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 gq,, = 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:

* GM oo a n n ~ % C* . D
AV (r,0,2) = ==¥5, (:) n —o(ACmcosmA + 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
varaitions, that is, the direct influence of geopotential (Stokes) coefficients, which can be
calculated according to the gravitation potential definition:

AChn) _ 3pw \" = cosmA) _.
{A.S_‘;m} = m (Z) fS hW an(COSH) {sinml} sin8d@dAdr (22)

Here, fs -dS represents the global surface integral, dS = sinfdfdAdr, and p, is the mean

density of the Earth.

The equivalent water height variation h,, at the ground point (r; = a,6,4) can also be
expressed as a normalized load spherical harmonic series:

n — — —
hy(15,0,4) =15 Yy (%) m_o(ACY cosmA + ASY, sinmA) P, (cosH) (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 1, = 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:
{AC}jm} = ﬂ;{m‘jmn} (2.5)
ASpm pe 2n+1(ASY

Formula (2.5) is the relationship between the normalized spherical harmonic coefficient
variations {ACY,,ASY”.} of surface equivalent water height variations and the direct
influences of surface equivalent water height variaions to the normalized geopotential
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coefficient (AC;,, AS;im).

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.,AS% 3} 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.

_ = AW
{AC_W} — (14K {Ac_jm} _ 3w 1+kp {Ac_nm} (2.6)
ASpm ASpm pe 2n+1LAS,

Here, k;, is degree-n load potential Love number.

From the load spherical harmonic coefficient variations {4CY,,AS%,.}, the spherical
harmonic synthesis algorithm formula of the load effect AV (r,8,1) on geopotential at the
calculation point (r,6,1) on the ground or outside the solid Earth is calculated as follows:

Ay = Pu g (r) L yn _o(ACY, . cosmA + ASY, sinmA)B,,,,(cos8) (2.7)

T Pe 2n+1

From the Bruns formula, the spherical harmonic synthesis formula of the load effect
Al(r,6,1) on the height anomaly can be obtained:

Ay =2 wye | (r) 1+kn2 —o(4CY, . cosmA + ASY, sinmA) B, (cosH) (2.8)

TY Pe 2n+1

Where, y is the normal gravity. Similarly, the spherical harmonic synthesis formula of the
load effect 4g°(ry,0,4) on the ground gravity can be obtained @:

n
4g°(1,0,4) = %&Z" 1 27;:1 (1 + %h;l - k ) (ro)
n_o(ACY cosmA + ASY, sinmA) P, (cos®) (2.9)

Here, h,, is the degree-n load radial Love number and (7, 6, 1) is the spherical coordinates
of the ground calculation point.

The spherical harmonic synthesis formula of the load effect 4g®(r,0,1) on gravity
(disturbance) at the calculation point (r,0,1) on the ground or outside the solid Earth is:

Agh(r,0,2) = e ML (1 1k ()

2n+1

n_o(ACY cosmA + ASY, sinmA) P, (cosB) (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) = 2 i‘;)w ing Y= 1M(—)

2n+1

n—o(4CY cosmA + ASY, sinm]) ;—eﬁnm (cosB) (2.11)

n
West: An*(ry, 8,2) = GM_ 3py 3w g0 1+kp—hy, (ro)

T$ 2sinf ype 2n+1

n_im(ACY, sinmA — ASY, cosmA)B,,,(cos8) (2.12)

The spherical harmonic synthesis formula of the load effect on vertical deflection is:

7 n
South: A&(r, 8, 1) —ﬂi‘;w sin gy Sn (f)

2n+1 \r

n_o(4CY cosmA + AS,‘{"mSlnmA) Py (cos0) (2.13)

West: An(r,6,2) = 5——22w s 11+kn (_)"

r25in0 ype 2n+1

Y _im(ACY, sinmA — ASY, cosmA) P, (cosB) (2.14)

The spherical harmonic synthesis formula of the load effect on the displacement of
ground site is @:

