability variation,
its horizontal gradient and time-derivative, set spatial and time domain filter parameters, and
set the sampling specifications parameters.

When the starting time is earlier than the first sampling epoch time of the source variation
grid time series, the program lets the starting time = the first sampling epoch time - sampling
interval * total number of the samples * 5%.

When the ending time is later than the last sampling epoch time of the source variation
grid time series, the program lets the ending time = the last sampling epoch time + sampling
interval * total number of the samples * 5%.

[Output file] The synthesized ground stability variation grid time series files stachr*.dat,
filtered ground stability variation grid time series files staflt*.dat, ground stability variation
horizontal gradient (modulus, per km) grid time series files stagrd*.dat and their time-
derivative (per week) grid time series files stadft*.dat.

@ Statistical synthesis and prediction of ground stability variations a
oy = - = -
2 N y ™ az Re
Openfile Saveas Importparameters Startcomputation  Save process Follow example
-, Optimized synthesis of two geodetic ~, Optimized synthesis of three stability o SPatiotemporal characteristics synthesis
~ variation grid time series ~ variation grid time series “_of ground stability variations
71 Open any among groud stability variation >> Program Process ** Operation Prompts 4/ Save program process as
&3 grid time series files
>> [Function] From the ground stability variation grid time series, calculate its spatial horizontal gradient and time-derivative grid time series. And ~
Ordinal number of first wildcard f file name 7 < then using the low-pass filtering and statistical normalization synthesis, generates the grid time series files stachr” dat of the ground stabilit
. variations that fuse spatiotemporal characteristics according to the given sampling and statistical
B s ** The program outputs aiso the[filiered ground stability variation rid time series files staflt* dat, the[ground stabily variation Forzontal gradient] |
Weight g, 3.0 < Exponentn, 0.5 > ] (me r km) grid time series files stagrd™.dat and its{time-derivative (per week) grid lime series files stadft”.dat into the current directory.
>> Open an! riation grid time series files C:/ETideLoad4.5_\ 15013106 .dat
Spatial filtering mode Moving average filter >> Create or select sults folder C/ETideLoad4.5_)
=1 **The group 1 of grid time files searched by wildcard instantiation:
Spatial domain filter parameter 5 )
P s 2 C/ETideLoadd.5. 015013106dat
Time domain filter parameter 2.0 = C:/ETideLoad4.5_) 15030118 dat
— | C/ETideLoad4.5_ gram 15033112)dat
Start time for the target time series | 20150131 : C:/ETideLoad4.5_wi stabil 15050100]dat
End time for the target time series | 20151201 :| CiETideLoad4 5 agrap015053112dat
= C:/ETideLoad4.5_\ 150701 1 X
Sampling internal for target time series | 15.00 day < C/ETideLoad4 .5 15080100|dat \
T = i 4.
Weight of horizontal gradient |50 < Exponent 05 < gg-ﬁ:{'x& g— g :2\53::" q:“
Weight of time derivative 5.0 < Exponent 05 - C/ETideLoad4.5_) 15103112dat
C:/ETideLoad4.5_\ 015120100|dat
>> There are 11 variation grid files searched by wildcard instantiation
>> Setting parameters have been imported into the program!
** Click the contral huttan [Start comnitatinn]_ar the tanl hittan [Start come tation] ¥
Optimized synthes formula: x(a.b) = sgn(A)|A|"Q, + sgn(B)|B|"™Q, [=) Set the results folder # Import setting parameters

A=(a-@)/0g,B=(b-5)/as Qu = ;2. @y = 3%, sgn(:) is the sign function & Start computation

>

@ Repeatedly call the function [Optimized synthesis of two geodetic variation grid time series] n-1 times, you can realize the statistical normalization synthesis for the n geodetic variation grid time series. In this
case, you can design n geodetic variation weights and exponents at one time in advance. When the synthesis m (<n) is performed, the variation weights after the synthesis m-1 are the sum of the previous m-1
synthesis of weights, and the exponent is 1

@ The ground stability variations based on the vertical deformation have a large spatial influence range, but weak close-range sensitivity. The ground stability variations based on the gravity variations have a
strong close-range sensitivity, but a small spatial influence range. The ground stability variations based on the tilt variations can describe ground stability change information in different directions. The further
synthesis of the three ground stability variations can effectively improve the sensitivity and reliability of the ground stability variation grid time series.
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Repeatedly call the function [Optimized synthesis of two geodetic variation grid time
series] n-1 times, you can realize the statistical normalization synthesis for the n geodetic
variation grid time series. In this case, you can design n geodetic variation weights and
exponents at one time in advance. When the synthesis m (<n) is performed, the variation
weights after the synthesis m-1 are the sum of the previous m-1 synthesis of weights, and
the exponent is 1.

The ground stability variations based on the vertical deformation have a large spatial
influence range, but weak close-range sensitivity. The ground stability variations based on
the gravity variations have a strong close-range sensitivity, but a small spatial influence
range. The ground stability variations based on the tilt variations can describe ground
stability change information in different directions. The further synthesis of the three ground
stability variations can effectively improve the sensitivity and reliability of the ground stability
variation grid time series.
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6 Editing, calculation and visualization tools for geodetic data files

The group of programs can be employed to construct of geodetic data files in ETideLoad
format, edit, interpolate, grid, extract, separate and merge geodetic data, and simply
calculate and visualize on geodetic data files.

Il

Editing and ion tools for geodetic data files

Vo Eﬂ RS &
ot 3\:.\, : :ﬁ
Conversion of general ASCII data Data interpolation, extracting and Simple and direct on Op on g time series
into ETideLoad format separation of land and sea geodetic data files with same specifications
‘ I il I8
Generating and constructing of Constructing and transforming of Statistical analysis on various Gross error detection and
| regional geodetic grid vector grid file geodetic data file weighted basis function gridding
~ Functional architecture of the subsystem £ Geodetic Data Files in ETideLoad own Format

@ ETideLoad only recognizes the five kinds of geodetic stationary data and five kinds of geodetic variation time series data in ETideLoad own format. The program
[Conversion of general ASCII records data into ETideLoad format], and the function [Normalized extraction of batch time series of geodetic monitoring network] are the
important interfaces for ETideLoad to accept external text data. Using the function [Global prediction of solid earth tidal effects on various geodetic variations], or [Global
prediction of surface atmosphere tidal load effects on various geodetic variations], you can construct a ground variation time series with the given location and sampling
specifications. Using the program [Generating and constructing of regional geodetic grid], you can construct a numerical grid with the given grid specifications. The other
programs or functions only accept the format data generated by ETideLoad own.

ETideLoad only recognizes the five kinds of geodetic stationary data and five kinds of

geodetic variation time series data in ETideLoad own format. The program [Conversion of
general ASCII record data into ETideLoad format], and the function [Normalized extraction
of batch time series of geodetic monitoring network] are the important interfaces for
ETideLoad to accept external text data. Using the function [Global prediction of solid Earth
tidal effects on various geodetic variations], or [Global prediction of surface atmosphere tidal
load effects on various geodetic variations], you can construct a ground variation time series
with the given location and sampling specifications. Using the program [Generating and
constructing of regional geodetic grid], you can construct a numerical grid with the given grid
specifications. The other programs or functions only accept the format data generated by
ETideLoad own.

6.1 Conversion of general ASCII data into ETideLoad format

[Function] Convert the general ASCII data record file from different sources and non-
standard formats into the discrete geodetic record file in ETideLoad format.
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[Input file] The general ASCII data record file.

After entering the number of rows of the input file header, click the control button [Exact
and edit data] to open the dialog [Exact and edit data from the source text file].

Set the format parameters about the target file header, record table header, and record
attributes.

When the target file does not need the record table header, please clear the text
corresponding to the input text box.

Click the button [OK] to close the dialog. Click the control button [Organize and display
result file] to count the maximum number of each column characters of the target record
attributes, then the program will display target file header, record table header and all the
records in the editable textbox. The program need take some time to organize the target
record attributes, please wait...

Complete the statistics of the maximum number of characters of the target record
attributes, and display the target file header, record table header, and all the records in the

editable textbox.
[Output file] The discrete geodetic record file in ETideLoad format.

1 of general ASCI data into ETidelosd format ) Exact and ocit data from the source text e
2 The record atrributes of source file The record atmbutes of target fie

: A=
Open text file . Save process  Follow example

P - ‘ " Add atribute |

4 Insert>>>

4= Delete—

& Clearall

Set the target file header / Editable

# Open the source ASCII text file|Number of rows of the file header|1 =] [ Exactand edit data | &4 Organize and alspiay resil [no lon iat hot ksi resioual |
rramm— — oy v o Set he target record table header | Edilable
s B ? A
Openiextfie Saveas Saveprocess Folow exampie =] Gancel

L )| EETYTTTTT
. Saveprogram process a1

¢ s0urces and non-standand formats o fhe dscrete geodecs: racord fle in ETiceLoad format

and oat dats] Raca e 1% & W) s e min e

tirbutes, then the program wil dspiay

Check the target record file displayed in the editable textbox. Click the control button
[Save data in the textbox as] to save the contents in the textbox above as the target file.
The program is the important interface for ETideLoad to accept the external text data.
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6.2 Data interpolation, extracting and land-sea area separation
6.2.1 Changing of grid resolution by interpolation

[Function] Increase or decrease the grid spatial resolution according to the given grid
resolution and specified interpolation method.

[Input file] The geodetic numerical grid file.

[Parameter settings] Enter the spatial resolution for target grid and select the
interpolation mode.

[Output file] The target geodetic numerical grid file.

The grid direct averaging method is that sums up all the effective source cell-grid
element values within the target cell-grid, and then divided them by the number of the
effective source elements. The grid equal-area averaging method is that sums up all the
effective source cell-grid element values within the target cell-grid, and then divided by the
total number of source cell-grids within the target cell-grid.

It is recommended to adopt the grid equal-area averaging method when decreasing the
spatial resolution of the surface loads.

% Data interpolation, extracting and separation of land and sea =]

Openfile Saveas Importparameters Start computatior Save process  Follow example
l Changing of grid resolution + 2 Interpolating of geodetic Selecting of records based Separating of (vector) grid data
by interpolation “* site attribute from grid “ on an attribute condition into two different areas
:', Open a geodetic grid file >> Program Process "* Operation Prompts 4./ Save program process as
1 Process many files in a folder >> Select the function module from the four control buttons at the top of the interface
>> [Function] Increase or decrease the grid spatial resolution according to the given grid resolution and specified interpolation method
IG"d spatial resolution |5.000" s l ** The grid direct averaging method or the grid equal-area averaging method can be employed to grid 1. When the
r of the target grid is lower than that of the source grid, the program automatically adopts the inverse distance weighted
Interpolation mode i » method
I Weighted inverse distance ] >> Open a geodetic grid file C:/ETideLoad4.5_ win64en/examples/Edatafsimpleprocess/dbmGM1800150sksi.dat
| >> Save the results as C:/ETideLoad4.5_win64en/examples/Edatafsimpleprocess/dbmGM1800300sksi.dat. |

>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button...
>> Computation start time: 2024-10-22 11:37:42
‘ >> Complete the computation!
>> Computation end time: 2024-10-22 11:37:44

F4) save the results as #» Import setting parameters & Start computation

Extract results “®a Plot|

» 3 - 3 3 e

o x w s »_u_w

. : S i 7'“', 3 input grid result grid

The grid direct averaging method or the grid equal-area averaging method can be
employed to decrease grid resolution. When the resolution of the target grid is lower than
that of the source grid, the program automatically adopts the inverse distance weighted
interpolation method.

6.2.2 Attribute interpolating of geodetic site from grid

[Function] From a numerical grid, interpolate the attribute values at the geodetic sites
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according to the specified interpolation method.

[Input files] The discrete geodetic point file to be interpolated. The geodetic numerical

grid file for interpolation.

[Parameter settings] Enter number of rows of the discrete geodetic point file header and

select the interpolation mode.

[Output file] The interpolated discrete geodetic point file.
The file format is the same as the input discrete geodetic point file file. Behind the input

file record, adds one column of the interpolated value as the output file record.

“ Data interpolation, extracting and separation of land and sea - )
:/ t@ : &4 a4 A

Openfile Saveas Importparameters Start computatior Save process  Follow example
Changing of grid resolution i Interpolating of geodetic Selecting of records based Separating of (vector) grid data
by interpolation “* site attribute from grid “ on an attribute condition into two different areas

(2} Open a discrete points file >> Program Process ** Operation Prompts 4.1 Save program process as
Set format parameters of the file interpolation method Al
= | >> Open a geodetic grid file C:/ETideLoad4.5_win64er p M1800150sksi.dat

Number of rows of the file header |1 >

>> Save the results as C:/ETideLoad4.5_wir i M1800300sksi.dat.
>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button
Interpolation mode >> Computation start time: 2024-10-22 11:37:42
] >> Complete the computation!

>> end time: 2024-10-22 11:37:44

>> [Function] From a numerical grid, interpolate the attribute values at the geodetic sites using the specified interpolation method
>> Open a discrete points file C:/ETideLoad4.5_win64er p plep P xt.

** Look at the input file information in the text box above, set the file format parameters.
>> Open the grid file for interpolationC:/ETideLoad4.5_win64en/examples/Edatafsimpleprocess/pntgrid.dat.
>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button..
>> Computation start time: 2024-10-22 11:39:39
>> Complete the computation!
>> Computation end time: 2024-10-22 11:39:39

(2} Open the grid file for interpolation

[ caussian base function

F=) Save the results as # Import setting parameters & Start computation
£ imGal) - Extract results 4 Plot]
we _ws _mr e wr
wf .
= e
- s
e 8 ‘
Fe : 5
ot O 5 aur
it - s
A B e ‘
T T T T
y 1o e g e o is a1 41 A a3 e

> input grid results interpolated

6.2.3 Selecting of records based on the attribute condition

[Function] Select the geodetic records from a geodetic record file according to the
maximum and minimum range of the specified attribute.

[Input files] The discrete geodetic point file.

[Parameter settings] Enter number of rows of the input file header, column ordinal
number of the condition attribute in the file record, and minimum and maximum of the
attribute.

[Output file] The selected discrete geodetic point file.

The file format is the same as the input discrete geodetic point file file.

6.2.4 Separating of (vector) grid data into two different areas

[Function] According to the maximum and minimum range of the specified reference grid
value, replace the source (vector) grid values with the given constant when the reference
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grid values are out of the range, to separate the source (vector) grid.

The program requires that the reference grid can distinguish the considered area by the
maximum and minimum value range.

The program can realize the separation of land or sea (vector) grid.

[Input files] The source geodetic (vector) grid file. The reference grid file whose grid
range and resolution are not smaller than that of the source grid file.

[Parameter settings] Enter the maximum and minimum value range and the constant
grid value to replace the grid value out of the range. Select the interpolation mode.

[Output file] The separated geodetic (vector) grid file.

% Data interpolation, extracting and separation of land and sea = o
:/ t& : 4 4 az A
Openfile Saveas Importparameters Start computation  Save process Follow example
Changing of grid resolution i Interpolating of geodetic Selecting of records based Separating of (vector) grid data
by interpolation “* site attribute from grid “ on an attribute condition into two different areas
(2} Open a geodetic grid file >> Program Process ** Operation Prompts 4.1 Save program process as
P il fold >> The parameter settings have been entered into the system! Al
focess ey Res Ay A Kicel ** Click the [Start Computation] control button, or the [Start Computation] tool button..
| [ Separate vector grid data >> Computation start time: 2024-10-22 11:48:15
|| Constant cell-grid value '9990.00 2 | | >> Complete the computation!
I g I >> Comp end time: 2024-10-22 11:48:28
| 3 Open the reference grid file >> [Function] According to the maximum and minimum range of the specified reference grid value, replace the source (vector) grid

values with the given constant when the reference grid values are out of the range, to separate the source (vector) grid.

** The program requires that the reference grid can distinguish the target area by the maximum and minimum value range. The
program can realize the separation of land or sea (vector) grid. The resolution of the source grid may be different from that of the
reference grid
>> Open a geodetic grid file C/E TideLoad4.5_win64er p plep TOPO30msph.dat
>> Open the reference grid file C:/ETideLoad4.5_win64en/examples/Edatafsimpleprocess/ETOPO30msph.dat.

[>> Save the results as C:/ETideLoad4.5_wir plep TOPO30msea.dat.

>> The parameter settings have been entered into the system!

Minimum '-99000.00
Maximum |0.00

|
| Interpolation mode
| l Weighted inverse distance

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2024-10-22 11:49:23
>> Complete the computation!
| >> Computation end time: 2024-10-22 11:49:55

:‘J Save the results as # Import setting parameters & Start computation

< > input grid output grid

6.3 Simple and direct calculation on geodetic data files
6.3.1 Weighted operations on two specified attributes in record file

[Function] Perform weighted plus, minus, or multiply operations on two specified
attributes in the discrete point file.

[Input file] The discrete geodetic point file.

[Parameter settings] Enter number of rows of the discrete geodetic point file header,
column ordinal number and weight of the attribute 1, and that of attribute 2, and select the
operation mode.

[Output file] The operated discrete geodetic point file.

The file format is the same as the input discrete geodetic point file. Behind the input file
record, adds one column of the computed result as the output file record.
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@ Simple and direct calculation on geodetic data files
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Weighted operations on two
harmonic coefficient files

Openfile Saveas Importparameters Staricompulation  save process Follow example
Weighted operations on two specified = Weighted operations on two ~ Product operations on two
atributes in record file = ic grid files “ vector grid files

\ (2} Open the discrete point file

>> Program Process ™" Operation Prompts 4. Save program process as

The file format parameter
Number of rows of the file header 0
Column ordinal number of attribute 1 |5
Column ordinal number of attribute 2 |6
Select operation mode

>> Select the computation function from the 4 control buttons on the top of the interface...
>> [Function] Perform weighted plus, minus, or multiply operations on two specified attributes in the discrete point file.
|>> Open the discrete point file C/ETideLoad4.5_win64en/examples/EdFigecdatacalculate/pntdata.txt. |

** Look at the input file information in the text box above, set the file format parameters

>> Setting parameters have been imported into the program!

Plus +

** Click the control button [Start computation], or the tool button [Start computation]....
>> Computation start time: 2024-10-22 12:16:34

The first weight 1.00
The second weight 1.00

Compete the computation!
>gomputation end time: 2024-10-22 12:16:35

N

3 Import setting parameters

‘ 11569 106.020833 27.020833 1217.221 0.9099 0.4819 1.3918
11570 106.062500 27.020833 1201.227 0.2084 0.1406 0.3490
11571 106.1041&7 27.020833 1185.247 -0.1024 -0.6054 -0.7078
11572 106.145833 27.020833 1210.287 -0.0322 -1.3305 -1.3627
11573 106.187500 27.020833 1228.340 0.2457 =1.5771 -1.3314
11574 106.229167 27.020833 1247.396 0.5067 -1.1008 -0.5941
11575 106.270833 27.020833 1244.440 0.5790 -0.0988 0.4802
11576 106.312500 27.020833 1199.469 0.4192 0.7941 1.2133
11577 106.354167  27.020833 1183.494 0.0998 0.7963 0.8961
11578 106.395833 27.020833 1109.535 -0.2633 -0.3690 -0.8323
11579 106.437500 27.020833 1000.613 -0.6156 -2.1451 -2.7607
11580 10&.4791&7 27.020833 1135.735 -0.9730 -3.2129 -4.1859
11581 106.520833 27.020833 1249.869 1.4044 -2.8163 -4.2207
11582 106.562500  27.020833 1251.98¢6 -1.8931 -1.3414 -3.2345
11583 106.604167 27.020833 1289.077 -2.2829 0.0504 -2.2325

& Start computation

6.3.2 Weighted operations on two geodetic grid files

[Function] Perform weighted plus, minus, or multiply operations on grid elements in two

vectors) grid files with the same specifications.

& Simple and direct calculation on geodetic data files - o X
: = e -
2 M g » at A
Openfile Saveas Importparameters Startcomputation  save process  Follow example
;. Weig ions on P = Weigl ions on two Product operations on two e Weighted operations on two
" attributes in record file * geodetic grid files “ vector grid files harmonic coefficient files

| (2] open the first geodetic grid file

‘ >> Program Process ** Operation Prompts 4. Save program process as

Open the second grid file with
the same specifications

mode

| @

Select

txt.

>> Open the discrete point file C:/ETideLoad4.5_\
** Look at the input file information in the text box above, set the file vormat parameters.
>> Save the results as C:/ETideLoad4.5_\

txt

P

| Pius +

>> Setting have been into the p
** Click the control button [Start computation], or the tool button [Start computation]....

<

The first weight ' 1.00
The second weight 1.00

l

>> Ci start time: 2024-10-22 12:16:34
>> Compete the computation!
>> Computation end time: 2024-10-22 12:16:35

o0

[C] Vector grid operation

>> [Funcﬁon] Perform weighted plus, minus, or multiply operations on grid elements in two (vectors) grid files with the same

GM1800150sksi.dat.
eodatacalculate/dbmchksi.dat.

‘>> Open the first geodetic gnd ﬁle C:/ETideLoad4.5_)

5 wm645n/exam ples/EdFig

have been i
** Click the control button [Start computation], or the tool button [Start computation]....

>> Computation start time: 2024-10-22 12:18:05

>> Compete the computation!

>> Computation end time: 2024-10-22 12:18:05

>> Setting p into the

[} Save the results as 3 Import setting parameters & Start computation

104.000000 114.000000 25.000000  34.000000 0.04166667 0.04166667 A
-30. -30.4199  -30.2768  -30.1549  -30.1146  -30.1663  -30.2994  -30.4668  -30.6075  -30.6567  -30.5988
-30. P ) = 2 51819 -30.1 = = P ). 9177 = = = 2
-31. 682 -30.4 7.8488

-30.9 1489 -30.7 {,).5286

-29. 1822 ¢ 3.534f

-28 )049 < .35al

-26 52 £ 5.55&

-25 136 L€ .14

-24 3211 .€ .28n

-21 )385 € ).813p

-20. 1359 L€ .5757
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6.3.3 Product operations on two vector grid files

[Function] Perform outer product or inner product operations on vectors grid elements
in two vectors grid files with the same specifications.

&« Simple and direct calculation on geodetic data files o X
. = — = ~ |
= B ; S 4 87 A
Openfile Saveas Importparameters Start computation  Save process —Follow example |
ey gl P on two i < Weighted operations on two Product operations on two . Weighted operations on two ‘
attributes in record file 1+ geodetic grid files " vector grid files ient files |
;
(.2} Open the first vector geodetic grid file >> Program Process ** Operation Prompts 4./ Save program process as |
-1 Open the second vector grid file >> Open the first geodetic grid file C:/ETideLoad4.5_win64en/ EdF dbmGM1800150sksi.dat. All
J with the same specifications >> Open the second geodetic grid file C:/ETideLoad4.5_win64en/examples/EdF ksi.dat. |
| >> Save the results as C:/ETideLoad4.5_win64er dF .dat (
Select op mode >> Setting parameters have been imported into the program!
1 I Inner product « v ** Click the control button [Start computation], or the tool button [Start computation]....
| The first welght =1 >> Cc start time: 2024-10-22 12:18:05
e fstweighti{ 1.00 ~ | >> Compete the computation!
The second weight | 1.00 | >»>cC end time: 2024-10-22 12:18:05
_ The first vector is in SW ;;e E;:g;::g:]s Perform outer product or inner product operations on vectors grid elements in two vectors grid files with the same
£ootdinate aysiem >> Open the first vector geodetic grid file C:/ETideLoad4.5_win64er dF pc.dat.
>> Open the second vector grid file C:/ETideLoad4.5 win64er Jlate/ C ient.dat. |

>> Save the results as C:/ETideLoad4.5 win64en/examples/EdFigeodatacalculate/vectinproduct.dat
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation]....
>> Computation start time: 2024-10-22 12:19:42
>> Compete the computation!
>> Computation end time: 2024-10-22 12:19:42

[} save the results as # Import setting parameters & Start computation

6.3.4 Weighted operations on two harmonic coefficient files

[Function] Perform weighted operations on two normalized spherical harmonic
coefficient model files.

The file header occupies a row and consists of two attributes as the scale parameters
of the spherical harmonic coefficient model, namely the geocentric gravitational constant
GM (x10“m?/s?) and equatorial radius a(m) of the Earth.

6.4 Operations on variation time series with same specifications
6.4.1 Weighted operations on two record time series with same specifications

[Function] Perform weighted plus, minus or multiply operations on two variations at the
same sampling epochs from two records time series.

The program requires that the records of two groups of time series are one-by-one
correspondence in location and sampling epoch.

[Input files] The two groups of variation record time series files.

[Parameter settings] Set the record time series file format parameters, enter the weighs,
and select operation mode.

If some a sampling epoch is not in both of two group of records time series, the
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corresponding variation time series is neglected.

[Output file] The operated variation record time series file.

The file header is composed of the weighted operation type (O - plus, 1 - minus, 2 -
multiply), number n of attribute columns of the variation location information in the record,
number m of sampling epochs, and m sampling epochs.

Behind top n columns attributes of the first record time series file record, adds m
variations of result time series as the output record.

4 Operations on geodetic time series with same specifications - o
| A Y = a1 -
T4 tﬁ 4 e &2 £
Openfile Saveas Importparameters Start computation  Save process  Follow example
_ Weighted operations on two record _ Construction of record time series _ Weighted operations on two _ Weighted operations on two groups
| | time series with same specifications " from batch discrete point files ™ groups of grid time series " of vector grid time series
| & Open the geodetic record time series file 1 >> Program Process ** Operation Prompts 4./ Save program process as |
1
| _ _ _
| Column ordinal number of first epoch time in header 3 :  time series is neglected. G|
- |>>Open the geodetic record time series file 1 C:/ETideLoad4.5_win64er P i i

Column ordinal number of the first variation in record |5 < tmrecord1 txt.
** Look at the input file information in the text box below, set the file format parameters...
** The window below only shows the records time series with no more than 2000 rows!
>> Open the record time series file 2 with the same specifications C:/ETideLoad4.5_win64en/examples/
Edtimeseriesfilescalc/tmrecord2.txt.
** Look at the input file information in the text box below, set the file format parameters...
** The window below only shows the records time series with no more than 2000 rows!
**The file header is composed of the weighted operation type (0 - plus, 1 - minus, 2 - multiply), numbern| |
| lPlus + ofatfribute columns of the variation location information in the record, number m of sampling epochs, and |
pling epochs. Behind top n column attributes of the first record time series, add m variations of |
- Lesull time e

lThe firstweight |1.00 < The second weight |1.00

j Open the record time series file 2 with
the same specifications

Column ordinal number of first epoch time in header 2 =
Column ordinal number of the first variation in record 5

Select operation mode

>> Complete the weighted opera
operated
>> Computation end time: 2024-10-22 T3

& Start computation

2015050200 2015052600 ||

6.4.2 Construction of record time series from batch discrete point files

[Function] From a series of discrete point files with the same specifications including the
sampling epoch time, extract the specified attribute variation, and compose a time series by
sorting with time, and then generate a record time series file with several kinds of variations.

[Input files] A series of discrete point files with the same specifications.

The program requires that the file header occupies a row that contains a sampling time
epoch in ETideLoad format.

The program also requires that the locations of the variations in all the geodetic record
files are one-by-one correspondence, but the record length may be different.

[Parameter settings] Set the wildcard parameters for a series of discrete point files and
the file format parameters, enter column ordinal number of the epoch time in the input file
header and target attribute time series in the input file record.

[Output file] The variation record time series file.
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The output file header: The number of the sites, number (n) of attributes for the site
location information in the record, sampling number (m), m sampling time epochs.

The output file record format: The first n columns of attributes of the record in the first
discrete point file, m sampling variations of the result record time series.

4 Operations on geodetic time series with same specifications - o

| Y = = -
| ﬁ ty; 4 4 &7 A
Openfile Saveas Importparameters Start computation  Save process  Follow example
_ Weighted operations on two record _ Construction of record time series _ Weighted operations on two _ Weighted operations on two groups
| " time series with same i 1S "™ from batch discrete point files ™ groups of grid time series "™ of vector grid time series
& Open any discrete point file with time >> Program Process ** Operation Prompts 4./ Save program process as [

Set the wildcard of the file names >> [Function] From a series of discrete point files with the same specifications including the sampling Al
Ordinal number of the first wildcard in the file na < epoch time, extract the specified attribute variation, and compose a time series by sorting with time, and |
then generate a record time series file with several kinds of variations. [
** The program requires that the locations of the variations in all the geodetic record files are one-by-one |
espondence, but the record length may be different. [

Number of consecutive wildcards in the file namie

Column ordinal number of sampling epoch in header 7

| Column ordinal number of target variation in record |6

** The discrete point files searched by wildcards
C:/ETideLoad4.5_win64en/examples/E
C:/ETideLoad4.5_win64er
C:/ETideLoadd.5_win64er >adim20170515]txt |

>> Semng parameters have been |mported into the program! |

|
|

20170315 txt
201704 15]txt

* Click the control button [Start computation], or the tool button [Start computation)....
>> Computation start time: 2024-10-22 13:40:15
>> Complete the construction of record time series! There are 3 location and time files involved.
>> Computation end time: 2024-10-22 13:40:20

[=) save the results as 3 Import setting parameters & Start computation

3.373

6.4.3 Weighted operations on two groups of grid time series

[Function] From two groups of variation grid time series with the same grid specifications,
sort the two groups of grids with time and then perform weighted plus, minus, or multiply
operations.

The program automatically ignores the grid file whose sampling epoch is not one-by-
one correspondence.

6.4.4 Weighted operations on two groups of vector grid time series

[Function] From two groups of variation vector grid time series with the same grid
specifications, sort the two groups of vector grids with time and then perform weighted plus,
minus, or outer production operations.

The program automatically ignores the vector grid file whose sampling epoch is not one-
by-one correspondence.

[Input files] The two groups of variation vector grid time series files with the same grid
specifications.

[Parameter settings] Set the wildcard parameters for variation vector grid time series
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files, enter the weighs, and select operation mode.

The weighted (w,,w,) outer product of two vectors is defined as w;(aq,a;) X
w,(by, by) = wya, b, — wya, by, which is a scalar.

[Output file] The variation (vector) grid time series files. Only when outer production
operations, the program outputs the variation grid time series files.

6.5 Generating and constructing of regional geodetic grid
6.5.1 Gridding of discrete geodetic data by simple interpolation

[Function] From a geodetic discrete point record file, generate the specified attribute grid
file according to the specified interpolation method and grid specifications.

[Input files] The discrete geodetic point file to be interpolated. The geodetic numerical
grid file for interpolation.

[Parameter settings] Enter number of rows of the discrete point file header, column
ordinal number of the target attribute in the file record, interpolation search radius (multiple
of the cell-grid) and grid specifications parameters. Select the interpolation mode.

[Output file] The interpolated geodetic grid file.

] Simple gridding and regional geodetic grid construction o

k=) 3 = a2 Ae
Openfile Saveas Importparameter Start computatior Save process  Follow example
., Gridding of discrete geodetic - Interpolation of vector grid from &+ Gridding of high-resolution record Constructing of general + Extracting of data according to
' data by simple interpolation * two attributes in geodetic records % attributes by direct averaging geodetic grid file latitude and longitude range
3 Open a discrete point file Process batch files with same specifications ] Output spherical coordinate grid 4.1 Save computation process as
Number of rows of the file header 1 *  >> Select the computation function from the 5 control buttons on the top of the interface
Colnum ordinal number of the target .| >> [Function] From a geodetic discrete points file, generate the specified attributes grid file according to the specified interpolation method and grid
b ihe et 4 * specifications. The program has the function of gridding batch discrete point files.
>> Open the discrete point file C:/ETideLoad4.5_\ 150s.txt

plect LS ** Look at the input file information in the text box below, set the file format parameters.
[Welghled inverse distance \ ] >> Save the results as C/E TideLoad4.5_winb4en/examples/Edareageodeticaata/abmngt50s.dat.
interpolation search radius (multiple = | >, Setiing parameters have been imported Into the prograrm
Inumber of the cell-grids) Click the control button [Start computation], or the tool button [Start computation]
>> C 1 start time:  2024-10-22 15:18:57

>> Computation end time: 2024-10-22 15:19:05
>> Compete the computation!

34.000° = [} Save the results as
jitude| Resc n Max m longitude | 104.000° < | '2.500° S 114.000° ° # Import setting parameters
25000° * # Start computation

4 Plot]

106 e I3
00 00 130 000 200 W60 I
— N —

4 16 1 3 ¢ 3 input discrete points output result grid

6.5.2 Vector griding by interpolation from two attributes in geodetic records

[Function] From a geodetic discrete point file, generate the vector grid file according to
the two specified component attributes, specified interpolation method and given grid
specifications.
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6.5.3 Gridding of high-resolution record attributes by direct averaging

[Function] Using the direct averaging method, grid the high-resolution discrete
observations.

6.5.4 Constructing of general geodetic grid file

[Function] According to the given latitude and longitude range and spatial resolution,
generate the constant, random number, 2D array index value or Gaussian surface grid file.

6.5.5 Extracting of data according to latitude and longitude range
[Function] According to the given latitude and longitude range, extract data from the
discrete point file, grid file or vector grid file. The program can extract data from batch files.
6.6 Constructing and transforming of vector grid file
6.6.1 Combining of two grid files into a vector grid file

[Function] Combine two grids with the same specifications as the two components of the
vector into a vector grid.

[Input files] The two geodetic grid files.

[Output file] The geodetic vector grid file.

1‘75' Constructing and transforming of vector grid file = [m] X i
) O = " Y ’rv
® - > » a s
Openfile Saveas Importparameters Startcomputation  save process  Follow example
13 Combining of two grid files -, Decomposing of vector grid 1 Transforming of vector form .. Converting of vector grid file
" into a vector grid file * file into two grid files ~ for vector grid file " into discrete point file

>> Program Process ** Operation Prompts 4./ Save program process as
2} Open the grid file 1 with the same specifications : : :
>> Select the computation function from the 4 control buttons on the top of the interface...
ﬂ Open the grid file 2 with the same specifications >> [Function] Combine two grids with the same specifications as the two components of the vector
into a vector grid.
>> Open the grid file 1 with the same specifications C:/ETideLoad4.5_win64en/examples/
EdVectorgridtransf/dbmchpcs.dat.
>> Open the grid file 2 with the same specifications C:/ETideLoad4.5_win64en/examples/
EdVectorgridtransf/dbmchpcw.dat.
>> Save the results as C./ETideLoad4.5 win64en/examples/EdVectorgridtransf/dbmchexpe.dat.
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation]....
>> Computation start time: 2024-10-22 15:31:52
>> Complete the computation!
>> Computation end time: 2024-10-22 15:31:53

[=) save the vector grid as 3 Import setting parameters & Start computation
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6.6.2 Decomposing of vector grid file into two grid files

[Function] Decompose a vector grid file into two component grid files.
[Input file] The geodetic vector grid file.
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[Output files] The two geodetic grid files.
6.6.3 Transforming of vector form for vector grid file

[Function] Transform the vectors in a vector grid file between plane coordinates (in-
phase/out-of-phase amplitude) and polar coordinates (amplitude/phase).

6.6.4 Converting of vector grid file into discrete point file
[Function] Convert the (vector) grid file into the discrete point file.

[Input file] The geodetic (vector) grid file.
[Output file] The discrete point record file.

6.7 Statistical analysis on various geodetic data files
[Purpose] Extract the latitude and longitude range, mean, standard deviation, minimum,
maximum and other statistical information from the specified attributes of the discrete point
file, geodetic grid file or vector grid file.

- 3 Ae 3 -

Save statistical information  Follow example. Open tie _Import pax

Open i Impor

Select the fle type o be statatic > Program Process ** Operaton Promptd . Save the statstical information as | 5%t 11e f fype o be statstic > Program Process ** Operation Prompts ' Save the statstial Informaton &%

The ciscrete point fle . | The stte tma series fie

@ Opan the discrete pont fie
Nurmi -
Column or
atribute to

fie header 0 :
rofthe (o

taisticanalysis/DONT b,

# Import setting paramaters

2 52441
ation as C:/ETideLoad4 5_winbdenvexampies Tistatisticanalysis

6.8 Gross error detection and weighted basis function gridding
6.8.1 Gross error detection on observations based on low-pass reference surface

[Function] Select the low-pass grid as the reference surface, interpolate the reference
value of the specified attribute at the discrete point, and then detect and separate the gross
error records according to the statistical properties of the differences between the specified
attributes and interpolated reference values.

[Input files] The discrete geodetic point file to be detected. The low-pass reference
surface grid file.

The reference surface can be constructed from discrete data by simple gridding and
then low-pass filtering, and can also be the specified attribute grid constructed by weighted
basis function gridding.

[Parameter settings] Enter number of rows of the discrete geodetic point file header,
column ordinal number of the attribute to be detected in the record, and beyond multiples of
the standard deviation.
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When the absolute value of the difference between the attribute and its mean is greater
than n times standard deviation, the record in which attribute is a gross error record.

[Output file] The discrete geodetic point file without gross error, whose format is the same
with the input discrete point file. The gross error point file, whose file header include the
mean, standard deviation, minimum and maximum of the differences.

o

B = 4 & &z An
| Openfile Saveas Importparameters Start computatior Save process  Follow example
= Gross error detection on observation: o= of observation weights .-, Gridding by basis function .+, Batch gridding by basis function .-, Gridding of record time series by basis
" _based on low-pass reference surface with given reference attribute weighted interpolation weighted interpolation function weighted interpolation

# Open the discrete point file >> Program Process ™ Operation Prompts #&:! Save program process as

NARDDEC.Of Tas of the fhe heaerd 1 - >>Select the computation function from the 5 control buttons on the top of the interface.
>> [Function] Select the low-pass grid as the reference surface, interpolate the reference value of the specified attribute at the discrete point, and

Column ordinal number of the attribute = then detect and separate the gross error records according to the statistical properties of the differences between the specified attributes and
to be detected in the record N reference values. |

** The reference surface can be constructed from discrete data by simple gridding and then low-pass filtering, and can also be the specified
attribute grid constructed by weighted basis function gridding
>> Open the discrete point file C:/ETideLoad4.5_ xt

**Look at the input file information in the text box below. set the file format parameters.
>> Of

Beyond multiples number of 20 \
the standard deviation

S
{5} Open the reference surface grid file \

pen the reference surface grid file C:/ETideLoad4.5_win64en/examples/AppGe
>> Save no error results as C//E TideLoadd 5_winb4en/examples/AppGemweighgnidate/pnidatancer
>> Save the gross error results as C:/ETideLoad4.5_win64en/examples/AppGerrweighgridate/pntdataerror.txt
>> Setting parameters have been imported into the program!

** Click the control button [Start computation], or the tool button [Start computation]

Computation start time: 2024-10-22 20:11:43

>N\Complete the computation!

>> Ogmputation end time: 2024-10-22 20:11:44

¥l save no error results as |} save the gross ermor results ¥ Import the parameters ¥ sta

6.8.2 Estimation of observation weights with given reference attribute

[Function] Using the weight function defined by ETideLoad, estimate the observation
weights according to the statistical property of the specified reference attribute in the input
geodetic record file.

Weight function defined by ETideLoad4.5w(x,a) = 100,/a2 + (ax)?, here x is the
reference attribute, a is the given smoothing factor of the weight function, ¢ is the standard
deviation of x calculated automatically by the program.

The larger the weight function smoothing factor a, the slower the weight function w
decays with distance.

6.8.3 Gridding by basis function weighted interpolation

[Function] According to the given grid specifications (grid range and spatial resolution),
and specified basis function, grid the specified attribute in the input discrete geodetic record
file by the weighted basis function interpolation method.

[Input files] The discrete geodetic point file.

[Parameter settings] Enter number of rows of the discrete point file header, column
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ordinal number of the target attribute in the file record and grid specifications parameters,
and set the base function and its parameters.

The smaller the kurtosis is (the slower the basis function decays with distance), the
larger the number of neighboring points, the smoother the interpolation, the weaker the edge
effect, and the stronger the interpolation ability for sparse data.

The interpolation weight is equal to the product of the attribute weight and base function.

[Output file] The geodetic grid file.

The program of the gridding by basis function weighted interpolation is specially
designed by ETideload based on the properties of general geophysical field, which is suitable
for griding of single type of multi-source heterogeneous geophysical data.

o

P . s = e &
el t,‘} 5 &7 A
Openfile Saveas Importparameters Start computatior Save process  Follow example
=, Gross error detection on observations . Estimation of observation weights . Gridding by basis function -, Batch gridding by basis function  -_.. Gridding of record time series by basis
based on low-pass reference surface with given reference attribute *_weighted interpolatic weighted function weighted interpolation
¥ Open the discrete point file >> Program Process ** Operation Prompts 4. Save program process as

>> Computation start time: 2024-10-22 20:13:08

Number of rows of the file header 1 >> Complete the computation!

Column ordinal number of the attribute 5 2 >> Computation end time: 2024-10-22 20:13:08

to be grided in the record >> [Function] According to the given grid specifications (grid range and spatial resolution), and specified basis function, grid the specified attribute
in the input discrete geodetic record file by the weighted basis function interpolation method.

Selact e bass uncion >> Open the discrete point file C:/E TideLoad4.5 ot

Guassian function Equal weights of observallonsl **Look at the input file information in the text box below. set the file format parameters....
>> Save the griding results as C:/ETideLoad4.5 \ AppGerrweighgridate/pntgrid dat.
> ;emng parameters ;ave ;een |mp;e; o r};e programi
** Click the control button [Start computation], or the tool button [Start computation].
>> Computation start time: 2024-10-22 20:14:58

>> Complete the computation!
>> Computation end time: 2024-10-22 20:14:58

Parameters of base function
Column ordinal number of weight 7
|Numberloe neighboring ¢ .‘ Minimum longitud

25500° <

Maximum longitude Lmzaoo" S 10000 ° 103.400° =
points for interpolation
The kurtosis of base function 3

24.400° <

) save the griding results as # Import the parameters ¥ start

. kurtosis=3 ‘ ~ kurtosis=10 Q

6.8.4 Batch gridding by basis function weighted interpolation

[Function] According to the given grid specifications, base function, and other

parameters, respectively grid the specified attribute in each of the input discrete point files
saved in a directory by the weighted basis function interpolation method.

[Input files] Batch discrete geodetic point files with same format.

[Parameter settings] Set the wildcard parameters for batch discrete geodetic point files,
enter number of rows of the discrete point file header, column ordinal number of the target
attribute in the file record and grid specifications parameters. Select the base function, and
set the number of the neighboring points and kurtosis of base function.

[Output files] A series of numerical grid files bsfgrd***.dat that correspond one-to-one
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with the input discrete point value files. Here, *** are the instance of the input discrete point
file name wildcards.

