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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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 omitted in this example.
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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 sphETOPONnc30m.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

Indwater*cs.dat form the global soil water EWH spherical coordinate grid time series
glsoilewh*.dat.

i Spherical harmonic analysis on global surface load time series

Q... X
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. >
- -«
Earth Tide, Load Effect and Deform - |
€ Construction of global surface data ’ Spherical harmonic analysis on global «- Spherical harmonic analysis on Spheri atlon Moditoring ca;lpulatier'\“ )
“# grid in spherical coordinates surface iati ~* global land water variations global : ETideLoad4.5
s i
& Open any land water spherical coordinate grid file 4.+ Save program process as 3= Surface load spherical harmonic analysis al | | e sasimss
ot 3034, Bopg, Chinn
Set the wildcards of the file names C:/ETideLoad4 5 _\ H20180131bm.dat 7 A
Ordinal number of first wildcard in the file narfie[10 } z C:/ETideLoadd.5_) p 0180328
s o = CTE T o5 WH20180530¢:
Number of consecutive wildcards in file name 2 C/ETideLoad4.5_\ p 0180801
= = - C:/ETideLoad4.5_win64 P i 20181003tm.dat
Set termination condition of the iteration C-/ETideLoad4 5 1 b0181205km dat
- = >> Setting parameters have been imported into the program!
Residialsindardigevationtiestold @) 1.0% =i ** Click the control button [Start computation], or the tool button [Start computation]....
Termination condition of residual decrease (b) 1.0 & =3 >> Computation start time: 2024-10-23 09:41:07

>> Complete the spherical harmonic analysis for 6 land water variation grids!
*The program outputs|the Tand water load spherical harmonic coefficient modelfiles Indwatercs.dat] iteration
process|statistics files pro™*.iniland residual land water variation grid files rnt***.dat. *** is the instance of the given

ﬁﬁ Open the land-sea terrain spherical coordinate grid file

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

equalorial radius a of the Earth. are also known as the scale parameter ufrthe spherical harmonic coefficient model in which the surface harmonic
are defined on #he Sphier el SUiacs whose radius is equal to the equatorial radius of the Earth.

>> Computation end #i

[ set the result arameters & Start computation

0000000  0.50000000
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- 8. 23 .7574877428471504E-11

c 9.9000830184071023E-11

. . 721202E-09 0.0000000000000000E+00C

3 1 3.6363130771720734E-10 3.5€553%9027301%9%6E-

251091472584E-10 5.4106078115

£ 3908057166E-10 4.4584757452

@ The degree number n of spherical harmonic coefficient model is equal to the number of global surface |
surface load grid corresponds to n=720.




Step 2: Calculate and remove the global reference model value grid time series of sail
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 zero1m.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*cs.dat.
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Regional 1'x1’ soil water EWH model reference value (cm) grid time series
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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.

w5+ Computation of model value of surface ' Computation of model values of tidal s, Computation of model value time series
7 load equivalent water height constituent harmonic constants 7 of load equivalent water height
SEEiiE Callu i (o 1 ek >> Program Process ** Operation Prompts 4.} Save program process as
The calculation surface height grid file “ |
LR " ndwater20180131cs.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 hmdl |
| @ Qpen any load harmonic coefficient model file I **The load harmonic coefficient model files searched by wildcard instantiation:
C:/ETideLoad4.5_win64en/examplesi/Loadfmfdcalcdemolsphesmodeliindwaterf018013 ks dat

Set the wildcard of the file names

C:/ETideLoad4 5_winGden/examples/Ls demorsy Indwater20180: cs dat
Ordinal number of the first C:/ETideLoad4 5_winG4en/examples/L demo/sphcsmodel/Indwater20 .dat
wildeard in the file name C/ETideboadd-b—y Texarmpless gemo/sphcsmodeliindwater20180801ks.dat
Number of consecutive wilds C:/ETideLoad4.5_win64en/examples/Loadfmfdcalcdemo/sphecsmodel/indwater20181003cs.dat

C:/ETideLoad4.5_win64en/examples/Loadfmfdcalcdemo/sphcsmodel/indwater20181205cs. dat
>> Setting have been imported into the program!
IType of surface load Land water EWH (cm) - ** Click the control button [Start computation], or the tool button [Start computation]....
** The computation process needs to wait... During the computation period, you can open the output file C:f

