4.8.2 Simple process demo of all-element modelling on gravity field using
SRBFs in orthometric height system

Exercise purpose: From the observed terrestrial, marine and airborne gravity
disturbances and GNSS-leveling geoidal heights in orthometric height system, make the
all-element models on gravity field using spherical radial basis functions (SRBFs) in six
steps, in which all the terrain effects are not processed, to quickly master the essentials
in observation analysis, computation quality control and all-element modelling on
regional gravity field.

After the terrain effect processing omitted, SRBF approach process of gravity field is
very simple because there is no need for additional continuation reduction, gridding and
GNSS leveling fusion process.

e The observed gravity disturbance and GNSS-levelling data

The observed terrestrial, marine and airborne gravity disturbance file obsdistgrav.txt.
The file record format: ID, longitude (degree decimal), latitude, ellipsoidal height (m),
observed gravity disturbance (mGal), ...

The observed GNSS-leveling geoidal height file obsGNSSIgeoid.txt in orthometric
height system. The file record format: ID, longitude (degree decimal), latitude, observed
geoidal height (m), ...

In the example, the observed gravity disturbance and GNSS-leveling geoidal
heights are simulated from the EGM2008 model (the 2~1800™" degree) in advance.

Detection of gross errors, measurement of GNSS-levelling contribution Calculation of gravity field elements
regional height datum difference and GNSS- ratek =0 from global geopotential model
leveling external accuracy index

: :

The observed terrestrial,
marine and airborne

The remaining gravity disturbance file

residual file 1

The heterogeneous
observation residual file

Regional GNSS-leveling
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levelling geoidal height file

All modelling on gravity field
using SRBFs from heterogeneous
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Reconstruct the heterogeneous
observation residual file
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! - — geoidal height grid
1 All-element modelling on remaining  «g—-
: residual gravity field using SRBFs
All-element modelling on the residual 1 + The ellipsoidal
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A Py The remaining t
mod-:lseffe?es?:llu.nal residual file 2 f—t e m e ke »| Detection of gross errors, measurement
gravity field of external accuracy indexes,
computation performance control and

results quality assessment

30" gravimetric geoidal height, gravity disturbance o
gravity anomaly, disturbing gradient and vertical grid files
deflection vector models on geoid + | 2~540t degree all- element grids from

EGM2008 geopotential model

30" gravimetric geoidal height, gravity disturbance gravity anomaly, disturbing gradient and vertical deflection models on Earth surface

Simple process demo of All-element modelling on gravity filed using SRBFs in orthometric height system
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The observed gravity disturbances (mGal) and observed GNSS-levelling geoidal heights (m)

It should be noted that since the observed geoidal height by GNSS-leveling is
essentially the height anomaly on the geoid in orthometric height system, the ellipsoidal
height at GNSS-leveling sites must be the geoidal height, which can be employed by
the observed GNSS-leveling geoidal height or the model geoidal height from the
EGM2008 model (the 2~180" degree).

The distributio: of gravity points, 2~180t degree model geoidal height and ellipsoidal height of ihe te}rain surface

e The ellipsoidal height grid of calculation surface:

The model geoidal height grid file mdigeoidh30s.dat calculated from the 2~180%"
degree geopotential model, which is employed for modelling on gravity field on geoid.

The ellipsoidal height grid file surfhgt30s.dat of the land/sea surface equal to the
sum of the digital elevation model grid DEM30s.dat and the model geoidal height grid
mdlgeoidh30s.dat, which is employed for modelling on ground gravity field.

Here, it is required that the grid range of the calculation surface is larger than the
range of the target area to absorb edge effects.

(1) Remove reference model value from all the observations and then
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construct the heterogeneous observation residual file.

Call the function [Calculation of gravity field elements from global geopotential
model], let the minimum degree 2 and maximum degree 540, and input the file
EGM2008.gfc, observed gravity disturbance file obsdistgrav.ixt and observed GNSS-
levelling geoidal height file obsGNSSIgeoid.txt, calculate and remove the 2~540%
degree model value of these observations to generate the heterogeneous observation
file obsresiduals0.txt according to the agreed format.