6.8.5 Gridding of record time series by basis function weighted interpolation

[Function] According to the given grid specifications, weight function and other
parameters, respectively grid the variations of each sampling epoch in the input record time
series file by the weighted basis function interpolation method, then generate variation grid
time series files.

o

= ) > T a7 As
Openfile Saveas Importparameters Slart computatior Save process  Follow example
=, Gross error detection on observations . Estimation of observation weights -, Gridding by basis function .-, Batch gridding by basis function [_.. Gridding of record time series by basis
based on low-pass reference surface with given reference attribute weighted interpolation weighted function weighted interpolati
) Open the variation record time series file >> Program Process ™ Operation Prompts 4:! Save program process as

Column ordinal number of = >> Computation start time: 2024-10-22 20:18:04
first epoch time in header » = >> Complete the gridding of 5 discrete point files by basis function weighted interpolation!
Gl s einbat e T\ . >>Computation end time: 2024-10-22 20:18:22 |
first variation n record 5 >> [Function] According to the given grid specifications, weight function and other parameters, respectively grid the variations of each sampling |

\ epoch in the input record time series file by the weighted basis function interpolation method, then generate variation grid time series files
Select the base function >> Open the variation record time series file C:/ETideLoad4.5_t P 18-101-12.txt. |

lGuasslan function \ \ ] ** Look at the input file information in the text box below, set the file format parameters....
\ >> Create or select the result folder C-/ETideLoad4.5_win64er PP g
>> Setting parameters have been imported into the program!
** Click the control button [Start computation], or the tool button [Start computation].

>> Computation end time: 2024-10-22 20:26:47

>> Computation start time: 2024-10-22 20:20:42
\ >> Comglete the computation! Output 30 grid time series files! I

Parameters of base function

Number of the neighboring =
80 % Y — - -
points for interpolation Minimum longitude | Re

Maximum latitude 25.500° <

aximum longitude |[98.500° |+ 1.0000  : 99.500°

The kurtosis of base function 2 % Minimun

titude 4.500° <

[ Set the results folder # Import the parameters & Start computatio)

6.9 Visualization plot tools for various geodetic data files

6.9.1 Visualization for multi-attributes in ground variation time series

[Function] Plot multi-variation time series curves stored in a ground geodetic variation
time series file.

The program can plot less than 15 columns of attribute time series curves once.

[Parameter settings] Select the sampling epoch time format, enter the column number
of the sampling epoch time in the file record, set the location parameters of the attribute time
series plotted in the file record, and enter minimum-maximum of the variations to be plotted
and row ordinal number of the starting-ending sampling epochs.

When the location parameter corresponding to the column ordinal number in the record
is greater than the record maximum column number, the program automatically set the
location parameter as the serial number of the record maximum column.
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When the row ordinal number of the ending sampling variation is greater than the
number of samples of the time series, the program automatically set the row ordinal number
of samples to be plotted of the time series as the row ordinal number of the ending sampling
variation.

=

2 & A
Open file Import parameters  Chartplot  piotsave _Follow example

¥ Open the ground variation time series file

Select the sampling epoch time format  ETideLoad long intefger

Column ordinal number of the sampling epoch in header 1 | g
Location parameter of the group 1 time series to be ploll 201 %
Location parameter of the group 2 time series to be plot. =
Location parameter of the group 2 time series to be plot| 702 5
Min-maximum variations -9990.0 < 99900

Row ordinal number of the starting- 1 < 99990
ending sampling epochs in record '
The program can plot less than 15 columns of attribute time
series curves once.

.854 5.0253 5.0854 L0601 2.1748

Labelfontsize 7 < Linethickness 2 = f Import set parameters Chart pI})t, 4. Save current plot as

——

——
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£ n " i L
070315 0101716 070216 010117 070217

_—
wa e

@ Hold down the left mouse button to rotate the plot, hold down the right button or scroll the middle mouse button to zoom the plot, and hold down the middie button to pan the plot. |

Hold down the left mouse button to rotate the plot, hold down the right button or scroll
the middle mouse button to zoom the plot and hold down the middle button to pan the plot.

6.9.2 Visualization for variation record time series on geodetic network

[Function] Plot multi-variation time series curves stored in a geodetic variation record
time series file.

[Parameter settings] Enter the ordinal number of the first sampling epoch in file header
and the first sampling variation in record, set the location parameters of the time series to
be plotted, and enter the ordinal number of starting-ending sampling epochs and minimum-
maximum of the variations to be plotted.

When the location parameter corresponds to the row ordinal number of the record is
greater than the number of rows of the file records, the program automatically set number of
rows of the file records as the row ordinal number of the last record.

The program can plot less than 15 rows of record time series curves once. When
different groups of location parameters correspond to the same row, the program can
automatically merge, count and plot according to one row of record time series.
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2
A |
Open file Import parameters ~ Chartplot  piotsave  Follow example |

B Open the variation record time series file

2018070200 2018070300 2018070400
2.4000 4.8200 8.7400

Format parameters for the record time series file 5.4100 0.8300 8. 6800
Ordinal number of the first sampling epoch in header 4 15.7000 12.0300 14 fz‘m

21.5100 16.2800

Ordinal number of the first sampling variation in record 5 7600
‘ Set parameters of record time series to be plot 43222
Location parameters of the group 1 variations 1? :3 :g
Location parameters of the group 2 variations 4.0700
Location parameters of the group 3 variations 1:0000
Location parameters of the group 4 variations SRR
Location parameters of the group 5 variations 16.5900
Orcinalyiiihes I MMEONS 1 : 142.7167 33333
ending sampling epoch
Min-maximum variations -9900.0 $ 9900.0 >
Label font size 8 :7 Line thickness 2 27 3 Import set parameters Chart plot| & Save current plot as

60 T

070218 0101719 07/03/19 01/01/20 070220

| @ Hold down the left mouse button to rotate the plot, hold down the right button or scroll the middle mouse button to zoom the plot, and hold down the middle button to pan the plot.
| @ The program can plot less than 15 rows of record time series curves once. |

6.9.3 Visualization for specified attribute in discrete point file

[Function] Display the point locations and their specified attributes in a geodetic discrete
point file.

| Openfile Importparameters Scatterplot Plotsave Follow example
| 8 Open the discrete geodetic point file
T T
Number of rows 1 » Column ordinal 2 - 25.6%
of file header = number of x =
Column ordinal -
number of y 2
minimum of z -9 s 4t
Display gtyle . .
Labelfont size 6 s 2521, . E
() Custom scale rahge (can be usedfor batch plogs) . .
¥ Import paramet Scatter plotj— *
251+ . : ’
&:I Safe the current plot as b .
@ Hold down the left rhouse B "
@ Hold down the righ buttonfor scroll the middle frouse 2] B
button to zoom the plot. i 2
@ Hold down the middi - ¥
246t : g
284 L L .
1024 102.6"
115 1.1

[ number longfdeq/decimdl
[102.852357

(m)| rentKsi (m) TerEffect (mGall
3

24.458002]

2111.3872
1990.6386
1936.4260
2192.9271
24.581970] 2303.7797
24.575508] 1977.4949
24.668953] 1919.7825
11 02.423972)] 24.652933 .3369
12 102.529771]] 24.667079] 2157.7877
13 |102.631063)| 24.657055] 1906.3415
14 [102.742718|] 24.652871] 1935.7882
15 [102.843573]] 24.642787] 7707
16 |103.137778)] 24.658224)
17 [102.426305]) 24.743284)

@ e w R
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After changing the input data file, z attribute or other parameters, you need to click the
control button [Import setting parameters] again to update the plot.

If needing a larger scale plot, enlarge the graphics window on the right firstly, and then
click the control button [Scatter plot].

Hold down the left mouse button to rotate the plot, hold down the right button or scroll
the middle mouse button to zoom the plot and hold down the middle button to pan the plot.

You can unify the scales by fixing the scale range for batch plots. Adjust the size of the
graphics window on the right and the plot elements to an appropriate state before drawing
batch plots. During plot period, the parameters and the size of the graphics window are kept
unchanged, and no mouse operation is performed on the plot.

6.9.4 Visualization for geodetic grid and variation grid time series file

[Function] Plot for geodetic grid or grid time series files.

[Parameter settings] Select the display style and set the checkbox [Custom scale range
(used for grid time series plots)].

The program allows the first component of a vector grid to be displayed as grid data.

After setting the custom scale range, you can plot a series of grid time series plots.

Visualization for geodetic grid and variation grid time series file

2 3 “» a7 A
Open file Import parameters Draw plot  plotsave  Follow example
(5} Open the geodetic numerical grid file 108
o8
Minimum .90000 = Maximum 9000.0
Plot parameters
Label font size 6
I Display style 2D color map |

[ Custom scale range (used for grid time series plors)l

# Import parameters * Draw plot —

Save the current plot as

@ Hold down the left mouse button to rotate the plot
@ Hold down the right button or scroll the middle
mouse button to zoom the p|0t

@ Hold down the midde button to pan the plot

6.9.5 Visualization for the geodetic vector grid file

The X-axis and Y-axis of the plotting coordinate system respectively point to east and to
north (EN), which is the same with horizontal displacement vector.
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Vector form: East-North (EN, e.g., horizontal displacement vector), South-West (SW,
e.g., vertical deflection vector), North-East (NE, e.g., Tangential gravity gradient vector).

| Il Visualization for the geodetic vector grid il O X
| o . ~
| & ¥ a2 & @

Open file Import parameters  Draw plot  Plotsave ~ Follow example

|[§J Open the geodetic vector grid file e ISEL] T ‘%{‘ 1 1215
i ALY
Label font size 5 = AN AL -
] AN
Vector line parameters L (N \§\‘
x direction arrow number 60 < 3 5 .*“\‘\\\;\\ N
Vector arrow size 18 = nd i ARRR RN e
Line length of modulus of vector 18 -
L ”
[ Vector form _ East-North (EN) -] 7 oz
‘"_}— Import parameters &3 Draw plot — ; a4
Y w
4. Save the current plot as

@ Hold down the left mouse button to rotate the plot. .

@ Hold down the right button or scroll the middle mouse L x Z

button to zoom the plot. A 5"

@ Hold down the middle button to pan the plot. . L 3

<5
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-1.0978E+01 -9.4813E+00 -1.1208E+01 -1.0489E+01 -1.1907E+01 -1.0879E+01 -1.0928E+01 -1.1427E+01 -1.2006E+01 -1.1368E+01 -1.0589E
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7 Data file format, geophysical models and numerical standards

7.1 Geodetic Data Files in ETideLoad own Format

ETideLoad only recognizes the five kinds of geodetic stationary data and five kinds of
geodetic variation time series data in ETideLoad own format. The geodetic stationary data
files include the discrete geodetic point record file, geodetic network observation record file,
geodetic numerical grid file, geodetic vector grid file and spherical harmonic coefficient
(Stokes coefficient) model file. The variation time series files include the ground variation
time series file, geodetic network site record time series file, geodetic network observation
time series file, variation (vector) grid time series files and spherical harmonic coefficient
(Stokes coefficient) model time series files.

The program [Conversion of general ASCII record data into ETideLoad format], and the
function [Normalized extraction of batch time series of geodetic monitoring network] are the
important interfaces for ETideLoad to accept external text data. Using the function [Global
prediction of solid Earth tidal effects on various geodetic variations] or [Global prediction of
surface atmosphere tidal load effects on various geodetic variations], you can construct a
ground variation time series with the given location and sampling specifications. Using the
program [Generating and constructing of regional geodetic grid], you can construct a
numerical grid with the given grid specifications. The other programs or functions only accept
the format data generated by ETideLoad own.

7.2 The file format of 5 kinds of stationary geodetic data
7.2.1 The discrete geodetic point record file

A discrete geodetic point record file can store multiple element attributes of massive
discrete space points. The attributes of each point are represented by a row of record.

B pntdata. txt E4
1 \ number long(deg/decimal) lat ellipHeight (m) rentKsi(m) TerEffect (mGal

2 1 102.442457 24.47176% 1972.7703 -1.0013 -3.3508
2 102.546777 24.458002 1659.0410 -1.091e6 -6.6124

4 3 102.632412 24.458211 2120.2558 -0.9639 -5.0422
5 4 102.725921 24.460578 2111.3872 -0.9936 -3.6867
6 5 102.420803 24.566357 1980.638¢ -1.0706 -3.1489
7 6 102.528697 24.562786 1936.4260 -1.0402 -2.0473
7 102.634437 24.565660 2182.9271 -0.9743 -4.0534

g § 102.725888 24.581870 2303.7797 -0.9566 -7.1388
10 9 102.832641 24.575505 1977.4949 -1.0619 -5.9858
11 10 102.345532 24.668953 1919.7825 -1.0840 -1.6645
12 11 102.423972 24.652933 1959.3369 -1.0281 -3.0476
13 12 102.529771 24.667079 2157.7877 -1.0165 -4.239%6
14 13 102.631063 24.657055 1906.3415 -1.0806 -1.6637
15 14 102.742718 24.652871 1935.7882 -1.0343 -1.7419
16 15 102.843573 24.642787 1880.7707 -1.0819 -7.7294
17 le 103.137778 24.658224 1838.4387 -0.9843 -11.7862

(1) Multiple rows of the file headers are allowed, whose content and format are not
restricted.

(2) One record represents the geodetic data at one site. The attributes of each record
include site number (name), longitude (degree decimal), latitude (degree decimal), attribute
4, ..., attribute n.
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(3) The attribute convention is a numeric format, the number (n) of the attributes is not
more than 80, and the attributes are separated by spaces.
(4) Arecord reading code in Fortran is:
read(fileno,*)(record(i),i=1,n) ! real*8 record(n)
7.2.2 The geodetic network observation file

A geodetic network observation file can store the baseline component data for the CORS
network, height differences for the levelling network or gravity differences for the gravity
network.

(1) The file header occupies a row and includes the number of characters of the baseline
or route name, number of characters of the site name, ...

(2) The file record includes the baseline or route name, starting site (longitude, latitude,
height), ending site (longitude, latitude, height), ..., observations (default value is 9999).

(3) The relations between the baselines (or routes) and the sites in the geodetic
monitoring network are reflected with the composition of the characters of their name. A
baseline or route name (B***A) is agreed to be composed of site names A and B at both
ends, where the number of characters of all the sites names is required to be equal.

Therefore, the number of characters of the baseline or route name should not be less
than twice that of the site name.

7.2.3 The geodetic numerical grid file

(1) There is a row of file header at the beginning of the file. The file header includes
minimum longitude, maximum longitude, minimum latitude, maximum latitude, longitude
interval of a cell-grid and latitude interval of a cell-grid. The units of all the attributes are
decimal degrees.

(2) The cell-grid elements are sequentially stored in an increasing manner of row latitude
and column longitude until all data is stored. The elements are separated by spaces.

(3) The Fortran reading program for the entire grid data in a geodetic grid file:

open(unit=fileno,file=filename,status="old")
read(fileno,*)(hd(i),i=1,6) I hd(6) - the file header
nlon=nint((hd(2)-hd(1))/hd(5)) ! nlon - the number of cell-grid columns along longitude direction
nlat=nint((hd(4)-hd(3))/hd(6)) ! nlat - the number of cell-grid rows along latitude direction
do i=1,nlat

read(fileno,*)(gr(i,j),j=1,nlon) ! gr(nlat,nlon)- two dimension array employed to store grid values
enddo

The grid value of cell-grid represents the mean value of the cell-grid. In the numerical
integral operation, the location of the center point of the cell-grid is employed to calculate
the integral distance from the cell-grid (the moving point) to the calculation point.
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|| dbmhzti50s. datkd
1 104.000000 114.000000 25.000000 34.000000 0.04166667 0.04166667
2 1580.6233 1872.6612 1910.7203 1931.7653 1992.7665 1897.7149%9
3 1579.5158 1478.53€60 1457.5736 1610.5877 1703.5435 1392.4407
4 1127.0862 1141.1257 1156.197% 1181.3065 1335.4466 1400.5901
5 530.3264 562.3283 478.4546 553.5518 T717.637%9
& 642 .5849 ET7E5.7052 654.9330 694 .0809 807.1985
7 T26.9670 439.0212 604.1542 596.2404 510.3528
5 820.4032 667.4105 585.4184 661.4350 557.44%90
= 494.4559 433.5850 430.9312 T723.1754 821.3956
10 128.9223 219.0560 152.277 7.3618 113.4669
11 456.2471 331.3871 451.7 864l 6338.9905
1z 151.7805 150.9271 343. .4793 343.6893
13 220.4542 Ee0.7228 548, 1834 295.2821
14 267.7073 300.913% 576, L5556 559.7308
15 466.1608 254.1723 236,21 .4018 331.5582
16 508.1123 504.2678 873. .9491 T777.160%9
17 8216 112.8806 223. .2738 219.4003
1 8 6248 1859.6737 1903.741%9 2051.7 .T992 1910.7605
19 1475.5124 1382.5200 1476.5441 1626, . 4903 1318.3843
20 1155.2158 193.2735 1209.35&9 1255, .5851 1386.7009
21 603.2370 489.2430 499.3152 525.4287 630.5491 820.648
22 436.4368 493.5515 611.6602 584.7656 649,9001 678.0571

7.2.4 The geodetic vector grid file

A geodetic vector grid file is composed of the first component grid and the second
component grid of the vector. The header file and the first component grid in the vector grid
file are same as that in the geodetic grid file, and the second component grid follow the first
component grid closely with the same way.

Vector grid such as vertical deflection and horizontal gradient vector grid in ETideLoad
are stored in the form of vector grid file.

7.2.5 The spherical harmonic coefficient model file

(1) The file header occupies a row and consists of two attributes as the scale parameters
of the spherical harmonic coefficient model, namely the geocentric gravitational constant
GM (x10m?/s?) and equatorial radius a(m) of the Earth.

(2) The Earth’s geopotential coefficient model and surface load spherical harmonic
coefficient model in ETideLoad are stored in the form of spherical harmonic coefficient file.

(3) GM, a are the scale parameters of the model. Here, the surface harmonic functions
in the spherical harmonic coefficient model are defined on the spherical surface whose
radius is equal to the equatorial radius a of the Earth.

(4) The degree-n order-m spherical harmonic coefficient is expressed by a record with
the format “degree n, order m, Cppm, Spm (,  Cpm €rror, S, error)”.

ETideLoad does not require the degrees and orders of harmonic coefficients to be
arranged and allows to exist insufficient orders. For the harmonic coefficient of insufficient
order, ETideLoad automatically sets to zero.

7.3 The file format of 5 kinds of geodetic variation time series

The geodetic variation time series files adopt the ETideLoad own format, which include
the ground variation time series file, geodetic network site record time series file, geodetic
network observation record time series file, variation (vector) grid time series files and
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spherical harmonic coefficient (Stokes coefficient) model time series files.
7.3.1 The ground variation time series file

A ground variation time series file can store the time series data of several kinds of
variations at a certain site, a certain baseline or route, and the sampling epochs (here, the
epoch is an instantaneous time) of these variations are the same. Such as CORS station
coordinate solution time series, solid tide station observation or analysis result time series,
GNSS baseline solution time series, etc.

(1) The file header occupies a row and includes the site name, longitude (degree
decimal), latitude (degree decimal), height (m) relative to the ellipsoidal surface (sea level,
or the ground), the starting MJD (optional), ...

(2) Starting from the second row of the file, each row of record stores the sampling
values of all the variations at one sampling epoch time. At least one column of attribute in
the record is the sampling epoch time.

(3) Each attribute in the record (except the sampling epoch time) represents a type of
variation time series, and the sampling epoch time of different types of variations is the same.

(4) The sum of the starting MJDO in the header and the sampling epoch time (day) is
equal to the sampling epoch time of MJD day in the record. When the sampling epoch time
is the long integer agreed by ETideLoad, the starting MJDO is not necessary in the file header.

[ tmsqurst. txtEd |
1 NYB 101.230000 29.910000 4 58434.000000
2 2019010100 0.000000 2 5.0173 19.
3 2019010101 0.041667 2 57.5174 23.
4 2015010102 0.083333 2 26.
S 2019010103 0.125000 2 26.
& 2019010104 0.166667 2 23.
7 2015010105 0.208333 2 18.8
5 2019010106 0.250000 z 13.7
2015010107 0.291667 2 8.7
10 2019010108 0.333333 2 5.
11 2019010109 0.375000 2 3.
12 2015010110 0.4166€7 2 3.
13 2019010111 0.458333 2 2.
14 2019010112 0.500000 2 7.
5 2019010113 0.521667 z. a.
16 2019010114 0.583333 2 10.
17 2015010115 0.625000 2 10.
5 2019010116 0.666667 2 a.
2019010117 0.708333 2 €.
2 2015010118 0.750000 2 2.
21 2019010119 0.791667 z.245 18.3457 a.
22 2019010120 0.833333 2.337  -109.4070 -0.
2 2019010121 0.875000 2.239  -188.4457 a.
24 2019010122 0.916667 2.535 -207.9073 3.
2 2015010123 0.5858333 2.611 -172.6475 9.
26 2019010124 1.000000 2.657 -101.5732 15.
27 2019010201 1.041667 2.671 -22.1804 21.
2 2019010202 1.083333 2.655 37.2344 12,5831 26.
29 2019010203 1.125000 2.617 55.5611 22.0431 28.
2015010204 1.166667 2.568 24.8430 9.2293 26.

7.3.2 The geodetic site variation record time series file

A geodetic site variation record time series file can store the time series data of one kind
of variations for a group of geodetic sites. Such as the station coordinate time series for the
CORS network, benchmark height time series for the levelling network, observation time
series for the tide station network and INSAR monitoring time series, etc.

(1) The file header occupies a row and includes all the sampling epochs arranged with
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time.

(2) The file record: the site name, longitude, latitude, height, ..., all the sampling
variations arranged with sampling time.

(3) ETideLoad stipulates that the number of sampling epochs in the file header is equal
to the number of sampling variations in the record, and the sampling epochs are one-by-one
correspondence with the sampling variations.

(4) When receiving the input record time series file from the program interface, it is
generally required to specify the column ordinal number of the first sampling epoch in the
file header and the column ordinal number of the first sampling variation in the record.

[ TsqavrRowll txtE] ‘d T=qavrbslnll. txt I
1 4 0 36 2015011612

2015041600 2015051612

2 JINH 119.642¢& 29.2178 1191.80 1.0 -4.9145 1.1566
3 JINX 119.3792 29.0709 84.7% 1.0 -4.3724 2.8622
4 JNJZ 119.6375 27.9764 286.78 1.0 2.3145
5 JSAN 118.6056 71.5 1.0 0.3532
§ LISH 119.8295 T71.54 1.0 0.3532
7 LONQ 119.1331 233.28 1.0 -2.0137
8 QI¥YU 119.0793 412.75 1.0 -3.3157
S CNYN 118.8638 27.6157 429.39 1.0 -1.3013
10 QUZH 118.8%08 28.93937 890.79 1.0 0.5323
11 QZLY 119.1858 29.0336 73.91 1.0 1.5578
12 SHNQ 119.5028 27.4576 827.01 1.0 3.2554
13 SNYN 11%.5093 28.4546 182.77 1.0 2.1431
14 YAYA 120.0425 27.3%830 555.71 1.0 -2.1462 4.5640
15 YONK 120.01e8 28.9055 1lle.22 1.0 -1.6121 0.1517
16 ZJYH 115%.6500 28.2680 130.05 1.0 -3.2802 0.4079

B TsqavrRowll gt Mj Teqarrheloll tut ) [= InSARspdfmrst. txtEd

1 5 37 20141127 20141221 20150114 20150207 20150408 20150502 20150526

2z -9.310 117.3445416 39.0251902 -2.793 0.0866 0.0482 0.2194 0.2865 0.5720 0.3395 0.4760

3 117 i} 39.0251902 -2.304 0.2752 0.1908 0.2887 0.3340 0.5632 0.2861 0.2759

39.0251902 -3.660 9599.0000 -0.0523 0.0135 0.1783 -0.0167 —0.5455 -0.1440

39.0251902 2 0.2301 0.070L 0.2179 0.7154 0.7507

& 39.0251902 0.3087 0.1757 0.5347 0.9182 0.9859

-9.001 117. 39.0251902 0.2486 0.2282 0.5863 1.03%0

-10.736 117 39.0251902 -0.2211 0.1605 0.0977 0.4816 1.
-10.264 117 35.0251902 -0.2530 0.0627 0.0174 0.3735 0.9
10 -9.893 117 39.0251902 -0.2733 0.0120 -0.0198 0.3072 a.
11 -12.821 117 39.0251902 -0.2906 0.0654 0.0359 0.2807 0.8
it -13.835 117.3507080 39.0251902 -0.1282 0.2632 0.1912 0.4738 1.
13 -13.217 117.3508747 39.0251902 -0.0841 0.3303 0.2465 0.5473 1.
1 -12.857 .3510413 39.0251902 0.0039 0.3831 0.292% 0.6149 1.
15 -12.424 .3512080 39.0251902 0.009% 0.3579 0.2776 0.6110 1.
1 75 117.3513747 39.0251902 0.0053 a 0.2478 0.5912 1.
1 -12.682 117. 39.0251902 -0.0870 o 0.1882 0.5167 1.
18 -12.511 117 39.0251902 -0.1241 Q 0.1503 0.4565 1.
1g -11.102 117 39.0251902 -0.1266 0.1581 0.4031 1.
20 -10.425 117 39.0251902 -0.1582 0.2553 0.4636 1.
21 7.899 117 39.0251902 -0.095¢ 0.1819 0.4448 0.5774 1.
22 39.0251902 -0.0689  9999.0000 0.4497 0.57 1.
39.0251902 0.1071 0.4859 0.6632 0 1.
2 39.0251902 0.1224 0.5127 0.6954 o 1.
25 -22.513 117.3547079  39.0251902 0.1425 0.5367 0.7028 0 1.

7.3.3 The geodetic network observation record time series file

A geodetic network observation record time series file can store the variation record time
series of the baseline component for the CORS network, the variation record time series of
the height difference for the levelling network, or the variation record time series of the gravity
difference for the gravity network.

(1) The file header occupies a row and includes the number of characters of the baseline
or route name, number of characters of the site name, sampling length, ..., all the sampling
epochs arranged with time.

(2) The file record includes the baseline or route name, starting site (longitude, latitude,
height), ending site (longitude, latitude, height), ..., all the observed variations arranged with
sampling time (default value is 9999).

(3) The relations between the baselines (or routes) and the sites in the geodetic
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monitoring network are reflected with the composition of the characters of their name. A
baseline or route name (B***A) is agreed to be composed of site names A and B at both
ends, where the number of characters of all the sites names (such as A and B) is required
to be equal.

Therefore, the number of characters of the baseline or route name should not be less
than twice that of the site name.

B Tsqeurkonll eeebd] 5 Tsqavrbslnl. extEd |
1 9 0 36 2015011612 2015021500 2015031612 20150241600 2015051612 2015061600
2 CANN_DONT 120.4247 0.00 121.1503 0.00 £.4092 3.5311 3.4302 1.5057
5 CANN_FDIC 120.4247 0.00 120.2073 0.00 9995, 0000 4.9806 -3.7116
CANN_JHYW 120.4247 0.00 120.0784 0.00 1.7941 0.705¢
CANN_JINH 120.4247 0.00 119.6%26 0.00 -0.7712 -1.2947
CANN JINX 120.4247 0.00 115.3792 0.00 1.6376 1.9899
CANN JNJZ 120.4247 0.00 119.6375 0.00 3.1138 0.8296
CANN_JSAN 120.4247 0.00 0.00 0.7616 -4.1210
S CANN_LHAT 120.4247 0.00 0.00 -1.6069 -0.0362
10 CANN LISH 120.4247 0.00 119.5295 0.00 10.5885 -0.7531
11 CANN_LONG 120.4247 0.00 11%.1331 0.00 -1.9823
12 CANN_LUCY 120.4247 0.00 1197051 0.00 0.1673
13 CANN PANA 120.4247 0.00 120.4367 0.00 -0.0623
14 CANN_PCHG 120.4247 0.00 118.5422 0.00 -1.451¢
15 CANN PCOM 120.4247 0.00 0.00 3.1970
16 CANN_QINT 120.4247 0.00 0.00 -0.4966
17 CANN_QIYO 120.4247 0.00 0.00 -5.5045
1% CANN_QNYN 120.4247 0.00 0.00 -3.5702
19 CANN_QUEZH 120.2247 0.00 0.00 -0.8214
20 CANN QZLY 120.4247 0.00 0.00 0. T
21 CANN_RUIA 120.4247 0.00 0.00 .
22 CANN_SHNQ 120.4247 0.00 0.00
23 CANN_SNYN 120.4247 0.00 0.00
CANN_SUIC 120.4247 0.00 0.00
CANN TAIZ 120.4247 0.00 121.4164  28.6183 0.00

7.3.4 The variation grid time series files for geodetic field

A group of variation grid time series files are composed of a series of numerical grid
model files of a certain kind of variation (vector), and the seventh attribute of the header in
each grid file is agreed to be the sampling epoch time. Such as the grid time series of land
water equivalent height, sea level variation, and grid time series of various regional load
deformation field or temporal gravity field, etc.

H orde20160331 . dat E3 [ 2dien15058 1" datEd | I endhznienast dates]

1 118.500000 121.500000 27.000000 29.000000 1.6666666TE-02 1.6666666TE-02 2015033118
z -0.3746 -0.5686 -0.6666 -0.9356 -1.0686 -1.0336 -1.0606 -1.0586
3 -0.5445 -0.4746 -0.4986 -0.6746 - & -0.9356 -0.9356
-0.9326 -0.9128 -0.9132 -0.8647 -0.7606 -0.6170 -0.5403
-0.5622 -0.5214 -0.4842 -0.4644 -0.4832 -0.5045 -0.4994
-0.177¢ -0.0795 0.0535 0.0904 0.1088 -0.0087 -0.1460
-0.0685 0.1893 0.3488 0.4787 0.5169 0.2675 0.1964
-0.0175 -0.1520 -0.2620 -0.3917 -0.5751 -0.6501
-0.1304 0.0015 0.1363 0.2607 0.4382 0.4686
1 -0.6231 -0.7580 -0.9315 -1.0331 -1.0528
11 -1, -1.0966 -1.0996 -1.1006 -1.0996
12 -0.937 -0.9330 -0.8047 -0.6460 -0.571%
1 -0. -0.3723 -0.5417 -0.7159 -0.7967
1 -0. -0.7077 -1.0456 -1.0546 -1.0526
1 -0. -0.4356 ~0.7596 -0.9016 -0.9016
1€ -0.913 -0.9142 -0.7696 -0.6310 -0.6283
1 -0. -0.5152 -0.5093 -0.5505 -0.5446
1 -0. -0.0271 0.0242 -0.0763 -0.1896
1 a. 0.3035 0.4327 0.2203 0.1393
2 -0. -0.1649 -0.2578 -0.4047 -0.5791 -0.6770

7.3.5 The spherical harmonic coefficient model time series files

A group of spherical harmonic coefficient model time series files can store the time series
of the spherical harmonic coefficient (Stokes’ coefficient) models of global surface load
variation, global load deformation field or temporal global gravity field.

(1) The header file occupies one row and consists of three attributes, namely the
geocentric gravitational constant GM (x10*m?/s?), equatorial radius a(m) of the Earth and
sampling epoch time (in ETideLoad format).

(2) GM,a are the scale parameters of the model. Here, the surface harmonic functions
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in the spherical harmonic coefficient model are defined on the spherical surface whose
radius is equal to the equatorial radius a of the Earth.

(3) The degree-n order-m spherical harmonic coefficient is expressed by a record with
the format: degree n, order m, C,,, Sum (. Cnm €rror, S, error). At different sampling
epochs, n of the model files can be not the same.

(4) ETideLoad does not require the degrees and orders of harmonic coefficients to be
arranged and allows to exist insufficient orders. For the harmonic coefficient of insufficient
order, ETideLoad automatically sets to zero.

7.4 Geophysical models and numerical standards in ETideLoad4.5

ETideLoad4.5 is mainly based on the geophysical models and numerical standards
recommended by IERS conventions (2010). You can update them by the program [System
configs for the geophysical models and numerical standards]. These geophysical models
and numerical standards are stored in file form in the folder C:\ETideLoad4.5_win64en\iers.

7.4.1 The surface atmosphere tidal load spherical harmonic coefficient model file

The 360-degree surface atmosphere tidal load spherical harmonic coefficient model file
ECMWF2006.dat is stored in the folder C:\ETideLoad4.5_ win64en\iers in FES2004 format,
which were constructed by the spherical harmonic analysis programs of ETideLoad4.5 using
0.5°x 0.5° global harmonic constant grids of four atmosphere tidal constituents, to meet the
basic needs of centimeter-level geodesy. The four tidal constituents are respectively the
diurnal, semi-diurnal, semi-annual and annual periodic tidal constituents (S;,S,, Ss,, Sa)
whose harmonic constant grids come from ECMWF-DCDA2006 of European Centre for
Medium-Range Weather Forecasts.

[ EcHwF2006. datEd ‘

1 Atmospheric tide model: ECMWF-DCDA2006 normalized model up to (360,360) in hPa
2 ¥H/AEB/EF/FRAHS

3 Doodson Darw n Csin+ Ccos+ Csin- Ccos— c+ eps+ c- eps—

4 164.556 51 -0.01055351 0.0055595% -0.01055351 0.0055595% .01192835 287.7803 01192835 297.7803

5 164.556 s1 -0.00898730 0.02713172 -0.00898730 0.02713172 .02858149 341.6727 02858149 341.6727
164.556 51 0.02416514 0.01232573 0.02416514 0.01232573 .02712707 62.9756 02712707 62.9756

o

-01971778 -0.01808456 -01971778 -0.01808456
.00538826 -0.01556217 .00538826 -0.01556217
-0.01896560 -0.00055330 -0.01896560 -0.00055330
.00163224 .00711628 .00163224 .00711628
.00341644 -00607435 .00341644 -00607435
-0.00469730 -0.00311697 -0.00469730 -0.00311697
.00442735  -0.01563001 .00442735  -0.01563001
.00941838 -0.00082619 .00941838 -0.00082619
-0.00454013 0.00688423 -0.00454013 0.00688423

o

.02675523 132.5261
.01646859 160.9021
.01887366 268.3289
.00730108 12.9183
.00696920 29.3550
.00563739 236.4331
.016244%6 164.1847
.00945455 95.0132
.00824654 326.5953

02675523 132.5261
01646859 160.9021
01897366 268.3289
00730108 12.9183
006965920 29.3550
00563739 236.4331
016244596 164.1847
00845455 95.0132
00824654 326.5953

7 164.556 51

3 164.556 51
164.556 51

10 164.556 51
11 164.556 51
12 164.556 sl 9
iz 164.556 51 10
14 164.556 51 11
164.556 51 12

o
o

® o R e
oo
oo
oo
oo

o
o

o
o

164.556 51 13 -0.01227672 0.0031014%8  -0.01227672 0.00310148% .01266243 284.1781 01266243 284.1781
7 164.556 51 14 0.00203678 0.00166923 0.00203678 0.00166923 .00263340 50.6638 00263340  50.6638
164.556 51 15 0.00253994 0.00381848 0.00253994 0.00381848 .00458608 33.6306 00458608 33.6306
164.556 sl 16 0.00613602 -0.00041704 0.00613602 -0.00041704 .00615017 93.8882 00615017 93.8882

164.556 51 17
1 164.556 51 18
2 164.556 sl 19
B 164.556 51 20
4 164.556 51 21
164.556 51 22
164.556 51 23
7 164.556 51 24
164.556 51 25
164.556 sl 26
164.556 51 27

-0.00113104 -0.00413462 -0.00113104 -0.00413462
-0.00311700 .00136741 -0.00311700 .00136741
-0.00217138 .00053937 -0.00217138 .00053937
-0.00017645 0.00365644 -0.00017645 0.00365644
.00068441 -0.00165216 .00068441 -0.00165216
.00100221 -0.00214635 .00100221 -0.00214635
.00461395  -0.00179653 .00461395  -0.00179653
-0.00143873 0.00014453 -0.00143873 0.00014453
-0.00083151 -0.00001238 -0.00083151 -0.00001238
-0.00272792 -0.00095240 -0.00272792 -0.00095240
-0.00183890 .00217563  -0.0018389%0 .00217563

.00428652 195.20%2
.00340375 293.6868
.00223737 2683.9498
.00370065 3257.2671
.00178831 157.4980
.00236881 154.9703
.00455136  111.2744
.00144597 275.7366
.00083160 269.1470
.00288940 250.7543
.00284868 319.7946

00428652 195.2982
00340375 293.6868
00223737 283.9498
00370065 357.2&71
00178831 157.4980
00236881 154.9703
00495136 111.2744
00144597 275.7366
00083160 269.1470
00286940 250.7543
00284868 319.7%46

o
o

oo
o

oo
o

o
o

Coo0O0O0c0OO0OO0OO0OO0OO0O0O0000O00O0O00D0O0O0OH
e N e e N e R =R =l N e R e e e e N NN E-R-R-R-R=N=]
RN e - e R R )

o
o

The surface atmospherical pressure, tidal constituent harmonic constants and tidal load
spherical harmonic coefficients are all in unit of hPa or mbar.
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7.4.2 The ocean tidal load spherical harmonic coefficient model file
The 100-degree ocean tidal load spherical harmonic coefficient model file
FES2004S1.dat is stored in the folder C:\ETideLoad4.5_win64en\iers in FES2004 format.
The relationship expression between the ocean tidal load normalized spherical harmonic
coefficients and the geopotential coefficients is as the formula (6.15) in the IERS conventions

(2010).
= FomyFz006. dated B FES200451. datEd ‘
1 Ocean tide model: FES2004 normalized model (fev. 2004) up to (100,100) in cm
2 (long period from FES2002 up to (50,50) + eguilibrium Oml/0m2, atmospheric tide NOT included
3 Doodson Darw n m Csin+ Ccos+ Csin- Ccos-— c+ eps+ c- eps—
4 55.565 oml 2 0 -0.5405%4 0.000000 0.000000 0.000000 0.5406 270.000 0.0000 0.000
5 55.575 om2 2 0 -0.005218 0.000000 0.000000 0.000000 0.0052 270.000 0.0000 0.000
6 56.554 Sa 1 0 0.017233 0.000013 0.000000 0.000000 0.0172 89.957 0.0000 0.000
7 56.554 sa 2 0 -0.046€04 -0.000%03 0.000000 0.000000 0.0466 265.8%0 0.0000 0.000
56.554 sa 3 0 -0.00088% 0.000049% 0.000000 0.000000 0.0009 273.155 0.0000 0.000
: 56.554 35a 4 0 0.012069 -0.000413 0.000000 0.000000 0.0121 91.9%60 0.0000 0.000
1 56.554 Sa 5 0 -0.009780 -0.000421 0.000000 0.000000 0.0098 267.535 0.0000 0.000
11 56.554 sa 6 0 0.00689%3 0.000043 0.000000 0.000000 0.0069 89.643 0.0000 0.000
12 56.554 sa 7 0 -0.010515 -0.000287 0.000000 0.000000 0.0105 26€8.437 0.0000 0.000
13 56.554 35a 8 0 0.002067 -0.000011 0.000000 0.000000 0.0021 90.305 0.0000 0.000
14 56.554 sa 9 0 -0.00423¢6 -0.000110 0.000000 0.000000 0.0042 268.512 0.0000 0.000
g 56.554 sa 10 0 -0.001781 -0.000085 0.000000 0.000000 0.0018 267.268 0.0000 0.000
16 56.554 sa 11 0 -0.001372 -0.000068 0.000000 0.000000 0.0014 26€7.163 0.0000 0.000
17 56.554 3a 12 0 -0.004081 -0.000048 0.000000 0.000000 0.0041 269.326 0.0000 0.000
1 56.554 sa 13 0 -0.00011€ -0.000041 0.000000 0.000000 0.0001 250.534 0.0000 0.000
BiiE 56.554 sa 14 0 -0.003043 -0.000007 0.000000 0.000000 0.0030 269.868 0.0000 0.000
20 56.554 sa 15 0 0.001109% -0.000028 0.000000 0.000000 0.0011 91.446 0.0000 0.000
21 56.554 3a 16 0 -0.0025%6 -0.000034 0.000000 0.000000 0.0026 269.250 0.0000 0.000
22 56.554 s5a 17 0 -0.000€74 0.000022 0.000000 0.000000 0.0007 271.870 0.0000 0.000
23 56.554 Sa 18 0 0.00054€¢ 0.000008& 0.000000 0.000000 0.0005 89.370 0.0000 0.000
24 56.554 sa 19 0 -0.000024 0.000023 0.000000 0.000000 0.0000 313.781 0.0000 0.000
25 56.554 3a 20 0 0.000867 0.000014 0.000000 0.000000 0.0009 89.075 0.0000 0.000

In order to meet the basic needs of satellite, coastal zone and ocean gravity gradient
data processing, we adopted AVISO FES2014b global tidal height harmonic constant grid
models to construct the 720-degree ocean tidal height spherical harmonic coefficient model
file FES2014b720cs.dat in FES2004 format by the spherical harmonic analysis programs of
ETideLoad4.5.

FES2014n720cs.dat includes spherical harmonic coefficients of the 36 tidal constituents
(Q1,Q2 ; 2N2, Eps2, J1, K1, K2, L2, La2, M2, M3, M4, M6, M8, Mf, MKS2, Mm, MN4, MS4,
MSf, MSgm, Mtm, Mu2, N2, N4, Nu2, O1, P1, Q1, R2, S1, S2, S4, Sa, Ssa, T2), in which
the spherical harmonic coefficients of the two equilibrium tidal constituents (Q1, Q2) come
from FES2004S1.dat.

The ocean tidal height, harmonic constant of the tidal constituent and tidal load spherical
harmonic coefficients are all in unit of cm.

7.4.3 The Earth’s Load Love number file

The Earth’s load Love numbers also called the load deformation coefficients (LDC) can
be calculated using the spherically symmetric non-rotating elastic Earth model REF6371.
The load Love numbers in ETideLoad4.5 come from a Regional ElAstic Rebound calculator
(REAR1.0, 2015.11). The load Love number file Love_load_cm.dat were stored in the folder
C:\ETideLoad4.5 win64en\iers, which includes the load Love numbers of the radial
displacement, horizontal displacement and geopotential (hy, I, k;,),n = 0,---,32768 from O
to 32768 degree, ki, = k; = 0, as shown in the figure.,
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In order to suppress the high-degree oscillations of the load Green's function, the load
Green's function is calculated to 54000 degrees in ETideLoad, and the load Love numbers
exceeding 32768 degrees (n>32768) are calculated with the following asymptotic formulas:

h;, =-6.209114, [, =1.890061/n, k; =-2.682697/n.