Maxmumncatadidegeeltl 360 2| ETidelLoad4.5 winb4enfexamples/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 harmonic coefficient model file, which represents the sampling epoch time of the output file

harmonic coefficient model are defined on the | >> Compuiation sfari fime: 2024-10-22 22:25:02
spherical surface whose radius is equal to the |L>>-Complete the computation of the load EWH model values of 6 sampling epoch time! ]
e:uatorial radius a of the Earth ed >> Computation end time: 2024-10-22 22:43:12

in file name

E\} Set the result folder - Import setfing parameters & Start computation

FEATLIES ‘

3.906004416  6375137.00 0.5573 13.582 SATEET

3 L6273 4
3.8063 48 3.8115 56113 2oanss 3 3.8002 2923

GM(x 103 /s, a(m) zero-degree term (cim), relative erro(%),

2 0 |9.2457930065

2 1 ¢l.02€82547
| the scale parameter.
| 3 T 3.63631308
| 3 2 1.230225 2 |
| 3 3 -1, 7023908058689E-10 |
: a o 923E-11 |
i 4 1 3500E-10 & 9 |
| 4 2 7.6291176220002367E-11 6.8922364997197517k- |
| 4 3 7.7885887494120061E-11 2.81686206015737334E-10 -
1
|
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@ 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.

Call the function [Weighted operations on two groups of grid time series], subtract the
soil water EWH model value grid time series Idewh***.dat from the 1'x1' soil water EWH grid
3



time series soilewh***.dat to generate the regional 1'x1' soil water EWH residual grid time
series rntewh***.dat.
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Regional 1'x1" soil water EWH residual (cm) grid time ser;es |

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 zero1mrst.dat removed
the 1° edge area around the grid zero1m.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.

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.

. Approach of residual load and synthesis .. Computation of residual surface load and
= of residual load effects using SRBFs “= load effect time series using SRBFs

Select the calculation point file format

| Solution of normat equation LU triangular decor - Cumulative SRBF appi
The calculation surface grid file “|

>> [Function] From the regional residual equivalent water height (EWH) variation | 4

l ) | spherical radial basis functions (SRBFs) and then calculate the residual EWH est
gravity (uGal), gravity disturbance (uGal), ground titt (SW, to the south and to the
a Open the residual equivalent water displacement (EN, to the east and to the north, mm), ground radial displacement

height variation grid file mE) or horizontal gravity gradient (NW, to the north and to the west, mE).

Parameters of the first SRBF appoach >> Open the calculation surface height grid file C/ETideLoadd.5_win64en/examp
>> Open the residual equivalent water height variation grid file C/ETideLoad4.5_|
Select SRBF | radial multipole kemel | |, Save the results as C/E TideLoad4.5_winéden/examplesfLoadfmfdcalcdemold
orderm 0 >> Sefting have been imported in the program! )
minimum degree | 180 ** Click the control button [Start computation], or the tool button [Start computatil 5 m = 0 & = a0
e e >> Computation start time: 2023-05-17 15:46:11
§ 9720 -1 > Complete the computation for approach of residual load and synthesis of residual load effects!
burial depth of sphere 20.0km The source EWH observations (cm): Mean 3.3563 standard deviation 2.4427 minimum -8.4348 maxmum 15.751)
action distance of SBRF center 150km The Oth iterated residual EWH (cm): Mean -0.0075 standard deviation 0.6837 minimum -5.1512 maximum ~ 3.555§.
Reuter network level K 1800 The 1th iterated residual EWH (cm): Mean 0.0013 standard deviation 0.2514 minimum -2.8204 maximum _ 2.148¢.

>STomp g ime: 3
Parameters of cumulative SRBF appoach > The proaram also outputs{the SRBF spatial curve file “spe.rof and spectral curve files “dar rbf] . ie-variations into the current directory. v
Select SRBF Poisson wavelet kemel - [=) Save the results as 3 Import setting parameters & Start Computation

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

Design the re ble setting par ters in
advance according to the principle below.
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geoid / height anomaly (mm) Ground gravity (uGal) 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.