_GM__ 3py n
East: Ae(ro, 6, = ro ysin Toysin 6 ; Zn 1on+1 (a)
_1m(ACY sinmA — ASY., cosmA)P,,, (cos8) (2.15)

GM 3py

n
North: An(r,, 0,4) = Ty pe sin 0 Y- 12n+1 (2)

n_o(ACY, cosmA + ASY, sinmA) %an (cosB) (2.16)

GM 3py,

. a n
Radial: Ar(ro,8,1) = 202 5, 12n+1( )

—o(ACY, .cosmA + ASY, sinmA) P,,,(cos6) (2.17)

The spherical harmonic synthesis formula of the load effect on gravity gradient is:
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Radial: AT,.(r,0,1) =

North: ATyy(r,6, 1) =

In the formulas (2.8) ~

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?) 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;,, [

GM3 (n+1)(n+2) , n
e e (S AN

n—o(4CY . cosmA + AS,,,sinmA)B,,, (cos8)

GM3PWZ
n=1

1+kp, (a)n
2n+1 \r

n_o(ACY cosmA + AS,‘{"msmm/l)

GM

T 3sin26 De

30w oo 1+kn( )”
n=1sn41

an (cos0)

1 m?(ACY, sinmA + ASY, cosmA)P,,,(cosB)

Tab 2.1 The value of load Love numbers

(2.20), the first degree term (n
of the variations of Earth's center of mass caused by the surface load deformation to the

1) represents the contribution

» are shown in 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
10 -1.4309817610 0.0290225900 -0.0690776844
12 -1.5609348550 0.0271636708 -0.0638847506
14 -1.6797703790 0.0259680057 -0.0598385602
16 -1.7880882500 0.0251266737 -0.0564748883
20 -1.9754659020 0.0238986214 -0.0509272630
25 -2.1615247260 0.0225448633 -0.0452625739
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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
3000 -6.2137113920 0.0006307787 -0.0010176493
4000 -6.2144649520 0.0004731032 -0.0007634795
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

o0 -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

~ ’2 1=
P‘I’l‘l’l(t) = u Z:l— Pn—l,n—l n > 1
_|@n-1)@2n+1) b _|@n+1)(m+m-1)(n-m~-1)
Anm = m+m)(n-m) * T T (2n-3)(n+m)(n-m)

POO(t) = 11 Plo(t) = ‘/§t; Pll(t) = \/gu

(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:

Poo(t) = antPy_14(t) — bngpn—l,l(t); m=20

pnm(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 = \’ 2n—-1’ by = \/ n(2n-1)
c _1 (n+m)(n-m)(2n+1) d _ 1 (n-m)(n-m-1)(2n+1)
L 2n-1 PooTmm T oy 2n—-1

e 1 2 (n+m)(n+m-1)(2n+1)
M T gp | 2-8T1 2n-1

When m >0:

(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)

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) - Vnmpn,m—z (t)
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p _[@n+1)(n-m)(n-m-1)
nm = | (2n-3)(n+m)(n+m—-1)

7 em=2 |@n+1)(n+m-2)(n+m-3)
= V1t \/(Zn—3)(n+m)(n+m—1)

[T em=—2 |(n-m+1)(n+m-3)
- 1+60 \’ (n+m)(n+m-1)

2

(4) Non-singular recursive algorithm for % P,(cos @)
—_ . a _
ﬁan(cos 0) = —sm@;an(t)
0 = (n+1) 0 = (n+1) 5 Y 1)( +2) 5
ﬁpno(t) = ’nn nl(t) %Pnl(t) = nnz Ppo — o P,
o = m m
%an(t) = VR nm 1(t) L nm+1(t) m> 2

Epoo(t) =0, %Pw(t) = —/3y, %1311(15) =3t

2 _
(5) Non-singular recursive algorithm for %Pum(cos 0)

9% = nn+1) = nn-1)(n+1)(n+2)
2 Pao(®) = =" () + [MONED 5

9% 5 2n(n+1)+(n-1)(n+2) 5 (n-2)(n-1)(n+2)(n+3) 5
2P () = - R b () DD 5y
9% = Jm-m+1)(n-m+2)(n+m— 1)(n+m)
PYE P (t) = 7 nm 2(t)