[ Love_load ca dat |
1 [he load Love numbers from the REAR package are attached. There are no
2 more of these oscillations at high degree, and they go up to degree 32768.
i November 20, 2015, Jean-Paul
i CM: center of mass reference frame
5 h' (vert) 1' (horiz) k' (potent

n
€ 0 0.0000000000D+00 0.0000000000D+00 0.0000000000D+00
1 -0.0287112988D+01 0.1045044062D+00 0.0000000000D+00
2 -0.9945870591D+00 2411251588D-01 -0.3057703360D+00
9 3 -0.1054653021D+01 7085493677D-01 -0.1962722363D+00
1 4 -0.1057783895D+01 5958723183D-01 -0.1337905897D+00
5 -0.1091185915D+01 4702627503D-01 -0.1047617976D+00
6 -0.1149253656D+01 3940811757D-01 -0.9034958051D-01
1 7 -0.1218363201D+01 3499400649D-01 -0.8205733906D-01

14 8 -0.1290473661D+01
15 9 -0.1361847865D+01
1€ 10 -0.14309817€1D+01
17 11 -0.1497377458D+01
18 12 -0.1560934855D+01
19 13 -0.1621715593D+01
14 -0.1679770379D+01

21 15 -0.1735198310D+01
22 16 -0.1788088250D+01
23 17 -0.1838448069D+01
4 18 -0.1886440474D+01

25 19 -0.1932084480D+01

3225123202D-01 -0.7652348967D-01
3038562458D-01 -0.7239287690D-01
2902258995D-01 -0.6907768441D-01
2798156018D-01 -0.6629382122D-01
2716367080D-01 -0.6388475059D-01
2650554043D-01 -0.6175536119D-01
2596800569D-01 -0.5983856019D-01
2551661917D-01 -0.5808965155D-01
2512667367D-01 -0.5647488828D-01
2478452380D-01 -0.5496610314D-01
2447083426D-01 -0.5354901315D-01
2417919471D-01 -0.5220607051D-01
20 -0.1975465902D+01 2389862142D-01 -0.5092726303D-01
21 -0.2016677975D+01 .2362510597D-01 -0.4970406011D-01
22 -0.2055800328D+01 0.2335504487D-01 -0.4853059813D-01
29 23 -0.2092911079D+401 0.2308664225D-01 -0.4740132374D-01
30 24 -0.2128152865D+01 0.2281672671D-01 -0.4631386954D-01

R-R-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-]

7.4.4 The IERS Earth orientation parameter time series file

The IERS Earth orientation parameters (EOP) time series file IERSeopc04.dat
(ITRF2008) were stored in the folder C:\ETideLoad4.5_win64en\iers. You can update the
EOP time series from the IERS website. For future time epochs, the forecast EOP products
can be employed. Considering the non-tidal nature of the polar shift, the forecast time should
be controlled within half a year.

|8 rowwrzo0s, dae | B reszonsst, waeid H IﬂSchLdilﬂ‘
1
3 INTERNATIONAL EARTH ROTATION AND REFERENCE SYSTEMS SERVICE
4 EARTH ORIENTATION PARAMETERS
5 EOP (IERS) 14 C04
FORMAT (3 (14) ,17,2(F11.6),2(F12.7), 2(F11.6), 2 (F11.6) , 2 (F11.7), 2(F12.6))
PP P tes P
Date MJD x ¥ UT1-UTC Loo dx dy x Err y Err UT1-UTC Err LOD Err dX Err dY Err
" H o - " " B N o 5 " B
(0h UTC]
15 2001 1 1 51910 -0.07350€& 0.398095 0.0931626 0.0006630 0.000150 -0.000109% 0.0000€&1 0.000048 0.0000107 0.0000131 0.000028 0.000030
16 2001 1 2 51911 -0.072651 0.399806 0.0924546 0.0007596 0.000141 -0.0000%2 0.000061  0.00004% 0.0000070 0.0000131  0.000028  0.000031
17 2000 1 3 51912 -0.071557 0.401864  0.0916573  0.0008515  0.000132 -0.000074 0.000061  0.000047 0.0000034 0.0000131  0.000028  0.000031
18 2000 1 4 51813 -0.071024 0.403840 0.0807195 0.000896%  0.000146 -0.000084  0.000061 0.000047 0.0000084 0.0000132  0.000028  0.000031
18 2001 1 5 51914 -0.070723 0.405333 0.0897667 0.0008872 0.000174 -0.000103 0.0000€0 0.000047 0.0000163 0.0000132 0.000029% 0.000031
20 2000 1 6 51815 -0.070378 0.406725 0.0889292 0.0008068 0.00019% -0.000122 0.000060 0.000047 0.0000221 0.0000132  0.000028  0.00003
21 2000 1 7 51916 -0.070068 0.408041 0.0882375 0.0006463  0.000224 -0.000141 0.000060  0.000047 0.0000163 0.0000132  0.000028  0.000031
22 2000 1 8 51817 -0.070205 0.409479 0.0876861  0.0004833  0.000250 -0.000160  0.000060  0.000047 0.0000104 0.0000132  0.000028  0.000031
3 2001 1 & 51918 -0.070220 0.410814  0.0872445 0.0004441 0.000275 -0.000179 0.000060 0.000046 0.0000046 0.0000132  0.000028  0.000032
2001 1 10 5191% -0.069861 0.412336 0.0868199% 0.0004186 0.000270 -0.000158 0.0000€0 0.000046 0.0000043 0.0000133 0.000029% 0.000031
2001 1 11 51920 -0.069330 0.414004  0.0864003  0.0004447  0.000155 -0.000180 0.000058  0.000046 0.000003% 0.0000133  0.000028  0.000031
26 2000 1 12 51921 -0.068456 0.416120 0.0858451 0.0005855 0.000106 -0.000203  0.000058  0.000046 0.0000088 0.0000133  0.000028  0.000030
27 2000 1 13 51922 -0.067463 0.418251 0.0851161 0.0007422  0.000095 -0.000222 0.000059  0.000046 0.0000138 0.0000133  0.000028  0.000030
2000 1 14 51923 -0.066479 0.420226 0.0842390 0.0008823 0.000084 -0.000241 0.000059 0.000046 0.0000112 0.0000134  0.000028  0.000029
2001 1 15 51924 -0.065406 0.422044  0.0833100 0.0009404  0.000072 -0.000259 0.000059 0.000046 0.0000086 0.0000134  0.000027  D.000028
30 2001 1 16 51925 -0.0639%9  0.423541 0.0824180  0.0009155 0.000061 -0.000278  0.000058  0.000046 0.0000060 0.0000134  0.000027  0.000028
31 2000 1 17 51926 -0.062602 0.425076 0.0816384  0.0007815  0.000050 -0.000297  0.000059 0.000046 0.0000034 0.0000135  0.000027  0.000027
32 2001 1 18 51827 -0.061434 0.426438 0.0809369 0.0005717 0.000307 -0.000078 0.000060 0.000046 0.0000060 0.0000135 0.000026 0.000026
33 2001 1 1% 51928 -0.060301 0.428008 0.0B03992  0.0004021 0.000387 -0.000005 0.000060 0.000046 0.0000114 0.0000135  0.000026  0.000025
34 2001 1 20 51929 -0.059175 0.429380 0.0801026 0.0002618 0.000335 -0.000045 0.000060 0.000046 0.0000197 0.0000136  0.000025  0.000025
35 2001 1 21 51930 -0.058122  0.430418  0.0799870  0.0000786  0.000284 -0.000085 0.000060  0.000046 0.00001%8 0.0000136  0.000025  0.000024
36 2001 1 22 51931 -0.056745 0.431180 0.0799504 -0.0000387  0.000232 -0.000124 0.000060  0.000047 0.0000199 0.0000136  0.000024  0.000023
37 2001 1 23 51932 -0.055378 0.432515 0.0800354 -0.0000794 0.000180 -0.000164 0.000061 0.000047 0.0000200 0.0000137 0.000024 0.000022
382001 1 24 51933 -0.054038  0.434299  0.0B01054 -0.0000531 0.00018% -0.000183  0.000061  0.000047 0.0000090 0.0000137  0.000024  0.000022
39 2001 1 25 51934 -0.052227 0.436048  0.0801105  0.0000481 0.000130 -0.000240 0.000061  0.000047 0.0000025 0.0000137  0.000023  0.000021
40 2001 1 26 51935 -0.050435 0.438026 0.079958%  0.0001715  0.000101 -0.000252 0.000062 0.000048 0.0000160 0.0000137  0.000023  0.000021
41 2000 1 27 51936 -0.045130 0.439812 0.0796787  0.0002840 0.000094 -0.000242 0.000062 0.000048 0.0000312 0.0000137  0.000022  0.000020
42 2001 1 28 51937 -0.047602 0.441607 0.0792944 0.0004503 0.000086 -0.000232 0.000082 0.000048 0.000027& 0.0000137 0.000022 0.000019
43 2001 1 26 51938 -0.045537 0.443508 0.0788172  0.0005621  0.00007% -0.000221 0.000063  0.000048 0.000023% 0.0000138  0.000021  0.000019
44 2001 1 30 51939 -0.043660 0.444974 0.0782782  0.0006019  0.000072 -0.000211 0.000063  0.000048 0.0000203 0.0000138  0.000021  0.000018
45 2000 1 31 51940 -0.042067 0.4463%6 0.0777060 0.0005437  0.000254 -0.00015% 0.000063 0.00004% 0.0000063 0.0000138  0.000021  0.00001%
46 2001 2 1 51941 -0.040683 0.447325 0.0772066 0.0004689 0.000298 -0.000141 0.000064 0.00004% 0.0000064 0.0000138  0.000022  0.000020
47 2001 2 2 51942 -0.039012 0.448060 0.0767917 0.0003632 0.000290 -0.000134 0.000064  0.000049 0.0000143 0.0000138  0.000022  0.000020
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7.4.5 The Earth's mass centric variation time series file

The Earth's mass centric variation time series file Monthly_geocenter_MK.txt (ITRF2014)
from Center for Space Research in University of Texas in USA (UT/CSR) from LAGEOS-1/2,
Stella, Starlette, AJISAI, BEC and LARES Satellite Laser Ranging (SLR) measured. For
future time epochs, the forecast products can be employed, but the forecast time should be
controlled within three months.

a Monthly_geocenter MK. txt EJ |
Description for Geocenter variations from SLR
Column 1: Year equivalent of first day of month
Column 2-4: Lower Pass Filtered X,Y,Z (mm)
Column 5-7: SLR estimated X,Y¥,Z (mm)
Column 8-10: Sigma for X,Y,Z (mm)
6 Usage: (C11,511,C10) = (X,Y,Z)/sqrt(3.0)/6378136000.0
T Remark: Monthly station range bias and zenith delay adjusted
FORMAT (F9.1,F12.4,6F9.3,3F7.2)
1993.0000 5.077 -2.796 -1.605 6.477 1.797 -6.338  0.11 0.12 0.31
1993.0849 4.639 -3.300 -1.244 1.822 -2.697 2.723  0.10 0.10 0.29
1 1993.1615 3.765 -3.384 -1.106 5.188 -4.895 0.714 0.09 0.10 0.26
12 1993.2464 2,562 -2.788 -1.336 1.450 -6.6%2 -3.054 0.11 0.12 0.26
1993.3285 1.198 -1.521 -1.911 2.230 -4.670 -4.583 0.11 0.10 0.25
1993.4134 -0.126 0.137 -2.656 -0.187 3.425 0.901 0.10 0.10 0.25
1993.4956  -1.214 1.754  -3.323 -0.585 2.945 -1.864 0.10 0.09 0.21
1993.5804 -1.920 2.913 -3.678 -0.832 3.154 -1.596 0.09 0.08 0.21
1993.6653 -2.178 3.347 -3.579 -4.795 3.621 -10.809 0.09 0.08 0.20
1993.7474  -2.004 2.991 -3.037 -4.289 2.258 -4.667 0.08 0.07 0.21
1993.8323  -1.466 1.952  -2.253 2.444 3.179 2.852  0.09 0.09 0.27
1993.9144 -0.645 0.449 -1.614 0.122 1.610 1.299 0.09 0.09 0.22
21 1994.0000 0.397 -1.237 -1.600 -0.654 -4.129 -7.715 0.08 0.09 0.19
1994.0849 1.612 -2.802 -2.625 1.034 -5.735 1.035 0.09 0.09 0.20
1994.1615 2.931 -3.928 -4.840 2.030 -1.856 -5.718 0.08 0.08 0.21
24 1994.2464 4.228 -4.321 -7.998 3.879 -2.408 -5.872 0.09 0.08 0.20
5 1994.3285 5.313 -3.784 -11.461 8.049 -1.572 -11.862 0.10 0.09 0.20
1994.4134 5.965 -2.309 -14.360 5.917 -3.452 -22.300 0.09 0.10 0.24
2 1994.45856 6.014 -0.151 -15.860 2.151  -2.827 -10.555 0.09 0.10 0.25

7.4.6 Ocean tidal constituent harmonic constant grid model files

(1) The ocean tidal height model is composed of multiple grid models of all tidal
constituent harmonic constants. Each tidal constituent harmonic constants are stored as a
vector grid file.

(2) All the tidal constituent grid files from an ocean tidal height model should be in a
folder with the same grid specifications.

(3) The 10 vector grid files in the folder C:\ ETideLoad4.5_win64en\OceanTide represent
the ocean tide model GOT4.8 with 10 global grid models of 10 tidal constituent harmonic
constants.

(4) The type of the tidal constituent is identified by the seventh attribute (Doodson
constant) in its grid file header. These files can be named at will.

[ M2_zots 8 &atml
1 0.000000 360.000000 -90.000000 $0.000000 0.50000000 O.50000000 255555
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
T 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 g.00 0.00 0.00 0.00 0.00 0.00 0.00 g.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20 0.00 0.00 g.00 0.00 0.00 0.00 0.00 0.00 0.00 g.00 0.00 0.00 0.00
21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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(5) The ocean tidal height model can be global or regional. The ocean tidal height and
the harmonic constants are all in unit of cm.

7.4.7 The JPL Planetary Ephemeris DE440 file

The JPL Planetary Ephemeris DE440 file JEPH.440 (from 1850 to 2201) was stored in
the folder C:\ETideLoad4.5_win64en\iers.

7.4.8 The Love number correction file for frequency dependence
The correction file frgadjlovekhl.txt for frequency dependence was generated from Table
6.5a, 6.5b, 6.5¢, 7.2, 7.3a and 7.3b in IERS conventions (2010) can be employed to calculate

the Love number corrections for frequency dependence to obtain the high-accuracy solid
tidal effects on all-element geodetic variations.

a froadjlovekhl. txt 4 ‘
1 doodson °/hr 1 1' F D Q (3R 3I)[2~72,e-5;73~120,e-4] H(e-5m)
2 245655 28.43973 1 0 2 0 2 2 0 12099
3 255555 28.98410 0 0 2z 0 2 2 0 63192
4 125755 12.85429 2 0 2 0 2 -29 3 -664
5 127555 12.%2714 0 0 2 2 2 -30 3 -802
6 135645 13.39645 1 0 2 0 1 -45 5 -947
7 135655 13.3%86¢ 1 0 2 0 2 -46 5 -5020
8 137455 13.47151 -1 0 2 2 2 -49 5 -954
9 145545 13.94083 0 0 2 0 1 -82 7 -4946
10 145555 13.94303 0 0 2 0 2 -83 7 -26221
11 147555 14.02517 0 0 0 2 O -91 9 343
12 153655 14.41456 1 0 2 -2 2 -168 14 194
13 155445 14.48520 -1 0 2 0 1 -193 16 137
14 155455 14.48741 -1 0 2 0 2 -194 le 741
15 155655 14.4%€€9 1 0 0 0 O -197 16 2062
16 155665 14.4%8%0 1 0 0 0 1 -198 16 414
17 157455 14.56955 -1 0 0 2 0 -231 18 394
18 157465 14.57176 -1 0 0 2 1 -233 18 87

7.4.9 The Desai ocean pole tide coefficient file

The ocean pole tide is generated by the centrifugal effect of polar motion on the oceans.
Desai (2002) present a self-consistent equilibrium model of the ocean pole tide. This model
accounts for continental boundaries, mass conservation over the oceans, self-gravitation
and load of the ocean floor. Using this model, the ocean pole tide produces the following
perturbations to the normalized geopotential coefficients, as a function of the polar shift
parameters (m,,my,).

E EcmyEzoo6. dated| B FES200481. dated| B 1ERSsenco4. dated B con_Li_ L2 200 CF-CI. txtkd H desaiscopolecest. txtEl ‘

1 n m Anm(Real) Bnm (Real) Anm (Imaginary) Bnm (Imaginary)
2 1 0 1.8736759805448e-02 0.0000000000000e+00 2.9686B884960424e-02 0.0000000000000e+00
3 1 1 2.8258913146935e-02  2.1774643075236e-02  2.3898264393684e-02  5.6771602236635e-02
4 2 0 -3.9555089024374e-03 0.0000000000000e+00 6.8390464271953e-04 0.0000000000000e+00
5 2 1 -2.4325330521304e-01  5.4680741193318e-03  5.4680741193318e-03 -1.9252111185300e-01
[3 2 2 1.9102047023374e-02 1.1156297399424e-02 -1.512377016€9%28e-02 -2.4857839%11518e-04
7 3 0 -2.0869478248378e-02 0.0000000000000e+00 -1.0775272844125e-02 0.0000000000000e+00
3 1 3.0809252024501e-02 7.4552838003486=-03 5.5937837407386e-03 6.64%6877724041e-02
3 2 2.3295703062692e-02 3.79843564636168e-02 -2.167845624283%e-03 1.123235916895%e-02
1 3 3 7.9776020803848e-03  1.2502542787182e-02 -2.2341399966187e-02 -2.2979590161975e-02
11 4 0 -1.0612668622736=-02 0.0000000000000e+00 -1.5569196271270e-02 0.0000000000000e+00
12 1 1  1.3606306893006e-04  2.2051992576636e-03  2.0130037501025e-03  1.6323514543038e-02
i3 4 2 1.1135374002795e-02 1.7031544%62514e-02 -7.96211272589688%e-03 -6.4440848505132e-04
14 1 3 -1.6100794768731e-02  1.4681986705593e-02  9.5178410813713e-03 -2.1017136590507e-02
L5 4 4 4.3132021252707e-03 -4.6836271624465e-03 -2.5309550249205e-03 1.3175650530653e-02
16 5 0  7.0731357453056e-03  0.0000000000000e+00 -1.8023029843730e-03  0.0000000000000e+00
17 5 1 2.5644%07587134e-03 -1.0076857169607e-02 -9.6273922883022e-03 -1.1684145256283e-02
1¢ 5 2 -7.9615162895536e-03  2.0820461332209e-03 -3.0274671879191e-03 -1.0475800274156e-02
1 5 3 -1.1818705609675e-02 1.2063416189422e-02 -1.6584597520384e-02 -2.8253596831755e-02
20 5 4 9.2731253376468e-03  1.8353138561674e-02 -1.0870088052722e-02  4.7120935500411e-03
21 5 5 1.4460712839068e-02 -8.5510747244577e-03 8.9167437380844e-04 1.60488528968081e-02
22 [ 0 7.4439256553180e-03 0.0000000000000e+00 -1.0670586€469176e-03 0.0000000000000e+00
Z3 6 1 1.8261459881891e-02 -3.7775168887123e-03 -3.67668761254667e-03 -1.4329108864964e-03
24 [ 2 -B8.4568708595335e-03 2.5640802224787=-03 8.0976103423504e-03 -6.39835053897598e-03
25 6 3 -1.5355186088842e-02  1.8642889355748e-03 -9.6956523287846e-03 -2.2353328754893e-02
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The Desai calculating formula of the ocean pole tide adopts the formula (6.23) in the
IERS conventions (2010), and the 360-degree ocean polar tide coefficient file
desaiscopolecoef.txt were stored in the folder C:\ETideLoad4.5_win64en\iers.

7.4.10 First-degree ocean tidal load spherical harmonic coefficient file

The file OtideOne.dat could be employed to forecast of ocean tidal load effects on
Earth's mass centric variations or all-element geodetic variation effects due to Earth's mass
centric variation of ocean tide.

The file is output by the function [Spherical harmonic analysis on ocean tidal constituent
harmonic constants]. The following figure is the first-degree ocean tidal load spherical
harmonic coefficient file generated by the spherical harmonic analysis of 34 tidal constituent
harmonic constants in the FES2014b ocean tide model.

M lovekhl. txt &3 o Otxdeﬂne.datﬂ‘
6 8 6378137.00

.14379190
.22805765E~

.45556662E-09
.11146859E-07
.15240517E-06

).65903198
0 8 673E-09
0.43369491E-10
0.33741274E-07
6216133E-10

-30921490E( 2 0.36841599E-09
.2950341 . 27E-10 0.58809710E-10

35E-09
05145E-08
749E-09

.32582237E
.52032006

.108490 38
0.17678032E-09 0. 0.64291979E-09

0 0.81098933E-09 .10714953E-08
MKS2 257.5 0.76 0 1 0 0.81955321E-10 5331369 9 .529310 0.23733568E-09
Msqm 93.555 0.17382639E-09 864729E-10 0.18391545E 0.66456652E-11

The file header inludes the geocentric gravitational constant GM (x10%m?3/s?) and
equatorial radius a (m) of the Earth. The record (starting from the third row) includes the tidal
constituent's name, Doodson constant, the degree-1 order-0 spherical harmonic coefficient
Ciot+ from in-phase amplitude, that C,,- from out-of-phase amplitude, and the degree-1
order-1 spherical harmonic coefficient C,,+ from in-phase amplitude, that C,;- from out-of-
phase amplitude, and the degree-1 order-1 spherical harmonic coefficient S;;+ from in-
phase amplitude, that S;;- from out-of-phase amplitude.

7.4.11 First-degree atmosphere tidal load spherical harmonic coefficient file

The file AirtdOne.dat could be employed to forecast of surface atmosphere tidal load
effects on Earth's mass centric variations or all-element geodetic variation effects due to
Earth's mass centric variation of surface atmosphere tide.

The file is output by the function [Spherical harmonic analysis on atmosphere tidal
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constituent harmonic constants]. The following figure is the first-degree atmosphere tidal
load spherical harmonic coefficient file generated by the spherical harmonic analysis of 4
tidal constituent harmonic constants in the ECMWF-DCDA2006 atmosphere tide model.

= vekhl. t i| B otidec tid = Airtdone d:\t!:]‘
3.986004418 6378137.00
name Doodscon C10+ Cl1+ cll- S11+ s11-
S1 164.556 -0.32743062E-08 0.17656303E-08 -0.73961700E-08 -0.43747341E-07 -0.53408107E-07 -0.10739535E-08

52 273.555 -0.63038465E-09 0.1374508 8 0.7685657 0 0.52369957E-08 +33909106E-08 -0.10867279E-08
Sa 56.565 0.82104410E-07 -0.16159€641E-06 -0.352424( 7 -0.82907617E-08 0.35038132E-07 -0.12165492E-06
Ssa 57.555 0.65276776E-08 .64836812E-07 -0.35849594E-07 -0.25040842E-07 .12768923E-07 0.24915570E-07

=)

=}
=3

The file header inludes the geocentric gravitational constant GM (x10'“m?3/s?) and
equatorial radius a (m) of the Earth. The record (starting from the third row) includes the tidal
constituent's name, Doodson constant, the degree-1 order-0 spherical harmonic coefficient
Ciot+ from in-phase amplitude, that C,,- from out-of-phase amplitude, and the degree-1
order-1 spherical harmonic coefficient C,,+ from in-phase amplitude, that C,;- from out-of-
phase amplitude, and the degree-1 order-1 spherical harmonic coefficient S;;+ from in-
phase amplitude, that S;1- from out-of-phase amplitude.
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8 Main Algorithms and Formulas in ETideLoad4.5

8.1 Solid tidal effects on various geodetic variations outside solid Earth

The Earth's tidal generating potential (TGP) from celestial body outside the Earth directly
cause the variation of geopotential on the ground and outside the Earth, and induce the
deformation of the solid Earth, resulting in the redistribution of mass inside the Earth and
generation of the associated geopotential. The former is the direct influence of the TGP, and
the latter is the indirect influence of TGP. The sum of the two is the solid Earth tidal effect on
the geopotential on the ground and outside the Earth, referred to as the body tidal effect.

8.1.1 The unified expression of body tidal effects on geodetic variations outside
solid Earth
(1) The Earth's tidal generating potentials from celestial bodies
The tidal generating potential (TGP, or tidal potential) of celestial body outside the Earth
can be expressed by the variations of geopotential coefficients (AC,,,, AS,,,) in the Earth-
fixed coordinate system as

ACp — DSy = —— 210 %(i>n+lﬁ (cos;)e™ (1.1)
nm nm T ,a414J=2 gy T nm J .

Where, j = 2~10 represents the moon, sun, Mercury, Venus, Mars, Jupiter, Saturn, Uranus
and Neptune, respectively. AC,,,, — iAS,,, are the variations of the normalize geopotential
coefficients with degree-n order-m (with AS,, = 0), P,,, are the normalized associated
Legendre functions, n = 2,3,4,5,6 for the moon, n = 2,3 for the sun and n =2 for the
other celestial bodies. GM;,7;, @;, 4; are respectively the gravitational parameter, distance
from geocenter, geocentric latitude, and longitude (from Greenwich) of the celestial body j.
GM,a are the geocentric gravitational constant and equatorial radius of the Earth,
respectively.

At any epoch time t, the spherical coordinates (rj,Bj, /1]-) of the celestial body j in the
Earth-fixed coordinate system can be calculated by the SOFA routines using the JPL

Planetary Ephemeris DE440.

(2) The representation of solid Earth tidal effects on all-element geodetic
variations outside solid Earth

According to the theory of spherical harmonic expansion of gravitational potential,
degree-n tidal potential AV,(r,6,4) and degree-n tidal force Ag,(r,0,1) at any point
(r,, 1) onthe ground or outside the solid Earth can be expressed by degree-n geopotential
coefficient variations (AC,,,, AS,,,) as follows:

a

n _ — —
AV, (r,0,1) = % (;) n _o(AC,mcosmA + AS,,,,sinmA) B, (cosH)
n B B ~ (1.2)
Ag,(r,0,1) = (i_n: (n+1) (%) n —o(ACmcosmAd + AS,,,,, sinmA) P, (cos0)

For the spherically symmetric non-rotating elastic Earth such as PREM Earth, the
potential Love number k, and displacement Love number (h,,[,,) are real numbers. When
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n=4, k,=h,=1,=
According to the solid Earth tide theory and spherical harmonic synthesis algorithm, the
body tidal effect on geopotential AV(r,¢,1) is equal to the sum of the tidal potential

AV, (r,6,1) and associated geopotential &2(r,0,1) = k,AV, (r,0,1) of each degree.
AV(1,0,2) = 35, [AV,(r, 6, 1) + ¢ (r, 6, 1)] = T5-(1 + kp) AV, (r, 6, 2)

= —Zn 2 ( ) (1 + kp) Yo (AC,mcosmA + AS,,,, sinmA) Py, (cos6) (1.3)

Similarly, the body tidal effect expression on height anomaly on the ground or outside
the solid Earth can be obtained as follows:
830,00 = 2355, (2)" (1 + k)
n —o(ACmcosmA + AS,,, sinmA) P, (cosO) (1.4)
The body tidal effect expression on gravity (disturbance) outside the solid Earth as:
4g°r,0,) = 455, +1)(2) (1 +ky)
Y _o(AC,mcosmA + AS,,,, sinmA) P, (cosB) (1.5)
The body tidal effect expression on vertical deflection outside the solid Earth as:
South: A&(r,8,1) = —smGZn 2( ) (1 +k,)

mzo(ACnmcosm/l + AS,,,sinmA) ;—eﬁnm(cose) (1.6)
West: 4(r,8,1) = yrz oy (2 ) 1+ ky)
n _1m(AC,,,sinmA — AS,,,cosmA)P,,.(cos8) 1.7)

The body tidal effect expression on radial gravity gradient as:
n
BT, (r,60,2) = 585+ D +2) (2) (1 + k)

n —o(ACmcosmA + AS,,,, sinmA)P,,,, (cos8) (1.8)
The body tidal effect expression on horizontal gravity gradient as:
North: ATyy(r,0,2) = -5 55, (2 ) (1 + ky)
0(A(,‘mncosm/l + ASnmsmm/D o =P (cosB) (1.9
West: ATy (r,6,2) = 5= The . (2 ) 1+ ky)
n_im? (ACnmsmmxl + AS,cosmA) Py, (cosB) (1.10)

According to whether the contribution of solid Earth tidal deformation by the
displacement Love number is directly included, the body tidal effects on geodetic variations
are divided into two categories. One class of the body tidal effect on geodetic variations does
not directly include the contribution of displacement Love number (h,,l,), such as the
geopotential, gravity (disturbance), vertical deviation and gravity gradient outside Earth.
Another class of geodetic variation whose site is fixed with the solid Earth, on which the body
tidal effect includes the contribution of displacement Love number (h,,[,), such as the
ground gravity, site displacement and ground tilt.

The body tidal effect expression on ground displacement whose site is fixed with the
solid Earth@
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n
East: Ae(r,0,1) = ————7¥3_, (a) b

yrsin @ :
n _1m(AC,,,sinmA — AS,,,cosmA)P,,,, (cos8) (1.11)
North: An(r,6,2) = — Msino ¥3_, (ﬂ)n I,
yr r
n—o(ACymcosmA + AS,,,, sinmA) ;—Ban(cosﬁ) (1.12)

. _ GM Q3 a\"

Radial: Ar(r,0,1) = 3255, (—) P )
n —o(ACmcosmAd + AS,,,, sinmA) Py, (cosB) (1.13)
The body tidal effect expression on ground gravity whose site is fixed with the solid

Earth@
GM n 2 +1

Ag () = S5+ D () (14 2k =" k)

n—o(ACmcosmA + AS,,,, sinmA) By, (cosf) (1.14)

The body tidal effect expression on ground tilt whose site is fixed with the solid Earth@

GM . n
South: A&°(r,0,) = Tsin 6 i (g) (1 +k, —h,)
n —o(ACmcosmA + AS,,,, sinm1) ;—eﬁnm(cosﬁ) (1.15)
. . GM 6 a\" _
West: ay°(r,0,4) = 78550 (5) a+ kn=ho)
n 1 m(AC,,sinmA — AS,,,,cosmA) P, (cos) (1.16)

In the above expressions, the body tidal effects on the geodetic variations marked @
are valid only when their sites are fixed with the solid Earth, and that on the remaining
geodetic variations are suitable on the ground or outside the solid Earth.

In order to uniformly represent the effects of ocean tide, atmosphere tide, external
celestial bodies and non-tidal loads on various geodetic variations on the ground and outside
the solid Earth, ETideLoad4.5 looks the sum of the direct and indirect influences of the tidal
generating geopoential as the solid tidal effect, rather than only the indirect influence of the

tidal generating geopoential as the body tidal effect in some literatures.

(3) Earth’s tidal potentials and tidal forces from celestial bodies and their time-
varying analysis

Using the solar system ephemeris, degree-n Earth’s tidal potential (tidal force) from any
celestial object in the solar system can be calculated by (1.1) and (1.2). Then, according to
the accuracy requirements of geodesy, the celestial objects and their tidal potential
expansion degree-n can be determined, and the periodicity, magnitude and time-varying
characteristics of the different degree of tidal potentials can be calculated and investigated.

The Earth's tidal potential and tidal force from celestial body are related to the position
of the calculation point in the Earth-fixed coordinate system. Here, the ground point P (105°N,
20°E, H100m) selected, the 2™ to 6™ degree Earth’s tidal potential AV, (in unit 107°m2/s?)
and tidal force Ag, (in unit nGal = 10™'m/s?) from 10 external celestial bodies in the solar
system are calculated using the formula (1.2). The difference between the maximum and
minimum values of the tidal potential (force) of each degree from 10 celestial bodies is
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calculated as Tab 1.1. 0.0000 in the table indicates that the calculation results are close to
zero, and the blank indicates that the value is too small to calculate.

It can be seen from Tab 1.1 that when the tidal potential (force) are calculated, if the
cutoff threshold is 10™®m#2/s2 (117'“m/s?), the moon needs to be expanded to 6 degrees, the
sun needs to be expanded to 3 degrees, Venus, Jupiter, Mars, Mercury and Saturn only
need to be calculated for the 2" degree, and Uranus, Neptune and Pluto do not need to be
calculated.

Tab 1.1 The difference between the maximum and minimum values of the tidal
potential (force) of celestial bodes
AV, g2 AV, Js AV, Ja

Moon 247660.1100| 116532.1527| 6176.8512| 2906.4098| 174.7919| 124.7522
Sun 92514.4904| 43531.0825 5.6041 2.6369 0.0004 0.0003

Venus 10.8438 5.1023 0.0014 0.0007 0.0000 0.0000
Jupiter 1.4120 0.6644 0.0000 0.0000
Mars 0.4041 0.1901 0.0000 0.0000
Mercury 0.0815 0.0383 0.0000 0.0000
Saturn 0.0383 0.0164 0.0000 0.0000
Uranus 0.000566 0.000266

Neptune 0.000194 0.000091

Pluto 0.00000002| 0.00000001
AVs gs AVq g AV, g

Moon 3.0696 2.7402 0.0531 0.0567 0.0000 0.0000

100000

ARAARAARAAAAAA
s AAAAN

100000

20000
0
-20000
AV, x1075m?/s? Ag, x10™""'m/s? Month/day/year
07/01/20 07/03720 07/05720 07707720

Fig 1.1 Degree-2 Earth’s tidal potential (force) time series from Moon and Sun

Fig 1.1 shows degree-2 Earth's tidal potential (force) time series from Moon and Sun,
and Fig 1.2 shows degree 3, 4 and 5 Earth's tidal potential (force) time series from Moon.
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The time span is from 0 : 00 on July 1, 2020 to 24 : 00 on July 7, 2022 (7 days), with a time
interval of 10 minutes.

s b &8 o 8 8 8

06
04
02
o
02
04
0.6
08
. ; AV, x107°m?/s? Ag,, x10™""'m/s? Month/dayl/year

07001720 77720

Fig 1.2 Degree 3, 4 and 5 Earth’s tidal potential (force) time series from Moon (7
days)
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AV,x107*m?/s? Ag, x10™""'m/s? Month/daylyear

010110 owinz 01014 006 o1Ing 010120

Fig 1.3 Degree-2 Earth’s tidal potential (force) time series from Venus, Jupiter and
Mars (12 years)

02,

Fig 1.3 shows degree-2 Earth’s tidal potential (force) time series from Venus, Jupiter and
Mars from January 1, 2010 to December 31, 2022 (12 years), with a time interval of 2 hours.
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Fig 1.4 shows degree-3 Earth tidal potential (force) time series from Moon and Sun from
January 1, 2020 to December 31, 2022 (2 years).

..........

75!53 ;3’1 0"m’/s’ Agsx1 °"¥"‘?s; Mgnélldaylyear

010120 0702120 o121 0700221 o122 070222

Fig 1.4 Degree 3 Earth’s tidal potential (force) time series from Moon and Sun

Fig 1.5 ~ Fig 1.7 shows the geopotential coefficient time series of the direct influence of
TGP calculated from the formula (1.1). From these three figures, it is not difficult to see that
the TGP tesseral harmonic geopotential coefficient (m = 1) time series mainly shows the
diurnal variation, the TGP sector harmonic geopotential coefficient (m = 2) time series mainly
shows semi-diurnal variation, and the TGP zonal harmonic geopotential coefficient (m = 0)
time series mainly shows long-period variation.
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Fig 1.5 The tesseral TGP geopotential coefficient time series (diurnal variation)
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Fig 1.6 The sector TGP geopotential coefficient time series (semi-diurnal variation)
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Fig 1.7 The zonal TGP geopotential coefficient time series (long-period variation)

8.1.2 The body tidal Love number for the rotating microellipsoidal anelastic Earth

The body tidal effect on geodetic variations are characterized by the linear combination
of the body tidal Love numbers, that is, the body tidal factor § = L(k, h, ). There are three
kinds of body tidal Love numbers, namely, the potential Love number k, radial (displacement)
Love number h and horizontal (displacement) Love number [.

(1) The body tidal Love number for non-spherical rotating Earth

The non-spherical ellipticity of the elastic Earth and the rotation of the Earth make the
expression of the Love humber complicated. The tidal potential excites the deformation of
the solid Earth, and the displacement deformation solution of the ground site excited by the
degree-n order-m tidal potential is:

u= % [e-(h%Ypm + h*Yniom + A Vo om) + €5

Y, m _m Y, _0Yn— .
(l0 St 0t =V F 0T Yy U T 2'*") + ie;

a0 sin@ a0 a0
( o m 0¥pm + m OWnyim - m 0Yp_1m I+ MYni2m - mYn—z,m)] (1 17)
sind 00 sind 08 sind 96 siné siné )

Where, W, Ynm = Win (@)Y (0, 1) is the degree-n order-m tidal potential, g, = go(a) is
the ground mean gravity, W,,,,Y,,../do is the degree-n order-m equilibrium tidal height. h°,(°
are the spherically symmetric parts of displacement Love number, h*,I*,h~, 1~ are the
spherical coupling parts of corresponding Love numbers, and w*,w~ are the annular
coupling parts of corresponding Love numbers.

Formula (1.17) indicates that for the spherically symmetric non-rotating elastic Earth,
only two parameters (h and [) are needed to represent the tidal displacement field. But for
the rotating microellipsoidal Earth, 8 parameters are needed. Because of the ellipticity and
rotation, degree-n spherical displacement field (2 parameters) is coupled into the degree
n+1, n-1 annular displacement field (2 parameters) and the degree n+2, n-2 spherical
displacement field (4 parameters), forming the latitude dependent parts of the displacement
Love numbers.

The tidal potential excites the deformation of the Earth's surface and internal medium,
resulting in the redistribution of the Earth's internal density and the generation of associated
geopotential. The associated geopotential at (r,6,1) can be expressed as:

O, 0,1) = W, [ko (" Y+ k* (D" bam + k(9 yn_z_m] (1.18)
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Similar to the displacement deformation solution, k° represents the spherically
symmetric part of potential Love number, and k* and k- represent the spherically coupling
parts of corresponding Love number. Since the annular displacement does not involve
volume expansion, it will not lead to the variation of geopotential. Therefore, there will be no
annular coupling term in the potential Love number k.

The body tidal Love numbers for the microelliptical elastic Earth are still real numbers,
which are independent of frequency. Whose value are shown in Tab 1.2.

Tab 1.2 The body tidal Love numbers for the microelliptical elastic Earth

n | m | Poonsttuents | Ko P b
2 0 long period 0.29525 0.6078 0.0847
2 1 diurnal 0.29470 0.6078 0.0847
2 2 semi-diurnal 0.29801 0.6078 0.0847
3 0 long period 0.093 0.2920 0.0150
3 1 diurnal 0.093 0.2920 0.0150
3 2 semi-diurnal 0.093 0.2920 0.0150
3 3 1/3-diurnal 0.094 0.2920 0.0150

0.041 0.175 0.010

0.025 0.129

0.017 0.197

(2) The latitude dependence of displacement Love numbers for the rotating
microellipsoidal Earth

The Earth's ellipticity and rotation destroy the symmetry of the tidal response. The
centrifugal force from the microellipsoidal Earth's rotation leads to the latitude dependence
of displacement Love number (h,,, l.n). The latitude dependence formulas of degree-2
displacement Love numbers are:

Rom (@) = ho + ho 221

3sin?p-1
2

(1.19)
Lin(@) = lm + 1%
Where, ¢ =m/2— 0 is the geocentric latitude of the ground site, (h,,,l,,) are the
displacement Love numbers for the microelliptic non-rotating elastic Earth with these value
shown in Table 1.2, and [h,,, (@), l,;,(¢)] are the displacement Love numbers considering
the latitude dependence of the site, (h?,1?) are the latitude dependence coefficients of
displacement Love numbers. In the IERS conventions (2010), h? = —0.0006, [ = 0.0002.
The latitude dependence of degree-3 displacement Love numbers are very weak and

do not need to be corrected.

(3) The frequency dependence of body tidal Love numbers from the mantle
anelasticity

The mantle anelasticity leads to the delay of the deformation response to the tidal
potential, which makes the Love numbers (including the spherical symmetry parts and the
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latitude dependence factors) of each tidal cluster (semi-diurnal m = 2, diurnal m =1 and
long-period m = 0 tidal cluster) become complex number with a relatively small imaginary
part whose absolute value is less than 1 % of the real part. On the other hand, the mantle
anelasticity also amplifies the tidal deformation, resulting in the frequency dependence of
Love number increasing with the increase of the tidal period, so that the real and imaginary
parts of Love numbers change slightly at the same time.

Long-period tidal waves (m = 0, also known as zonal harmonic tidal waves, with a period
of 8 days to 18.6 years) have a low frequency and a large time span. The anelasticity of the
mantle leads to a strong frequency dependence of Love numbers for long-period tidal waves.
For semi-diurnal tidal waves (m = 2), the radial Love number h increases by 1.4%. For the
diurnal tidal waves (m = 1), h increases by 1.4% and the potential Love number k
increases by 1.7%. For long-period tidal waves (m = 0, such as M;), the anelasticity of the
mantle leads to a 2.5% increase in h and a 3% increase in k.

In order to represent degree-n order-m geopotential coefficient variations caused by the
associated geopotential for the anelastic Earth, three forms of potential Love numbers
(kO k), radial Love numbers (h{), h$E) and horizontal Love numbers (1$9,15) are
needed to characterize the indirect influence of the degree-n order-m (n > 2,m < n) tidal
potential. Considering the mass conservation of the Earth, when n = 2, kg:n) =0, hg:,z =
0, lg;) = 0, there are only two kinds of potential Love numbers (k(o) ké”), two kinds of radial

2m’ m

Love numbers (h{%), h$")) and two kinds of horizontal Love numbers (1$, 1$9).

The anelasticity of the mantle causes the Earth's response to tidal potential to be

delayed, so that the Love numbers change with frequency, (k{2 k), (R, ASY) and
(l(o)

g lﬁ”) have a small imaginary part. The frequency dependence of degree-3 Love

m
numbers are very weak, and their delay effects to tidal potential can be ignored.

For the convenience of compulation, degree-2 long-period (m = 0), diurnal (m = 1)
and semi-diurnal (m = 2) tidal clusters for the anelastic Earth in Table 1.3 are denoted as
kom = Re(kym) + i Im(k,,,) as the nominal potential Love numbers. The displacement
Love numbers h,,, = 0.6078, l,,, = 0.0847 for the microelliptical elastic Earth in Table 1.2
are taken as the nominal displacement Love numbers.

Tab 1.3 Frequency dependence of potential Love number k for anelastic Earth

nm periods of tidal anelastic Earth anelastic Earth

n m constituents Koy, kg:;l) Re (k) Im(ky,,) kg;z

2 0 long period 0.29525 | -0.00087 | 0.30190 | -0.00000 | -0.00089
2 1 diurnal 0.29470 | -0.00079 | 0.29830 | -0.00144 | -0.00080
2 2 semi-diurnal 0.29801 | -0.00057 | 0.30102 | -0.00130 | -0.00057
3 0 long period 0.093

3 1 diurnal 0.093

3 2 semi-diurnal 0.093
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| 3] 3| w3-diumal 0.094

8.1.3 Frequency dependence of degree-2 body tidal Love numbers and their corrections

(1) The Earth's near-diurnal wobble and resonance parametersof Love numbers

The excitation of the Earth's near-diurnal free wobble leads to obvious resonance
amplification in the observation of diurnal tides (such as P+ K;. ¥, and ¢, tidal waves)
and corresponding free nutation, which are close to the eigen-frequency. The change of
centrifugal force from the Earth's wobble excites the deformation of solid Earth, which leads
to the coupling change of the Earth’s moment of inertia. The contribution to the diurnal tidal
Love numbers are proportional to the wobble response of the Earth and its nucleus.