. Approach of residual load and synthesis . Computation of residual surface load and = 7 7
= of residual load effects using SRBFs ®= load effect time series using SRBFs = Load approach and load effect synthesis algorithms using SRBFs
Select the calculation point file format
The calculation surface grid file
| Ci/ETideLoad4.5_, -ald201810030).dat S
| 9 Open calculation surface zero value grid file CJETideLoad4.5_\ 21d2018120508.dat
>> 6 equivalent water height variation grid e seesTIES are found by widcard inscantation
(@) OPon sy rookind equivelent Waler > Setting paramelers hav basampOItEd n the program!
height variation grid file " Click the gon B smn mmpulahm} o the tool button [Start computation].
| e = FheTmputation prooesslr;e;:sk o ik During the pc:‘g\g;(sa:lon period, you can open the output files folder C:/ETideLoadd.5_win6denfexamples/
Number of consecutive wildcards in file nanig 21 " The last column attribute of each output file header is the instance of the wikdcards of the file name of the EWH time series, which represents the sampling epoch
Parameters of the first SRBF appoach time of the output file.
S pEE— >> Computation start ime: 2023-05-17 16:01:25
radial multipole kemel " { 1=5"SRBF approach stallstics of 20180131 10ad EWHS:
orderm 0 2| | Tne source EWH observations (cm): Mean 3.3563 standard deviation 2.4427 minimum -8.4348 maximum 15.7512
minimum degree 180 z|| The Oth iterated residual EWH (cm): Mean -0.0075 standard deviation 0.6837 minimum -5.1512 maximum 35556,
i deree 720 =|| The 1th iterated residual EWH (cm): Mean 0.0013 standard deviation 0.2514 minimum -2.8204 maximum  2.1486.
=1 |>> SRBF approach statistics of 20180328 load EWHs:

burial depth of Bje sphere 20. okm s The source EWH observations (cm). Mean 6.8236 standard deviation 3.6424 minimum -13.1111 maximum 19.4132,

| | Solution of normal equation LU triangular decor - Cumulative SRBF approach times |1 & | 4+ Save program process as

action distance of SBRF center 150km = The Oth iterated residual EWH (cm): Mean -0.0291_standard deviation 0.8465 minimum _-7.3127 maximum __5.1767. v
Reuter network level K 1800 s

F=) Set the results folder ¥ Import setting parameters & Start Computation

Parameters of cumulative SRBF appoach
Select SRBF Poisson wavelet kemel
orderm 0
minimum degree SSD
maximum degree 1800
burial depth of Bjerhammar sphere 10.0km
action distance of SBRF center 60km
Reuter network level K 1800

Using the setting parameters
just designed.

s
- 25
or o 3 " o o [
0 om am g% PR TR TR T 11
om0 TS — :
geoid / height anomaly (mm) Ground gravity (1Gal) 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

Call the function [Computation of residual surface load and load effect time series using
SRBFs], input the 1'x1' zero-value grid file zero1mrst.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 ?7?? = 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.

*kk

are the wildcards of the soil water EWH residual grid time series file names, whose

instance can identify the sampling epoch time of the residual load effects.
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Reglonal 1 x1 soil water residual load effect (pGaI) grid time series on ground gravity
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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 zero1mrst, let 'land water EWH
(cm)" as the surface load type and the maximum calculation degree is 360, calculate the
global reference model value grid time series loadfmdl***.??? of soil water load effects from
the global soil water load spherical harmonic coefficient model time series Indwater*cs.dat.
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Regional 1'x1’ soil water load effect model value (uGal) grid time series on ground gravity



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 of I Computation of load effect time series | &5 Aigorithm formutas

Computation of various load effects .
Earth satellte or outside solid Earth by spherical harmonic synthesis

by spherical harmonic synthesis
Select the calculation point file format The type of surface load |Land water EWH - |
The calculation surface height grid file
— ~ the program outputs the surface load effect grid time series files loadimal
3 Open the land surface height grid file representing the grid file of load effects on the height anomaly, ground gravity, gravity distu
I it

I 1l
2} Open any load harmonic coefficient model file o rizontal gravi

4./ Save program process as

777, where 277 = ksi, gra. o ‘Gft, valf, dph, dpr, nmh, grr or hgd, respectively, S
rtical deflection, horizontal displacement, radial

h nt
re the wildcards of the model time series file name, whose Instance can identify me '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