(n+m)(n m+1)+(n-m)(n+m+1)
4

P ()

J(n —-m-1)(n-m)(n+m+1)(n+m+2)
4

nm+2(t) m> 2

agzpoo(t) 0, 692P10(t) —V3t, a92P11(t)— —/3u

effects

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

8.2.4 Spherical harmonic analysis of global sea level variations and synthesis of load

Without loss of generality, we can always decompose the global sea water mass change
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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.
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 aACy, (cm), relative error 0 (%). Here, 0 is the
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.
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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 (AC1o, AC11, AS;;) represent the
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.

@

. = -
3 ) % 24 &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 variations global land water variations global sea level variations

8 Open any sea level variation spherical coordinate grid file 4.r Save program process as 4 Spherical harmonic analysis and synthesis on global surface loads

Set the wildcards of the file names C:/ETideLoad4.5_win64en/examples/Loadspharmonanalys/seal60m/grdchgP020122312|dat
Ordinal number of first wildcard in the file nam. H C:/ETideLoad4.5_win64er m/grdchgR020122912|dat

SeTng parameters have been imported in the program! i
** Click the control button [Start computation], or the tool button [Start computation]....
>> Computation start time: 2024-08-10 00:46:04
>> Complete the spherical harmonic analysis for 157 sea level variation grids!

i - ™ The program outputs the sea level variation load spherical harmonic coefficient model ﬂles
iesuatstandard aeviation hirsanckli(a) 0% e xteratlon%ro%:ess slagsucs files Ero"’ inijand residual Sea level variation grid files mt***.dat. *** is the instance of the
Termination condition of residual decrease (b) 1.0 % 2 given wildcards.

** The file header of the seachg™**s.dat: the geocentric gravitational constant GM (x10'*m?/s?), equatoriaradius
a(m) of the Earth, zero-degree term aACux (cm), 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 of the harmonic ient model in which the surface harmonic functions are
defined on the spherical surface whpse radius is equal to the equatorial radius of the Earth

—

[=) set the results folder % Import setting pa ';;T;f

Number of consecutive wildcards in file name

Set termination condition of the iteration

(2} Open the land-sea terrain spherical coordinate grid file

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

| 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.

).000000 360.000000 -90,000000  90,00000

180-degree spherical harmonic
coefficient model

3.986004418 _ 6378137.00 0.1482 12.259
1 0 47.1099714241030070E-10 0.0000000000000C

GM(x 10"*m?* /$%) ‘a(m) zero-degree term (cm), relative erro(%!
2 1 t.“l‘f‘rié‘ﬂ) .83540275498
2 2 ¥6.46273134 666112
the scale parameter
3 2 4.053096
3 1.1197190742 9067022
4 0000¢
4 3071775299 1
1 .18112395704 . 4 P :
4 - -1.401349859 number of iterations, mean, SD, minimum, maximun
4 4 0 2.38763086321 ] 1L 0.0007 Li.44es 2z.dzed

@ 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 2.1 Spherical harmonic analysis 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 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.

Tab 2.2 The change of spherical harmonic analysis residual of sea level variations

with grid resolution

maximum | Zero-degree First-degree item (x107"°) Relative
degree item (cm) ACSE® ACE® ASsea error (%)

Input grid

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'%15’ 720 0.1273 -7.19655 | -0.71797 | 6.86062 3.566

(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.

[ ‘Computation of load deformation field by spherical harmonic synthesis g o
) M > 24 az B
Open file Saveas Import parameters fart computation  Save process  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 satellite or outside solid Earth using spherical harmonic synthesis "™ analysis and load effect synthesis

Select the calculation point file format

[ he type of surtace load _Sea level variation | 4.t Save program process as
| [ Tne 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 tidal load effects on various variations on the calculation points in the inout file using seherical harmenic synthesis.