For diurnal tides, the frequency dependent values of any load or body tide Love number
L (such as k%ﬂ) or k%’{)) may be represented as a function of the tidal excitation frequency
o by a resonance formula

Ly
—og

L(o) =Ly +X3_, (1.20)

o
Where, o,(a =1,2,3) are the respective resonance frequencies associated with the
Chandler wobble (CW), the retrograde FCN and the prograde free core nutation (also known
as the free inner core nutation), and the L, are the corresponding resonance coefficients.
All the parameters are complex. The ¢, and o are expressed in cycles per sidereal day
(cpsd), with the convention that positive (negative) frequencies represent retrograde
(prograde) waves. (This sign convention, followed in tidal theory, is the opposite of that
employed in analytical theories of nutation.) In particular, with the tidal frequency w given

in degrees per hour (°/hr), we have
w= 15ko, Kk = 1.002737909 (1.22)

Here, the factor k¥ = 1.002737909 being the number of sidereal days per solar day. The
values employed herein for the g, are from Mathews et al. (2002), adapted to the sign

convention employed here:
o, = —0.0026010 — 0.0001361i
g, = 1.0023181 4 0.000025 i (1.22)
o3 = 0.9999026 + 0.000780 i

Tab 1.4 shows the resonance parameters for the diurnal body tidal Love numbers
(K, k$P) calculated by the resonance formula (1.20).

Tab 1.4 Resonance parameters for diurnal Love numbers (kgol),kg’;)

) B K

Re(Lq) Im(Le) Re(Lq) Im(Le)
0 0.29954 -0.1412x1072 -0.804x107 0.237x107°
1 -0.77896x1073 -0.3711x10™ 0.209x107° 0.103x107®
2 0.90963x10™ -0.2963x107° -0.182x107° 0.650x107®
3 -0.11416x107° 0.5325%x107" -0.713x107° -0.330x107°
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Tab 1.5 shows the resonance parameters for the diurnal load Love numbers
(k34,h5q,15,) calculated by the resonance formula (1.20). These resonance parameters are
related to the geopotential variations and Earth deformation induced by ocean tidal loads.
Small imaginary parts are ignored in the Tab 1.5.

Tab 1.5 Resonance parameters for diurnal load Love numbers (kyq, hyq,151)

a k31 h31 15

0 -0.30808 -0.99500 0.02315

1 8.1874x10™ 1.6583x1073 2.3232x10™
2 1.4116x107* 2.8018x107 -8.4659%x107®
3 3.4618x107" 5.5852x107" 1.0724x107®

The resonance effect of displacement Love numbers need to take into account the
latitude dependence of the Love numbers and the resonance effect excited by the ocean
tidal loads. Combining the formula (1.19) with (1.20), the resonance parameters of the
displacement Love numbers and latitude dependent coefficients can be calculated, as
shown in Tab 1.6.

Tab 1.6 Resonance parameters of the displacement Love numbers and latitude-
dependent coefficients

Ry, h®
: Re(Ly) Im(Ly) Re(Ly) Im(Ly)
0 0.60671 -0.2420%1072 -0.615x1073 -0.122x107
1 -0.15777%x1072 -0.7630x10™* 0.160x107° 0.116x107®
2 0.18053%x1073 -0.6292x107° 0.201x10°® 0.279x107®
3 -0.18616x107° 0.1379%x107°® -0.329x1077 -0.217x1078
Lym 1
* Re(Ly) IM(Ly) Re(Ly) Im(Ly)
0 0.84963x1071 -0.7395x1073 0.19334%x1073 -0.3819%107®
1 -0.22107%x1073 -0.9646x107° -0.50331x10°° -0.1639x1077
2 -0.54710%x107° -0.2990x107® -0.66460x1078 0.5076x107°
3 -0.29904x107" -0.7717x1078 0.10372x107° 0.7511x10°®

(2) The contributions to diurnal body tidal Love numbers of ocean tidal loads and
their frequency dependent corrections

The diurnal resonance leads to the frequency dependence of load Love numbers, and
causes the Earth's moment of inertia coupling change through the Earth's deformation (polar
tide effect) caused by the centrifugal force of the tidal loads. The mantle anelasticity, the
core-mantle coupling and the tidal friction dissipation mechanism lead to the frequency
dependence of body tidal Love number for the diurnal tidal waves (mn = 21), which make
the real and imaginary parts of body tidal Love numbers change slightly.

After considering the diurnal resonance effect, the diurnal load Love numbers need to
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be changed from (k3, h3,13) to (k3q, hyq,13,). The main contribution of the diurnal tide wave
with a frequency of ¢ to the diurnal body tidal Love number of the same frequency is (Wahr
and Sasao, 1981):

5431(0) = [ (0) = #5172 RAz (o) (1.23)

5

Where % =k, h or L. g, is the ground mean gravity, £5,(g) is the load Love number
considering the diurnal resonance effect, which is a function of the tidal frequency o, and is
calculated according to Formula (1.20) using Tab 1.6. %5 = k3, h; or [, is degree-2 load
Love number (real) of the spherically symmetric non-rotating elastic Earth. A,,(o) is the
proportional factor (admittance) of the body or load Love number correction for the tide o.
Which can be calculated by the following formula after the harmonic analysis of the global
ocean tide harmonic constant model:

Az, (0) = H3{' (0)/H3T" (0) (1.24)

In the formula (1.24), HIS? (o) is the global maximum amplitude (in unit of m) of the
equilibrium tidal height of the celestial diurnal tide with the frequency of o. HS!4¢(0) is the
normalized harmonic amplitude (in unit of m) of the diurnal ocean tidal height with the same
frequency of o after normalized harmonic analysis.

The correction formula of frequency dependence for the diurnal body tidal Love numbers
is as follows:

Sk (0) = £57(0) + SR (0) = Fora (1.25)
Where £ =k, h or L fag‘?(a) is the body tidal Love numbers (complex) considering the
anelasticity of mantle and near-diurnal resonance, which is a function of the tidal frequency
o. Which can be calculated according to Formula (1.20) using the resonance parameters in
Tab 1.50r Tab 1.6. #£,, is the nominal diurnal Love number from Tab 1.3 or Tab 1.2.

The following is a brief summary of the three-step calculation scheme of the frequency
dependent correction for diurnal tidal waves. Let degree-2 nominal load Love number kj =
—0.3075, h; = —1.001, [; = 0.0295, degree-2 nominal diurnal potential Love number k,, =
0.29830 — 0.00144i from Tab 1.3 and degree-2 nominal diurnal displacement Love number
h,, = 0.6078, 1,; = 0.0847 from Tab 1.2.

In the first step, from Formula (1.22), Tab 1.4, Tab 1.5 and Tab 1.6, the resonance body
tidal and load Love numbers £3,(a), #5,(c) considering the diurnal resonance effect are
calculated according to Formula (1.20). The second step is to substitute the diurnal resonant
load Love numbers #5,(c) into the formula (1.23) to calculate the ocean tidal load
contributions §4£3%4 (o) to the diurnal body tidal Love numbers. The third step is to substitute
the diurnal resonance body tidal Love numbers #£9,(¢) and the ocean tidal load
contributions 6494 (o) into Formula (1.25) to calculate the frequency dependent corrections
6k,,(a) for the diurnal potential Love numbers as Tab 1.7 and that 6h,,(0), 81, (o) for the
diurnal displacement Love numbers as Tab 1.8 and Tab 1.9.
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Tab 1.7 The corrections for frequency dependence of k

(0)
2m

Name | Doodson w°lhr SkX x107° 8k, x107® HISPx107°m
20, 125,755 12.85429 -29 3 -664
01 127,555 12.92714 -30 3 -802
135,645 13.39645 -45 5 -947
Q4 135,655 13.39866 -46 5 -5020
01 137,455 13.47151 -49 5 -954
145,545 13.94083 -82 7 -4946
0, 145,555 13.94303 -83 7 -26221
T, 147,555 14.02517 -91 9 343
Nt 153,655 14.41456 -168 14 194
155,445 14.48520 -193 16 137
Lk, 155,455 14.48741 -194 16 741
No, 155,655 14.49669 -197 16 2062
155,665 14.49890 -198 16 414
n 157,455 | 14.56955 -231 18 394
157,465 14.57176 -233 18 87
12 162,556 14.91787 -834 58 -714
163,545 14.95673 -1117 76 137
Py 163,555 14.95893 -1138 77 -12203
164,554 15.00000 -1764 104 103
S1 164,556 15.00000 -1764 104 289
165,345 15.02958 -3048 92 7
165,535 15.03665 -3630 195 4
165,545 15.03886 -3845 229 -730
K; 165,555 15.04107 -4084 262 36878
165,565 15.04328 -4355 297 5001
165,575 15.04548 -4665 334 -108
166,455 15.07749 85693 21013 -0.6
166,544 15.07993 35203 2084 1.1
" 166,554 | 15.08214 22794 358 293
166,556 15.08214 22780 358 -4.5
166,564 15.08434 16842 -85 5
167,355 15.11392 3755 -189 18
167,365 15.11613 3552 -182 5
b, 167,555 | 15.12321 3025 -160 525
167,565 15.12542 2892 -154 -20
168,554 15.16427 1638 -93 31
0, 173,655 15.51259 370 -20 395
173,665 15.51480 369 -20 78
175,445 15.58323 325 -17 -61




I 175,455 | 15.58545 324 17 2062
175,465 | 15.58765 323 -16 409
So, | 183,555 | 16.05697 194 -8 342
185,355 | 16.12989 185 -7 169
0o, | 185555 | 16.13911 184 -7 1129
185,565 | 16.14131 184 -7 723
185,575 | 16.14352 184 -7 151
v 195,455 | 16.68348 141 -4 216
195,465 | 16.68569 141 -4 138
SkR,x10" | &ki,x107° | HISPx1075m
N, 245655 | 28.43973 2 0 12099
M, 255,555 | 28.98410 2 0 63192

Tab 1.8 The corrections for the frequency and latitude dependenc of h;‘;,{

Name | Doodson w°lhr Sh5 x10™ 8hb,x10™ HIGPx107°m
20, 125,755 12.85429 -39 -27 -664
oy 127,555 12.92714 -39 -26 -802
135,645 13.39648 -42 -26 -947
Q, 135,655 13.39866 -42 -26 -5020
P4 137,455 | 13.47151 -43 -26 -954
145,545 13.94082 -50 -25 -4946
0, 145,555 13.94303 -50 -25 -26221
T, 147,555 14.02517 -52 -25 343
Nty 153,655 14.41456 -67 -24 194
No, 155,655 14.49669 -73 -23 2062
X1 157,455 14.56955 -80 -23 394
12 162,556 14.91787 -200 -15 -714
Py 163,555 14.95893 -261 -11 -12203
M 164,556 15.00000 -386 -4 289
165,545 15.03881 -795 23 -730
K 165,555 15.04107 -842 30 36878
165,565 15.04333 -896 36 5001
165,575 15.04543 -958 43 -108
W 166,554 | 15.08214 4491 36 293
166,564 15.08439 3309 -50 5
b, 167,555 | 15.12321 567 -59 525
6, 173,655 15.51259 39 -30 395
A 175,455 15.58545 30 -30 2062
0o, 185,555 16.13911 2 -28 1129
ShE,x107* | Shi,x10* | HISPx107°m
M, 255,555 28.98410 0 -22 12099

219




Tab 1.9 The corrections for the frequency and latitude dependence of 1(0)

Name | Doodson w®/hr 515, x10™ Sl x10™ HIPx107°m
Q4 135,655 13.39866 -1 -6 -5020
145,545 13.94082 -1 -6 -4946
0, 145,555 13.94303 -1 -6 -26221
No, 155,655 14.49669 0 -6 2062
P; 163,555 14.95893 6 -6 -12203
165,545 15.03886 22 -6 -730
K; 165,555 15.04107 23 -6 36878
165,565 15.04328 25 -6 5001
(/A 166,554 15.08214 -137 -20 293
b1 167,555 15.12321 -19 -7 525
A 175,455 15.58545 -2 -6 395
0o, 185,555 16.13911 -1 -6 1129
SIB, X107 S§Ix1074 HISPx10°m
M, 255,555 28.98410 0 -7 12099

(3) Long-period body tidal Love number frequency dependent corrections of
anelastic Earth

The anelasticity of the mantle further enhances the frequency dependence of body tidal
Love numbers for the long-period (zonal) tidal waves (nm = 20). The frequency of the long-
period tidal constituent is assumed to be o, and the long-period Love number considering
the frequency dependence can be expressed as:

kao(0) = 029525 — 5.796 x 10* {ctg T [1 - (22) ] + 1 ()} (1.26)
hao(0) = 05998 — 9.96 x 10* {crg T [1 — (22 )E] (”—m)e} (1.27)
Lo(0) = 0.0831 - 3.01 x 10* {ctg T [1 - (Tm) |+ (7’")5} (1.28)

Here, o, is the reference frequency with period of 200s, and € = 0.15.

Let k,, =0.30190, h,, = 0.6078,1,, = 0.0847, the frequency dependent correction

formula of the zonal body tidal Love numbers for the anelastic Earth are:
0#e20(0) = #po(0) — £g0, (£ =k, h 1)

The formulas (1.26) ~ (1.28) is substituted into the formula (1.29) respectively, and the

(1.29)

frequency dependent correction value of zonal body tidal Love number for the anelastic
Earth are calculated as Tab 1.10 ~ Tab 1.12.

Tab 1.10 The corrections for frequency dependence of k(o)

Name | Doodson w°/hr 8kX,x1078 8klyx107° HIEPx107°m
2, 55,565 0.00221 1347 -541 2793
0, 55,575 0.00441 1124 -488 -27
Sa 56,554 0.04107 547 -349 -492
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Sea 57,555 0.08214 403 -315 -3100
57,565 0.08434 398 -313 77

Sia 58,554 0.12320 326 -296 -181
M, 63,655 0.47152 101 -242 -673
65,445 0.54217 80 -237 231

M,, 65,455 0.54438 80 -237 -3518
65,465 0.54658 79 -237 229

65,655 0.55366 77 -236 188

My; 73,555 1.01590 -9 -216 -583
75,355 1.08875 -18 -213 -288

M, 75,555 1.09804 -19 -213 -6663

75,565 1.10024 -19 -213 -2762

75,575 1.10245 -19 -213 -258

Myem 83,655 1.56956 -65 -202 242

M, 85,455 1.64241 71 -201 -1276
85,465 1.64462 71 -201 -529

Mqgm 93,555 2.11394 -102 -193 -204
Mm 95,355 2.18679 -106 -192 -169

Tab 1.11 The corrections for the frequency and latitude dependence of hg%)

Name | Doodson w°/hr Sh&,x107* Shhox107* HISPx107°m
0, 55,565 0.00221 266 -93 2793
Ssa 57,555 0.08214 104 -54 -3100
M, 65,455 0.54438 48 -41 -3518
Mg 75,555 1.09804 31 -37 -6663

75,565 1.10024 31 -37 -2762

Tab 1.12 The corrections for the

frequency and latitude dependence of lg%)

Name | Doodson w°lhr 51%,x10™ 51h,x10™ HISPx107°m
04 55,565 0.00221 89 -28 2793
Ssa 57,555 0.08214 39 -16 -3100
M,, 65,455 0.54438 23 -12 -3518
Mg 75,555 1.09804 17 -11 -6663

75,565 1.10024 17 -11 -2762

(4) The geopotential
corrections of potential Love number

The contribution of different frequency tidal constituent to potential Love number is
different, and thus the frequency dependent correction 6k, for each tidal constituent
needs to be calculated one by one. The Love number correction of frequency dependence
for some a constituent ¢ is &k,,(0), and the direct influence of the constituent o on
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degree-2 order-m geopotential coefficient is AC_Z(;) - iAS_Z(fn) , then the product
kZm(a)(AC_Z(fn) - iAS_Z(fn)) is degree-2 order-m geopotential coefficient variation caused by the
Love number frequency dependent correction for the corresponding constituent . The
geopotential coefficient adjustments AC_Z‘Sm—iAb:fm can be obtained by summing the
contribution of frequency dependent corrections for all tidal constituents.

Let degree-2 order-m potential Love number frequency dependent correction be
Skym = 6k&, + i8kL,,, then degree-2 tesseral and sector harmonic geopoential coefficient
adjustments (m = 1,2) caused by the diurnal and semi-diurnal Love number frequency
dependent corrections are:

ACS., —iASS —ZU(S'kZm(a)(AC_'(”) iAS?) _nm(zfzo A8k He e €97) = 1A,
Yrem HE L [(Sk3R, cosp™ — k;ﬁnsmcpf) + i(6kIR sing™ + 6kl cos¢p™)] (1.30)
ACP, — iAS?, =
Ay Y2 HE [(SKERsing® + SkZhcosp™) — i(SkSKcosdp® — Sk3sing™)] (1.31)
ACS, — iASE, =
Ay Y72 HI, [(8kZEcosp™ — SkZhsing™) + i(SkiEsing™ + Skihcosp™)] (1.32)
Similarly, degree-2 zonal harmonic geopoential coefficient adjustments caused by the

long-period Love number frequency dependent corrections are:
AC_‘260 = Re[za— 6k20(0‘)AC_‘zuo] Re(ZTZO 6k20A HZO e ¢ )
= Ay Y02 Hio(8kRcosp™ — SkZhsing®) (1.33)

In the formulas (1.30) ~ (1.33), n, = —i, 1, = 1,

Ay = R\/l‘}_ = 4.4228 x 1078 (in unit of /m)
A = (M— = (=1)™(3.1274 x 1078) (in unit of /m), m = 1,2

Where, t,,(m = 0,1,2) is the number of effective tidal constituents of degree-2 order-m
tidal waves and in Tab 5.6, 7,0 =21, 17, =48, 1,, =2. HZ, is the global maximum
equilibrium tidal height amplitude (in unit of m) for the corresponding tidal constituent, and
that is the last column in Tab 1.6. ¢* is the astronomical argument (in unit of radian) of the
tidal constituent 7, which can be calculated by six Doodson astronomical arguments or five

basic Delaunay variables.

(5) Equivalent treatment of displacement Love number frequency dependent
corrections

For the ground sites fixed with the solid Earth, when the solid tidal effects on geodetic
variations contain the tidal deformation contribution characterized by the displacement Love
number, the frequency dependent correction of the displacement Love number needs to be
considered. The displacement Love number represents the displacement of the ground site
excited by the tidal generating potential, and its effect on geodetic variations always appears
in the form of proportional factor. From Section 8.1.1, it is not difficult to see that in the
expression of solid Earth's tidal effect on radial and horizontal displacement, ground gravity
and ground tilt at ground site, the displacement Love number and geopotential coefficient
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for the same degree-n order-m tidal waves always appears in the form of product.

According to the theory of solid Earth deformation mechanics, the solid tidal effect on
ground site displacement is harmonic and can be expressed in the form of spherical
harmonic series. The product of the frequency dependent correction of displacement Love
number for the degree-n order-m tidal waves and the direct influence of the same degree-n
order-m geopotential coefficient is the contribution of the frequency dependent correction of
the displacement Love number to the degree-n order-m spherical harmonic coefficient. Thus,
degree-2 spherical harmonic coefficient adjustments caused by the frequency dependent
corrections of degree-2 dispalcement Love number are:

ACS, — iASS, = Xy 8hy (0)(ACT) — iASSE) (1.34)
ACS, — 0SS, = Xy 8Ly (0)(ACSS) — iAS)) (1.35)

Comparing the algorithm formulas of geopotential coefficient adjustment from the
potential Love number frequency dependent correction, degree-2 tesseral and sector
spherical harmonic coefficient adjustments (m = 1,2) caused by the diurnal and semi-
diurnal radial Love number frequency dependent corrections are:

ACS, —iASS, =Y, 6h2m(0)(AC_(") iAS(D)) = nm(ZTZ"lA SRE  Hep €%7) = Ny Ay

T

Y20 HE [(BhER cosp™ — ShEL, sing™) + i(ShEK sing® + Shil,cosp™)] (1.36)

Degree-2 zonal spherical harmonic coefficient adjustments (m = 0) caused by the
long-period radial Love number frequency dependent corrections are:
ACS, = Re[Za 5h20(0)A5(U)] Re(Z?"l 8h30A0HZo ei¢r)
= Ay Xi2 H3o(8hiRcosp® — Shihsing™) (1.37)
Similarly, degree-2 tesseral and sector spherical harmonic coefficient adjustments
(m =1,2) caused by the diurnal and semi-diurnal horizontal Love number frequency
dependent corrections are:
ACS, — iASS, = Xy 81, (0)(ACST) — iASS)) = 1 (272, A8l HEm €97 = N
Y20 Hin[(81ZR cosgp™ — SIrinsm(j)T) + i(S13R sing™ + 1% cos¢p™)] (1.38)
Degree-2 zonal spherical harmonic coefficient adjustments (m = 0) caused by the
long-period horizontal Love number frequency dependent corrections are:
ACSy = Re[S, 6kyo(a)ACSS] = Re(T720, 8k3yAgH, €@")
= Ay X02° Hio(8k3Rcosp™ — SkZhsing™) (1.39)
Here, the frequency dependent correction formulas of the displacement Love number is
expressed as the adjustments of displacement spherical harmonic coefficients, which is the
same as the frequency dependent correction formulas of potential Love number for the
adjustments of geopotential coefficients. The purpose of this treatment is to standardize the
computation process of the solid tidal effect on various geodetic variations, and to realize
the algorithm compatibility and unified calculation of the solid tidal effects on various
geometric and physical geodetic variations.
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8.1.4 Unified computation scheme of the body tidal effects on all-element geodetic
variations in whole Earth space

Using the analytically compatible geodetic and geodynamic algorithms with the
numerical standards unified and geophysical models collaborated to calculate uniformly the
solid Earth tidal effects on various geodetic variations on the ground and outside the solid
Earth is an important basis and necessary condition for the collaborative monitoring of multi-
geodetic technologies and deep fusion of heterogeneous Earth monitoring data.

(1) Love number frequency dependent correction algorithm for solid tidal effect

Firstly, the appropriate nominal body tidal Love numbers are selected, so that the
frequency dependent corrections of Love numbers include the contribution of all imaginary
parts of Love numbers, and then let the nominal Love number be real to simplify the
calculation scheme of solid tidal effect.

For the reason mentioned, here let the real part of degree-2 potential Love number for
the anelastic Earth in Tab 1.3 as the nominal potential Love number and the imaginary part
of degree-2 potential Love number will be considered in the frequency dependent correction
algorithm of the potential Love number. That is, the imaginary part of degree-2 diurnal
potential Love number in Tab 1.6 is uniformly added to — 0.00144, which becomes k(o) =
8k%, (o) — 0.00144, and the imaginary part of degree-2 semi-diurnal potential Love number
is uniformly added to — 0.00130, which becomes k), (o) = 8k},(o) — 0.00130. In this way,
the nominal tidal Love number value is as shown in Tab 1.13.

Tab 1.13 The values for nominal body tidal Love numbers

R hu bun

2 0 long period 0.30190 0.6078 0.0847
2 1 diurnal 0.29830 0.6078 0.0847
2 2 semi-diurnal 0.30102 0.6078 0.0847
3 0 long period 0.093 0.2920 0.0150
3 1 diurnal 0.093 0.2920 0.0150
3 2 semi-diurnal 0.093 0.2920 0.0150
3 3 1/3-diurnal 0.094 0.2920 0.0150

The Love number frequency dependent correction algorithms for the adjustments of
degree-2 geopotential coefficients have been given by Formulas (1.30) to (1.33).
Substituting degree-2 geopoential coefficient adjustments AC_Z‘Sm —iA.S:fm into the solid
Earth tidal effect expression (1.4) on height anomaly, degree-2 Love number frequency
dependent correction formula of the solid Earth tidal effect on height anomaly on the ground
or outside solid Earth can be obtained:

2 _ — —
8¢(r,0,1) = i—I\: (g) Y2 —o(ACS, cosmA + ASS,, sinmA) Py, (cosO) (1.40)

Here, AS, = 0.
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Similarly, degree-2 Love number frequency dependent correction formula of the solid
Earth tidal effect on gravity can be obtained:

2 _ _ _
5g°=3 i—? (g) 2 _o(ACS, cosmA + ASE,, sinmA) Py (cos6) (1.41)

-
Degree-2 Love number frequency dependent correction formula of the solid Earth tidal
effect on vertical deflection can be obtained:

South: §¢ = M( ) 22—o(ACS, cosmA + ASstmmA) P, (cosf) (1.42)

GM
yr2sin 6

West: 6n =

( ) Y21 m(ACS,sinmA — ASS, cosmA) Py (cosB)  (1.43)

Degree-2 Love number frequency dependent correction formula of the solid Earth tidal
effect on gravity gradient (radial) can be obtained:

2 _ — —
8T, = 12 GT—I:I (%) Y2 -o(ACS cosmA + ASS,, sinmA) Py, (cosO) (1.44)

Degree-2 Love number frequency dependent correction formula of the solid Earth tidal

effect on horizontal gravity gradient can be obtained:

North: 8T, = —ﬂ(r) 22 —o(ACS, cosmA + ASstmmA) PZm(COSH) (1.45)

2
West: 5T, = — (g) 2 _ m?(ACScosmA + ASE,, sinmA) Py, (cos8) (1.46)

r3sin20 \r
Degree-2 Love number frequency dependent correction formula of the solid Earth tidal
effect on site displacement can be obtained ® (® marked indicates its site fixed with the
solid Earth):

East: §e = yerIZze (a) Y21 m(ACS, sinmA — ASS, cosmA) Py, (cos®)  (1.47)
North: §n = GMVS%H( ) Y2 —o(ACS, cosmA + ASstmmA) P, (cos6) (1.48)
Radial: 6r = 3—1:1 (%) Y2, _o(ACS, cosmA + ASE,, sinmA) Py, (cosO) (1.49)

Degree-2 Love number frequency dependent correction formula of the solid Earth tidal
effect on ground gravity can be obtained @:
2
5g°(r, 0, 2) = 2 (2)
3AFS &s 3AGS ; )
Y2 o [(ACZm — ;ACZm) cosml + (ASZm — ;ASZm) smml] P,,,(cos9) (1.50)
Degree-2 Love number frequency dependent correction formula of the solid Earth tidal
effect on ground tilt can be obtained @:
: 2
South: §&5 = M(f)

yr2 r

Y2 0[(ACE, — ACS, )cosmA + (ASS,, — ASZm)SlnmA] P, (cosB) (1.51)

. _ GM  [(a)?
West: on° =25 (7) )
Y2, m[(ACS, — ACS,)sinmA — (ASS,, — ASE,,)cosmA| Py, (cosB) (1.52)
(2) The solid Earth tidal effects on degree-4 geopotential coefficients

The solid Earth tidal effects on degree-4 geopotential coefficients are calculated by the
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direct influence (AC,,, — iAS,,,) of degree-2 geopotential coefficients using the frequency
dependent Love numbers k3, (m = 0,1,2).
ACypy — IAS,,, = k3, (ACy,, — iAS,,,), m=0,1,2 (1.53)
Although the solid Earth tidal effects on degree-4 geopotential coefficients are calculated
by the direct influence of degree-2 geopotential coefficients according to Formula (1.53),
their contributions to geodetic variations should be calculated according to the variations of
degree-4 geopotential coefficients. Substituting the formula (1.53) into the formulas (1.4) ~
(1.16), the contribution of the solid tidal effect on degree-4 geopotential coefficients to the
solid tidal effect on the height anomaly can be obtained as follows:

4 _ _ —
e(r,p,A) = % (%) 2 —o k3 (ACymmcosmA + AS,,, sinmA) Py, (cos8) (1.54)

The contribution of the solid tidal effect on degree-4 geopotential coefficients to the solid

tidal effect on gravity can be obtained as follows:

5 _ 56M (r) 22 o ki (AC,cosmA + AS,,, sinmA) Py, (cos@) (1.55)

r2
The contribution of the solid tidal effect on degree-4 geopotential coefficients to the solid
tidal effect on ground tilt or vertical deflection can be obtained as fO||OWS'

South: & = GMilzng( ) Y2 o k3 (AC,,cosmA + ASstmmA) P4m(c059) (1.56)
West: &n —wfg’ne( ) Y2 _ ki m(AC,,sinmA — AS,y,cosmA) By, (cos@) (1.57)

The contribution of the solid tidal effect on degree-4 geopotential coefficients to the solid
tidal effect on gravity gradient (radial) can be obtained as follows:

306 ( ) Y2 okt (ACymcosmA + AS,,, sinmA) Py, (cos8) (1.58)

r3

STT‘T’ -

The contribution of the solid tidal effect on degree-4 geopotential coefficients to the solid
tidal effect on horizontal gravity gradient can be obtained as follows:

North: e7,, = — (2 ) 520 kS (ACoynCOSMA + ASyysinMA) —o Py (1.59)

GM

West: elww = 55s

( ) Y2, _1m? k3, (AC,,sinmA + AS,,,cosmA)P,,,,  (1.60)

The contribution of the solid tidal effect on degree-4 geopotential coefficients to the solid

tidal effect on ground displacement is always zero.

(3) The unified computation scheme of the solid Earth tidal effects on all-element
geodetic variations

(@) The geopotential coefficient variations AC,,, — iAS,,,, (n = 2,3,4,5,6) from the
Earth's tidal generating potential (TGP) of celestial bodies outside the Earth are calculated
directly from Formula (1.1).

(b) The nominal Love numbers from Tab 1.13 are used, and the nominal displacement
Love number and the calculation point geocentric latitude ¢ are employed to calculate the
latitude dependent displacement Love number according to formula (1.19). Then, according
to formulas (1.3) to (1.16), the nominal value as x° of the solid tidal effects on various
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geodetic variations are calculated from the geopotential coefficient variations AC,,,,, — iAS,,,,.

(c) The frequency dependent Love numbers k3, im = 0,1,2) are employed to calculate
the contribution as ex of degree-4 geopotential coefficient to the solid tidal effects on
geodetic variations according to formulas (1.54) to (1.60) from degree-2 geopotential
coefficient variations AC,,, — iAS,,,.

(d) According to the formulas (1.30) and (1.31), (1.36) and (1.37), the frequency
dependent corrections (ACS, — ACS,) , (ACS, —iASS,) and (ACS, —iASS,) of the
geopotential coefficient variations and displacement spherical harmonic coefficient
variations are calculated by the frequency dependent corrections of the degree-2 Love
numbers and ocean tide harmonic amplitudes. Then, according to the formula (1.40) to
(1.52), degree-2 Love number frequency dependent corrections as §x of the solid tidal
effects on various geodetic variations are calculated.

(e) The frequency dependent corrections of the degree-2 potential Love number and
ocean tide harmonic amplitudes are shown in Tab 1.6 to Tab 1.11. The frequency dependent
corrections of the potential Love numbers in these Tables are uniformly added using the
imaginary parts of degree-2 Love number of the anelastic Earth in Tab 1.3, thatis, k},(c) =
8ki,(0) — 0.00144, 5k, (o) = 8kb,(0) — 0.00130.

(f) The sum of the nominal value x° of solid tidal effects, degree-4 geopotential
coefficient contributions ex and degree-2 Love number frequency dependent corrections
6x is the high-precision calculation result of the solid tidal effects on various geodetic
variations at the calculation point on ground or outside the solid Earth.

8.1.5 Characteristics and analysis of solid Earth tidal effects in geodesy

The Earth's tidal potential and tidal force from celestial body are related to the position
of the calculation point in the Earth-fixed coordinate system. In the following, the ground
point P (105°N, 20°E, H100m) selected, the time-varying properties of the solid Earth tidal
effects on various geodetic variations are investigated by calculating the time series of solid
Earth tidal effects and the contribution time series of each part at the point P.

(1) Solid Earth tidal effects on all-element geodetic variations

Firstly, The various contributions considered in the solid Earth tidal effects, the solid
Earth tidal effect time series on all-element geodetic variations at the ground point P (105°N,
20°E, H100m) are calculated, as shown in Fig 1.8. The time span is from 0 : 00 on June 1,
2020 to 24 : 00 on June 7, 2022 (7 days), with a time interval of 10 minutes.

When analyzing the time-varying properties of the tidal effect time series curve, it is
generally possible to focus on the amplitude variation with time, and to investigate the phase
relationship between the tidal effects on different types of geodetic variations. Because the
difference between the maximum and minimum values of the time series is independent of
the reference time epoch, the difference between the maximum and minimum values of tidal
effect time series can effectively reflect the relationship between the tidal effects on different
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types of geodetic variations.
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Fig 1.8 Solid Earth tidal effect time series on all-element geodetic variations

Fig 1.8 shows that the difference between the maximum and minimum values of the
solid tidal effects on geoid can reach 0.99m, that on ground ellipsoidal height can reach
0.51m, that on normal height can reach 0.58m, that on the ground gravity can reach
447.5uGal, that on the ground tilt can reach 45mas, that on the horizontal displacement can
reach 0.16m, that on the radial gravity gradient can reach 3.20mE, and the difference
between the maximum and minimum values of the solid tidal effects on the horizontal gravity
gradient can reach 1.15mE.

The solid tidal effects on the ground ellipsoidal height are different from that on the
normal height (the symbol is opposite at the same time epoch), the solid tidal effects on
ground tilt in the south and west directions are different, and the solid tidal effects on the
horizontal gravity gradient in the north and west directions are different. The solid tidal effect
on the horizontal displacement, ground tilt (vertical deviation) and horizontal gravity gradient
vector are generally larger in the east-west direction than that in the north-south direction.

(2) Solid tidal effects of the planets outside Earth in the solar system

Here takes all the planets outside Earth in solar system as the tidal celestial bodies, and
calculates the solid tidal effect time series on all-element geodetic variations at the ground
point P(105°N, 20°E, H100m), as shown in Fig 1.9. The time span is from January 1, 2020
to December 31, 2022 (12 years), with a time interval of 2 hours. The solid tidal effects from
planets do not contain the contributions of the Love number frequency dependence.
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Fig 1.9 Solid tidal effect time series from the planets outside Earth

(3) The indirect influences of tidal potential to geodetic variations

The indirect influence is the contribution of tidal potential to the geodetic variations
through the action of body tidal Love numbers, which is also called the solid tidal effect by
some literatures. Fig 1.10 is the indirect influence time series curve of tidal potential to all-
element geodetic variations at the ground point P(105°N, 20°E, H100m). The time span is
from 0 : 00 on June 1, 2020 to 24 : 00 on June 7, 2022 (7 days), with a time interval of 10
minutes.
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Fig 1.10 The indirect influence time series of tldal potential to geodetlc variations

Figure 1.10 shows that the difference between the maximum and minimum indirect
influences of tidal potential to geoid can reach 0.24 m, that to ground gravity can reach
40uGal, and the difference between the maximum and minimum indirect influences of tidal
potential to radial gravity gradient can reach 0.7mE. Compared with the solid tidal effects
(the sum of the direct and indirect influences of tidal potential), the phase relationship
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between the indirect influences to different types of geodetic variations are not completely

consistent.
(4) Total contributions of Love number frequency dependent corrections to solid
tidal effects

In the following, the contribution time series of potential Love number frequency
dependent correction to the solid tidal effect on all-element geodetic variations at ground
point P(105°N, 20°E, H100m) are calculated as Fig 1.11. The time span is from January 1,

2018 to January 31, 2018 (1 month), with a time interval of 30 minutes.
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Fig 1.11 Contributions of potential Love number frequency dependent corrections
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8.2 Global surface load spherical harmonic analysis and load effect synthesis

8.2.1 Spherical harmonic series representation for equivalent water heights of
surface loads

The non-tidal load variations of atmosphere, sea level, soil water, groundwater, lakes
and glaciers in the Earth's surface layer system can be expressed by the variations of
surface equivalent water height (EWH) h,, or unit point mass load q,, = p,,h,, (also known
as surface density, p,, is the density of water).

Surface non-tidal load variations h, directly cause the variations of geopotential
outside the Earth, which are the direct influences AV*(r,8,1) of surface load geopotential
variations and can be expressed as:

AV*(r,0,1) = %Z;‘{’ZO (g)n n _o(AC,mcosmA + AS;.,, sinmA) P, (cos8) (2.1)

Where, r is the geocentric distance of the calculation point, (AC;,,,AS;,) are the
normalized geopotential coefficient variations directly caused by surface non-tidal load
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varaitions, that is, the direct influence of geopotential (Stokes) coefficients, which can be
calculated according to the gravitation potential definition:

AChm) . 3pw "\ = cosmA) _.
{Ai’im} = W(Z) J; hw Bun(cos6) {Sinml}smededldr 2.2)

Here, fS -dS represents the global surface integral, dS = sin6dfdAdr, and p, isthe mean
density of the Earth.

The equivalent water height variation h,, at the ground point (r, = a,8,1) can also be
expressed as a nhormalized load spherical harmonic series:

hy (15, 0,4) =19 Yoy (f—o)n n—o(4CY cosmA + ASY, sinmA) P,,, (cos8) (2.3)

Here, ACY, ASY. are the degree-n order-m normalized load spherical harmonic
coefficients.

Considering that in general, the long wave is dominant in the global surface load
variations, n will not be too large, and the geocentric distance of the surface load is r, = a,
so (a/r)™ = 1, then Formula (2.3) can be simplified as:

hy, =a¥e  ¥n _(ACY,.cosmA + ASY, sinmA)P,,,(cosH) (2.4)
Comparing the formulas (2.2) and (2.4), we have:
ASrtm Pe 2n+1 Asr‘:/m

Formula (2.5) is the relationship between the normalized spherical harmonic coefficient
variations {4AC¥.,ASY } of surface equivalent water height variations and the direct
influences of surface equivalent water height variaions to the normalized geopotential
coefficient (AC;,, ASyim).

8.2.2 The normalized spherical harmonic series expansion for surface load
deformation field

According to the theory of Earth's load deformation, the variations h,, of ground
equivalent water height also lead to the deformation of solid Earth, which further make mass
adjustment in Earth and produce associated geopotential, which indirectly causes the
geopotential variations called the indirect influence of surface load variations, and can be
characterized by load Love numbers or load tidal factor.

The total influence of the degree-n order-m normalized spherical harmonic coefficient
{acy,, ASw.} of the ground equivalent water height variations to geopotential coefficients
are equal to the sum of the direct influence and indirect influence of ground equivalent water
height variations. The sum is also called the load effects on geopotential coefficient
variations.

_ - Ry
fasm} = a e {2 ni{ ) 26)
Here, k;, is degree-n load potential Love number.

From the load spherical harmonic coefficient variations {ACY,,ASY }, the spherical

harmonic synthesis algorithm formula of the load effect AV (r,0,1) on geopotential at the
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calculation point (r,6,1) on the ground or outside the solid Earth is calculated as follows:
av = 3pw Zn 1 (r) Lthy >n _o(ACY,.cosmA + ASY, sinmA) B, (cos6) 2.7)

T 2n+1

From the Bruns formula, the spherical harmonic synthesis formula of the load effect
A{(r,0,2) on the height anomaly can be obtained:
Ag =S 30w g 1( ) 1+k"2 —o(ACYcosmA + ASY, sinmA) P,,, (cosO) (2.8)

TY Pe 2n+1

Where, y is the normal gravity. Similarly, the spherical harmonic synthesis formula of the
load effect 4g°(r,,0,1) on the ground gravity can be obtained @:

GM 3py, 1 , 1 n
Ag°(ro,6,2) __LZ" 121:;1( ta h _ik )(ro)
n_o4 nmcosm/l + AS,‘{"msmmA)an (cos9) (2.9)

Here, h,, isthe degree-n load radial Love number and (7, 8, 4) is the spherical coordinates
of the ground calculation point.

The spherical harmonic synthesis formula of the load effect 4g%(r,6,1) on gravity
(disturbance) at the calculation point (r,8,1) on the ground or outside the solid Earth is:

4g°(r,0,0) =% 3pwzn 2@+ (8)

2n+1

—o(4CYcosmA + ASY, sinmA)P,,, (cos6) (2.10)

Compared with formula (2.9), formula (2.10) does not include the influence due to
ground radial displacement. Therefore, formula (2.9) is only suitable for calculating the load
effect on ground gravity at calculation point fixed with the solid Earth, while formula (2.10) is
suitable for calculating the load effect on gravity on the ground and outside the ground (such
as aviation height, satellite height or ocean space). In order to distinguish these two cases,
the formula in the case that the calculation point fixed with the Earth is marked @ here.

The normal gravity field is the starting datum of the anomalous Earth gravity field, and
the normal gravity field elements do not change with time. Therefore, there is no difference
between the tidal or non-tidal load effect on gravity, gravity disturbance and gravity anomaly.

The spherical harmonic synthesis formula of the load effect on ground tilt is @:

Il n
South: A& (rp,0,1) = & i‘;w sin Y= 1M(%)

2n+1

(A CY.cosmA + ASnmsmm/D an (cos0) (2.11)

n

WeSt AnS(TO’ Q, /’{) GM 3pw Zn L 1+kn hn (TO)

L5 2sin 6 ype 2n+1
n_im(ACY,sinmA — ASY, cosmA) B, (cos6) (2.12)

The spherical harmonic synthesis formula of the load effect on vertical deflection is:
GM 3pyy 1+k} (a\"
South: A¢(r,6,4) = 22 sin g 7., 10 (—)

(A CY.cosmA + ASnmsmm/l) an (cos0) (2.13)

GM 3py 1+kp n
West: An(r,0,4) = r2 sin @ yl; Y=t 2n+1 (_)

_1m(ACY, sinmA — ASY, cosmA)P,,,(cosH) (2.14)

The spherical harmonic syntheS|s formula of the load effect on the displacement of
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ground site is @:

GM  3py "
East: Ae(ro, G'A) = ToYsin @ :)) Zn 1on+1 (a)
n_.m(ACY,sinmA — AS,‘{VmCOSTnA)an (cos6) (2.15)
GM 3py "
North: An(r,0,4) = _Es_e n6Yn- 12n+1 (“)
(AC,‘{"mcosmA + ASnmsmml) Py (cost) (2.16)
) GM 3py n
Radial: Ar(ry,0,1) = E 5 Yn=1 Z2n+1 (a)
n _o(4CY cosmA + ASY, sinmA)P,,,(cosH) (2.17)

The spherical harmonic synthesis formula of the load effect on gravity gradient is:
n
Radial: AT,,(r,0,1) = 23w ge HDOHD) (9 4 oy ®)

2n+1
O(A Cnmcosm/l + AS,,sinmA) By, (cos8) (2.18)

n
North: ATyy(r,6,2) = — 20 2tw Zn ) 1+kn( )

2n+1

n o4 nmcosm/l + AS,‘{"msmm/l) an (cos8) (2.19)
. _ GM_ 3py 14k}, (a\"
West: ATWW(T'H A) - _r 3sin%60 pe Zn Lon+1 (_)
1 m?(ACY, sinmA + ASY, cosmA)P,,,(cos8) (2.20)

In the formulas (2.8)~(2.20), the first degree term (n = 1) represents the contribution
of the variations of Earth's center of mass caused by the surface load deformation to the
corresponding geodetic elements, which can be called as the Earth’s center of mass
variation effects on geodetic variations. The variation of Earth's center of mass plays an
important role in geodesy, and the first degree term in the mentioned formulas cannot be
ignored.

The load Love number of unit point mass load (1kg/m?2) can be calculated using the
relevant parameters of spherically symmetric non-rotating elastic Earth model. The degree-
n load radial, horizontal and potential Love numbers h;,,

Tab 2.1 The value of load Love numbers

I, and k; are shownin Tab 2.1.