Set the wildcard of the file names The load I g ¢ il hed by wildcard instantiati
** The load harmonic coefficient model files searched by wildcard instantiation:

Ordinal number o first widcard in fle name, C/ETioLoniA 5. eoTaThe dat

Number of consecutive wildcards in file nar - = oadf dat

C/ETideLoad4 5_y amples/LoadimTaczen dat

Select the type of effects
£ gaead o halaht sncemaly (mem) C/ETideLoada 5 1fs dat

T~ Ci/ETideLoad4.5_y 1003fs dat
14 ground gravity (uGal) C/ETideLoad4.5_\ £20181205fs.dat

] gravity disturbance (iGal) >> Setting parameters have been imported in the program!
] ground tilt (SW, mas) ® ** Click the control button [Start computation], or the tool button [Start computation].
** The computation process needs to wait... During the computation period, you can open the output files folder C-/ETideLoad4.5_winéden/examples/

‘_ vertical deflection (SW, mas) L to look at the progress!
2l 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 sampiing epoch

7 ground radial displacement (mm) =) _time of the outout file
© g nomal o et gt () > ) St e st e T e
4 disturbing gravity gradient (radial, 104E)

7] horizontal gravity gradient (NW, 104E) 1 e 4 31 ~

31

Extract deformation field to be piot s Plot}.

9 100

ground gravity (uGal) gravity disturbance (uGal)

4 Operations on geodetic time series with same specifications

Weighted operations on two groups of (vector) grid time series

Weighted operations on two groups

Weighted operations on two record Construction of record time series _ Weighted operations on two -
% of vector grid time series

“* time series with same specifications ** from batch discrete point files  groups of grid time series

3 Open any grid time series file of the group 1 >> Program Process ** Operation Prompts 4.1 Save program process as

>> Create or select the results folder C:/ETideLoad4.5_win64er
** The grid time series files of the group 1 searched by wildcard instantiation:
C:/ETideLoad4.5_)

L i i A

Set the wildcard of the file names
Ordinal number of the first wildcard in the file nanfe 9

Number of consecutive wildcards in the file nam C-/ETideCoaua-5—wi Load ksi
o 5 Ci/ETideLoad4.5_\ mples/Loadfmidcatcder ki

,@1 Open any grid time series file of the group 2 C-/ETideLoad4.5 wi ksi
C:/ETideLoadd.5_ ksi

Set the wildcard of the file names
Ordinal number of the first wildcard in the file narfe 9

= C:/ETideLoad4.5_\

Number of consecutive wildcards in the file nam: win 0180131 fksi

T C/ETldeLoad45 _Win64en’ ©adfmfdcalcdemo/rstrtdfi 20180328 fksi

Select operation mode Ci/ETideLoadd.5_\ oSt ASRBFS20180530 ks

Plus + ~ C:/ETideLoad4.5_wi L BFs20180801 fksi

C:/ETideLoad4.5_wi rtSRBFs20181003 fksi

The first weight ~ 1.00 The second weight | 1.00 < C:/ETideLoad4.5_wi tdfm/mtSRBF 20181205 ksi
>> Setting p have been imported in the program!

** 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: 2023-05-17 16:50:16

Ff) Set the results fold‘ - Import setting parametels
A Y

20y .000000 28.090000 0.0
-0.0014

\‘ 0207
LY - 0282

» ‘0
Wo. 70' 0¥
o,v 96 0.0291

498.000000

’02

.0287 _J,,»‘;»zﬂ"" 0.0308
n ,0296—"" 0.0260 ) 0,026
%0.0239 0.0239 0.0212 30"
0.0263 0.0281 0.0283 0.0270
0.0315 0.0316 0.0314 0.0330 0.0343 0.0353 v

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
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rntSRBFs***.??? of soil water load effects to generate the regional 1'x1" all-element grid time
series soilloadfm***.??7? of soil water load effects.

Where ?7?7? = 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.
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Regional 1'x1’ soil water load effect (mas) vector grid time series results on ground tilt

Regional 1'x1’ soil water load effect (mE) grid time series results on gravity gradient

*** are the wildcards of the variation grid time series file names, whose instance can
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identify the sampling epoch time of the load effects.

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.

It is 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.