A >> Open the land surface height grid file C:/ETideLoad4 5 15m.dat.
() Open any load harmonic coeficient model file 5> Open any load harmonic coefficients model file C:/E TideLoad4 5_y 10212¢s dat.
Setthe wildcard of the file names ** The window below only shows no more than 3000 rows of data in the file!
| Ordinal number of first widcard in fle nané |9 2] > Create or selectthe results folder C/ETideLoads 5.y
 The program outputs the surface load effect grid time series files loadfmdi™™* 777, where 777 = ksi, gra, rga, dft, vdf, dph, dpr, nmh, grr or hgd, respectively, representing
|
mbenci consecniye widcards ) e DARelf 10 hegid fl oflad efects on the height anomaly. ground gravity. gravit disturbance, ground tt,verticaldefiection, horizontalcispiacement, radia dispiacement,normal or
Select the type of effects ortho sheight, ladla\ gravity gradient or horizontal gravity gradient
i geoid or height anomaly (mm) gards of the model time series file name, whose Instance can identify the sampling epoch time of the computed load effects. The number of output
| 4 grouna graviy (uca) & files s equal to the number SMhedtime series files of the load spherical harmonic coefficient model
S s ** The load hamonic coefficient modaTes.searched by wikdcard instantiation
gy cleebyance (| il Ci/ETideLoac4.5_\ oadefon gyt T80T0212}s dat
ground tit (SW, mas) = Ci/ETideLoadd 5\ 19010912bs dat
vertical deflection (SW, mas) C/ETdoLoadk 5 19011612ps dat
5 /ETideLoadd 5_ 19012312Fs dat
1 horizontal displacement (EN, mm) o Uinepmen] Hpedrids ey
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Fig 2.2 Calculation of the sea level variation load effect grid time series on all-
element geodetic variations

Fig 2.2 is the calculation result of spherical harmonic synthesis program of sea level
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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).

Fig 2.3 is the calculation results of the sea level variation load effects on geopotential
and gravity gradient of the Earth satellite.

Computation of load deformation field by spherical harmonic synthesis - o x

3 &
Openfle Saveas Importparameters Start computation  Save process =~ Follow =XamP‘¢
Computation of various load effects Computation of various 10ad efiects of Computation of load effect time series ; Global surface load spherical harmonic
using spherical harmonic synthesis ® Eartn satelite or outsice solid Earth using spherical harmonic synthesis *# analysis and load effect synthesis
Select the calculation point file format | The type of surtace load_Sea level variation - | 4.+ Save program process as

The discrete calculation point file
>> Computation start time: 2024-08-15 10:22:13

| § Open the space caicuiated point fle >> Complete the computation of the model values of load effects!

NNAnbacof WAoo M8 fiomrari 1 = >> Computation end time: 2024-08-15 10:22-30

= >>[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

Column ordinal number of the height in record |4  geopotential (0.1m¥s?), gravity (Gal), or gravity gradient (104E) 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 satellte altitude.
>> Open the space calculation point file C/ETideLoadé.5 ot
** Look at the file information.in.the windorw below and set the row number of the file header...

Qpen surtace oad hamonic cosficien model e C-ETidooad. .
» han

(%) Open surface load harmonic coefficients model'file
Select the type of effects
oo —
‘gravity vector (XYZ, pGal)

gravity vector (ENU, pGal)
| L) gravity gradient (XYZ, 10E)

7] gravity gradient (ENU, 104E)

10312cs.dat.

dow below data [n the f
he resulls as C /ET:aeLaada . wwnsdenlexamples/Loadelormhalmsynﬂ\/ﬂuld'mvsl .

>> Complete the complttation of the model values of load effects!