Degree-n hy, I k',
1 -0.2871129880 0.1045044062 0
2 -0.9945870591 0.0241125159 -0.3057703360
3 -1.0546530210 0.0708549368 -0.1962722363
4 -1.0577838950 0.0595872318 -0.1337905897
5 -1.0911859150 0.0470262750 -0.1047617976
6 -1.1492536560 0.0394081176 -0.0903495805
7 -1.2183632010 0.0349940065 -0.0820573391
8 -1.2904736610 0.0322512320 -0.0765234897
9 -1.3618478650 0.0303856246 -0.0723928769
10 -1.4309817610 0.0290225900 -0.0690776844
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12 -1.5609348550 0.0271636708 -0.0638847506
14 -1.6797703790 0.0259680057 -0.0598385602
16 -1.7880882500 0.0251266737 -0.0564748883
18 -1.8864404740 0.0244708343 -0.0535490132
20 -1.9754659020 0.0238986214 -0.0509272630
25 -2.1615247260 0.0225448633 -0.0452625739
30 -2.3044581340 0.0211578086 -0.0405033192
35 -2.4152406280 0.0197609745 -0.0364524519
40 -2.5028874800 0.0184188171 -0.0329970228
45 -2.5741299450 0.0171690959 -0.0300450548
50 -2.6337485520 0.0160264262 -0.0275153569
60 -2.7300189390 0.0140651027 -0.0234487653
70 -2.8076818590 0.0124702089 -0.0203629907
80 -2.8746338100 0.0111640070 -0.0179658948
90 -2.9350553590 0.0100800427 -0.0160636283
100 -2.9913054190 0.0091686192 -0.0145257169
120 -3.0965116190 0.0077267323 -0.0122109806
140 -3.1965444360 0.0066448758 -0.0105711243
150 -3.2455767690 0.0062018042 -0.0099238838
160 -3.2942117980 0.0058106942 -0.0093636844
180 -3.3907532400 0.0051551676 -0.0084470364
200 -3.4867370690 0.0046324760 -0.0077337989
250 -3.7248624300 0.0037212221 -0.0065109062
300 -3.9588101480 0.0031642726 -0.0057493979
350 -4.1853482260 0.0028105951 -0.0052320414
400 -4.4014325530 0.0025772705 -0.0048534799
450 -4.6045856190 0.0024162122 -0.0045579733
500 -4.7931516890 0.0022987082 -0.0043145187
600 -5.1234075730 0.0021315364 -0.0039191204
700 -5.3914177940 0.0020034613 -0.0035936423
800 -5.6025165630 0.0018887552 -0.0033104524
1000 -5.8875374130 0.0016743075 -0.0028324828
1500 -6.1543113080 0.0012327687 -0.0020071634
2000 -6.2038470670 0.0009427101 -0.0015226332
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3000 -6.2137113920 0.0006307787 -0.0010176493
4000 -6.2144649520 0.0004731032 -0.0007634795
5000 -6.2148224370 0.0003784752 -0.0006108869
6000 -6.2150593160 0.0003153917 -0.0005091296
8000 -6.2153555850 0.0002365398 -0.0003819009
12000 -6.2156520860 0.0001576905 -0.0002546364
18000 -6.2158498910 0.0001051258 -0.0001697735
25000 -6.2159607070 0.0000756901 -0.0001222433
30000 -6.2160082030 0.0000630749 -0.0001018717
32768 -6.2160282710 0.0000577468 -0.0000932672

0 -6.2091440000 0.0000000000 0.0000000000

8.2.3 The normalized associated Legendre functions and thier derivative to 6

When using (2.8) ~ (2.20) spherical harmonic synthesis formulas to calculate the load

effects on geodetic variations, it is necessary to calculate the normalized associated

Legendre function P,,,(cos@) and their first and second derivatives to 6. Here, let t =

cosO,u = sinf, several fast algorithms are given directly as follows.
(1) Standard forward column recursion algorithm for P, (t) (n < 1900)
an(t) = anmtﬁn—l,m(t) - bnmpn—z,m(t) vn>1m<n

5 ’2 +1 =
Pnn(t) =u Zn Pn—l,n—l n > 1
@ = (2n-1)(2n+1) b — 2n+1)(n+m-1)(n-m-1)
nm L (ndm)(n-m) - MM T (2n-3)(n+m)(n-m)

Pyo(t) =1, Pyy(t) =V3t, Pyy(t) =3u
(2) Improved Belikov recursion algorithm for P,,,(t) (n < 64800)

When n = 0,1, uses formula (2.22) to calculate P,,,(t). When n > 2:
Ppo(t) = antPy_14(t) — bngpn—l,l(t); m=0

an(t) = Cnmtpn—l,m(t) - dnmupn—l,m+1(t) + enmupn—l,m—l(t)' m>0
_ [2n+1 _[2(n-1)(2n+1)
an = \I 2n-1’ by = \/ n(2n-1)
c _1 (n+m)(n-m)(2n+1) d _ 1 (n-m)(n-m-1)(2n+1)
nm = g, 2n-1 boTnm T oy 2n-1

When m >0:
_ 1 2 (n+m)(n+m-1)(2n+1)
Enm = 5 (2-og 1 2n-1

(2.21)

(2.22)

(2.23)
(2.24)

(2.25)

(2.26)

(2.27)

ETideLoad4.5 adopts mainly the improved Belikov recursion algorithm to calculate the

normalized associated Legendre functions P,,,(t),
(3) Cross-degree recursive algorithm for P,,,,(t) (n < 20000)
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When n = 0,1, uses formula (2.22) to calculate P,,(t). When n > 2:
an(t) = anmPn—Z,m(t) + ﬁnmPn—Z,m—Z(t) - ynmPn,m—Z (t) (228)
J(zn+1)(n—m)(n—m—1)

2n-3)(n+m)(n+m-1)

anm

T em=2 |@n+1)(n+m-2)(n+m-3)
Brm =1+ 84 \/ (2n-3)(n+m)(n+m-1) (2.29)
[T em=2 |(n-m+1)(n+m-3)
Yam =1+ 60 (n+m)(n+m-1)

(4) Non-singular recursive algorithm for %I_’nm(cos 0)

:—gﬁnm(cos 0) =—sinb %an(t) (2.30)

;—eﬁno(t) = —\@pm(t), ;—gpm(t) = n(n;l) Py — anz (2.31)
2 By (£) = YOI B () - YD B (), m > 2

2 Poo(t) =0, —=Pyo(t) = —V3u, —=Pyy(t) =3t (2.32)

2 _
(5) Non-singular recursive algorithm for %Pum(cos 0)

% = (n+1) 5 (n-1)(n+1)(n+2) 5
5 Pro(t) = == P (6) + /%Pnz(t) 233

% = 2n(n+1)+(n-1)(n+2) 5 (n-2)(n-1)(n+2)(n+3) 5
2P () = - R b ()  LEDODEDWD 5y
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n-m+1)(n-m+2)(n+m-1)(n+m) =

pnm(t) = Y 2 Pn,m—z ®)

_ m+m)(n-m+1)+(n-m)(n+m+1) =

: Pun()

n J(n—m—1)(n—m)in+m+1)(n+m+2) Pn,m+2(t): m>2 (2.34)
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Py(t) =0, 202

Py(t) = —V3t, P, (t) = —/3u (2.35)

8.2.4 Spherical harmonic analysis of global sea level variations and synthesis of load
effects

Without loss of generality, we can always decompose the global sea water mass change
and transport into two effects, one is the sea surface height variation when the sea water
density does not change with time, and the other is the sea water density variation when the
volume and spatial distribution of sea water remain unchanged while the sea surface height
remains unchanged in the case. In the first case, the sea level variation is the total sea
surface height variation acted by all factors, which obviously includes the sea surface height
variation caused by the sea water temperature and salt change. This part of the sea level
variation contributes more than 98 % to the global sea water mass change and transportation,
and can be monitored efficiently and accurately by ocean tide gauge and satellite altimetry.
However, the change of seawater density no longer includes the change of sea surface
height caused by temperature and salinity effect, so its contribution to global seawater quality
change and transportation is generally less than 2 %, and it is difficult to accurately measure.
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In most geodetic cases, sea level variations can be employed to represent global seawater
mass changes and transport, while the impact of seawater density changes over time is left
to other higher level of geodetic techniques ( such as satellite geodetic measurements
combined with on-site hydrological monitoring ) to solve.

(1) Spherical harmonic analysis calculation of global sea level variations

The spherical harmonic analysis of global sea level variation can be calculated by fast
Fourier algorithm using Formula (2.4). Firstly, the sea level variation grid time series in
spherical coordinate system are constructed by integrating various sea surface height
observation data (removing the mean sea surface height grid in a certain period of time).
Then, the spherical harmonic analysis is carried out on the sea level variation grid at each
sampling epoch according to the formula (2.4) to generate the load spherical harmonic
coefficient model time series of sea level variation. The maximum degree number of the load
spherical harmonic model depends on the spatial resolution of the sea level variation grid.
The sampling epoch time of the time series of the load spherical harmonic coefficient model
corresponds to the time series of the sea level variation grid one by one.

In Formula (2.4), the sea level variation is directly expressed as a linear combination of
harmonic functions on the spherical surface. Therefore, the cumulative residual spherical
harmonic analysis method can be effectively employed to improve the approach level of the
load spherical harmonic coefficient model of sea level variation.

Fig 2.1 is the calculation results of global sea level variation spherical harmonic analysis
program. The program inputs 0.5°x0.5° global sea level variation spherical coordinate grid
time series, where the sea level variation grid at the first epoch time is shown in the right
middle figure, and the land area is set to zero. According to Formula (2.4), the cumulative
approach method is employed to construct the 360-degree sea level variation load spherical
harmonic coefficient model time series, where the iterative residuals are shown in the lower
right figure, and the sea level variation load spherical harmonic coefficient model at the first
epoch is shown in the lower left figure.

The file header of the load spherical harmonic coefficient model (lower left figure) of sea
level variation includes the geocentric gravitational constant GM (x10'm3/s?), equatorial
radius a (m) of the Earth, zero-degree term aAC,, (cm), relative error @ (%). Here, 0 isthe
percentage of the standard deviation of the final iteration residual to the standard deviation
of the input grid. The maximum degree n of the spherical harmonic coefficient is equal to the
number of global sea level variation cell-grids in the latitude direction. In the example, a
0.5°x0.5° grid model is input, corresponding to the maximum degree n=360.

GM,a are also known as the scale parameters of the spherical harmonic coefficient
model in which the surface harmonic functions are defined on the spherical surface whose
radius is equal to the equatorial radius of the Earth.

The three first-degree spherical harmonic coefficients (AC4o, AC141, AS;;) represent the

237



variations of Earth's center of mass due to global sea level variations. The zero-degree term
can be controlled to a small value by adjusting the time datum.

o
&

m . = - a1 -
- o | ¥ d a7 £
Openfile Saveas Importparameters Start computation  Save process  Follow example
&, Construction of global surface data ° Spherical harmonic analysis on global == Spherical harmonic analysis on Spherical harmonic analysis on
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8 Open any sea level variation spherical coordinate grid file &/ Save program process as 4 Spherical harmonic analysis and synthesis on global surface loads
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@ The degree number n of spherical harmonic coefficient model is equal to the number of global surface load cell-grids in the latitude direction. For example, the 0.25° x 0.25" global
surface load gnd corresponds to n=720.

F|g 2.1 Spherlcal harmomc analy5|s on global sea level variations and construction
of load spherical harmonic coefficient model

For high-precision geodesy, the contributions of the short-wave component of sea level
variations cannot be ignored, and a grid model with a higher spatial resolution is needed to
meet the accuracy requirements. Accordingly, a higher degree load spherical harmonic
coefficient model is needed. The maximum degree number of the load spherical harmonic
coefficient model can be generally determined by the global spectrum structure of the load
and accuracy requirements to the load effects of sea level variations. Tab 2.2 shows the
change of load spherical harmonic analysis results of global sea level variation with grid
resolution (maximum degree) at a certain epoch time.

Tab 2.2 The change of spherical harmonic analysis residual of sea level variations
with grid resolution

Input grid maximum | Zero-degree First-degree item (x107%°) Relative
degree item (cm) ACSE® ACEE® AS5ee error (%)
1°x1° 180 0.1278 -7.14017 -0.74191 6.93210 6.519
30'x30' 360 0.1419 -7.29329 -0.81169 7.57094 5.075
15'%x15' 720 0.1273 -7.19655 -0.71797 6.86062 3.566
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Tab 2.2 shows that the short and medium wave components of global sea level
variations are obvious at this epoch time. Considering the accuracy requirements and
computational efficiency, the appropriate maximum degree of the load spherical harmonic
coefficient model at the epoch time can be selected as 360.

(2) Spherical harmonic synthesis calculation of sea level variation load effects

From the load spherical harmonic coefficient model of sea level variations, the spherical
harmonic synthesis algorithm formulas (2.8) ~ (2.20) can be employed to calculate the sea
level variation load effects on all-element geodetic variations at any point on the global
ground or outside the ground, and that on geopotential, gravity (acceleration) or gravity
gradient outside the solid Earth such as ocean space, aviation or satellite altitude.

Fig 2.2 is the calculation result of spherical harmonic synthesis program of sea level
variation load effects. The program inputs the calculation area digital elevation model grid
(employed to specify the area location and range of the calculation point), from the sea level
variation load spherical harmonic coefficient model time series, selects the maximum
calculation degree 360, and calculates the load effect grid time series on all-element
geodetic variations according to formulas (2.8) ~ (2.20).

Computation of load deformation field by spherical harmonic synthesis o

=) 3 ¥ & @
Openfie Saveas Importparameters Siarl COMPUtalon  Save process  Follow example
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1 : 180 : [ Set the result folder ¥ Import setting parameters & Start computation
radial gravty gradient (104E) of the coefficient model degree =l mpos 9 pa P

horizontal gravity gradient (NW. 104E)

s Plot

Exiract deformation fieid to be piot

06 04 02 0 02 04 5
! H U —

geoid / height anomaly (mm) ground gravity (iGal) radial displacement (mm)

Fig 2.2 Calculation of the sea level variation load effect grid time series on all-
element geodetic variations

Fig 2.3 is the calculation results of the sea level variation load effects on geopotential
and gravity gradient of the Earth satellite.
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Fig 2.3 Load perturbation calculation of sea level variations of Earth satellite

In the following, the 15'x15" global sea level weekly variations (sea level anomaly)
combined by Aviso from multiple altimeter data is employed. After removing the year mean
value of 2018, the 0.5°x0.5° global sea level variation (cm) spherical coordinate grid weekly
time series (157 sampling epochs) from January 2018 to December 2020 are constructed.
Then, the 360-degree sea level variation load spherical harmonic coefficient model (m)
weekly time series are constructed by using Formula (2.4) and fast Fourier algorithm. Finally,
according to the load effect spherical harmonic synthesis algorithm formulas (2.8) ~ (2.20),
the sea level variation load effect weekly time series at 12 tide gauges (latitude 18°N ~ 40°N)

along Chinese coast are calculated.

4t

Month/day/year

07/02/18 01/01/19 07/03/19 01/01720 07/02/20

Fig 2.4 Sea level variation load effect weekly time series on the geoid (mm) at 12 tide
gauges along Chinese coast
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Fig 2.4 ~ Fig 2.7 are the sea level variation load effect weekly time series on the geoid
(in unit of mm), ground gravity (uGal), ellipsoidal height (mm) and radial gravity gradient
(10uE) respectively at 12 tide gauges from January 2018 to December 2020.

o & b O o 8 & o =
st B

Month/day/year
07/02/18 01/01/19 07/03/19 01/01220 07/02/20

Fig 2.5 Sea level variation load effect weekly time series on the ground gravity (uGal)
at 12 tide gauges along Chinese coast

8 Month/day/year
07/02/18 01/01/19 07/03/19 01/01/20 07/02/20

Fig 2.6 Sea level variation load effect weekly time series on the ellipsoidal height
(mm) at 12 tide gauges along Chinese coast
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Fig 2.7 Sea level variation load effect weekly time series on the radial gravity
gradient (10uE) at 12 tide gauges along Chinese coast

8.2.5 Spherical harmonic analysis of surface atmosphere variations and synthesis
of load effects

(1) Load effects of atmospheric density changes and that of surface atmosphere
variations

In principle, the atmospheric density load effect need three-dimensional integration of
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the density changes in the entire atmospheric layer space. The atmospheric load effect is
usually calculated from the variation of ground atmospheric pressure by using the
approximate relationship between the variation of ground atmospheric pressure and the
change of atmospheric spatial density. The approximation can meet the accuracy
requirements of geodesy in most cases (Guo, 2010).

A simplified calculation scheme is recommended here. When calculating the indirect
influence of atmospheric load, it is assumed that the atmospheric pressure loads are
concentrated on the ground, and the contribution of 1hPa (mbar) is equivalent to that of 1cm
equivalent water high load, that is, 1hPa=1cm EWH, and the calculation point height h is
the height of the point relative to the ground. When calculating the direct influence of
atmospheric load to the gravity or radial gravity gradient, it is assumed that there is a
proportional relationship between atmospheric pressure P, at ground height h and ground
atmospheric pressure P, as follow:

P, = Py(1 — h/44330)52%5 (2.36)

When calculating the load effect of atmosphere change, it is not necessary to know the
atmospheric pressure P, at the calculation point at the current epoch time. It is only
necessary to determine the difference between the atmospheric pressure P, at the current
epoch and that P; at the reference epoch, that is, AP, = P, — P;. From the difference
between the ground atmospheric pressure P, at the current epoch and that P; at the
reference epoch, the atmosphere variation AP, at the calculation point is obtained:

AP, =Py — P =Py (1 L)ms —py(1-2 )5225 ~ APy (1 )5225 (2.37)

44330 44330 44330

Using the formula (2.37), the atmospheric pressure variation AP, at the height h
(relative to ground) can be directly calculated from the ground atmospheric pressure change
AP, without the atmospheric pressure P; of the ground point at the reference epoch.

The spherical harmonic analysis process of global surface atmosphere variations is the
same as that of global sea level variations. It also uses Formula (2.4) and can be calculated
by fast Fourier algorithm. Firstly, global surface atmosphere variation grid time series in
spherical coordinate system are constructed from the ground atmospheric pressure
observations. Then, the spherical harmonic analysis is carried out for each sampling epoch
of the surface atmosphere variation grid according to the formula (2.4), and the global
surface atmosphere load spherical harmonic coefficient model time series are generated.

Fig 2.8 is the calculation results of surface atmosphere variation spherical harmonic
analysis program. The program inputs 1°x1° surface atmosphere variation spherical
coordinate grid time series. According to Formula (2.4), the cumulative approach method is
employed to construct the 180-degree surface atmosphere variation load spherical harmonic
coefficient model time series, where the iterative residuals are shown in the lower right figure,
and the atmosphere variation load spherical harmonic coefficient model at the first epoch
time is shown in the lower left figure.
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4, Construction of global surface data o Spherical harmonic analysis on global == Spherical harmonic analysis on Spherical harmonic analysis on
d grid in spherical surface atmosphere - global land water variations global sea level variations
& Open any surface atmosphere spherical coordinate grid file 4 Save program process as 4 Spherical harmonic analysis and synthesis on global surface loads

BTNg parameters have been imported in the program!
** Click the control button [Start computation], or the tool button [Start computation]....

>> Computation start time: 2024-08-09 23:29:02

>> Complete the spherical harmonic analysis for 157 surface atmosphere variation grids!
** The program outputs the surface atmosphere load spherical harmonic coefficient model ﬂles |

iteration process statistics file: " ini land residual atmosphere grid files mt***.dat. *** is the instance of the given

of residual (b) 1.0% s wildcards.
** The file header of the airpress™[cs.dat: the geocentric gravitational constant GM (x10'*m?s?), equatorial radius

a(m) of the Earth, zero-degree terrh aACw (hPa), relative error © (%). Where O is the residual standard deviation of

the last step iteration as a percentage of the standard deviation of the original grid values, angd

as the scale of the harmonic model in which the surface

defined on the spherical surface whose radius is equal to the equatorial radius of the g

Set the wildcards of the file names C/ETideLoad4.5_win64er 42020122313 dat
Ordinal number of first wildcard in the file nam C:/ETideLoad4.5_win64 0560m/grdchd2020123013 dat
{ Number of consecutive wildcards in file name

| Set termination condition of the iteration

| | Residual standard deviation threshold (a) 1.0 %o 5

The surface harmonic functions in the spherical
harmonic coefficient model are defined on the
spherical surface whose radius is equal to the
equatorial radius a of the Earth.

[} Set the results folder ¥ Import setting parameters

- m-.-press:msowsl:cs.daxm\
[3 Qﬂéﬁﬂddlﬂ' 6378137.00] -0.1761 1.061

180-degree spherical harmonic
coefficient model

GM(x 10"*m?3/s*). a(m) zero-degree term (hPa/mbar), relative erro(%)
0

2 aQ C5 o 7 0
the scale parameter 6E-09  0.000C 0000
- 2 = 7.9652739354309352

4.
4
1
1

-1.3123244146487042

1.
1.
1

1
1.
13
309E-09 7.63543604269092 H Sy

5.7974053889694342E-10 8.4635300136399749E~11

< number of iterations, mean, SD, minimum, maximun

| @ The degree number n of spherical harmonic coefficient model is equal to the number of global surface load cell-grids in the latitude direction. For example, the 0.25° x 0.25" global
surface load grid corresponds to n=720.
|

Fig 2.8 Spherical harmonic analysis on global surface atmosphere variations and
construction of load spherical harmonic coefficient model

Similar to the spherical harmonic analysis of sea level variations, the maximum degree
number of the load spherical harmonic coefficient model can be generally determined by the
global spectrum structure of the load and accuracy requirements to the load effects of
surface atmosphere variations. Tab 2.3 shows the change of load spherical harmonic
analysis results of global surface atmosphere variations with grid resolution (maximum
degree) at a certain epoch time.

Tab 2.3 The change of spherical harmonic analysis residual of global surface

atmosphere variations with grid resolution
maximum | Zero-degree First-degree item (x107°) Relative
degree item (hPa) ACEr ACHT ASEr error (%)
2°x2° 90 -1.7539 0.55043 3.60270 | -6.35702 2.707
1°%1° 180 -1.7614 0.54424 3.60695 | -8.36343 1.215
0.5°x0.5° 360 -1.7620 0.54251 3.60748 | -8.36912 2.043

Input grid

Table 3.2 shows that the long wave components are dominant in the global surface
atmosphere variations at this epoch, which can be expressed by the load spherical harmonic

coefficient model with the maximum degree not less than 180.

(2) Spherical harmonic synthesis calculation of surface atmosphere variation
load effects
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From the load spherical harmonic coefficient model of surface atmosphere variations,
the spherical harmonic synthesis algorithm formulas (2.8) ~ (2.20) can be employed to
calculate the surface atmosphere variation load effects on all-element geodetic variations at
any point on the global ground or outside the ground, and that on geopotential, gravity
(acceleration) or gravity gradient outside the solid Earth such as ocean space, aviation or
satellite altitude.

Fig 2.9 is the calculation result of spherical harmonic synthesis program of surface
atmosphere variation load effects. The program inputs the zero-value grid (employed to
specify the area location and range of the calculation point, the zero value indicates that the
calculation point is located on the ground), from the surface atmosphere variation load
spherical harmonic coefficient model time series, selects the maximum calculation degree
360, and calculates the load effect grid time series on all-element geodetic variations
according to formulas (2.8) ~ (2.20).
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Fig 2.9 Calculation of the surface atmosphere variation Ioad effect grid time series
on all-element geodetic variations

Fig 2.10 is the calculation results of the surface atmosphere variation load effects on
geopotential and gravity gradient of the Earth satellite.

In the following, the 0.5°%0.5° global surface atmospheric pressure diurnal variations in
the global reanalysis data ERA-40/ERA-Interim from the European Centre for Medium-
Range Weather Forecasts (ECMWF) are employed to construct the 1°x1° global surface
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atmosphere variation (hPa) spherical coordinate grid weekly time series (157 sampling
epochs) from January 2018 to December 2020. Then, the 180-degree surface atmosphere
variation load spherical harmonic coefficient model (m) weekly time series are constructed
by using Formula (2.4) and fast Fourier algorithm. Finally, according to the load effect
spherical harmonic synthesis algorithm formulas (2.8) ~ (2.20), the surface atmosphere load
effect weekly time series at 14 CORS stations in mainland China are calculated.

% Computation of load deformation field by spherical harmonic synthesis 8]
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Openfie Saveas Importparameters Staric on | Save process  Follow example

» of various load effects Computation of various load effects of Computation of load effect time series m; Global surface load spherical harmonic
using spherical harmonic synthesis ® Earn satelite or outside sold Earth using spherical harmonic synthesis " analysis and load effect synthesis

Select the calculation point file format | The type of surface load _Surtace atmosphere - | 4.+ Save program process as
The discrete caiculation point file

| >> [Function] From the surface atmosphere, land water or sea level variation load spherical harmonic coefficient model (m), compute the non-tidal load effects on the ~
@ Open the space calculated point file || geopotential (0.1m?/s?), gravity (uGal), or gravity gradient (101E) outside the solid Earth using spherical harmonic synthesis.
| = = =] ** Here the space point outside the solid Earth generally refers to the point that is not fixed with the solid Earth in ocean space, near-Earth space, or satellite altitude
INmber of fowe ot e e heder) 1 o :J >> Open the space calculation point file C:/ETideL0ad4.5 m
Column ordinal number of the height in record |4 ** Look at the file information in the window below and set the row number of the file header.

>> Open surface load harmonic coefficient model file C/ETideLoadd.5_ ot
** The window below only shows no more than 3000 rows of data in the file!
22 The open file is not 2 surface load harmonic coeMclent model el oo
1 er armonic coeffici

e ]

| 2] Open surface load harmonic coefficients model e

Select the type of effects.
|| &4 geopotential (0.1m?/s?)

| odel file C/ETideLoadd.5_y CS20170315.txt. ]
! fhan 3000 rows of data in the file!
LRy yaCCOCrZHOm) n64en/examples/Loadeformharmsynthsatdimrsti b
\[£2 gravity vector (ENU. pGal) &d hio the
1 gravity gradient (XYZ, 10pE) cd putation], or the tool button [Start computation].
] gravity gradient (ENU, 104E) >> Computation st time: 2024-08-15 11:05:15
>> Complete the comptitagtion of the model values of load effects! \
>> Computation end time:224-08-15 11:06:52 . .
” GRACE satellite altitude
[Minimum starting degree S imum truncated = =
o the cosfficient model. L S 360 2 [} Save the resutts as 3+ Import setting parameters rt computation

Extract deformation field to be piot “ Plot]

e 3 T n 3 3

35 03 025 02 o 01 o1 012 a1 008 D46 044 042 04 038
= ———— - 3 4 |

gravity vector (E, pGal) gravity vector (N, pGal) gravity vector (U, uGal)

Fig 2.10 Load perturbation calculation of surface atmosphere variations of Earth
satellite

Month/day/year

07/02/18 01/01/19 07/03/19 0101720 07/02/20

Fig 2.11 Surface atmosphere variation load effect weekly time series on the geoid
(mm) at 14 CORS stations in mainland China

Fig 2.11 ~ Fig 2.14 are the surface atmosphere variation load effect weekly time series
on the geoid (in unit of mm), ground gravity (uGal), ellipsoidal height (mm) and radial gravity
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gradient (10uE) respectively at 14 CORS stations from January 2018 to December 2020.
10 T T T T T

Month/day/year

07/02/18 o9 07/03/19 01/0120 07/02120

Fig 2.12 Surface atmosphere variation load effect weekly time series on the ground
gravity (uGal) at 14 CORS stations in mainland China

Month/day/year

07/02/18 01017119 07/03/19 01/01720 07/0220

Fig 2.13 Surface atmosphere variation load effect weekly time series on the
ellipsoidal height (mm) at 14 CORS stations in mainland China

Month/day/year

L i L L "
07/02/18 0101119 07/03/19 01/01720 07/02/20

Fig 2.14 Surface atmosphere variation load effect weekly time series on the radial
gravity gradient (10uE) at 14 CORS stations in mainland China

8.2.6 Spherical harmonic analysis of global land water variations and synthesis of
load effects

The spherical harmonic analysis process of global land water variations expressed by
the ground equivalent water height (EWH) variations is the same as that of global sea level
variations. Fig 2.8 is the calculation results of land water variation spherical harmonic
analysis program. The program inputs 0.25°x0.25° land water variation spherical coordinate
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grid (EWH equal to zero in the ocean area) time series to construct the 720-degree land
water variation load spherical harmonic coefficient model time series.

&
= g 5 = -~
4 4 &z Am

Openfile Saveas Importparameters Start computation  save process — Follow example

&, Construction of global surface data e Spherical harmonic analysis on global = Spherical harmonic analysis on Spherical harmonic analysis on
“# grid in spherical coordinates surface atmosphere - global land water variations global sea level variations

B Open ary land water: spherical coordinate grid fhe 4! Save program process as & Spherical harmonic analysis and synthesis on global surface loads

Set the wildcards of the file names C:/ETideLoadd.5_win6der y grdchg020091612|dat
| Ordinal number of first wildcard in the file nam o B C:/ETideLoad4.5_win6der TAWEUm/grdchg2020092312|dat

Bmng parameters have been imported in the program!
| Number of consecutive wildcards in file name - ** Click the control button [Start computation], or the tool button [Start computation].
>> Computation start time: 2024-08-10 00:07:26
>> Complete the spherical harmonic analysis for 143 land water variation grids!
Residual standard deviation threshold (a) 1.0 % - ** The program outputs the land water load spherical harmonic coefficient model fileg[Indwater*cs dat] iteration |
1 process statistics files| Ero"'.ml and residual land water variation grid files mt***.dat. *** is the instance of the given

| Set termination condition of the iteration

of residual (b) 1.0% = wildcards.
= ** The file header of the Indwater***cs.dat: the geocentric gravitational constant GM (x10'*m?s?), equatoriaradius
a(m) of the Earth, zero-degree term aACow (cm), relative error © (%). Where @ is the res laviation of
2 the land- i rid fil
| —} Open the tand-gea taadin spherical coordinale grid fiie the last step iteration as a percentage of the standard deviation of the original grid . nown
Th o harmonic flnal th h | as the scale parameter of the spherical harmonic coefficient model in which the ¢ 4
S SNFACE MAIMoniC Unctons. i’ Tie sphanco defined on the spherical surface whose radius is equal to the radius
harmonic coefficient model are defined on the
spherical surface whose radius is equal to the il = 3
equatorial radius  of the Earth. ™ Set the results folder » Import setting parameters or

01

£378137.00 6.980

3.986004418
1 0 [5.4161495494517116E-10 0.0000000000000000E+00

0.3233

GM(x 10'*m®/s*) ‘a(m) zero-degree term (cm), refative erro(%)

2 1 |4.5844404050751017E~
2 2 $8.1098570416071

| the scale parameter

3 2 2. 5450

1
4 2

0
3
3
7
2

2 s X iee 0.2792
3 39997709E-10 557914367E-10 |~ number of i mean, SD,

| @ The degree number n of spherical harmonic coefficient model is equal to the number of global surface load cell-grids in the latitude direction. For example, the 0.25° x 0.25" global
surface load grid corresponds to n=720.

Fig 2.15 Spherical harmonic analysis on global land water variations and
construction of load spherical harmonic coefficient model

Tab 2.4 shows the change of load spherical harmonic analysis results of land water
variations with grid resolution (maximum degree) at a certain epoch time.

Tab 2.4 The change of spherical harmonic analysis residual of global land water
variations with grid resolution

.. | maximum | Zero-degree First-degree item (x107°) Relative
Input grid d ) = - —
egree item (cm) ACInd ACma ASind error (%)
30'x30’ 360 0.3242 5.46047 1.49947 0.52091 5.851
15'x15' 720 0.3207 5.32556 151216 0.50261 4.291
9'x9’ 1200 0.3236 5.43533 1.50154 0.51493 3.094

Tab 2.4 shows that the short-wave components of global land water variations at this
epoch are obvious, and the appropriate maximum degree of the load spherical harmonic
coefficient model can be selected as 720.

In the following, the 0.25°%0.25° GLDAS data from NASA Global Land Data Assimilation
System are employed to construct the 15'%x15' global land water variation (cm) spherical
coordinate grid weekly time series (157 sampling epochs) from January 2018 to September
2020. Then, the 720-degree land water variation load spherical harmonic coefficient model
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(m) weekly time series are constructed by using Formula (2.4) and fast Fourier algorithm.
Finally, according to the load effect spherical harmonic synthesis algorithm formulas (2.8) ~
(2.20), the land water variation load effect weekly time series at 14 CORS stations in
mainland China are calculated.

Here, the land water includes 4m shallow soil water, wetland water, vegetation water
and glacier snow mountain water, but does not include lake, river water and groundwater.
Fig 2.16 ~ Fig 2.19 are the land water variation load effect weekly time series on the geoid
(in unit of mm), ground gravity (uGal), ellipsoidal height (mm) and radial gravity gradient
(10uE) respectively at 14 CORS stations from January 2018 to December 2020.

Month/day/year

07/02/18 01/01/19 07/03/19 01/0120 07/02/20

Fig 2.16 Global land water variation load effect weekly time series on the geoid (mm)
at 14 CORS stations in mainland China

6F Montlhldaylyear

07/02/18 01/01119 07/03/19 01/01720 07102720

Fig 2.17 Global land water variation load effect weekly time series on the ground
gravity (uGal) at 14 CORS stations in mainland China

Month/daylyear

" L L "
07/02/18 01/01/19 07/03/19 01/01720 0702220

Fig 2.18 Global land water variation load effect weekly time series on the ellipsoidal
height (mm) at 14 CORS stations in mainland China
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Month/day/year
07/02/18 01/01/19 07/03/19 01/01720 07/02/20

Fig 2.19 Global land water variation load effect weekly time series on the radial
gravity gradient (10uE) at 14 CORS stations in mainland China

Using the monitoring data to global surface atmosphere, land water and sea level
variations, determine the non-tidal temporal Earth's gravity field, as well as the non-tidal load
effects on the geopotential coefficients, and then you can calibrate various parameters of
the satellite’'s key geodetic payloads, and then effectively improve and check the quality,
reliability and accuracy of the time-varying monitoring for satellite gravity field.

8.3 Surface load effects on various geodetic variations by Green's Integral

The load Green's function is defined as the response function of the unit point mass load
variation (kg/m?), and the load effect on the ground geodetic variation is equal to the
convolution of the load Green's function and surface density ¢, (= p,,h,,) of the ground load
on the global surface. In general, similar to the Stokes' integral formula in the theory of
Earth's gravity field, the load effect F(8,1) on any type of geodetic variation at the ground
calculation point (68,1) can be expressed as the load Green's function integral under the
spherical approximation:

F(6,2) = R?p,, [[ h,G@)do (3.1)
Where, ¢ is the unit spherical surface, R is the mean radius of the Earth, i is the
spherical angular distance from the surface load area-element do to the ground calculation
point (6,1) and G(y) is the load Green's function with the spherical angular distance
as the independent variable, and its form is related to the effect type.

The load Green's function integral F(6,4) here is divided into two parts. The first part is
the direct influence of load, and the second part is the indirect influence of load.

F(8,1) = F4(6,1) + R?p,, ffg h,G'(Y)do (3.2)

In the formula (3.2), (8,1) is the spherical coordinates of the ground calculation point.
F4(0,2) is the direct influence of load effect at the ground calculation point, which can be
calculated by the load equivalent water height variation h,, according to the rigorous
integral. G'(3) is called as the indirect influence of load Green's function.

8.3.1 The integral of direct influence of the load effect on ground geodetic variation
(1) The integral formula of direct influence of the load effect on geopotential
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Given the surface load equivalent water height (EWH) variation h,,, whose direct effect
,, on the geopotential near Earth space directly given by the universal gravitation formula
Vea(r,0,2) = Gp, fJ, hTWdS , L=+r2+71"%=2rr'cosy (3.3)

Where, L is the spatial distance between the calculation point (r,8,1) near Earth space
and center (r',0',1") of integral area-element dS on the surface S, r,6,1 are the
spherical geocentric coordinates of the calculation point, namely distance from geocenter,
co-latitude and longitude, respectively. G is Newton’s gravitational constant, p,, =
1000kg/m3 is the water density. i is the spherical angle between the calculation point
(r,0,1) and center (r',68',1") of the area-element.

cosy = cosOcosB' + sinbsinb'cos(A’' — 1) ,

simp = sinfcosB' + cosOsind'cos(A' — 1) (3.4)
simpcosa = sinfcosB' — cosOsinb'cos(A' — 1)
simpsina = sinf'sin(A' — 1) (3.5
W _ _aw_ W _ _imasi
36~ ap  COS®, T = sinasin@ (3.6)

Here, a is the geodetic azimuth of .
Considering do = ydyda, when the calculation point is located on the surface and
overlaps with the center of integral area-element, we have
L=7ry ,r—7'cosp =r?/2 (3.7)

1

A=dS=r? ;fo f0¢° Ydpda = mr2i - P, = —\/% (3.8)

r

Where, A = dS is the area of integral area-element. In this case, the formula (3.3) on the
calculation point is an integral singularity. From the formulas (3.7) and (3.8), the singular
value of the integral can be obtained:

V(r,6,2) = Gpr? [, fowoil—zll}dll}da = 210G p,, h Ty (3.9)

(2) The integral formula of direct influence of the load effect on gravity
disturbance

According to the definition of gravity disturbance, from Formula (3.3), the direct influence

of the load effect on gravity disturbance at the calculation point (r,0,1) is:

wviren _

a (1 —-r'cosy
8g%(r,6,2) = - === = —Gp,, [|; hwa—r(z) dS = Gpy, ff; hu" TLg"S ds (3.10)

When the calculation point is located on the surface and overlaps with the center of integral

area-element, the formula (3.10) on the calculation point is an integral singularity, and the
singular value of the integral is

594(r,0,2) = 2nGpyhy, [V° 1”125 b = 16 py,hy, (3.11)

(3) The integral formula of direct influence of the load effect on vertical deflection

According to the definition of vertical deflection, from Formula (3.3), the direct influence
of the load effect on vertical deflection at the calculation point (r,6,1) is:
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04(r,0,1) = 1% e [ h Waw()ds_ e ff. hyr'Eds (312)

&(r,0,2) = 0%(r, 0, /1)% Gpw ff h,r' Smw cosads |

n%(r,0,1) = —0%r,0,1) Z—f Giw sinf ff h, 1’ Slm/} sinadS (3.13)

Where, y is the normal gravity on the calculation point, and Od(r, 0,2) is the direct

influence of the load effect on total vertical deviation at the calculation point.
(4) The integral formula of direct influence of the load effect on radial gravity
gradient

According to the definition of radial gravity gradient, we have
2
T = 2% = Gp, [, 2 (C2)ds = Gp,, J; b |5 M} ds (3.14)

or2

i(T—T'COSII)) _1_ S(T—T’coslp)iL _1_ 3(r—r’cos¢) ’ iL — w (315)
ar L3 L3 L4 or L3 L5 r L

When the calculation point is located on the surface and overlaps with the center of
integral area-element, the formula (3.14) on the calculation point is an integral singularity,

and the singular value of the integral is
P 1
1% = ~2mGpuhyr? [ (s — ) e

2nGpwhw Yo 3 _ TGpwhw
-0 (ﬁ - Z) dp~=z (3.16)

(5) The integral formula of direct influence of the load effect on horizontal gravity
gradient

%V, _ Gpw P Gpw P 3 2y
I'T = oyt — 14 f h (sm )dS—— P J- h (czzz rr'sin )dS (3 17)
Gpw ' P 3 P
Tyy = —r&¥ 092 = %fs hy,r (6253 - %} ctgyp(1 — cosa)dS (3.18)
! inn2
Tw = _r% = Gw (o ,(C(;w _ 3rrLs;n 1/})
[ctgz/) — ctgy(sinfsina)? — wz{jwsg] ds (3.19)
?y _ a @ sinfcos§'~cosBsinb’'cos(A'~1) _ _
202 = 39 €0SX = 5 pr = ctgy(1 — cos?a) (3.20)
2
ZTZI = —sineisina
_ , @ sin(A'-2) _ 1[eos(a’=2)  sin(d'-A)cosyp . ,
= —sinfsinf FyAmrmra— sinfsind [ pram, pr smasm@]
__ cosyp—cosbcosf’  cosy . . . 2 _  ein20 i __ cos6cost)'
= s (sinBsina)* = (1 — sin“Osin“a)ctgy e (3.21)

8.3.2 Green's function integral of the indirect influence of the load effect
Substituting the load spherical harmonic coefficient {AC),,, AS)..} into Formula (2.7),
the indirect influence AV'(r,6,1) of load effect on geopotential can be obtained:
Ayt = Huye kn (2)" —o(ACY, .cosmA + ASY, sinmA)P,,,(cosf)  (3.22)

T Pe U 2n+1\r

Let e = (6,1) be the spherical coordinate of point on the unit spherical surface, then
the formula (3.22) can be expressed as a linear combination of normalized spherical basis
functions {¥,,,(e) = ¥,,,(8,1)} as follows:
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AVi(r,8,2) = "“”"Wzn o

() F Tum(e) (3.23)
Where, E¥, = ACY,,m>0and EY, = ASn|m|,m < 0. Let
Yy (€) = Xine—n FimYnm(e) (3.24)
then Formula (3.23) can be expressed as:

AVi(r,0,0) = T2,

(E)n Y¥(e) (3.25)

The load equivalent water height spherical harmonic expansion (2.3) can be also

2n+1

expressed by the linear combination of the normalized spherical basis functions
{Vam(e) = ¥, (6,1)} as:
n — —
hW(r ~ R, 9’/1) = hW(e) = RZ%O=1 (%) nm:—n an;}nYnm(e)

= R Y51 Xim=—n FamYam(€) = a X5, Yy (€) (3.26)
According to the theory of spherical function expansion, from the formula (3.25):
v (e) = 2= [f by (eHP(P)do (3.27)

Here, ¢ is the spherical angular distance from the integral area-element e’ on the sphere
to the calculation point e.

Considering dS = R?do, the formula (3.27) is substituted into the formula (3.26), and
the summation and integral are exchanged to obtain:

AVi0,0) =% [f, puhu(e) e 257, (2) kP ) ds
= pu Jf; hu(€)GL(p)dS (3.28)
Where , G = 23, () kP ) (3.29)

is the general form of the load Green's function of indirect influence to geopotential, which
represents the indirect influence of unit mass load (kg/m?) to geopotential.

When the calculation point is also located on the ground, thatis, r = a = R (R is the
mean radius of the Earth), considering the total mass M = 4nR3pe/3 of the Earth, the
formula (3.29) can be simplified as follows:

Gyp) = > — im0 knPa() = TV P () (3.30)

Similarly, the load Green's function of indirect influence to height anomaly can be
obtained as follows:

GEQ) = T o ken P () (3.31)
The load Green's function of indirect influence to ground gravity is@):
i) = L3 o(n+ 1) (2hy =" ki) Pa() (3.32)

Where, g, = GM/R?.
The load Green's function of indirect influence to gravity (disturbance) is:
GigW) = = 2320 (n + DknP() (3.33)

The load Green's function of indirect influence to ground tilt is@:
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G = 5 Tizolky — b)) 22 (3.34)

The load Green's function of indirect influence to vertical deflection is:

GEW) = =3 Timo ki 22 (3.35)
The load Green's function of indirect influence to ground horizontal displacement is®@:
GlW) = & T L 2 (3.36)
The load Green's function of indirect influence to ground radial displacement is@®@:
GIW) = 1 g by, a2 (3.37)
The load Green's function of indirect influence to horizontal gravity gradient is:
Gy, = 2T + D(n + 2)kn P () (3.38)
The load Green's function of indirect influence to radial gravity gradient is:
Gl ) = 223 o e, nll) (3.39)

Guo (2001) furtherly derived the asymptotic approach formula of the ground load
Green's functions to suppress the high-degree oscillation of load Green's functions. Where,
The load Green's functions of indirect influence are taken as follows:

i k(’)O oo ’ ’
i) = H—z + = TioUen = k)P, () (3.40)
Ga) = —S0mp — S0y [+ Dy, — ki = 20y — IR @) (3.42)
2
i Koo 0 ’ ’
Gdg(lp) = _%@ - %Zn:ﬂ[(n + Dky — k&]B @) (3.42)
1 hlocos 1 kéocos%(1+25in%

) 1 Kb 0P ()
— —=¥* (k] —=—h), + hl, )= 3.43
M 4sin2% M Zsin%(1+sin%) MZn—l( L n ) oY ( )

1 P .Y

i _ ikoocos?(1+2$m?) 1y ;o é P, (Y)

Go () = M 25in%(1+sin%) MZn:l (kn n ) oy (3.44)
’ Y Y
R lwcos?(1+25m3) R woo , 15\ 9P, ()
= Ro0T U TE) L By (1) — ko) 2@ 4
G M Zsin%(1+sin%) + M Li=1 (ln n ) oy (3.45)
R hc’>o a g0 1 l

Gr(lp) = EZsin% + EZn:O(hn - hoo)Pn(lp) (346)

Let G{() = 2Rsin%Gi(1/)) =1G'(y), the load Love number is substituted into the
formulas (3.31) ~ (3.39) to obtain the load Green's function of indirect influence with the
integral distance under the action of unit point mass load (1 kg/m?), as shown in Tab 3.1.

Tab 3.1 Load Green's function values of the indirect influence of unit point mass

1(km)Gix10-13G] x10-17)G, x10-18GEx10-14G5 X 10-19G,x10-12{G, x10-11/G}, X 10-15/G i, x10-15
0.1] -0.0249-11.3315 15.8795 42.2955/ -2.1192 -0.8369|-42.1264| -40.7525 20.0337
0.2| -0.0439 -9.8972| 29.6981| 21.1510 -8.0632 -3.1842|-41.9553| -73.6102] 34.1831
0.3 -0.0625/ -8.8334 39.7946| 14.1058 -16.6878| -6.5901|-41.7788 -92.3770| 37.9744
0.4 -0.0804 -8.2348 45.2182 10.5853 -26.3601]-10.4097|-41.5956 -93.8712| 29.4189
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-23.5296

16.1892

-18.4692

14.0

-1.2726

-4.9048

17.3988

0.2398

-26.5722

-9.5373

-21.6664

-13.0654

11.2087|

16.0

-1.4019

-4.8896

12.8941

0.1911

-21.0009

-7.2164

-20.1480

4.3047

-5.5888

20.0

-1.6520

-4.0437

14.8205

0.1306

-20.9145

-7.0582

-18.0179

-12.2601

11.2369

25.0

-1.9534

-3.6904

13.7959

0.0872

-19.8016

-6.6584

-16.5317

-10.0949

9.3198

30.0

-2.2455

-3.5544

12.9067|

0.0638

-18.9897|

-6.5141

-15.7982

-5.5325

4.9129

35.0

-2.5296

-3.5250

12.0811

0.0505

-18.1729

-6.4230

-15.4331

-0.0753

-0.4331]

40.0

-2.8059

-3.5272

11.4345

0.0423

-17.1945

-6.2698

-15.2297

4.7358

-5.1568

50.0

-3.3365

-3.4643

11.2395

0.0322

-14.9772

-5.7725

-14.9607

8.1685

-8.4622

60.0

-3.8395

-3.2518

12.5464

0.0262

-13.6029

-5.4612

-14.6941

2.7549

-2.9775

70.0

-4.3177

-3.0073

14.0654

0.0229

-13.9783

-5.7205

-14.3923

-4.6469

4.4506

80.0

-4.7741

-2.8804

14.3310

0.0210

-15.3999

-6.3101

-14.0649

-6.2127

6.0235

100.0

-5.6311

-2.9117

11.9306

0.0171

-15.7804

-6.3810

-13.3843

4.6763

-4.8316

120.0

-6.4270

-2.6545

12.4755

0.0129

-14.0249

-5.5346

-12.7235

-0.1761

0.0607|

140.0

-7.1738

-2.4359

12.7461

0.0120

-15.5946

-5.9880

-12.0989

-3.7448

3.6348

160.0

-7.8804

-2.4586

10.7233

0.0100

-14.9953

-5.5941

-11.5133

-4.4893

-4.5820
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200.0] -9.1986/ -2.0952 11.1758 0.0080 -15.1075| -5.3733|-10.4758| -1.7439| 1.6689
250.0-10.7136| -1.8097| 10.7082 0.0058(-14.0435 -4.7072| -9.3924) -3.2869 3.2307
300.0-12.1238 -1.5962 10.1419 0.0042-12.9077| -4.0819| -8.5118/ -3.2916| 3.2481
400.0-14.7375| -1.3210] 8.9521] 0.0023|-11.1503| -3.1625| -7.2265 -0.4258 0.3969
500.0-17.1749 -1.1331] 8.3207| 0.0016/-10.3019 -2.7029| -6.4078 2.1612| -2.1831
600.0-19.4980| -0.9603] 8.5053] 0.0014f -9.8691 -2.4641] -5.9044) 2.3040, -2.3219
800.0[-23.8986| -0.6720] 9.9646/ 0.0010, -9.0007| -2.0628| -5.4405/ -0.1041 0.0908

8.3.3 Legendre function and its first and second derivatives to ¢

When calculating the load Green’s function of the indirect influence to various geodetic
variation, it is necessary to calculate the Legendre function B,(cosy) and its first and
second derivatives to . Here, let t = cosf,u = sinf, and give the fast recursive algorithm

directly.
Pa(t) = Py (£) = == Py (8) (3.47)
P,=t P,= %(3# -1) (3.48)
F 2n-1, @ 2n-1 -190
ﬁpn(t) = nn tﬁpn—l(t) - nn uPn—l(t) - nTﬁPn—Z(t) (349)
2 2
SpPrO =—u, Py (t) = —3ut (3.50)
92 2n—-1 92 a n-1 92
sz () = T(twpnq —2ug Py — tPn—l) gz -2 (3.51)
82 92
PO =—t, T5P(6) =3(1-2t%) (3.52)

8.3.4 Calculation of load deformation field from the river-lake water variations

The changes of inland water bodies such as rivers, lakes, reservoirs, glaciers and snow
mountains are represented by load equivalent water height variation grid. According to the
load Green’s function integral algorithm (the sum of load direct influence and indirect
influence integral), the load effects on various geodetic variations at any point on the ground
or in near-surface space can be calculated. The equivalent water height variation grids of
multiple water bodies at the same sampling epoch can be merged into a grid directly, and
then the load Green's function integral calculation is carried out.

Here, the river (lake) bottom topography is combined with the water-level observations
on river (lake) surface, and the equivalent water height variation grid time series is
constructed from the river (lake) water-level monitoring data. Then, according to the load
Green's function integral algorithm, the load effect grid time series on all-element geodetic
variations are calculated. Fig 3.1 is the calculation process of surface load deformation field
at one sampling epoch time.
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B k= 3 ] a7 @a

Openfile Saveas Importparameters Start computation  save process  Follow example
Computation of regional residual surface Computation of lakes, glaciers, and snow Computation of regional load effect -~ Al thm f I
** load effects by Green's Integral ™= load effects by Green's Integral = time series by Green's Integral = Algorithm formulas

Select the calculation point file format
The discrete calculation point file

4! Save program process as

>> [Function] From the load equivalent water height variation grid (cm) of the inland water-bodies such as the rivers, lakes, reservoirs.

# Open the space calculation point file glaciers or snow-capped mountains, compute the water-bodies load effects on the geoid or height anomaly (mm), ground gravity (uGal),
o= gravity disturbance (uGal), ground tilt (SW, to the south and to the west, mas), vertical deflection (SW, to the south and to the west, mas),
Number of rows of the file header 1 ~  horizontal displacement (EN, to the east and to the north, mm), ground radial displacement (mm), ground normal or orthometric height
Column ordinal number of height in record 4 > (mm), radial gravity gradient (mE) or horizontal gravity gradient (NW, to the north and to the west, mE) by load Green's function integral
x.

** The height in the calculation point file refers to the height of the calculation point relative to the water surface.

8 Open water-bodies equivalent water ** The equivalent water height variation grid of multiple water bodies at the same sampling epoch time can be merged directly, and then
height variation grid file you can get the total load effects by load Green's function integral i
Select the type of effects >> Open the space calculation point file C-/ETideLoadd.5_ xt
**Look at the file information in the window below and set the row number of the
8 geoid or height anomaly (mm) >5.Open water-body equivalent water height variation grid file C/ETideLoad4.5_y ™
8 ground gravity (uGal) (= >> Sae the results as C:/ETideLoad4.5_ adfmr 4 L ]
ravity disturbance (pGal! >> Setti arameters have been imported in the program! 3
O sl Click thexcontrol button [Start computation], or the tool button [Start computati ... Water-body EWH variations

ground tilt (SW, mas) (=

vertical deflection (SW, mas) >> Complete the refinement computation!
horizontal displacement (EN, mm) (= >> Computation end time: 2024-08-11 09:21:44
@ ground radial displacement (mm) © [Green's integral radius ;bB(m 3 ] [ save the results as
ground normal or orthometric height (mm) (=
@ radial gravity gradient (mE)
horizontal gravity gradient (NW, mE)
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Fig 3.1 Calculation of load deformation field of water variations in rivers and lakes

8.3.5 Regional approach of load deformation field using remove-restore scheme

When the load effects are calculated by the load Green's function integral from the load
equivalent water height variation grid, the domain of the independent variable i of the
integral kernel function should be [0,27) or [—m, ), which is global. Direct integration need
globally continuously distributed surface equivalent water height variation data, even if
calculating the load effect at some a point. This is very inconvenient for the calculation and
application of load deformation effect in a local area such as a country or region, and it is
also inconvenient to use the advantages of surface load observations in local areas to
improve the regional load deformation field.

Similar to the local gravity field approach scheme in physical geodesy, we can let the
global load spherical harmonic coefficient model as the reference field, calculate and remove
the reference model value from the surface load variations in local areas to obtain the
residual load variations, then employ the load Green's integral to the residual load variations
to refine the load deformation field in this area. This scheme can be also called as the
remove-restore scheme for regional approach of load deformation field.

The process of the scheme at one epoch time is as follows: (a) The reference model
value of the equivalent water height (EWH) variations in local areas are calculated from the
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load spherical harmonic coefficient model at the epoch. (b) From the regional high-resolution
EWH variation grid, remove the reference model value to obtain the regional EWH residual
value grid. This step is called as 'Remove'. (¢) Using a smaller integral radius, the residual
value of high-resolution load deformation field grid is calculated by the load Green's function
integral. (d) The high-resolution model value grid of regional load deformation field are
calculated from the load spherical harmonic coefficient model. (e) The refined value of
regional high-resolution load deformation field at the epoch time are obtained by adding the
high-resolution reference model value grid to residual value grid. This step is called as
'Restore’. The whole process can be called as 'Remove - load Green's function integral -
Restore' scheme.

In the following, taking the refinement of the surface atmosphere load deformation field
in a certain area of southern China as an example, using the 'Remove-load Green's function
integral-Restore’ scheme, the surface atmosphere load deformation field variation grid
weekly time series are refined from the 3.75'%x3.75’ surface atmospheric pressure variation
(hPa) grid weekly time series whose time span is January 2018 to December 2020 with a
total of 157 sampling epochs. Of which 12 epochs of surface atmospheric pressure variation
grid are shown in Fig 3.2, and the upper left corner of the graph is the sampling epoch date,

such as 20180214, which means February 14, 2018.
& TRy o N

Fig 3.2 Regoinal 3.75'%x3.75' surface atmospheric pressure variation (hPa) grid
weekly time series

Taking 157 180-degree global surface atmosphere load spherical harmonic coefficient
model weekly time series calculated in section 8.2.5 from January 2018 to December 2020
as the load deformation field reference model time series, and similar to the regional geoid
refinement scheme, the load equivalent water height grid data area (the calculation area)
should be generally bigger than refine result area of the load deformation field to suppress
the integral edge effect. In this case, the data area is 96°E ~ 103°E, 22°N ~ 29°N, and the
result area is 98°E ~ 101°E, 24°N ~ 27°N.

Step 1: Input the 3.75'%3.75" zero-value grid of the calculation area (zero-value means
that the calculation point height relative to the ground is equal to zero), select the maximum
calculation degree 180, and calculate the reference model value grid time series of the
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surface atmosphere variations in the calculation area from the global atmosphere load
spherical harmonic coefficient model time series.

Step 2: The 3.75'x3.75' surface atmosphere variation grid weekly time series, minus the
corresponding reference model value grid weekly time series to generate the 3.75'x3.75’
surface atmosphere residual value grid weekly time series. Where, 12 epochs of residual

value grid is sh(_)wn'in Fnig 3;3

Flg 3.3 Regomal 3.75'%3.75' surface atmosphere residual variation (hPa) grid weekly
time series

Step 3: Input the 3.75'%3.75' zero-value grid in the result area, select the integral radius
of 200 km, and calculate the 3.75'%x3.75' load deformation field residual value grid weekly
time series from the 3.75'x3.75' surface atmosphere residual variation grid weekly time
series using the load Green's function integral.

Step 4: Input the 3.75'x3.75' zero-value grid in the result area, select the maximum
calculation degree 180, and calculate the 3.75'x3.75' reference model value grid weekly time
series of the surface atmosphere load deformation field in the result area from the surface
atmosphere Ioad spherlcal harmonlc coefﬂment model Week_ly tlme serles

20180214

Fig 3.4 Regoinal 3.75'%x3.75" surface atmosphere load effect grid weekly time series
on geoid (mm)

Step 5: The 3.75'%x3.75' residual value grid weekly time series of load deformation field
in the result area is added to the 3.75'x3.75' residual value grid weekly time series, and the
3.75'%x3.75’ grid time series of surface atmosphere load deformation field in the result area
are obtained. Where, 12 epochs of regional atmosphere load deformation field, including the
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load effects on geoid, ground gravity, ground tilt, ellipsoidal height and radial gravity gradient,

are shown in F|g 3 4- F|g 3 8 respectlvely

< o e
201!0214 | 20180815

Fig 3.5 Regoinal 3. 75'x3 75' surface atmosphere load effect grid weekly time series
on ground gravity (mGal)

U S ———— P P S S S S S N S VR S
| 20180214 20180516 | 20181114

S ——

Fig 3.6 Regoinal 3.75'%x3.75" surface atmosphere load effect grid weekly time series
on ellipsoidal height (mm)

In order to visually display the time-varying characteristics of surface atmosphere load
effects on various geodetic variations and quantitative relationship between the surface
atmosphere load effects on different types of geodetic variations in the region, the time series
of surface atmosphere load effects on the geoid, ground gravity, ellipsoidal height and radial
gravity gradient from January 2018 to December 2020 at the central ground point of the
region are calculated using the 'Remove - load Green's function integral - Restore' scheme,
as shown in Flg 3.9.

20190515

20190814

Fig 3.7 Regoinal 3.75'%3.75' surface atmosphere load effect grid weekly time series
on ground tilt (mas)
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Fig 3.8 Regoinal 3.75'%x3.75" surface atmosphere load effect grid weekly time series
on radial gravity gradient (mE)

Height anomaly (mm)
Ground gravity (pGal)
Ellipsoidal height (mm)
Radial gradient (mE) month/dayl/year

07/02/18 o1o119 07/03/19 01/0120 07/02/20

Fig 3.9 surface atmosphere load effect weekly time series on geodetic variations at
the central ground point of the region

In the following, the 0.5°x0.5° global surface atmospheric pressure diurnal variations in
the global reanalysis data ERA-40/ERA-Interim from the European Centre for Medium-
Range Weather Forecasts (ECMWF) are employed to construct the 0.5°x0.5 surface
atmosphere variation (hPa) grid weekly time series (157 sampling epochs) from January
2018 to December 2020 in chinese mainland and adjacent areas.

Taking 157 180-degree global surface atmosphere load spherical harmonic coefficient
model weekly time series calculated in section 8.2.5 from January 2018 to December 2020
as the load deformation field reference model time series. Firstly, using the 'Remove-load
Green's function integral - Restore' scheme and the integral radius 200 km, the surface
atmosphere load effect weekly time series on the geoid, ground gravity, ellipsoidal height
and radial gravity gradient are calculated at 6 CORS stations in mainland China. Then, the
load Green's function integration method with the integral radius 800km is directly employed
to directly calculate the surface atmosphere load effect weekly time series on the geoid,
ground gravity, ellipsoidal height and radial gravity gradient are calculated at 6 CORS
stations in mainland China. Finally, the two calculation results are compared.

The load effect weekly time series curves at 6 CORS stations in mainland China
calculated by the two methods are shown in Fig 3.10 ~ Fig 3.13. The upper figure of each
figure is the calculation result using the remove -restore method, and the lower figure is the
calculation result uising the load Green's function integral (direct integral) method.
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Fig 3.10 Surface atmosphere load effect time series on geoid (mm) at 6 CORS
stations in mainland China using two scheme

—
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UQAK
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YANG

07/02/18 0101/19 07/03/19 010120 070220

Fig 3.11 Surface atmosphere load effect time series on ground gravity (mGal) at 6
CORS stations in mainland China using two scheme

r .y
, Remove — load Green's fi ion integral - restore

07/02/18 0101/19 07/03/19 010120 07/02/20

Fig 3.12 Surface atmosphere load effect time series on ellipsoidal height (mm) at 6
CORS stations in mainland China using two scheme

Tab 3.2 gives the differences statistics between the atmosphere load effects time series
calculated by the two schemes at 6 CORS stations in mainland China. In Tab 3.2, ksi, gra,
hgt and grr represent the atmosphere load effect time series on the geoid, ground gravity,
ellipsoidal height and radial gravity gradient, respectively.
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Fig 3.13 Surface atmosphere load effect time series on radial gravity gradient (mE)
at 6 CORS stations in mainland China using two scheme

Tab 3.2 The differences statistics between the atmosphere load effects time series
calculated by the two schemes at 6 CORS stations in mainland China

CORS | Geodetic | Remove-restore Direct integral Difference
station | variation mean RSM mean RSM mean RSM
ksii mm| 0.1618| 2.9040| 0.0669| 1.3829| 0.0949| 1.6514
UQAIE gra| mGal| 0.1363| 2.0060| 0.0382| 0.8115| 0.0982| 1.2499
ﬁi;:%o hgtf mm| -0.2201| 4.0837| -0.1053| 2.2224| -0.1148| 2.0922
grrl mE| -0.0029| 0.1224| -0.0582| 2.1550| 0.0553| 2.0549
ksii mm| 0.0335| 3.1523| -0.0208| 1.4114| 0.0542| 1.8525
HRB'\C{ gra| mGal| -0.0628| 2.5363| -0.0148 0.8494| -0.0479| 1.7076
E,\llig:%o hgtf mm| 0.0053| 4.3568| 0.0411| 2.3354| -0.0357| 2.2104
grrl mE| -0.0111| 0.0883| 0.0308| 1.1439| -0.0419| 1.2281
ksii mm| 0.3069| 2.6001| 0.0994| 1.0561| 0.2075| 1.6745
NXH{ gra| mGal| 0.1592| 0.9325| 0.0576/ 0.6012| 0.1016| 0.4970
Eﬁggjgﬁo hgtf mm| -0.3920| 3.4507| -0.1589| 1.6570| -0.2331| 2.0348
grrl mE| -0.0073| 0.0818| -0.1068| 1.0503| 0.0995 1.1172
ksii mm| 0.2630| 3.5502| 0.0907| 1.9842| 0.1722| 1.6910
DAISO gra| mGal| 0.1284| 2.4349| 0.0522| 1.1244| 0.0763| 1.3303
E,\lééégo hgtf mm| 0.3564| 4.7804| -0.1429| 3.0833| -0.2135| 1.9432
grrl mE| -0.0026] 0.0517| -0.0441| 0.8954| 0.0415| 0.9444
ksii mm| 0.3231| 1.3847| 0.0826| 0.5451| 0.2405| 1.2880
LHASO gra| mGal| 0.1167| 1.6451| 0.0464| 0.3234| 0.0703| 1.4307
Egé;égo hgtf mm| -0.4104| 1.8119| -0.1262| 0.8929| -0.2842| 1.6980
grrl mE| -0.0043| 0.0325| -0.0425| 0.3946| 0.0383| 0.4219
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ksif mm 0.3055| 2.4528| 0.0904| 1.3640f 0.2151] 1.2191

ggAng gra| mGal| 0.0748| 1.6494| 0.0499| 0.7787| 0.0249| 0.8961
E109.22°
N19.77° hgtf mm| -0.4103| 3.4732| -0.1365| 2.1386| -0.2738| 1.5685

grr mE| -0.0041| 0.0461| -0.0344| 0.6216] 0.0303| 0.6665

Fig 3.10 ~ Fig 3.13 show that the geometric shape of the time series curve of the load
effects calculated by the two schemes is basically the same, but the numerical value is
obviously different. Tab 3.2 shows that even if the integral radius reaches 800 km, the error
of the direct integral of the load Green's function will exceed the magnitude of the calculated
signal itself. This is because as long as the integral radius is less than v2R (R is the mean
radius of the Earth), the direct integral of the load Green's function fails to achieve global
surface integral, and the calculated load effect signal is not sufficient. It can be seen that in
most cases, the direct integral method of load Green's function is difficult to meet the high-
precision geodesy. It is suggested to adopt the more rigorous the 'remove -load Green's
function integral -Restore' scheme in theory.

8.4 Ocean and atmosphere load tidal effects outside the solid Earth

The ocean tides redistribute the mass of seawater and cause the geopotential variations,
which excite the deformation of the solid Earth and generate the associted geopotential
through the action of load Love numbers at the same time. Similarly, atmospheric tides
redistribute the density of the atmosphere, cause the geopotential variations and then
generate the associted geopotential.

8.4.1 Construction of tidal load spherical harmonic coefficient model

Both ocean tide and solid Earth tide are generated by the tidal force from the Moon and
Sun, and have the same periodic variation characteristics, such as diurnal and semi-diurnal
periodic variations. Therefore, it is generally difficult to find mathematical methods to
completely separate the ocean tidal load effect on geodetic variations from their solid tidal
effects. The method of load Green's function and sea surface tidal height convolution, or the
method of spherical harmonic analysis of ocean tide and spherical harmonic synthesis of
ocean tidal load effect, is usually employed to calculate the ocean tidal load effects on
geodetic variations. The ocean tidal loads are located on the surface, and the load Green's
functions need to be calculated by the high-degree load Love numbers. The load spherical
harmonic coefficient model also need be expressed as a high-degree or ultrahigh-degree
spherical harmonic function series.

(1) Spherical harmonic analysis method of global ocean tide

General construction procedure of the global ocean tidal load normalized spherical
harmonic coefficient model (in FES2004 format) from global ocean tidal height harmonic
constant grids is generally composed of the following three steps.
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Step 1. From the global ocean tidal harmonic constant grid model of each tidal
constituent, generate the normalized spherical harmonic coefficient model of each tidal
constituent by spherical harmonic analysis method.

Step 2: According to the astronomical tide height algorithm, convert the normalized
spherical harmonic coefficients based on the harmonic constant of the tidal constituent into
the normalized spherical harmonic coefficient based on the tidal load of the tidal constituent.

Step 3: Merging the global normalized tidal load spherical harmonic coefficients of all
tidal constituents, generate the global ocean tidal load normalized spherical harmonic
coefficient model in FES2004 format.

Astronomical tidal height T(t) of sea surface at the epoch time t, expressed as the
height of the astronomical tidal level relative to the local mean sea surface, is equal to the
sum of M tidal constituent heights

T(6,4,t) = XL, Ti(6,A4,t) = LI, Hi(6, A)cos[¢;(t) — g:(6, D] (4.1)
Where, M is the number of the ocean tidal constituents, 6;,H;, g; are the astronomical
argument, amplitude and phase at Greenwich of the tidal constituent o;, respectively. T; is
The astronomical tide height of the tidal constituent g;, which can be expanded as
T;(6,A,t) = H;(0,)cosg; (0, )cosp;(t) + H;(8,A1)sing; (0, 1)sing;(t)
= H} (08, )cos;(t) + H (8, D)sing;(t) = Hi cosd; + H; sing; 4.2)

On the other hand, through the spherical harmonic analysis, the tidal height T; of the

tidal constituent ¢; can be also expressed as the normalized spherical harmonic series

Ti (9' A' t) = g:l Z%ZO[TiTnm(A' t) + Ti,_nm()" t)]an(COSH) (43)
Where |, ThmAt) = Chmcos(g; + mA) + St sin(p; + mA) (4.4)
TrmA, t) = Cymeos(p; — ma) + S, sin(p; — mA) (4.5)

In (4.4) and (4.5), the superscript + is the normalized spherical harmonic coefficient of
the in-phase amplitude (H;cosg;) of the tidal constituent o;, and the superscript — is the
normalized spherical harmonic coefficient of the out-of-phase amplitude (H;sing;) of the
tidal constituent ;.

Expand the trigonometric functions in the formulas (4.4) and (4.5), we have
Thm@A, t) = Ct[cosp;cosmA — sing;sinmA] + S*[sing;cosmA + cosp;sinmA]

= [C*cosmA + S*sinmA]cos¢; + [—C*sinmA + StcosmA]sing; (4.6)
Timm(, t) = C[cosp;cosmA + sing;sinmA] + S~ [sing;cosmA — cosp;sinmA]
= [C~cosmA — S~sinmA]cos¢p; + [C”sinmA + S~ cosmA]sing; 4.7

Comparing the formula (4.2) and formula (4.3), for the tidal constituent o;, (the tidal
constituent number i is omitted below), we have

Ht=%N_ ¥ P [(Ct+ C)cosmA + (St — S )sinmA] (4.8)
H™ =yN > P [(ST 4+ S )cosmA + (—C* + C™)sinmA] (4.9)
C* =C*sinet, C~ =C-sine~, S*=C*cose*, S~ =C cose (4.10)

Where, ¢; is the phase bias of constituent g;, which is defined by the sign of the maximum
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amplitude H; of the equilibrium tidal height of the constituent o; (Cartwright & Eden, 1973),
as shown in Tab 4.1. The value of H; is shown in the last column of Tab 1.7 ~ Tab 1.12.
Table 4.1 Values of the phase bias ¢; according to the sign of H;

H;>0 H; <0
m=20 long period s 0
m=1 diurnal /2 —m/2
m=2 semi-diurnal 0 s

(2) The direct influences of ocean tidal loads to the geopotential coefficients
According to the universal gravitation theorem, the gopotential V°¢ directly generated
by ocean tidal load can be expressed as
Ve, 4,0) = G, ff, “C4as (4.11)

where H is the instantaneous ocean tidal height, S represents the whole sea surface and
L is the spatial distance between the calculation point e = (6,4) and the sea surface
moving area-element e’ = (6',1"). L can be expressed by Legendre function series as

=232, (8)" Bucosy) (4.12)

From the spherical harmonic function addition theorem, we have:
Pai) = Pu(e,€0) = - S Vo (€) V(1) (4.13)
Substituting the formula (4.13) into (4.12), and then substituting the formula (4.12) into
(4.11), the following integral relationship between the global instantaneous tidal height H

and their direct influence to geopotential coefficient variations (AC,,, AS,,) can be
obtained:

ACom| _ 6oy (2m cosma] _.
[Agnm] g0(2n+1)f fHan(cose)[ ]sm@ded/l (4.14)

Here, g, =~ GM/R? is the mean gravity on the global sea surface.

The harmonic constants (amplitude H; and phase g; at Greenwich) of the tidal
constituent g; are replaced by the spherical harmonic functions of the in-phase amplitude
H;cosg; and out-of-phase amplitude H;sing;, and substituted into formula (4.1), so that the
instantaneous tidal height H(8, A,t) is expanded as follows:

H(6,4,8) = Yo, Tzt Zn=o Pam (sin6) T3 Hiy (4, 1) (4.15)
(A, 0) = CFcos(g; + & £ mA) + St sin(g; + & £ mA) (4.16)

an
Where, (Clnm, mm) are called as the prograde and retrograde normalized spherical
harmonic coefficients of the tidal constituent o; with degree-n and order-m, which can be

expressed in terms of the harmonic amplltude ¢ .. and phase bais 51 m @St

Lnm
~+ _ At + ct _ At +
Cl nm Cl TLmSlngl nm’ Sl nm Cl nmCOSEL nm (4' 17)

Substituting the formula (4.15) into (4.14), considering the formulas (4.18) and (4.19),
the geopotential coefficient variations can be expressed as:
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ACym — iASyy = Y5 (Chm, FiSH

L,nm’ L,nm

)etii (4.18)
Comparing the formulas (4.28) and (4.16), we have:

+ _ 4mGp A+ . +

Ci,nm - go(anll) i,nmSln(Si,nm + gi) (4-19)
£ _ _4mGpw A4 +

Sinm = P (Zn:;) CEomcos(efm + &) (4.20)

Using the formulas (4.19) and (4.20), the harmonic constant grid model represented by
the tidal amplitude and phase at Greenwich of the tidal constituent can be transformed into
the normalized spherical harmonic coefficients of the constituent, and the direct influence of
ocean tidal load to geopotential coefficients (ACp,, AS,») can be calculated according to
the formula (4.18). Furthermore, the formulas (2.6) ~ (2.20) in which the surface load
spherical harmonic coefficient variations {ACY%,,ASY..} replaced by the direct influence of
ocean tidal load to the geopotential coefficients (AC,,y,, AS,,,) are the algorithm formulas of
the ocean tidal load effects on all-element geodetic variations.

8.4.2 Calculation and analysis of load effects of ocean and atmosphere tide

(1) Construction of ocean and surface atmosphere tidal load spherical harmonic
coefficient model

Taking the global ocean tide model FES2014b-extrapolated (the harmonic constant
models with 34 ocean tidal constituents) from Centre national d 'études spatiales (CNES) of
France as an example, here introduces the harmonic analysis process of global ocean tidal
harmonic constant models and construction of ocean tidal load spherical harmonic
coefficient model.

FES2014 is a global ocean tide assimilation model based on fluid dynamics launched
by CNES in 2016. FES2014 assimilates a variety of satellite altimetry and global gauge
measured data since 1990. Among them, FES2014b-extrapolated optimizes the coverage
of sea surface altimetric data in near-shore shallow waters through satellite altimetry
waveform resampling. FES2014b consist of 34 tidal constituent harmonic constant models
(2Ny, Epsy, J1, Ki, Ko, Ly, Lay, My, My, My, Mg, Mg, M;, MKS,, M,,, MN,, MS,, MSf,
MSqm, Mtm, Mu,, N,, N,, Nu,, Oy, P;, Q;, Ry, T, S;, S;, S,, Sa and Ssa) and the
spatial resolution is 3.75'%x3.75'.

Step 1: Gridate the 34 tidal harmonic constants of the FES2014b tidal harmonic constant
models to generate 34 tidal constituents of 1°x1°, 30'x30’, 15'x15" and 10'x10" harmonic
constant spherical coordinate grid models, respectively. Four spatial resolutions will be
employed to analyze the maximum appropriate degree of the ocean tidal load spherical
harmonic coefficient model.

Step 2: For any tidal harmonic constant spherical coordinate grid model, using the
formulas (4.4) ~ (4.6), make spherical harmonic analysis on the global grid of in-phase
amplitude and out-of-phase amplitude according to the FFT algorithm, and generate the 34
normalized spherical harmonic coefficient model of in-phase amplitude and out-of-phase
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amplitude of tidal constituent o¢;. Similar to the spherical harmonic analysis of surface load
in Section 3.2, the cumulative iterative spherical harmonic analysis method can effectively
improve the approach level.

Step 3: Using the formulas (4.20) ~ (4.22), 34 normalized spherical harmonic coefficient
models (C;t,S},C7,S7) of in-phase amplitude and out-of-phase amplitude of tidal
constituent g; are combined to obtain a normalized spherical harmonic coefficient model of
global ocean tide load according to the conventional format. The ocean tidal load spherical
harmonic coefficient model FES2004 format in IERS conventions (2010) is adopted here.

Step 4: On the basis of the above 34 tidal load spherical harmonic coefficient models,
the equilibrium tide 2, and 2, load spherical harmonic coefficients are selected from the
FES2004S1.dat in IERS conventions (2010), and the FES2014b ocean tidal load spherical
harmonic coefficient model composed of 36 tidal constituents is constructed.

The maximum degree of the load spherical harmonic model of some a tidal constituent
is equal to the number of cell-grids in the latitude direction in the harmonic constant grid of
the tidal constituent. The grid resolution of different constituents or the maximum degree of
their spherical harmonic coefficient models need not be consistent. The maximum degree of
the ocean tidal load spherical harmonic coefficient model is the maximum degree of all the
tidal constituents. The unit for ocean tidal load spherical harmonic coefficient is consistent
with that for ocean tidal height. The unit in this example is cm.

B M & az an
Openfile Saveas Importparameters Start computation  Save process  Follow example
5 Construction tidal harmonic parameter @ Spherical harmonic analysis on surface s Spherical harmonic analysis on ocean Ehaememth > akpiclecs: =
grid in spherical coordinates atmosphere tidal harmonic parameters tidal constituent harmonic parameters
0 s« BAER
@ Open any tidal constituent harmonic parameter grid file >> Program Process ** Operation Prompts
- airptideS1_cs.dat
Set the wildcard of the file names >> Open any tidal constituent harmonic parameter grid file C:/ETideLoad4.5_win64en/exan| airptides2 cs.dat
Ordinal number of the first wildcard in the filg sphS1_dat airptideSa_cs.dat

** The wlnaow below only shows no more than 3000 rows of data In the file!
arselect the result files folder C:/ETideLoad4.5_win64en/examples/Loadtidesphd
= The tidal constTue aanic parameter grid files searched by wildcard instantiation

| Number of consecutive wildcards in file name airptideSsacs dat

1
1
1
1
Airtdloadcs.dat 2 1
1
1
1
1
1
1

Column ordinal number of the tide constituent o
name in the file header C/ETideLoad4.5_) arm St . dat pros1_ini
Column ordinal number of the Doodson 7 . CiETideload4 5, My stisphS2 | dat pros2_ini
constant in the file header C/ETideLoad4.5_y dat prosa_ini
C/ETideLoad4 5_\ Ssd dat proSsain
Set condition of the iteration >> Setting have been imported in the program! SrOutpt Al
Residual standard deviation threshold (a) 1 o ** Click the control button [Start computation], or the tool button [Start computation] uIpuE es)
>> Computation start time: 2023-05-11 23:52:12 ftSe
Termination condition of residual decrease (b) 1.0
>> Complete the spherical harmonic analysis for 4 surface tidal harmonic grids!

** The program outputs the surface atmosphere tidal load spherical harmonic coefficient model file Airtdloadcs.dat, all tidal
constituent spherical harmonic coefficient model files airptide™"cs dai [iteration process statistics files pro™ inl and residual
harmonic parameter grid files mt™* dat into the output folder, *** is the tidal constituent's nagme.

| I Degree 360 spherical harmonic I._ Computation end time: 2023-05-12 00:07:25
coefficient model =
) Set the results folder % Import setting parameters 3

-7 | number of iterations, mean, | " i 9.00¢ 0.013€ -850 -4
" 2¢ | SD, minimum, maximun p bt -000 J015 -0. 485 la23a
0. : ' 0.00¢ e las1e ‘

the scale parameter

@ The unit of the tidal constituent harmonic parameters is the same as the unit of the spherical harmonic coefficients. The unit of the si
spherical harmonic coefficients are hPa or mbar, and the unit of the ocean tidal harmonic parameters and the load spherical harmonic coefficiet 00 1 3
@ The Doodson constant (integer, such as M: tidal Doodson constant is 255555) is the basis for ETideLoad to identify the tidal type and calcuj - 2500 pis-ivt "B44: hrrys
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Fig 4.1 ETideLoad4.5 program for Spherical harmonic analysis on ocean tidal
constituent harmonic constants

Fig.4.1 is the ETideLoad4.5 program for spherical harmonic analysis on ocean tidal
constituent harmonic constant grid. The program reads 34 tidal 30'x30"' harmonic constant
spherical coordinate grids, and employs the cumulative approach method to perform
spherical harmonic analysis on each tidal harmonic constant. Where, the M, tidal spherical
harmonic coefficient model is shown in the lower left figure, and the iterative residual
vaiations are shown in the lower right figure. The 360-degree FES2014b360cs global ocean
tidal load spherical harmonic coefficient model is constructed, as shown in Fig 4.2.

The load spherical harmonic coefficient model for each tidal constituent is composed of
the same in-phase amplitude spherical harmonic coefficient model and the out-of-phase
amplitude spherical harmonic coefficient model. The file header are the geocentric
gravitational constant GM (x10'“m?/s?), equatorial radius a (m) of the Earth, zero-degree

term aACy, (cm), relative error © (%).
] = =] des. dat
Pcean tidal height load normalized s armonic coefficient model in cm.

62 308

nic coefficient model FES2014b360cs.dat

For high-precision geodesy, the short-wave component of the ocean tidal load effects
cannot be ignored, and a high-degree spherical harmonic coefficient model is usually
required. Tab 4.2 show the residual change of ocean tidal load spherical harmonic analysis
with the resolution of tidal harmonic constant grid or the maximum degree of load spherical
harmonic coefficient model.

Tab 4.2 Residual change of ocean tidal load spherical harmonic analysis with the
resolution of tidal harmonic constant grid

Input grid | Maximum | Tidal First-degree termx107® Relative
resolution | degree constituent AC, AC,, AS,, error (%)
in-phase 6.5903 15.2405 5.7951 15.109

K _of-
. outof - 536187 54510 9.1115| 13.080

ouqo phase

1°x1 180 :

in-phase 6.4087 8.2092 -3.9331 16.593

M _of-
2 out-of-| 3 3741 0.7698|  7.4235| 14.206

phase
30'x30' 360 in-phase 6.7466 14.4650 5.6522 10.522
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K, out-of-| 3 9366 55500 9.2329| 9.785
phase
in-phase 6.3545 7.5901 -4.2676| 11.266
M, out-of-
Dhase| 43474 02498 59033 10673
in-phase 6.7290 14.1161 5.5337 7.549
K o
1 %‘;}ta‘s’fe -23.9978 55530 9.3081|  7.069
15'%15' 720
in-phase 6.3464 7.5080 -4.5272 7.980
M o
2 outof-\ 4 7902| 06035 51936 7.687
phase
in-phase 6.6860 14.0149 5.4796 6.161
K o
1 ot ol 23,9629 55763 9.3395 5.922
10x10' | 1080 phase
in-phase|  6.2795 75429 -46921] 6.867
M o
2 out-of 4.9361 0.7832|  4.9103| 6.435
phase

Tab 4.2 shows that the short and medium wave components of ocean tides are obvious.
Considering both accuracy and computational efficiency, the appropriate maximum degree
of the ocean tidal load spherical harmonic coefficient model can be selected as 720.

Similarly, from the global surface atmosphere tidal harmonic constant grid models, can
construct the surface atmosphere tidal load spherical harmonic coefficient model by the
spherical harmonic analysis. The 360-degree surface atmosphere tidal load spherical
harmonic coefficient model ECMWF2006cs360.dat in ETideLoad4.5 were constructed
according to the process above from the 0.5°% 0.5° global harmonic constant grids of the
four atmospheric pressure tidal constituents (S;, S, Ss,, Sa). The unit for surface atmosphere
tidal load spherical harmonic coefficient is consistent with that surface atmospherical
pressure tide. The unit in this example is hPa.

Tab 4.3 show the residual change of surface atmosphere tidal load spherical harmonic
analysis with the resolution of surface atmosphere tidal harmonic constant grid or the
maximum degree of load spherical harmonic coefficient model.

Tab 4.3 Residual change of surface atmosphere tidal load spherical harmonic
analysis with the resolution of atmosphere tidal harmonic constant grid

Input grid | Maximum | Nam Tidal First-degree termx107° Relative
resolution | degree e constituent ACy, AC,, 48, error (%)
in-phase -0.3276 -0.7396 -5.3411 4.378
S _of-
! out-of 0.1765| -4.3745| -0.1072 4.335
phase
1°%x1° 180 in-phase -0.0630 0.0080 0.3390 1.238
S _of-
2 out-of 0.1374| 0.5236| -0.1086 1.365
phase

in-phase 0.6526 -3.5846 1.2772 3.841
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Sea %‘;}tazg 6.4837| -2.5040| 2.4911|  1.158
in-phase |  8.2106| -3.5243| 3.5038 1.488
Sa out-of-
hage | 161599| -0.8202| -12.1651 2554
in-phase | -0.3274| -0.7396| -5.3408 2.927
s of.
1 out-of 0.1765| -4.3747| -0.1074 2,617
phase
in-phase | -0.0630| 0.0077| 0.3391 0.848
s of.
2 %‘f]tag‘; 0.1374| 05237| -0.1087| 0903
30'x30" 360 :
in-phase 0.6528 -3.5850 1.2760 1.871
s of.
sa out-of 6.4837| -2.5041| 2.4916 0.646
phase
in-phase |  8.2104| -35242| 3.5038 0.839
S ey
@ out-of- | 16 1506| -0.8291| -12.1654 1.276
phase

Tab 4.3 shows that the medium and long waves of the global surface atmospheric
pressure tide are dominant. Considering both accuracy and computational efficiency, the
appropriate maximum degree of the surface atmospherr tidal load spherical harmonic
coefficient model can be selected from 180 to 360.

(2) Spherical harmonic synthesis and analysis of ocean tidal load effects

The ocean tidal loads are located on the sea surface, and the height of the calculation
point relative to the sea surface is orthometric (or normal) height h.

In the following, three calculation points are selected: P,(105°E, 32°N, h720m) in the
inland area above 400km from the coastline, P,(121.3°E, 28.8°N, h11m) in the coastal zone
and P5(123.47°E, 25.75°N, h3m) on the sea island 200km away from the coastline. The 720-
degree global ocean tidal load spherical harmonic coefficient model FES2014b720cs.dat is
employed to calculate the ocean tidal load effect time series on all-element variations at
these three ground points. The time span of the time series is from January 1, 2020 to
January 31, 2020, with a time interval of 30 minutes. Comparing the similarities and
differences of the ocean tidal load effect time series at three points in different regions, the
spatial and time-varying characteristics of the ocean tidal load effects are analyzed.