>> Computation end time: 2024-08-15 10:28:04 GOCE satellite altitude

Minimum starting degree < | Maximum truncated = A

of the cosficient model L= deg 360 [ Save the results as ¥ Import setting parameters Start computation

Extract deformation field o be plot . Pt}

140 147

} 3 3 1w
| 1o 3 0 s 10 15

gravity gradient (E, 104E) gravity gradient (N, 104E) gravity gradient (U, 104E)

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°%0.5° 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.
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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

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 & & O o w »2 o =
L

Month/day/year
07/02/18 01/01/19 07/03/19 01/01/20 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

3 Month/day/year
07/02/18 01/01719 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 (10pE) 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
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 1ThPa (mbar) is equivalent to that of 1cm
equivalent water high load, that is, 1ThPa=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)5225 (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:

APy =Py = P = Po (1 - 44:30)5225 —h (1 h 44230)5225 ~ Ak (1 a 44:30)5225 (2:37)
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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.

o
[ 0 =5 - P
B =N 2 v a2 Ae |
Openfile 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 variations = global land water variations global sea level variations
|
9 Open any surface atmosphere spherical coordinate grid file | g} save program process as 4 Spherical harmonic analysis and synthesis on global surface loads |

bemng parameters have been imported in !ne programl
* Click the control button [Start computation], or the tool button [Start computation]....

>> Computation start time: 2024-08-09 23:29:02
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| | Termination condition of residual decrease (b) 1.0 % = wildcards.
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the last step iteration as a percentage of the standard deviation of the original grid values, angd
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defined on the spherical surface whose radius is equal to the equatorial radius of the &
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u;u
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The surface harmonic functions in the spherical
harmonic coefficient model are defined on the
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equatorial radius a of the Earth.

[=) Set the results folder % Import setting parameters
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- 180-degree spherical harmonic
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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 grid corresponds to n=720.

Fig 2.8 Spherical harmonic analysis on global surface atmosphere variations and

construction of load spherical harmonic coefficient model

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
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time is shown in the lower left figure.

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
Input grid . — — —
degree item (hPa) ACHr ACHT ASHr error (%)
2°x2° 90 -1.7539 0.55043 3.60270 | -6.35702 2.707
1°%x1° 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

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

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).

Fig 2.10 is the calculation results of the surface atmosphere variation load effects on
geopotential and gravity gradient of the Earth satellite.
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Fig 2.10 Load perturbation calculation of surface atmosphere variations of Earth

satellite
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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
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.

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
gradient (10uE) respectively at 14 CORS stations from January 2018 to December 2020.

8

Month/day/year

07/0‘2”8 01/0‘1119 07/0.3/19 OIIOIIIZO W/O.WZO
Fig 2.11 Surface atmosphere variation load effect weekly time series on the geoid

(mm) at 14 CORS stations in mainland China

Month/day/year

07/02/18 0101719 07/03/19 01/01720 07/02/20

Fig 2.12 Surface atmosphere variation load effect weekly time series on the ground

gravity (uGal) at 14 CORS stations in mainland China
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Month/day/year
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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

07/02/18 01/01/19 07/03/19 01/01/20 07102120

Fig 2.14 Surface atmosphere variation load effect weekly time series on the radial

gravity gradient (10pE) 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°%0.25° land water variation spherical coordinate
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.
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i

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

degree item (cm) ACHe ACh ASina error (%)

Input grid

30'x30’ 360 0.3242 5.46047 1.49947 0.52091 5.851
15'x15’ 720 0.3207 5.32556 1.51216 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 1515’ global land water variation (cm) spherical
coordinate grid weekly time series (157 sampling epochs) from January 2018 to September
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2020. Then, the 720-degree land water 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 land water variation load effect weekly time series at 14 CORS stations in
mainland China are calculated.

Month/day/year
07/02/18 01/01/19 07/03/19 01/01/20 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

-6 Month/day/year
07/02/18 0101119 07/03/19 01/01/20 07/02/20

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
07/02/18 010119 07/03/19 01/01720 07/02/20

Fig 2.18 Global land water variation load effect weekly time series on the ellipsoidal

height (mm) at 14 CORS stations in mainland China

Here, the land water includes 4m shallow soil water, wetland water, vegetation water
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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/daylyear |
07/02/20

07/02/18 01/01/19 07/03/19 01/01/20

Fig 2.19 Global land water variation load effect weekly time series on the radial
gravity gradient (10pE) 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.
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