Fig 4.3 is the ocean tidal load effect time series on geodetic variations at P, point in the
inland area. It is shown in the figure that even in the inland areas more than 400km away
from the coastline, the difference between the maximum and minimum values of the ocean
tidal load effects on geoid can reach 8mm, that on ellipsoidal height can reach 15mm, that
on normal height can reach 22mm, that on horizontal displacement can reach 8mm, that on
ground tilt can reach 4.5mas, that on radial gravity gradient can reach 2.6mE and that on
horizontal gravity gradient can reach 1.9mE. It can be seen that even in inland areas,
centimeter-level precision geodesy should also take into account the ocean tidal load effects.
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Fig 4.4 is the ocean tidal load effect time series on geodetic variations at P, point on the
coast. It is shown in the figure that the ocean tidal load effect in the coastal zone is generally
10 times that of the inland P, point. At P, point, the difference between the maximum and
minimum values of the ocean tidal load effects on geoid can reach 6.8cm, that on normal
height can reach 20cm, that on ground gravity can reach 250uGal, that on ground tilt can
reach 110mas, that on horizontal displacement can reach 3.1cm, that on horizontal gravity
gradient can reach 42mE and that on radial gravity gradient can reach 30.5mE.
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Fig 4.3 The ocean tidal load effect time series on geodetic variations at P, point in
the inland area
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Fig 4.4 The ocean tidal load effect time series on geodetic variations at P, point on
the coastal zone

Fig 4.5 is the ocean tidal load effect time series on geodetic variations at P3 point on 200
km offshore island. It is shown in the figure that after a certain distance from the shore, the
amplitude of the ocean tide becomes lower, the tidal wave structure is simpler than that of
the near shore, and the medium and short wave parts of the ocean tidal load effect are
weakened. At P; point, the difference between the maximum and minimum values of the
ocean tidal load effects on geoid can reach 6.6cm, that on normal height can reach 16cm,
that on ground gravity can reach 70uGal, that on ground tilt can reach 76mas, that on
horizontal displacement can reach 2.8cm, that on horizontal gravity gradient can reach

2.3mE and that on radial gravny gradlent can reach 3.5mE.
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Fig 4.5 The ocean tldal load effect time series on geodetic variations at P3 point on
offshore island

Different from the solid Earth tidal effects, the ocean tidal load effect on ground normal
height is in phase with that on ground ellipsoidal height (the two sign are consistent). In most
areas, the amplitude of ocean tidal load effect on ground normal height is about 1.5 times
that on ground ellipsoidal height. In coastal waters, the ocean tidal load effects on gravity

gradient and ground tilt are generally much greater than the solid Earth tidal effects on that.

(2) Spherical harmonic synthesis and analysis of surface atmosphere tidal load
effects

In the following, using the same calculation scheme as the ocean tidal load effects, the
360-degree global surface atmosphere tidal load spherical harmonic coefficient model
ECMWF2006n360cs.dat is employed to calculate the atmosphere tidal load effect time
series on all-element variations at the ground point P(105°N, 20°E). The time span of the
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time series is from January 1,2018 to December 31,2020 (3 years), with a time interval of
30 minutes, as shown in Fig 4.6.

It is slightly different from the spherical harmonic synthesis calculation of ocean tidal
load effect. When calculating the indirect influence of atmosphere loads, it is assumed that
the atmosphere loads are concentrated on the ground, and the calculation point height & is
the height of the point relative to the ground. When calculating the direct influence of
atmosphere loads to gravity and radial gravity gradient, it is assumed that there is the
proportional relationship (1 — h/44330)%225 petween atmospheric pressure P, at ground
height h and ground atmospheric pressure P,.

* P(105°N, 20°E) height anomaly (mm) ellipsoidal height (mm) orthometric height (mm) surface atmosphere tide (hPa)

""‘MWMW (L L "“‘“MM ' L

Month/daylyear
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Fig 4.6 The surface atmosphere tidal load effect time series on geodetic variations

Fig 4.6 shows that the difference between the maximum and minimum of the
atmosphere tidal load effect on ground normal height can reach 2cm. For every 1hPa
increases in the ground atmospheric pressure, the ground normal height is reduced by about
1mm, that is, the atmosphere tidal load effect admittance of the ground normal height is
close to —1.0mm/hPa. The annual periodic amplitude of surface atmospheric pressure tide
is 3 ~ 5 times of the diurnal amplitude. In the inland area, the surace atmospheric pressure
is high in winter and low in summer, which leads to the decrease of the ground in winter and
the uplift in summer, resulting in the ground vertical deformation of the annual and semi-
annual period, which should be taken into account in the centimeter-level geodesy.

8.4.3 Regional refinement of Green's integral method for ocean tidal load effects

Taking the global ocean tidal load spherical harmonic coefficient model as the reference
field and using the remove-restore scheme, the accuracy of the ocean tidal load effect can
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be further improved by the regional high-precision and high-resolution harmonic constant
grid models. The scheme can be generally composed of the following five steps, which can
be called as the ‘Remove - load Green’s function integral - Restore’ scheme.

(a) The global ocean tidal load spherical harmonic coefficient model employed as the
reference field and the regional high-resolution ocean tide harmonic constant grid models
are selected, and the regional ocean tide harmonic constant reference value grids are
calculated from the ocean tidal load spherical harmonic coefficient model.

(b) From the regional high-resolution ocean tide harmonic constant grid model, the
reference model value are removed to obtain the regional ocean tide harmonic constant
residual grids. This step is called 'Remove'.

(c) Using a smaller integral radius, the residual value of the ocean tidal load effect at the
target point is calculated using the load Green's function integral.

(d) The reference model value of ocean tidal load effects at the target point is calculated
from the global ocean tidal load spherical harmonic coefficient model.

(e) The refine value of the ocean tidal load effects at the target point is obtained by
adding the residual value of the ocean tide load effects to the reference model value. This
step is called 'Restore’.

In the following, we still select two calculation points of P, (121.3°E, 28.8°N, h11m)
located in the coastal zone and P; (123.47°E, 25.75°N, h3m) on the sea island 200 km away
from the coastline, and the 720-degree global ocean tide load spherical harmonic coefficient
model FES2014b720cs.dat is employed as the ocean tidal load reference field. From the
1.2'x1.2" high-precision ocean tide model TMchinaR1 (J. Xu, J. Y. Bao, 2008) composed of
10 tidal harmonic constant models, the residual value and refine value time series of the
ocean tidal load effect on all-element geodetic variations at these two points are calculated
according to the ‘Remove - load Green's function integral — Restore’ scheme. The time span
of the time series is from 0 : 00 on January 1, 2020 to 24 : 00 on January 31, 2020, with a
time interval of 30 minutes.

Firstly, the 1.2'x1.2" ocean tide harmonic constant model value grids in China offshore
are calculated from the 720-degree ocean tidal load spherical harmonic coefficient model
FES2014b720cs.dat. The number of tidal constituents and the grid specification are the
same as those of the high-precision ocean tide model TMchinaR1 in China offshore. Then,
the 10 tidal harmonic constant grids of TMchinaR1 in China offshore are removed from the
corresponding tidal harmonic constant model value grids to generate the harmonic constant
residual value grids of 10 tidal constituents in China offshore.

Secondly, using the load Green’s function integral with the smaller integral radius
(300km integral radius in this examples), the residual value time series of ocean tidal load
effect on geodetic variations at P, and P; points are calculated from the 1.2'x1.2" harmonic
constant residual value grids of the 10 constituents in the coastal waters of China, as shown
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in Fig 4.7 and Fig 4.8.

Finally, the ocean tidal load effect model value time series at P, and P; are calculated
from the global ocean tidal load spherical harmonic coefficient model, and added with the
ocean tide load effect residual value time series calculated above to obtain the refine value
time series of ocean tidal load effect on all-element geodetic variations at P. and Ps,
respectively. Figure 4.9 is the refine value time series of ocean tidal load effects on geodetic
variations at the P, on the coast.
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Figure 4.7 The residual value time series of ocean tidal load effects on geodetic
variations at the P, in the coastal
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Figure 4.8 The residual value time series of ocean tidal load effects on geodetic
variations at the P; on the seaisland
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It is not difficult to understand that the residual value time series of ocean tidal load
effects on geodetic varitions also represents the error influence of the 720-degree FES2014b
ocean tidal load spherical harmonic coefficient model to geodetic variations. Fig 4.7 and Fig
4.8 show that even for the high-degree ocean tidal load spherical harmonic coefficient model
with good quality of 720-degree FES2014, the model error influence to the normal height in
coastal areas can be as high as 5.9cm, and that to the geoid and ellipsoidal height can reach
1.7cm and 4.1cm, respectively, and that to the ground tilt and horizontal displacement can
reach 23.6mas and 1.6cm, respectively.
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Figure 4.9 The refine value time series of ocean tidal load effects on geodetic
variations at the P, in the coastal zone

o

In coastal areas, the error of ocean tidal spherical harmonic coefficient model has a great
influence to gravity gradient, which is far beyond the magnitude of the ocean tidal load effect
itself. The ocean tidal load effects on gravity gradient are dominant in the ultrashort wave
parts, and the high-degree ocean tidal load spherical harmonic coefficient model
FES2014b720cs cannot contain these ultrashort wave signals in coastal areas. The
calculation results of the residual load effects on gravity gradient are divergent and not
available using load Green's function integral.

8.5 The effects of the Earth's mass centric variations and figure polar shifts

The Earth's mass centric coordinates and figure polar coordinates are both important
geodetic elements with both geometric and physical properties. In the Earth-fixed coordinate
system with arbitrary positioning and orientation, the mass centric coordinates of the
deforming Earth can be uniquely determined by the degree-1 geopotential coefficients
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(€10, C11,S11), and the mechanical figure polar coordinates of the deforming Earth can be
uniquely determined by the degree-2 tesseral harmonic geopotential coefficients (C,4,S5,,).
Therefore, the various tidal and non-tidal effects on Earth's center of mass and figure pole
can be accurately obtained in geodesy.

8.5.1 The tidal effects on the Earth's center of mass and figure pole

The tidal effects on the Earth's center of mass and figure pole are determined by the
tidal effects on the degree-1 and degree-2 order 1 geopotential coefficients, respectively.
The figure polar tidal effect are the sum of the body and load tidal effect of all the degree-2
diurnal tidal wave.

(1) Tidal effect prediction calculation on the Earth's mass centric variations

The solid Earth tide is derived on basis of the mechanical balance theory of the celestial
gravitation and centrifugal force. The Earth's tidal force from the celestial body at the Earth's
center of mass is always equal to zero, so geodesy does not specifically study the solid tidal
effect on the Earth's center of mass. Ocean tides and surface atmosphere tides lead to the
redistribution of surface mass, causing periodic variations of Earth's center of mass.

Section 8.4 has introduced the spherical harmonic synthesis algorithm for ocean and
surface atmosphere tidal load effects. From the degree-1 spherical harmonic coefficient of
each tidal constituent o; in the load tidal spherical harmonic coefficient model, including the
in-phase and out-of-phase amplitudes of the degree-1 term, the variations of Earth’s center
of mass caused by the tidal constituent g; at any epoch time can be calculated. After that,
the contributions of all the tidal constituents are superimposed, which is the tidal load effects
on the Earth's mass centric variations at the epoch time.

Assuming that the in-phase and out-of-phase amplitudes of the degree-1 tidal load
spherical harmonic coefficients of the tidal constituent o; are (AC/y,AC/,AS/T) and
(AC/y, AC]T, AS)Y), respectively, and considering that the degree-1 load potential Love
number is equal to zero, k; = 0, then at any epoch time t, the tidal load effects on the
Earth's mass centric variations can be expressed as:

Axepn(t) = V3R ‘;—WZ?zl[AC_'{fcos(@(t) +&) + AC/; sin(p; () + &)
BYem(t) = VERZLET, |88/ cos(;(6) + &) + AS)sin (¢;(0)) +5]  (5.)
\Azan (€) = VBRE2 BT, [ACL cos(9;(6) + &) + AT, sin(¢;() + &)]

Where, ¢;(t) is the astronomical argument of the tidal constituent o; at the epoch time ¢,
g is the phase bias of g;, n is the number of tidal constituents in the tidal load spherical
harmonic coefficient model, e.g. the 720-degree ocean tidal load spherical harmonic
coefficient model FES2014b720cs.dat constructed in Section 8.2.3 has 34 tidal constituents
including degree-1 terms (n = 34), and the 360-degree surface atmosphere tidal load
spherical harmonic coefficient model ECMWF2006n360cs.dat constructed in Section 8.2.4
has 4 tidal constituents including degree-1 terms (n = 4).
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Here, from the in-phase and out-of-phase amplitudes of the degree-1 terms of 34 tidal
constituents in the model FES2014b720cs.dat in section 8.2.3, the ocean tidal load effect
time series on the Earth's mass centric variations are calculated as shown in Fig 5.1. The
time span of the time series is from July 1, 2016 to July 15, 2016, with a time interval of 30
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Fig 5.1 The ocean tidal load effect time series on the Earth's mass centric variations
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Fig 5.2 The surface atmosphere tidal load effect time series on the Earth's mass
centric variations

Here, from the in-phase and out-of-phase amplitudes of the degree-1 terms of 4 tidal
constituents in the model ECMWF2006n360cs.dat in section 8.2.4, the surface atmosphere
tidal load effect time series on the Earth's mass centric variations are calculated as shown
in Fig 5.2. The time span of the time series is from January 1, 2018 to December 31, 2019
(2 years), with a time interval of 4 hours.

For ocean or surface atmosphere tidal load models constructed from different sources
of observations, the load tidal effects on the Earth's mass centric variations may have some
small differences.

(2) Tidal effect prediction calculation on the Earth's figure polar shift

The rigorous algorithm formulas for determining the figure polar shift (Axsfp,—Aysfp)
from the degree-2 tesseral harmonic geopotential coefficient variations (AC,,,AS,;) with the
geopotential coefficients (C,,,S,,) are as follows:

BAC,, - 6522bA5‘21, Aysfp—+ A521

C20

6522b

Axypp = =LA, (5.2)

Where, b is the short semi-axis of the Earth, AC,,,AS,, take the approximate mean value.
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The solid Earth tidal effects on the degree-2 tesseral harmonic geopotential coefficients
in Section 8.1, namely the degree-2 diurnal body tide cluster (AC,;,AS,,), characterize the
solid tidal effects on the Earth's figure pole. There are frequency dependent in the degree-2
diurnal poetential Love number of the rotating microellipsoidal Earth (48 degree-2 diurnal
tidal constituents are corrected for frequency, as shown in Tab 1.7). The solid Earth tidal
effects on Earth's figure polar shift can be calculated from solid tidal effect on the degree-2
tesseral harmonic geopotential coefficients of 48 degree-2 diurnal tidal constituents.

Similar to the load tidal effects on the Earth's mass centric variations, the algorithm
formulas for predicting the load tidal effects on the Earth's figure polar shift can be derived
from the degree-2 tesseral load tidaI spherical harmonic coefficients:

3pu B(14KY) »r 1[Afj+cos(¢j(t) + &) + AC); sin(o; () + &)]

Mxsrp = = S5pe  C20 +% [AS cos(d)-(t) + e-) + AS_'j_sin(q.')-(t) + s)] 3
j j 21 j j

By, = 2020 Zj 1[A5_2j1+005(¢j (©) + &) + ASS sin($;(0) + )] 5.4)

S5pe  Czo 66“2202 ¥ [AC)  cos(¢; () + &) + ACS; sin(; () + &)]

Where, CJf,AC)T,AS)H,AS] are the in-phase and out-of-phase amplitudes of the degree-
1 order-1 tidal load spherical harmonic coefficients of the tidal constituent o;, respectively,
n is the number of tidal constituents in the tidal load spherical harmonic coefficient model,
for the model FES2014b720cs.dat, n = 34.

Using the same numerical standard and ocean tidal load effect algorithm on geopotential
coefficients in section 8.2.3, the ocean tidal load effect (in unit of m) time series on the figure
polar shift from January 1, 2019 to February 28, 2019 is calculated by the ocean tidal load
model FES2014b720cs.dat (34 tidal constituents), with a time interval of 30 minutes, as
shown in Fig 5.3.

| H'/ Ill I‘ ”““l Hm;«m‘l‘

Axgrp(m) Aygpp(m) Month/day/year |

-20

011019 01724719 (Y)/OWID 02221719

Fig 5.3 The ocean tidal load effect time series on Earth’s figure polar shift in ITRS

Fig 5.3 shows that the ocean tidal load effects on the Earth's figure polar shift are
dominated by diurnal variation, and the difference between the maximum and minimum
values is more than 40m in one month.

Using the same numerical standard and surface atmosphere tidal load effect algorithm
on geopotential coefficients in section 8.2.4, the surface atmosphere tidal load effect (in unit
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of m) time series on the figure polar shift from January 1, 2018 to January 31, 2019 is
calculated by the surface atmosphere tidal load model ECMWF2006n360cs.dat (4 tidal
constituents), with a time interval of 4 hours, as shown in Fig 5.4.

Axs/p(m) Ay.\‘[p(m) Month/daylyear |

4t i
o1o1/18 070218

01/01/19 07/03/19

Fig 5.4 The surface atmosphere tidal load effect time series on Earth’s figure polar
shift in ITRS

Fig 5.4 shows that the surface atmosphere tidal load effect on the Earth's figure polar
shift are dominated by diurnal variation in the short peroid, and the amplitude is decimeter
level. The annual amplitude is large, and the difference between the maximum and minimum
values is more than 7m.

8.5.2 The load effects on the Earth's center of mass and figure pole

Section 8.2 has introduced the non-tidal load spherical harmonic synthesis algorithm for
the change of the Earth's gravity field, including the load effect calculation of the sea level
variations, surface atmosphere variations and land water variations. Among them, the
degree-1 load spherical harmonic coefficient variations in the non-tidal load spherical
harmonic model can be employed to calculate the non-tidal load effects on Earth's mass
centric variations, and the degree-2 tesseral load spherical harmonic coefficient variations
can be employed to calculate the non-tidal load effects on Earth's figure polar shift.

(1) Calculation of non-tidal load effect on the Earth's mass centric variations

Assuming that the degree-1 non-tidal load spherical harmonic coefficient variations are
(ACY, ACY,, ASY), considering k; = 0, the non-tidal load effect on Earth's mass centric

variations can be obtained as follows:
e e e

From the degree-1 load spherical harmonic coefficient variation weekly time series
(ACSE*, ACSE®, ASS2) in the sea level variation load spherical harmonic coefficient model
weekly time series constructed in 8.2.4 section, the Earth's mass centric variation weekly
time series (in unit of mm, relative to the mean center of mass in 2018) are calculated
according to formula (5.5), and the result is shown in figure 5.5. The time span of the time
series is from January 2018 to December 2020.

From the degree-1 load spherical harmonic coefficient variation weekly time series
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(ACHT, ACHT, ASHT) in the surface atmosphere variation load spherical harmonic coefficient
model weekly time series constructed in 8.2.5 section, the Earth's mass centric variation
weekly time series (in unit of mm, relative to the mean center of mass in 2018) are calculated
according to formula (5.5), and the result is shown in figure 5.6. The time span of the time
series is from January 2018 to December 2020.

Axem(mm) Ay (mm) Az, (mm) Month/day/year

07/02/18 0101119 0703119 0101720 07/02/20
Fig 5.5 The sea level variation load effect time series on Earth's mass centric
variation (relative to the mean center of mass in 2018)
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Fig 5.6 The surface atmosphere variation load effect time series on Earth's mass
centric variation (relative to the mean center of mass in 2018)

From the degree-1 load spherical harmonic coefficient variation weekly time series
(ACER®, ACH, ASI) in the global land water variation load spherical harmonic coefficient
model weekly time series constructed in 8.2.6 section, the Earth's mass centric variation
weekly time series (in unit of mm, relative to the mean center of mass in 2018) are calculated
according to formula (5.5), and the result is shown in figure 5.7. The time span of the time
series is from January 2018 to September 2020.

DX e (MM) AY i (MM) AZ iy Month/daylyear

07/02/18 01/01/19 07/03/19 0120120 07/02/20
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Fig 5.7 The global land water variation load effect time series on Earth's mass
centric variation (relative to the mean center of mass in 2018)

Fig 5.5 ~ Fig 5.7 show that in the non-tidal load effects on Earth's mass centric variation,
the difference between the maximum and minimum values of the load effect of sea level
variations reaches 10mm, that of land water variations reaches 5mm, and that of surface
atmosphere variations exceeds 10mm.

(2) Calculation of non-tidal load effect on the Earth's figure polar shift

The algorithm formula of the degree-2 tesseral non-tidal load spherical harmonic
coefficient variations (ACY;,ASY,) expressed by the degree-2 tesseral harmonic
geopotential coefficient variations (AC,;,AS,;) is:

ACy, = %(1 +kSACY, AS,, = 3;’7"” (1 + ky)ASY, (5.6)

Substituting Formula (5.6) into Formula (5.2), the non-tidal load effect algorithm formulas
on the figure polar shift can be obtained from the degree-2 order-1 non-tidal load spherical
harmonic coefficient variations (ACY}, ASY,).

3pw b 6S.
Axsp, = =222 (1 + ky) (VBACH + S2AS3) (5.7)
6522

Aygpp = +ﬂi(1+k2 (\/_A521_—_ 2‘41) (5.8)

From the degree-2 order-1 sea level variation load spherical harmonic coefficient
variation weekly time series (AC5¢%, AS5¢%) in 8.2.4 section, the Earth's figure polar shift
weekly time series (in unit of m, relative to the mean figure pole in 2018) are calculated
according to formulas (5.7) and (5.8), and the result is shown in figure 5.8. The time span of
the time series is from January 2018 to December 2020.

Axgpp(m) Ayspp(m) Month/daylyear

07/0218 01o1n9 07/03/19 01/01720 07K;2/20
Fig 5.8 The sea level variation load effect time series on Earth's figure polar shift in
ITRS (relative to the mean figure pole in 2018)

From the degree-2 order-1 surface atmosphere variation load spherical harmonic
coefficient variation weekly time series (ACZ“” AS‘”T) in 8.2.5 section, the Earth's figure
polar shift weekly time series (in unit of m, relative to the mean figure pole in 2018) are
calculated according to formulas (5.7) and (5.8), and the result is shown in figure 5.9. The
time span of the time series is from January 2018 to December 2020.

From the degree-2 order-1 global land water variation load spherical harmonic
coefficient variation weekly time series (AC4, ASIH4) in 8.2.6 section, the Earth's figure
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polar shift weekly time series (in unit of m, relative to the mean figure pole in 2018) are
calculated according to formulas (5.7) and (5.8), and the result is shown in figure 5.10. The
time span of the time series is from January 2018 to September 2020.
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Fig 5.9 The surface atmosphere variation load effect time series on Earth's figure
polar shift in ITRS (relative to the mean figure pole in 2018)
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Fig 5.10 The global land water variation load effect time series on Earth's figure
polar shift in ITRS (relative to the mean figure pole in 2018)

The statistical results show in the non-tidal load effects on Earth's figure polar shift, that
the difference between the maximum and minimum values of the load effects of sea level
variations is more than 4m, that of global land water variations is 1.2m, and that of surface
atmosphere variations is more than 14m.

8.5.3 Earth's mass centric variation effects on all-element geodetic variations

The coordinates of the Earth's center of mass are geodetic elements with global spatial
scale, and the Earth's center of mass is the degree-1 term of the mechanical equilibrium
figure of the deforming Earth. The variations of the Earth's center of mass measured by the
SLR have generally removed the ocean and atmosphere tidal load effects, which represent
the deformation of whole Earth system excited by the non-tidal load variations, thus affecting
various geometric and physical geodetic elements in the whole Earth space, rather than
simply showing the ground site displacement of pure geometric elements.

The variations (Axy,, Ayem, Az.,) Of the Earth's center of mass can be determined by
measuring the degree-1 geopotential coefficient variations (AC,, AC;,,AS;;) according to

the following formula:
AXem = V3RACy,, Ayen =V3RASy,, Az, =v3RAC, (5.9)
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In Formulas (2.8) ~ (2.20), let n =1, considering P;,(cos8) = /3cos8, P,;(cosd) =
v/3sinf, we can obtain the algorithm formulas of the Earth's mass centric variation effects on
geodetic variations from the SLR measured variations of the Earth's center of mass. Among
them, the algorithm formula of the Earth's mass centric variation effect on height anomaly at
(r,0,1) is:

GM a

Al(r,0,1) = —~— (Axcmcoslsme + Ay, SinAsind + Az, cos6) (5.10)

The algorithm formula of the Earth's mass centric variation effect on ground gravity is@:
Ags(r,6,1) = ZG—Ma (1 + 2h7) (Ax  cosAsind + Ay, sindsin@ + Az, cos8) (5.11)

Where, h; is the degree-1 load radial Love number.
The algorithm formula of the Earth's mass centric variation effect on gravity (disturbance)
outside the solid Earth is:
Agé(r,0,1) =

M (Axcmcoslsme + Ay SinAsind + Az, cos0) (5.12)

The algorithm formula of the Earth's mass centric variation effect on ground tilt is@):
South: Aé5(r,0,1) =
e sm 6 (1 — h)(Ax pcos8cosA + Ay, sin 8 sind — Az, sinf) (5.13)

GMa
3R

West: AnS(r,0,1) = —-=(1 — h})(AxpSind — Ay, cost) (5.14)

The algorithm formula of the Earth's mass centric variation effect on vertical deflection
outside the solid Earth is:
South: A¢® = ——sm 0 (Axcmcosecosl + Ay sin 0 sind — Az, sinf)  (5.15)

West: Ans(r,0,1) = (Axcmsm/l AYmCOSA) (5.16)

The algorithm formula of the Earth's mass centric variation effect on ground site

displacement is@):
GM a

East: Ae(r, 0,1) = ———11 (Ax o sind — Ay, cosA) (5.17)
North: An = — llslnH (AxpcosOcosA + Ay, cosOsind — Az, sinf)  (5.18)
Radial: Ar(r,0, /1) = ﬂgh1 (AxpcosAsing + Ay, sinAsin® + Az, cos0)  (5.19)

Where, [ is the degree-1 load horizontal Love number.
The algorithm formula of the Earth's mass centric variation effect on gravity gradient
outside the solid Earth is:
Radial: AT,.(r,6,4) =

soMa (Axcmcoslsme + Ay, sinAsing + Az, cosf) (5.20)

GMa

North: ATyy(r,6,1) = (Axcmcos/lsme + Ay, sindsing + Az, cos8)  (5.21)

GMa

West: ATWW(T 0,1) = (Axcmsmxl + Ay, cosA) (5.22)

In the above expressions, the Earth's mass centric variation effects on the geodetic
variations marked @ are valid only when their sites are fixed with the solid Earth, and that
on the remaining geodetic variations are suitable on the ground or outside the solid Earth.
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In the following, using the Earth's mass centric variation time series from Center for
Space Research in University of Texas in USA (UT/CSR) from LAGEOS-1/2, Stella, Starlette,
AJISAI, BEC and LARES Satellite Laser Ranging (SLR) measured, the Earth's mass centric
variation effect time series on various geodetic elements at the ground point P (105°E, 32°N,

H720m) are calculated according to the formulas (5.10) ~ (5.22) as shown in Fig 5.11 and
Fig 5.12, with the mean radius R = 6371000m of the Earth and h; =-0.2871, [; =0.1045.
The time span of the time series is from January 2018 to December 2022 (5 years).

Earth's mass centric variation Ax.,,mm Ay.,mm Az, mm height anomaly (mm) orthometric height (mm)

% Month/daylyear

Fig 5.11 The Earth's mass centric variation and their effect time series on the geoid
and normal height at the ground point P

Gravity disturbance (uGal) horizontal displacement (E, N, mm) radial gravity gradient (10pE) 4

Month/day/year

010118 010119 010120 o121 010122

Fig 5.12 The Earth's mass centric variation effect time series on the geodetic
variations at the ground point P

The Earth's center of mass is a typical geodetic element and its variation effects on
various geodetic elements objectively exist, while the center of crustal shape is fictitious, and
the geodetic elements are not affected by this fictitious center of crustal shape. So it is
recommended to dilute the concepts of center of crustal shape and center of mass of solid
Earth. In the calculation of the load Green's function integral and load spherical harmonic
synthesis, only the Earth's mass centric load effects are considered, and the degree-1 load
potential Love number is therefore always equal to zero, namely k; = 0.

8.5.4 Earth's figure polar shift effects on all-element geodetic variations

The Earth's figure polar shift (Axgs, = bAu,, Ayss, = —bAu,) can be determined by
measuring the degree-2 tesseral harmonic geopotential coefficient variations (AC,q, AC,,)
as follows:

Axg V3 . = N
My == = == ACyy, Ay = —Ayspp/b = — =05y (5.23)

Here, the geopotential coefficients C,, and S,, can be the mean values.
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From Formula (5.23), we have:
= = C.
ACy = ;b Mgy, ASy = ZAysp (5.24)

Substitute Formula (5.24) into Formula (5.6), and have:

~w _ _ 5Cz0 cw _ 5C0 _ pe
Ath = R (1+kz)Pw Aspp, AS71 = 3v3b (1+k)) pw Ayspp (5.25)

Then substitute the formula (5.25) into the formulas (2.8) ~ (2.20), and letn =2, m =1,
considering B,,(cos8) = V15sinfcosd, we can obtain the algorithm formulas of the Earth's
figure polar shift effects on geodetic variations from the measured figure polar shift. Among
them, the algorithm formula of the Earth's figure polar shift effect on height anomaly at
(r,08,1) is:

V5GMa? C. : ;
2yr3a % (Axsfpcosl - AysfpsmA)SLnZB (5.26)

Al(r,0,1) = —

Where, C,, is the degree-2 zonal geopotential coefficient, and the approximate mean value
is taken.
The algorithm formula of the Earth's figure polar shift effect on ground gravity is@):

_ 3k
3v5G6Ma? Cyg 1-72+h§
2t b 1+k)

4g°(r,0,4) = — (Axgp,cosA — Ay, sind)sin26 (5.27)

Where, k3, h; are the degree-2 load potential and radial Love number, respectively.
The algorithm formula of the Earth's figure polar shift effect on gravity (disturbance)
outside the solid Earth is:
Ag5(r,9,/1)

3\/—GMa Cao
2r4

(Axs FpCOSA — AygppsinmA)sin26 (5.28)

The algorithm formula of the Earth's figure polar shift effect on ground tilt is@):

South: Aé5(r,0,1) = \/_f:ia CZO 1+1112k,h2 (Axgppsind + Aysspcosd)cosd®  (5.29)

_ VBGMaZ Gy 1+kp—hy . .
yr4a ZO 1+2k, 2 (AxppcosA — Ay, sind)sinfcos26 (5.30)

West: An®(r,0,1) =

The algorithm formula of the Earth's figure polar shift effect on vertical deflection outside
the solid Earth is:
South: Aé(r,0,1) = —

\/EGMa2 Ca0

= (Axsfpsinxl + Aysfpcos/l)COSH (5.31)

West: An(r, 6, 1) = ”M“ fzo

(AxS FpCOSA — Ay, fpsmA)SLnGCOSZH (5.32)

The algorithm formula of the Earth's figure polar shift effect on ground site displacement

is@:

V5GMa? Cao 1
yr3 b 1+k}

V5GMa? Cao 1
yr3 b 1+kj

V5GMa? Cao h2
2yr3 b 1+k’

East: An(r,0,1) = (Axsf,,cosl - Aysfpsinl)sinGCOSZH (5.33)

North: Ae(r,8,4) =

(Axsppsind + Aysspcosd)cosd (5.34)

Radial: Ar(r,0,1) = —

(Axsfpcosl - Aysfpsinl)sinZH (5.35)

Where, [} is the degree-2 load horizontal Love number.
The algorithm formula of the Earth's figure polar shift effect on gravity gradient outside
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the solid Earth is:
Radial: AT, (r,0,1) =

_ 6V/5GMa? Cao

(AxppcosA — Aygppsind)sin26 (5.36)

rs b
)
North: ATy (r,0,1) = 2\/§Tc;v1a %(Axsfpcos/l — Aygspsind)sin26 (5.37)
) -
West: ATy, (1,0,1) = — ﬁi#%’ (Axsfp cosA — Aysfpsinl)ctge (5.38)

In the following, using the the degree-2 tesseral harmonic geopotential coefficient
variation monthly time series (the 5 years of mean removed) from Center for Space
Research in University of Texas in USA (UT/CSR) from LAGEOS-1/2, Stella, Starlette,
AJISAI, BEC and LARES Satellite Laser Ranging (SLR) measured, the Earth's figure polar

AC,1(0.5%107°) AS,;(0.5%107%%) Ax,p,(m) Aygp,(m)in ITRS Month/daylyear
AL

3
010118 0101119 0170120 010121 0101722

Fig 5.13 The degree-2 tesseral harmonic geopotential coefficient and figure polar
coordinate variation time series in ITRS from SLR measured

Taking the degree-2 load Love number k; = —0.3058, h; = —0.9946 and [; = 0.0241,
the Earth's short semi-axis b = 6356751.655m and the degree-2 zonal harmonic
geopotential coefficient C,, = —4.84165 x 10™*, the time series of the Earth's figure polar
shift effects on various geodetic elements at the ground point P (105.0°E, 32.0°N, H720m)
are calculated according to formulas (5.26) ~ (5.38) from the coordinate variation time series
of Earth's figure pole, as shown in Fig 5.14. The time span of the time series is from January
2018 to December 2022 (5 years).

Vertical deflection (S, W, mas) horizontal displacement (E, N, mm) horizontal gravity gradient (N, W, 10pE) Month/daylyear
\

010118 0101119 0101720 010121 010122
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Fig 5.14 The time series of Earth's figure polar shift effects on various geodetic
elements at the point P

Fig 5.14 shows that although the Earth's figure polar shift itself can reach the meter level,
the resulting effect on geoid is not greater than 2mm. The Earth's figure polar shift effects on
horizontal geodetic elements such as ground horizontal displacement, vertical deviation or
horizontal gravity gradient are small and can be generally ignored.

8.6 Earth’s rotation polar shift effects on geodetic variations and tidal effects on EPR

The instantaneous Earth's rotation axis is inconsistent with the mean Earth's figure axis,
which leads to the change of the centrifugal force potential in Earth space with time. The
variation of the centrifugal force potential excites solid Earth deformation, causing the
redistribution of the mass inside the Earth and generating the associated geopotential.

8.6.1 Earth’s rotation polar shift effects on geodetic variations

The variation of centrifugal force potential in the Earth space caused by the Earth's
rotation polar shift is the direct influence of the Earth's rotation motion to geopotential
variation, which can be expressed by the direct influence of the Earth's rotation polar shift
on the degree-2 tesseral harmonic geopotential coefficient variation ACH + iASH .
Considering the relationship between the long-peroid Love number k, and the degree-2
zonal geopotential coefficient C,,, we have:

= . V3 = . 1 w?a®
ACH +IASE == Coo(my + imy) = — ==-m (6.1)

Where, m = m, + im, is the complex form of Earth's rotation polar shift (in unit of radian),

and w is the angular rate of Earth's rotation.

The variation of centrifugal force potential caused by the Earth's rotation polar shift
furtherly excites the deformation of the solid Earth and produces the associated geopotential,
which is usually characterized by the degree-2 diurnal body tidal Love number k,;. The
indirect influence of the centrifugal force potential to the degree-2 tesseral harmonic
geopotential coefficient is as follows:

ACHH +i83t =

1 w?ad

Vis oM 21

V3kyy
ko

C_‘zom = m (6'2)

The Earth's rotation polar shift effects on the degree-2 tesseral harmonic geopotential
coefficient are equal to the sum of the direct effects (non-conservative) and indirect effects
(conservative) of the centrifugal force potential, that is:

ACy; +iAS,, = (ACET + ACE) + i(S9y + St

1 w?a3

=TV oM
Similar to the solid Earth tidal effect algorithm formulas, The Earth's rotation polar shift

(A + ky)m (6.3)

effect algorithm formulas on various geodetic elements can be obtained. Considering
P (cos8) = \/15sinfcos6, the algorithm formula of the Earth's rotation polar shift effect on
height anomaly at (r,0,1) is:
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Al(r,0,1) = (; ( ) (1 + k21)(AC TcosA + ASH sinA)P,, (cosH)

(6.4)
Where, e = cosA + isinl and m* = m; — im, is the complex conjugate of Earth's rotation
polar shift m.
The algorithm formula of the Earth's rotation polar shift effect on ground gravity is@®:
3 w?a® 3 . QA
Ags = _Ewr—f( — ko + h21) m*esin26 (6.5)

The algorithm formula of the Earth's rotation polar shift effect on gravity (disturbance)
outside the solid Earth is:

Ag® = —Ew @’ — (1 + ky)m*etsin20 (6.6)

The algorithm formula of the Earth's rotation polar shift effect on ground tilt is@:
South: §&° = — hy))m*e*sinBcos26 (6.7)
West: 6n° = — — hy)m*e!A"/2cosh (6.8)

The algorithm formula of the Earth's rotation polar shift effect on vertical deflection
outside the solid Earth is:
South: A¢ =

(6.9)

West: An = m*eiA=m/2)cos0 (6.10)

The algorithm formula of the Earth's rotation polar shift effect on ground site
displacement is@:

2,5 .
East: Ae = %lmm*el@—"ﬂ)cose (6.11)
2,5 .
North: An = %lmm*el’lsinecosZH (6.12)
Radial: Ar = — (6.13)

The algorithm formula of the Earth's rotation polar shift effect on gravity gradient outside
the solid Earth is:

Radial: AT,, = —w @ (1 + kyy)m*esin26 (6.14)
North: ATyy = 20%a? (1 + ky)m*e*sin26 (6.15)
West: ATy, = *ettctgh (6.16)

In the above expressions, the Earth's rotation polar shift effects on the geodetic
variations marked @ are valid only when their sites are fixed with the solid Earth, and that
on the remaining geodetic variations are suitable on the ground or outside the solid Earth.

Taking the degree-2 tesseral body-tidal Love number k,; = 0.3077 + 0.0036i, h,; =
0.6207 and l,; = 0.0836, the time series of Earth's rotation polar shift effects on various
geodetic elements at the ground point P (105.0°E, 32.0°N, H720m) are calculated according
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to formulas (6.4) ~ (6.16) from the IERS Earth orientation parameters (EOP) time series, as
shown in Fig 6.1. The time span of the time series is from January 2018 to December 2022
(5 years). In Fig 6.1, the 5-year mean value of the time series of Earth's rotation polar shift
is removed, and the Earth's rotation polar shift (m;,m,) have been converted into the
Earth's rotation polar coordinate variations (Axp =mb,Ay, = —mzb) (in unit of m) in the
ITRS (x and y axes in the Earth-fixed rectangular coordinate system).

Earth's rotation polar shift Ax,m, Ay,m in ITRS height anomaly (mm) ground gravity (uGal) orthometric height (mm) radial gravity gradient (10pE) 1
y

Month{day/year

o1ns 010Ny o1/01720 010121 01101722

Fig 6.1 The time series of Earth's roration polar shift effects on various geodetic
elements at the point P

Fig 6.1 shows that although the Earth's rotation polar shift itself can reach the meter
level, the resulting effect on geoid or ground normal height is only in mm level, that on ground
gravity is pGal level, that on radial gravity gradient is 10uE level, that on horizontal geodetic
elements are small and can be generally ignored.

8.6.2 Self-consistent equilibrium ocean polar tide effects

It is generally believed that the ocean polar tide is the manifestation of the centrifugal
force of rotation polar shift on the ocean, and its main periodic constituents are about 433
days of Chandler wobble and annual variation. In these long periods, the ocean polar tide
load is expected to have an equilibrium response, that is, the displacement of the ocean
surface is expected to be balanced with the equipotential surface acted by the centrifugal

force.

(1) Radial displacement, sea surface height and the rotation polar shift effect on
geopotential

Assuming that the centrifugal force of rotation polar shift is AY., the ground radial
displacement is generated under the action of the radial Love nhumber h,, and then the
Earth's rotation polar shift effect on the radial displacement can be expressed as:
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r,(0,2,t) = Z—zwc = H,Re(m" (t)h,Py; (cos0)e?) (6.17)

A w?R? 8T w?R* 8T w?R% 8m 3
Hp= £ == == ,—R*=—"A (6.18)
peR GM V15 GM V15 go 5 peR

Where, H, is the scale factor of the Earth's rotation polar shift effect on radial displacement,
go = GM/R? is the mean ground gravity, and H, = 0.1385m when the rotation polar shift
parameter m(t) is in unit of angular seconds (as or ").

Similar to the expression of ocean tidal height, the Earth's rotation polar shift effect
£,(0,,t) on sea surface height can be expressed using the ocean spatial admittance
function Z(6,1) as follows:

#,(0,A,t) = HyRe[m*(t)Z(6,1)] (6.19)

After introducing the scale factor H,, the ocean admittance function Z(6,1) becomes a
normalized (dimensionless) spatial harmonic function, which can be decomposed into the
spherical harmonic series as follows:

Z(0,0) =X0_0Z,(0,2) (6.20)

The Earth's polar shift effect £,(6,4,t) on sea surface height also associates the re-
adjustment of ocean mass and geopotential variations on sea surface. This is the direct
influence of sea surface height variation induced by rotation polar shift to the geopotential,

which can be expressed as:
U0,4,t) = Xn=o Un(0,4, 1) = HygoRe[m™(t) Xyi=o anZy (0, 1] (6.21)
3 pw
2n+1 pg

The direct influence U, of geopotential produces the associated potential under the

Here, «a, =

action of the load potential Love number k;,,, so we have:
Ug(0,4,1) = Xi_oknUn (6,4, 1) = HygoRe[m" () X3zo knanZy, (6, 1] (6.22)
The ocean polar tide effect on the geopotential is equal to the sum of the direct influence
of sea surface height variation induced by rotation polar shift to geopotential and the

associated potential, namely
U,(0,4,t) =Yr o1+ k;)U, (6,4,1)
= HpgoRe[m"(t) n-o(1 + kn)anZ, (6, 1] (6.23)

(2) Self-consistent equilibrium ocean polar tide effects on geopotential
coefficients

On the two maximum long-period constituents of the solid Earth tide, the ocean is likely
to have a long-wave response corresponding to the equilibrium response. As the period
increases, the deviation of this response from the equilibrium state is smaller. The
equilibrium ocean polar tide effect assumes that the instantaneous ocean surface is a gravity
equipotential surface, that is, the instantaneous ocean surface and equipotential surface are
in an equilibrium state, and then the equilibrium displacement of the ocean surface relative
to the seabed is determined by subtracting the polar tide effect from the sea equipotential
surface.

201



The equilibrium ocean polar tide admittance function Z¢ is proportional to the ground
tilt tidal factor (namely sea surface height tidal factor) y, =1+ k, — h,, which can be
expressed as the product of the normalized equilibrium admittance function E¢ and ground
tilt tidal factor y,.

Z€(8,1) = y,E°(8,1) (6.24)

E(0,2) = X3-0 ES(8,2) = 0(8, M)[P,1(cosB)e™ + K¢] (6.25)

Where, 0(6,2) is an ocean function, 0(8,1) =1 when (6,1) is located in the ocean area,
and 0(8,1) =0 when (6,1) is located on land.

The complex constant K¢ is employed in the equation (6.25) to maintain the mass
conservation of the classical equilibrium ocean polar tide. Assuming that the ocean has a
constant density, the zero-degree spherical harmonic component of the ocean polar tide
should be equal to zero, namely Z§ = E§ = 0.

The self-consistent equilibrium ocean polar tide response function Z5(8,21) after
considering the rotation polar shift centrifugal potential and its associated potential is also
proportional to the ground tilt tidal factor y, = 1 + k, — h,, which can be expressed by the
normalized self-consistent equilibrium admittance function E* as:

7Z5(6,1) = y,ES(6,2) (6.26)

ES(8,1) = X320 Es = 0(8, )[P1(cosB)e™ + X o vnanEs + K] (6.27)

Where, K°® is a complex constant, which is employed to maintain the self-consistent

balance of ocean polar tide mass conservation. y, = 1 + k,, — h;, is the degree-n load tidal
factor of ground tilt.

The spherical harmonic components of the normalized admittance functions ES and ES
are defined from the coefficients (4,., + iB,,) as the following spherical harmonic series:

EO,1) = X0 Xme—n Pinjm(c0s0) (Apm + iBpp)e™ (6.28)

The first and second terms of Equation (6.27) can be considered as the first and second
terms of the self-consistent equilibrium pole tide, so the normalized admittance can be
calculated by using the iterative scheme of ES = ES in the first iteration.

Let A,,, = AR, +iAl,., B., =BR, +iBl, be the degree-n order-m ocean polar tide
load coefficients in self-consistent equilibrium state, then the direct influence of ocean polar
tide loads to normalized geopotential coefficients can be expressed by the Earth's rotation
polar shift parameters (m,,m,) (Desai, 2002) as follows:

ACypm A R i o [Anm R /
s = Rp |5k | ays + may) + | 77| (mpys — myyz) (6.29)
ASpm Bam Bam
_ w?R* 4mGp,, _ »?R%4mGpy, R il
nTGM go(2n+1)  gZ  2n+1 Y2 = Y2 T1y2 (6.30)

Here, from the IERS Earth orientation parameters (EOP) time series and the 360-degree
self-consistent equilibrium ocean polar tide load coefficient model (Desai, 2002) in IERS
conventions (2010), the time series of ocean polar tide effects on various geodetic elements
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are calculated at the point P (121.3°E, 28.8°N, H11m) in the coastal zone as shown in Fig
6.2. The time span of the time series is from January 1,2018 to December 31,2022 (4 years),
with a time interval of 1 day. Where, the calculation subroutine for formula (6.29) can be

obtained from the IERS website.

Height anomaly (mm) ground tilt (S, W, mas) ellipsoidal height(mm) or&Aometric height (mm)

Ground gravity(uGal) gravity disturbance (pGal)k Fhorizontal displacement (E, N, mm)

/4)nthldaylyear
g 0LV w20 ozt o2

Fig 6.2 Ocean polar tide effect time series on geodetic variations at the point P in the
coastal zone area

The ocean polar tide effects on geodetic variations are small, which can be ignored for
general geodetic cases.

8.6.3 Various tidal effects on the Earth rotation parameters

(1) Zonal harmonic tidal effects on length of day and Earth's rotation rate

The response of the solid Earth to the zonal harmonic tidal potential causes the periodic
variation of the principal moment of inertia, and then the amplitude of the Earth's rotation
motion is amplified and the scale factor of the rotation rate is changed according to the
conservation principle of angular momentum.

The Earth's tidal generating potential V; from the celestial body at the ground point P
(6,1) can be expanded into a spherical harmonic function series as:

Vo(P) = GM 5., o Py (cosi) (6.31)

Where, 1 is the geocentric angle distance between the ground point P (6,1) and celestial
body (r,0,4), and (r, 0, A) is the spherical coordinates of the celestial body in the Earth-
fixed coordinate system, they all change with time. The degree-2 tidal potential can be
decomposed into three groups of spherical harmonic functions as follows:

VG,ZO(P) = GMj_szo(COSQ)on(COSO) (632)
V21(P) = %GMZ—:Pu(cosH)Pm(cos@)cos(A - 1) (6.33)
Vg 22(P) = % GM :—zPZZ(COSQ)PZZ(COS@)COSZ A=-2 (6.34)

The formulas (6.33) and (6.34) contain the tesseral and sector harmonic functions,
respectively, to describe the semidiurnal and diurnal variations of short-period tides, while
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the formula (6.32) contains the zonal harmonic function, which only depends on the
geocentric colatitude @ of the celestial body and changes slowly, so it is employed to
describe the medium and long-period tidal waves.

The main periods of the zonal harmonic tides on the Moon are 14 days M, and 28 days
M,,, and the main periods of the zonal harmonic tides from the Sun are semi-annual S,
and annual S,. These zonal harmonic tides are the largest terms that cause changes in the
length of day (LOD).

Considering the frequency dependent corrections of long-period Love number k,,(o)
from the mantle anelasticity, taking the scale factor k/c,, = 0.94 (c,, = 0.293 is the polar
moment of inertia coefficient of the mantle), the Earth rotation long-period tidal change
correction algorithm formulas (IERS conventions, 2010) with the periods of 5 days to 18.6

years are:
AUT1 = msAy = — X52,(A;sing; — Bicos ;) (6.35)
ALOD = Y82 (Ajcos¢; — Bsing;) (6.36)
Aw = Y82, (A} cos¢; — B}'sing;) (6.37)

Where, 4;, B;, A;, B, A/, B{' arethein-phase amplitude and out-of-phase amplitude of
the long-period tidal constituent with frequency g;, respectively, as shown in column 7-12 of
tab 6.1 (omit the tidal waves with all 6 coefficients less than 1.0), and ¢; is the astronomical
argument of the long-period constituent ¢;, which is calculated by the basic Delaunay
variables (columns 1~5 in the tab 6.1) or the Doodson number.

Tab 6.1 Zonal harmonic tidal effect corrections on length of day and rotation rate

Delaunay variables | period AUT1 ALOD Aw

LU |F|D|q| (day) A; B; A B; Al B/’

of 0] 2| 2/ 2 7.10 -0.1231| 0.0000f 1.0904| 0.0000{ -0.9203| 0.0000
1 0| 2| of 1 9.12 -0.4108| 0.0000f 2.8298| 0.0000( -2.3884| 0.0000
1| 0| 2| Oof 2 9.13 -0.9926| 0.0000f 6.8291| 0.0000( -5.7637| 0.0000
-1l ol 2| 2| 2 9.56 -0.1974| 0.0000{ 1.2978| 0.0000( -1.0953| 0.0000
o O0f 2 0 O 13.61 -0.2989| 0.0000f 1.3804| 0.0000| -1.1650{ 0.0000
o O0f 2/ 0 1 13.63 -3.1873| 0.2010| 14.6890| 0.9266| -12.3974| -0.7820
o O 2| 0 2 13.66 -7.8468| 0.5320| 36.0910| 2.4469| -30.4606| -2.0652
2l 0/ O 0 O 13.78 -0.3384| 0.0000f 1.5433| 0.0000{ -1.3025| 0.0000
0O 0/ Oof 21 O 14.77 -0.7341| 0.0000f 3.1240| 0.0000( -2.6367| 0.0000
-1l ol 2| 0] 2 27.09 0.4352| 0.0000{ -1.0093| 0.0000| 0.8519| 0.0000
1 0| 0o 0Of -1 27.44 0.5339| 0.0000|{ -1.2224| 0.0000| 1.0317| 0.0000
1 O Of 0] O 27.56 -8.4046| 0.2500| 19.1647| 0.5701| -16.1749| -0.4811
1 0 Of 0 1 27.67 0.5443| 0.0000{ -1.2360| 0.0000| 1.0432| 0.0000
-1 0 Of 2 O 31.81 -1.8236| 0.0000| 3.6018| 0.0000| -3.0399| 0.0000
ol 1| 2| -2| 2| 121.75 -1.8847| 0.0000f 0.9726| 0.0000| -0.8209| 0.0000
0| 0] 2| -2 1| 177.84 1.1703| 0.0000| -0.4135| 0.0000{ 0.3490, 0.0000
0ol O] 2| -2| 2| 182.62 -49.7174| 0.4330| 17.1056| 0.1490| -14.4370| -0.1257
0| 1| Of 0| 0| 365.26| -15.8887| 0.1530| 2.7332| 0.0263| -2.3068| -0.0222
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0 0 O O
0O 0 O O

N

-3399.19 7.8998| 0.0000| 0.1460| 0.0000| -0.1232| 0.0000
-6798.38| -1617.2681| 0.0000| -14.9471| 0.0000| 12.6153| 0.0000

[EEN

(2) Long-period ocean tidal correction for the Earth's rotation polar shift and
effective excitation

The long-period term of the rotation polar shift mainly includes the half-Chandler, semi-
annual, seasonal, month and fortnight period, etc., as well as the quasi-two-year and 300-
day period. The motion equations of the unforced rotation expressed by the effective angular

momentum function are:
ALOD(t)

2O =m' (@) + i’ (©), Pa(6) = —mg(t) = =5 (6.38)
2O = 1O + O, m©) = my (@) + im; () (6.39)

(1) = 5= [h (O + (1 + kol (D]
20 = 5= @ + (L + k) wbs (0] (6.40)

0.997

t)(3(t) = o [h3(£) + 0.750wl35(t)]

Here, m*(t) is the complex conjugate of m(t), o, is the complex frequency of Chandler's
wobble, A, = 86400s is the mean day of length, y(t) is the effective angular momentum
(EAM) function of rotation polar shift, h(t) = [h,(t), h,(t), h3(t)] is the relative angular
momentum of matter motion in Earth's interior, ¢ and A are the main moments of inertia of
the Earth, and w is the mean angular rate of rotation.

The effective angular momentum function y(t) = [x,(t), x2(t), x3(t)] in Formula (6.40)
mainly includes two parts: the change AI of inertia tensor caused by the mass redistribution,
and the change Ah of relative angular momentum caused by the velocity of matter
movement in Earth's interior. Four coefficients are introduced in the formula (6.40), 1.608 is
the amplitude amplification factor considering the mantle anelasticity and liquid core effect,
0.750 is the scale factor of the rotation rate change considering the ocean motion friction
and drag effect of the viscosity of the mantle, 0.997 indicates that the rotation centrifugal
force reduces the rotation rate by 0.3%.

Tidal correction algorithm formulas for Earth's rotation polar shift and effective angular
momentum with the periods of 9 days to 18.6 years are as follows:

m*(t) = my(t) — imy(t) = A,elPO+op] 4 4 eil-0@+or] (6.41)
X() = 21(0) + ixz (£) = ApelPO*opl 4 g ell-¢O+er] (6.42)

Here, ¢(t) is the astronomical argument, A,, ¢, are the prograde harmonic amplitude and
phase of the long-period ocean tidal effect excited by the rotation polar motion or effective
angular momentum, respectively, and A,, ¢, are the retrograde harmonic amplitude and
phase of that, respectively.

Tab 6.2 Long-period ocean tidal correction for the Earth's rotation polar shift and
effective excitation

‘ ‘Delaunayvariables‘ ‘ Correction for polar shift m Correction for EAM y
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L|U|F|D|lQ Fzsg)(:)d Appas | @,° |Aypas| @° Appas | @p° | Aypas | @°
men| 1| O 2/ 0] 1 9.12| 4.43|-112.62| 5.57| 21.33| 205.83| 67.21| 269.95 21.17
M| 1| O 2| 0] 2 9.13| 10.72|-112.56| 13.48| 21.3| 497.59| 67.27| 652.59| 21.14
ms| O O 2| 0] 1| 13.63| 27.35| -91.42| 30.59| 13.31| 841.32| 88.42/1002.12| 13.15
Mg| O] O] 2/ 0] 2| 13.66| 66.09| -91.31| 73.86| 13.27|2028.73| 88.53|2414.94| 13.11
Mgl Of O O 2| O 14.77 5.94| -87.13 6.42| 11.75| 168.13| 92.7| 194.74| 11.6
M,| 1] Of 0| O] O 27.56| 43.74] -56.7| 31.12| -0.91| 643.61|123.13] 520.16| -1.06
Mgl -1| O 0| 2| O 31.81| 8.85| -51.11| 5.42| -4.21| 111.62|128.72| 79.23| -4.36
Ssa| O] O] 2|-2| 2| 182.62| 86.48| -20.3| 99.77| 175.57| 118.56|159.42| 336.32(175.46
S.| O] 1| 0| 0| O] 365.26| 17.96| -17.38| 152.15| 170.6 3.33| 161.6| 332.53(170.51
M,| 0| 0] 0| O] 1{-6798.38|208.17| 166.89| 186.98| 166.67| 221.43|166.88| 175.07|166.68

Fig 6.3 long-period tidal effect time series for the Earth’s rotation motion from January 1,
2026 to December 31, 2028 (3years) are predicted according to the formulas (6.35) ~ (6.37),
(6.41) and (6.42), and the time series sampling interval is 4 hours.

6 | | EAM x,(pas) x,(pas)
‘ \ il I“(“nlﬂ' |

2

IS

) ALOD (ps/day)

Month/day/year

sEE e B EEBE.

07X08227 010128 0702728 010129

Fig 6.3 Long-period tidal effect time series for the Earth’s rotation motion

(3) Diurnal and semidiurnal ocean tidal effects on the Earth's rotation parameters
The current view is that the diurnal and semi-diurnal variations of the Earth's rotation are
mainly the response of the solid Earth to the effects of ocean tides and ocean currents. The
centrifugal potential variation excites the deformation of solid Earth, resulting in the change
of Earth's inertia tensor. The Diurnal and semidiurnal moments are mainly from the principal
inertia difference B — A of the three-axis Earth (the principal inertial axis coordinate system),
where B is the polar moment of inertia and A is the equatorial moment of inertia, then the
degree-2 sector harmonic non-normalized geopotential coefficient C,, is:
Cy2 = =MR*(B — A) (6.43)
In general, the principal axis of the Earth-fixed coordinate system does not coincide with
the principal axis of inertia of the Earth. At this case, the difference B — A in the equatorial
plane becomes:
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B — A =4MR?[CZ + SZ, (6.44)

and then leads to the rotation polar shift and UT1 variation as:
OBGGMB A —i(A-22)

m(t) = 3 —SLnZOe (6.45)
UT1() = — e usm Osin2(A — 22) (6.46)

Where, 0,4 are the colatitude and longitude of the tidal celestial body in the Earth-fixed
coordinate system, respectively.

It can be seen from the formulas (6.44) ~ (6.46) that C,, excites the semidiurnal
variation of Earth's rotation. The theoretical calculation (Chao et al., 1996) shows that its
magnitude is about 0.06 mas (1mas of geocentric angle distance is about 3cm away from
the corresponding ground).

Similar to the excitation of the ocean tide to the Earth's rotation polar motion and rotation
rate variation in Formula (6.40), the diurnal and semi-diurnal variations of the Earth's rotation
excited by the ocean tide can be expressed by the harmonic function series as:

my = N (—Afcosd; + Aising;) (6.47)
m, = N (Afsing; + Ajcos¢;) (6.48)
AUT1 = m3Ay = X (Bf cos¢; + Bising;) (6.49)

At present, the Eanes2000 model and interp.f fortran code in the IERS conventions

(2010) are widely employed, which can be obtained from the IERS website.

800 ' : Rotation polar shift m,(pas) m;,(pas) ALOD (us/day)

! ’H“"rh«h‘f)‘t”’ W\ll‘;ﬂi’m 'HM i'w’ “Wl\‘"

v‘m‘l\‘

-600 Month/dayl/year
0312126 0326726 04109126 0423126

Fig 6.4 The time series of diurnal and semi-diurnal tidal effects on ERP

Fig 6.4 the time series of diurnal and semi-diurnal tidal effects on Earth's rotation
parameters from March 1, 2026 to April 30, 2026 (2 months) are predicted according to the
formulas (6.47) ~ (6.49), and the time series sampling interval is 15 minutes.

8.6.4 Calculation of CIP instantaneous polar coordinates in ITRS

According to the IERS conventions (2010), the instantaneous coordinates of the celestial
intermediate polar (CIP) in the ITRS are expressed in the polar coordinate system, whose
y-axis direction is opposite to the y-axis direction of the ITRS, denoted as (p,,p,), and its
unit and direction are the same as the rotation polar shift (m,, m,). Since the forced nutation
of external celestial bodies in GCRS with a period of less than 2 days is not included in the
IAU2000/1AU2006 nutation model, it is necessary to consider the corresponding motion
model of the Earth’s rotation pole in ITRS.
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(p1,p2) is composed of (mq,m,);zrs provided by IERS Bulletin A and B, plus ocean
tides and forced nutation correction terms of external celestial bodies with periods less than
2 days in GCRS, namely

(p1, P2) = (My, My) 1grs + (Mg, M) or + (Mg, M) 118 (6.50)
Where, (mq,m,)or are the diurnal and semi-diurnal variations in the rotation polar
coordinates caused by ocean tides, and (m,,m,),;5 are the variations in the rotation polar
coordinates corresponding to motions with periods less than two days in space that are not
part of the IAU 2000 nutation model.

The high-frequency polar shift term (m,, m,)or mainly includes the diurnal and semi-
diurnal variations caused by the ocean tide, which can be calculated according to the
formulas (6.47) ~ (6.49). The non-zonal harmonic oscillation terms (m,, m,);;p, including
the forced diurnal and semi-diurnal rotation polar shift terms, was previously regarded as
nutation and is now classified as the rotation polar shift. The non-harmonic oscillation term
is due to the diurnal and semi-diurnal terms of the tidal celestial bodies, resulting in the
change of the Earth’s inertial tensor AI with time, which in turn produces the rotation polar
shift according to formula (6.1).

The long-period terms and the long-term changes caused by the torque from tidal
celestial bodies are generally considered to be included in the observed rotation polar shift
and do not need to be added to the (m,,m;)ggs.

8.7 Load deformation field approach from heterogeneous variations using SRBFs

When the considered variable of load effect is the geopotential differential or its linear
combination, such as the load effect on gravity disturbance, vertical deflection, horizontal
displacement or gravity gradient, these load Green's functions have serious high-degree
oscillation and non-convergence troubles, and these load Green's function integrals have
spectrum leakage and singularity problems, as shown in Fig 7.1.

40 Gravity disturbance (10-'®) Vertical deflection (10-'%) horizontal displacement (102 radial displacement (10-'?)

A
=60 -40 =20 0 20 40 60

Fig 7.1 The near-zone characteristics of several load Green's functions (Indirect
influence)

It is not difficult to find that when the Green's function integral is employed to calculate
the load effect on the considered variable which is not dominant in the geopotential

298



differential, such as the load effects on height anomaly, ground radial displacement or
orthometric height, or load effects on ground gravity or tilt whose site has obvious vertical
deformation, an acceptable integral result can be obtained. However, when being employed
to calculate the load effect on gravity disturbance, vertical deflection or horizontal
displacement, the integral result is very unstable, and its reliability is poor.

Similarly, for the monitoring to the land water and surface load deformation field, when
the monitoring variable is GNSS ellipsoidal height variation, the regional land water variation
and its load effect can be estimated by using load Green's function integral constraint.
However, if the geopotential differential in the monitoring variable is dominant, such as the
monitoring variable is gravity disturbance, vertical deflection, horizontal displacement or
gravity gradient variations, it is difficult to obtain a stable solution by the load Green's function
integral constraint method.

8.7.1 Spherical radial basis function representation of surface EWH

The surface load equivalent water height (EWH) h,,(x) at the ground point x can be
expressed as a linear combination of normalized surface harmonic basis functions:

P @) =758 (2) S B Fam () (7.1)

Where, x = re = r(sinfcosA, sinfsinl, cosf), r, 1,60 are the geocentric distance, longitude
and colatitude of the surface point x respectively, E,,, is the fully normalized spherical
harmonic coefficient, Y, is the normalized surface harmonic basis function, and a is the
equatorial radius of the Earth, which means that Y,,, is defined on the spherical surface

with the radius of a.
Yom(@) = P (cos@)cosmA, FE,p =6Chy, m=0
Yom(€) = Py (cos@)sin|m|A, Fuy = Spjm, m <0 (7.2)
Here, P,,.(cos@) is the fully normalized associative Legendre function, n is called as the
degree of the harmonic coefficient, and m is called as the order of harmonic coefficient.

If the domain of the surface spherical functions are transformed from the sphere surafce
with radius a to the Bjerhammar spherical surface with radius R, then the spherical
harmonic coefficients F,,, should be converted into E,,, then h,(x) can also be
expressed as the linear combination in the Bjerhammar spherical surface:

h,(x) =1 Zﬁ:z (ﬂrj)n Ym=-n Enmynm (e) (7.3)

On the other hand, the surface load EWH h,,(x) at any surface point x can also be
expressed as a linear combination of K spherical radial basis functions (SRBFs) in the
Bjerhammar spherical surface:

hy () = a Xi=q diePr(x, x;) (7.4)
Where, x;, = Re;, is the SRBF node defined on the Bjerhammar spherical surface, also
known as the SRBF center or SRBF pole, d, is the SRBF coefficient, K is the number of
the SRBF nodes and equal to the number of SRBF coefficients, &, (x,x;) is the spherical
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radial basis function of the EWH can be abbreviated as &, (x) = &, (x, x,).
The spherical radial basis function @,(x,x;) can be furtherly expanded into the
Legendre series:

@6, 7%,) = T 6P i0) = SN 2B, (2) P (7.5)

r

Where, ¢, isthe degree-n Legendre coefficient of SRBF, which characterizes the shape of

SRBF and determines the spatial and spectral figures of SRBF, also known as the shape

factor. When the spectral domain degree-n need be not emphasized, B, is also called as

the Legendre coefficient of SRBF. u = R/r is also called as the bandwidth parameter since

it is related to the spectral domain bandwidth of the sphericalradial basis function @ (x).
Substituting formula (7.5) into (7.4), we have:

r

by () = Z5N_o@n + DB, (2)" TEL dePu i)

n

= LK di BN+ DB, (2) P (7.6)

Considering the addition theorem of spherical harmonics:
Pa(hi) = Pule, €)= =S Vo (@) Vo (1) (7.7)

then the formula (7.5) can be written as
n — —
b () = 7205 By (5) Zen Tt i Vo (€) P (e) (7.8)
Comparing formulas (7.1), (7.3) and (7.8), we have:

— R\ = R\ K —

Eom = (Z) Enm = By (Z) k=1denm(ek) (7.9)

Using formula (7.9), the spherical harmonic coefficient E,,, can be calculated from the
spherical radial basis function coefficient d,. After that, the spherical harmonic coefficient
can be employed to calculate various load effects outside the solid Earth.

The location, distribution and amount of the SRBF nodes (centers) {x,} on the
Bjerhammar sphere surafce are the key indicators for load deformation field approach using
spherical radial basis functions, which determine the spatial degrees of freedom (spatial
resolution) and spatial feature of regional load deformation field, similar to the degree of the
global surface load spherical harmonic coefficient model.

8.7.2 Spherical radial basis functions suitable for load deformation field

Some spherical radial basis functions such as the point mass kernel function, Poisson
kernel function, radial multipole kernel function and Poisson wavelet kernel function are all
harmonic, which are suitable for load deformation field approach.

Let x be the surface calculation point and x; be the SRBF center on the Bjerhammar
spherical surface 4.

(1) The point mass kernel function
The point mass kernel function is an inverse multiquadric function (IMQ) proposed by

Hardy (1971), which is the kernel function of gravitational potential integral formula V =

e dTm, and can be analytically expressed as:
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11
L |x—xp|

Dimg (x,xp) = (7.10)

Where, L is the space distance between x and x;. Since A(1/L) = 0, the point mass
kernel function &), (x, x,) satisfies the Laplace equation.

(2) The Poisson kernel function

The Poisson kernel function is derived from the Poisson integral formula, and can be
analytically expressed as::

a
®p(x,x;,) = —ZrE

(1) _1_rirg (7.11)

L L L3
Here, r, 1, are the spherical radial distance (namely spherical center distance) of x and x,,
respectively.

(3) The radial multipole kernel function

The analytical expression of the radial multipole kernel function is:

o x) == ()" 2 (7.12)

ory L
Where, m can be called as the order of the radial multipole kernel function, and the zero-
order radial multipole kernel function is the point mass kernel function, namely @, (x, x;) =
B (%, x).
(4) The Poisson wavelet kernel function
The analytical expression of the Poisson wavelet kernel function is:

m a\™1
Oy (.2 = 20tmar = 1m) = (e5) 1 (7.13)

The zero-order Poisson wavelet kernel function is the Poisson kernel function
®p(x, %) = Ppyy (x, X;.).

(5) Calculation of spherical radial basis functions

The spherical radial basis function analytical expressions (7.10) ~ (7.13) are usually
expressed in the Legendre series (7.5), and then calculated according to the Legendre
expansion to highlight the spectral domain figures of the load deformation field.

ETideLoad4.5 normalizes the Legendre expansion of the spherical radial basis function
®,(x,x,), and then calculates the spherical radial basis functions (SRBF) using the
normalized Legendre expansion.

Let the spherical angular distance , = 0 from x; to x,then cosy, =1, B,(cosyy) =
P,(1) = 1, substitute these into formula (7.5), we have the general expression of the

normalization coefficient of SRBF:
2n+1

¢)0 = ﬁ=2?Ban (714)
The Legendre expansion of the normalized spherical radial basis function is:
1 1 2 1
D (2, %) = 5 TN PuPa (W) = o5 TN ot BBy () (7.15)

The mentioned four forms of SRBF and their corresponding Legendre coefficients are
shown in Tab 7.1.
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Tab 7.1 Spherical radial basis functions (SRBFs) and corresponding Legendre
coefficients

SRBF Qk(x, xk) ¢n Bn
. 1 - 1 n 4T

Point mass kernel L el U P
2

Poisson kernel function TZL;Tk @2n+ Dun 41

. . 1(a\"1 m. n-m anClt  _m

radial multipole kernel — (6rk) - Citu (n=m) p—

. 2()(m+1 - Xm)

Poisson wavelet kernel _ ( 2 )m 1 (—nin)™@n + Dp"| 4n(—ninp)™
Xm - rk 6rk L

8.7.3 Unit spherical Reuter grid construction algorithm

Given the Reuter grid level Q@ (even number), the geocentric latitude interval d¢ of the
unit spherical Reuter grid in the spherical coordinate system and the geocentric latitude ¢;
of the center of the cell-grid i are respectively

. 1 .
dp =7, pi=-2+(i-2)dp, 1<i<Q (7.16)

The cell-grid number J; in the prime vertical circle direction at latitude ¢;, the longitude
interval dA; and the side length di; are respectively

2 i 2
Ji= [0 =2 di = dacos, (7.17)

It is not difficult to find that dl; = d¢. Let
_dsi—ds _ dlj—de _ di;

& - i~ g COSPi 1 (7.18)

Where, ds is the cell-grid area near the equator, ds; is the cell-grid area at the prime
vertical circle ¢;, and ¢; is the relative bias of the parallel circle cell-grid area relative to the
cell-grid area near the equator.

g; is generally small, about a few ten-thousandth, and the value is related to the Reuter
grid level Q. Near the equator, we have ds = dg -dg, &, = 0.

Given the range of longitude and latitude of the local area, you can directly determine
the minimum and maximum value of i according to the formula (7.16), and then calculate
the maximum J; at each prime vertical circle according to the formula (7.17), to determine
the regional Reuter grid whose level is Q without calculating the global grid.

8.7.4 SRBF representation for load effects on all-element geodetic variations

According to the surface load effect spherical harmonic series expansion (2.8)~(2.20),
the spherical radial basis function parameterization of the load effects on various geodetic
variations can be derived from surface EWH spherical radial basis function expansion (7.6)
as follows. Where, the SRFB parameterization of surafce EWH is rewritten as:

By () = 7 By d N @n+ DB, (£) P (7.19)

SRFB parameterization of the load effect on height anomaly:
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8g =222 SIS, Ba(1+ ) (2) P (7.20)

SRFB parameterization of the load effect on ground gravny@:

n-1
Bg® =Ly T (D) (1420, - 22k) B (B) R (7:2D)
SRFB parameterization of the load effect on gravity (distrubance):
w , R\N—1
Ag® =TTk e T (n+ DA+ kB (2) P (7.22)

SRFB parameterization of the load effect on ground tilt@:

South: Ag* = 223K | dy cosay T (1 + Ky, = 1B, (E)n‘”’gT“’;k) (7.23)
West: An® = 2258 5, dy sinay 3 (1 + ki, = hi)B, (E)n%";k) (7.24)
SRFB parameterization of the load effect on vertical deflection:
South: A& = ﬂy""”’ YK_. dy cosay, Yo (1 +k.)B, () "”;ﬁ”k) (7.25)
West: An = 3":” YG’Z YK_. d, sina, ¥ (1 + k5)B, () apgf") (7.26)
SRFB parameterization of the load effect on ground site displacement @:
East: Ae = — 3;:” fr -1 dygcosay Yo, 1By, (r) 6P;§}wk) (7.27)
North: An = — 3”W GMZ L dy sinay 3, 1B, () ””;fpwk) (7.28)
Radial: Ar = ”—W—zk L S Bohiy (2) P (7.29)
SRFB parameterization of the load effect on normal (orthometric) height®:
M= Lo e TNy By — ki = D (5) P (7.30)

SRFB parameterization of the load effect on gravity gradient:
-1
Radial: aT,, = 2225 d, %, (n+ D+ 21+ kB, (2) A (731

North: AT,y =225 1dka Vi T (1 K}, (2 ) 92 Pl (7.32)
Pe alpk
. 3pw  GM 9%y 82Pn(Pi)
West: ATy = =220 00K di 2 S I (14 K)B, ( ) e (139

Where, «; is the geodetic azimuth of .

In the mentioned expressions, the load effects on the geodetic variations marked @ are
valid only when their sites are fixed with the solid Earth, and that on the remaining geodetic
variations are suitable on the ground or outside the solid Earth.

Similar to the spatial load Green's function integral method, if the regional surface load
equivalent water height h, is known, the SRBF spectral domain analysis of the load
equivalent water height h, can be performed according to Formula (7.19) to estimate the
SRBF coefficients. ETideLoad4.5 calls this process as the load SRBF approach. The
regional all-element load deformation field can be calculated from SRBF coefficients
according to Formulas (7.20) to (7.33). ETideLoad4.5 calls this process as the load effect
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SRBF synthesis.

Here, the point mass kernel function is selected as SRBF, and the minimum degree and
the maximum degree are set to be 90 and 1800 respectively. The buried depth of the
Bjerhammar sphere is set to be 5 km, and the maximum action distance of SRBF center is
150 km. The SRBF spatial curves of the load effects on gravity disturbance, vertical
deflection, horizontal displacement, and radial displacement are calculated, as shown in Fig
2.

T

SRBF: point mass kernel function

Minimum, maximum degree: 90. 1800

03¢ Burial depth ofinBjerhammar sphere 5km 1

-0.5

Gravity disturbance Vertical deflection horizontal displacement radjal displacement
P S L L b madlo

=150 -100 =50 0 50 100 150

Fig 7.2 The near-zone characteristics of load effect SRBFs on several geodetic
variations

Comparing Fig 7.1 and Fig 7.2, it can be seen that the convergence property of SRBF
near the calculation point is obviously better than that of load Green's function even for the
load effect on radial displacement. The SRBFs of load effects on gravity disturbance, vertical
deflection and horizontal displacement are monotonically convergent within 20 km near the
calculation point. It can be seen that the high-degree oscillation and non-convergence
problems of load Green'’s function can be effectively solved by using SRBF instead.

8.7.5 First and second order horizontal partial derivatives of ¥

The algorithm formulas of the SRBFs of the load effect need to employ the horizontal
first-order and second-order partial derivatives of the spherical angle distance y, whose
derivation process in the spherical coordinate system is given below.

W _ _ W _ _ i
3p = 0@, o= —cospsina (7.34)

Where, « is the geodetic azimuth of i, which can be obtained from the spherical
trigonometric formulas:
sinpcosa = cos@sing’ — singpcosp’'cos(A' — 1) (7.35)
sinysina = cos@'sin(A’ — 1) (7.36)
Taking the partial derivative with respect to ¢ on both sides of Equation (7.35),
considering (7.34), we have:

2
—cosycos?a + sin % = —singsing’ — cos@cosp’'cos(A' — 1) (7.37)
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so that we have:
2
sim,b% = —singsing’ — cospcosp’'cos(A' — 1) + cospcos?a (7.38)
In the same way, taking the partial derivatives of both sides of Equation (7.36) with
respect to A, we have:
oy _

—cosycos@sin®a + siny s —cos@'sin(A’ — 1) (7.39)

2
siny ZTZ} = —cos@'sin(A' — 2) + cosypcospsin’a (7.40)

8.7.6 Regional SRBF approach of surface loads and synthesis of load effects

Similar to the ‘Remove - load Green's function integral - Restore’ scheme of regional
load deformation field approach using the load spherical harmonic coefficient model
reference field, the regional high-resolution load deformation field SRBF approach can also
adopt the ‘remove- load SRBF approach-restore’ scheme based on the load spherical
harmonic coefficient model reference field. Here, the residual load SRBF approach is
employed to instead of the residual load Green's function integral.

(1) The scheme for SRBF approach of residual loads and synthesis of load effects

Similar to the global load spherical harmonic analysis and the load effect spherical
harmonic synthesis process, the residual load SRBF approach scheme also consists of two
steps. In the first step, according to the regional surface load SRBF spectral domain
expansion (7.19), the SRBF coefficients {d,} are estimated by the least square method
from the regional residual EWHSs. The step can be called as the regional load SRBF analysis.
In the second step, according to the regional load effect SRBF synthesis algorithm formulas
(7.20) ~ (7.33), the SRBF coefficients {d,} are employed to calculate the residual load
effects on various geodetic variations. The second step can be called as the SRBF synthesis
for regional load effects.

Similar to the global load spherical harmonic analysis method, the cumulative iterative
SRBF analysis scheme can be employed to improve the SRBF approach level of regional

residual EWHSs.

(2) SRBF approach example of regional load deformation field using remove-
restore scheme

The regional SRBF approach of the high-resolution load deformation field can also adopt
the remove-restore scheme, that is, the 'load Green's function integral' in the 'remove-load
Green's function integral-restore' scheme is replaced by 'load SRBF approach’. Where, the
'load SRBF approach' adopts a smaller SRBF center action distance (similar to the integral
radius of the Green's function) to construct the residual EWH observation equation and
estimate the SRBF coefficients. Then, the high-resolution residual grid of regional load
deformation field is obtained by SRBF synthesis. The scheme can be called as the ‘remove
- load SRBF approach - restore’ scheme.

Taking the 1'x1' land water equivalent water height (EWH) variation grid (cm) at a
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sampling epoch time on May 30, 2018 in a region of southern China (taking the mean value
of land water variation in the region in 2018 as the monitoring datum) as an example, the
key steps of the SRBF approach of regional load deformation field are introduced. The land
water here includes only 4m shallow soil water, wetland and vegetation water, but not
including lakes, rivers and groundwater. The reference load deformation field adopts the
360-degree global terrestrial water variation load spherical harmonic coefficient model
constructed in section 8.2.6 on May 30, 2018.

Similar to the regional refinement scheme of load Green's integral, the land water EWH
variation grid area (the calculation area) should be generally bigger than refine result area
of the load deformation field to suppress the edge effect. In this case, the calculation area is
97°~103°E, 24°~29°N, and the result area is 98.5°~101.5°E, 25.5°~27.5°N.

The step 1: Input the 1'x1' zero value grid in the calculation area (zero value means that
the height of calculation point relative to the ground is equal to zero), select the maximum
calculation degree of 360, and calculate the 1'x1' land water EWH variation reference model
value grid in the calculation area from the global land water load spherical harmonic
coefficient model, as shown in Fig 7.3 left.

The step 2: The 1'x1' land water EWH residual value grid (Fig 7.3 right) is generated by
subtracting the 1'x1' land water EWH observation grid (Fig 7.3 left) from the 1'x1' land water

EWH model value gr|d (F|g 7.3 mlddle)
. . V >

Fig 7.3 The 1'x1' land water EWH variation obseration, model value and residual grid
in the calculation area

The step 3: According to the load EWH SRBF expansion (7.19), the SRBF observation
equations are constructed from the 1'x1' land water EWH variation residual grid, and the
SRBF coefficients are estimated using the iterative least square method to cumulatively
approach the EWH variation residual grid. Then, from the SRBF coefficients, according to
load effect SRBF synthesis algorithm formulas (7.20) ~ (7.33), the 1'x1" land water load
deformation field residual grid are calculated, as shown in Fig 7.4.

The step 4: Input the 1'x1' zero value grid in the result area, select the maximum
calculation degree of 360, and calculate the 1'x1' land water load deformation field model
value grid from the global land water load spherical harmonic coefficient model.

The step 5: the 1'x1" land water load deformation field residual value grid in the result
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area is added to the reference model value grid to obtain the 1'x1' land water variation load
deformation field grid refined in the result area, as shown in Fig 7.5.
Compared with the 8.5.5 section process, it is not difficult to find that the ‘remove - load

SRBF approach - restore’ scheme and the 'remove - load Green's function integral - restore
scheme are only different in

!

the step 3, while the step 1, 2, 4 and 5 are exactly the same.
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Fig 7.4 The 1'x1' land water load deformation field residual value grid using load
SRBF approach
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Fig 7.5 The 1'x1' land water variation load deformation field grid refined using
SRBFs in the result area

(3) SRBF coefficients estimation with edge effect suppression

Substituting the Legendre coefficient B,, in Tab 7.1 into the load EWH SRBF expansion
(7.19), we can obtain the observation equations with the residual EWH variations Ah,,(x;)
as the observations and the SRBF coefficients {d,} as the unknowns.
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L={ph, )} =Ald) +e (i=1,M;k=1-K) (7.41)

Where, A is the M x K design matrix, € is the M x 1 observation error vector, M is the
number of observations, K is the number of RBF centers, that is, the number of unknowns
{d,}, and x; is the location coordinates of the observations.

ETideLoad proposes an algorithm that can improve the performance of parameter
estimation by suppressing edge effect. When the SRBF center v is located at the margin of
the calculation area, its corresponding SRBF coefficient is set to zero, that is, d, = 0 as the
observation equation to suppress the edge effect. The normal equation with the additional
suppression of edge effect constructed by ETideLoad is:

[ATPA + QZ1{d,}T = ATPL (7.42)
Here, £ is a diagonal matrix, whose element is equal to 1 only when the SRBF center
corresponding to its subscript is in the margin of the area, and the others are zero. Q is
equal to the root mean square of the non-zero diagonal elements of the coefficient matrix
ATPA of normal equation.

The action distance dr of SRBF centers is required to be equal to maintain the spatial
consistency of the approach performance of load deformation field. Where dr corresponds
to the argument domain of the SRBF coefficient, so any observation is a linear combination
of the SRBFs whose centers only within the radius dr.

ETideLoad improves the ill-conditioned or singularity of ATPA by adding some
observation equations that can suppresses edge effect to improve the stability and reliability
of parameter estimation.

(4) Comparative analysis of calculation results between the load Green's function
integral and SRBF approach

The step 3 in the calculation process of the ‘remove - load SRBF approach - restore’

scheme above is replaced by the load Green's function integral, which becomes the 'remove

- load Green's function integral - restore' process, namely,

s W N T M
5y

§ ‘2

radial gravity gradient (mE)




Fig 7.6 The 1'x1’' land water load deformation field residual value grid using load
Green'’s integral

The step 3: From the 1'x1' land water EWH variation residual grid, the integral radius
(equivalent to the center distance of SRBF) of 150 km selected, the 1'x1’ land water load
deformation field residual grid are calculated according to load Green’s function integral
formulas, as shown in Fig 7.6.

Comparing Fig 7.4 and Fig 7.6, it can be seen that the spatial distribution characteristics
of various geodetic variations of load effects calculated by the two schemes are all similar.
The numerical results by the load Green's function integral are larger, and the spatial short-
wave structure of numerical results by the load SRBF approach are rich.

8.7.7 Principle of cooperative monitoring from multiple heterogeneous geodetic
techniques

ETideLoad4.5 proposes a deep fusion method for multi-source heterogeneous
observation systems with good universality. Without losing generality, it is assumed that
there are multiply heterogeneous geodetic monitoring techniques for a certain monitoring
purpose. We can always express abstractly the monitoring purpose as a set of common
parameters shared by various geodetic techniques, so as to transform the cooperative
monitoring problem from multiply heterogeneous geodetic techniques into a mathematical
problem on jointly solving of the common parameters.

The general scheme for solving such problems can be summarized as follows: (1) The
observation equations with the common parameters as unknown parameters are composed
of the monitoring variations from each group of geodetic techniques according to their
respective geodetic system structures (namely the covariance structure based on respective
geodetic principle), and then these normal equations are constructed according to the
principle of least squares and normalized, respectively. (2) According to the monitoring
quality of each geodetic technique (system), the normal equations are weighted respectively,
and the combined normal equations are generated by weighted summation to solve the
unknown common parameters.

For different geodetic techniques, the types and spatial distribution of monitoring
variations and covariance properties of geodetic monitoring systems are generally different.
It is necessary to normalize these different groups of normal equations (covariance
structures) in order to effectively control the deep fusion of various types of monitoring
variations using the respective covariance structure. The combined normal equation can be
expressed as:

% (2 ATP.A) X = 5, (2 ATP,L,) (7.43)

Where, s =1,---,5, S is the number of groups; X is the common parameter vector to be
estimated ; Ag, Ly and P, are the design matrix, observation vector and observation weight
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matrix of the observation equation from the s group, respectively. The P, of the
observations from the s group is only employed to distinguish the difference between the
group s of observation errors, which is completely independent with other group of
observation errors. Q, is the normalized parameter of the group s of normal equation,
which can be the root mean square of the non-zero diagonal elements of the group s of
normal equation coefficient matrix AT P A;. w; is the group s of weight only employed to
distinguish the observation quality of different groups. Because the number S of the groups
is generally not large (such as S < 10), it is easy to furtherly optimize w, using the
conventional statistical optimization scheme.

The combination parameter §; = Q;/w, in the normal equation (7.43) can completely
separate the contributions of the observation system (covariance structure) from influences
of observation quality wg, so that the combination process (collaborative algorithm) is not
affected by the observation errors. Therefore, it is conducive to the deep fusion of various
geodetic variations from multiply monitoring systems with the diverse observation types,
different spatial distribution and various observation system structure.
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31

Deep fusion and time series analysis on multi-source
INSAR variations

DynInSARfusiontmsqu

32

Computation of ground stability variation based on
variation vectors

Dyngrndhgtstablility

33

Computation of ground stability variation based on
gravity variations

Dyngrngravstablility

34

Computation of ground stability variation based on
variation vectors

Dyndeflectstablility

35

Statistical synthesis and prediction of ground stability
variations

Dynstabgrdintgrestm

36

Conversion of general ASCII data into ETideLoad
format

EdPntrecordstandard

37

Data interpolation, extracting and land-sea area
separation

Edatafsimpleprocess

38

Simple and direct calculation on geodetic data files

EdFlgeodatacalculate

Operations on variation time series with same

39 - Edtimeseriesfilescalc
specifications
40 |Generating and constructing of regional geodetic grid | Edareageodeticdata
41 | Constructing and transforming of vector grid file EdVectorgridtransf
42 | Statistical analysis on various geodetic data files Tlstatisticanalysis
43 Gr_os; error detection and weighted basis function AppGernweighgridate
gridding
a4 \(lsuallzatlon for multi-attributes in ground variation Veiwtimesqu
time series
Visualization for variation record time series on|,,.
45 : Viewtmrecords
geodetic network
46 ;ﬁlesuallzatlon for specified attribute in discrete point Viewpntdata
a7 Vls_uallz_atlon for geodetic grid and variation grid time Viewgridata
series file
48 |Visualization for the geodetic vector grid file Viewvectgrd
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