The agreed format of the heterogeneous observation file record: ID (point no /
name), longitude (degree decimal), latitude, ellipsoidal height (m), observation, ...,
observation type (0 ~ 5), weight, ... The order of the first five attributes is fixed by
convention.

The observation types and units: 0 - residual gravity disturbance (mGal), 1 - residual
geoidal height (m).

It should be noted that the ellipsoidal height of GNSS-leveling site must be the
geoidal height and not the observed ellipsoidal height at GNSS-levelling site.

-
{1) Remove reference model value from all the observations and then
construct the heterogeneous observation residual file.

G Celoulation of gravily fied elements +.. Galculation of model value for residual .o Global geopotential coefficient Calculation and analysis of spectral

% from global geopotential model = terrain (complete Bouguer) effects &' model Calculator character of Earth's gravity field

@ Open global geopotential coefficient model file 4.} Save computation process as % Algorithmic Formulas
Se!eq calculation fie format ** The window below only shows the geapotential coeflicients data with no mere than 2000 rows in it A

Discrete calculation points file ~ | [>> Open space calculation points file C:/PAGrav4 5_ i i i

= obsGNSSigeoidh. txt.
% Open space calculation poins file

| ** Look at the file information in the window below and set the discrete point file format...
Setinput point file format |——%» Save he resulls as C/PAGav 5 _winBden/examplesiGravimdiexerciselSRBF apprgeoiiexercisey
< | lobsGNSSInesin cMBa0 bt
DAL R A | = | " Behind the record of the calculation point file, appends one or more columns of model values of anomalous field

elements, and keeps 4 significant figures. |

> The parameter settings have been entered into the system!
** Click the [Start Computation] contral btton. or the [Start Cemputation] toel butten The observed The  observed
** The calculation process need wait. during which you can open the output file to look at the cald /g ravity @ GNSS-leveling
>> Computation start time: 2023-03-21 09:46:33 . y "
S>Gomplete the calculation of the madel value of (residual) gravity field element! disturbances geoidal heights
71 gravity disturbance (mGal) »> Computation end time: 2023-03-21 09:47:17 “
L1 vertical deflection (", SW)
[ disturbing gravity gradient (E, radial)

Column ordinal number of ellipsoidal

height in the record 5

Select elements to be calculated

4| height anomaly (m)

1 gravity anomaly (mGal)

- Import setting parameters ¥ Start Computation :

71 tangential gravity gradient (E, NW) z
[ Laplace operator (E) The heterogeneous
Minimum degree 2 observation residuals
Maximum degree 540 —_
] ] A
Extract elements to be plot 2 Plot, ID lon(d mal) lat ellpH(m) rent kind weight
1 24.4944 222 1% 2 0 1
.23 LA ) L oz s The ellipsoidal height here at GNSS- § " fél? i‘; i
=18 C e T®% leveling point is the observed or 3 1 102, 5122.50 1
= 7 ! : lss wmodel geoidal height , not the 6 5 10z, Residual gravity, 1
observed ellipsoidal height. & 1o0z.:disturbances (mGal) 1
sz - A 7 102.3852 24.6036 = 1965.58 1
& 2 L
5] BE a 1
.. N a 1
T . P
wee DL : 6 1223 -
| 4 1224 1
a1 L - 1 L L 284 42 cg 2 - 1
e @ wes oy wmz s 1226 86 24.5627 -32.423%
ms ;s 4 2 3 S8 318 314 - 1227 71 : : 1
e S S s 1. Residudl GNSS-leveling
. . 422 I eoidal height {m
The model geoidal height (m) at gravity anomaly (mal) e 9 g ght (m) N N
the GNSS-levelling points s equal, the program calculates the contribution of the degree n geope 129 11 1
wilicii can be empioyed (o analyze and svaluals (e speciral and space properties of the geopotential coefficient model. 42337 17 1

(2) Detect the gross errors of the observations and then reconstruct the
heterogeneous observation residual file.

Call the program [All-element modelling on gravity field using SRBFs from
heterogeneous observations], select the height anomaly as the adjustable observation,
let the contribution rate « = 0, and input the heterogeneous residual file
obsresiduals0.txt and model geoidal height grid file mdigeoidh30s.dat to estimate the
residual gravity field grid mtSRBFgeoidh30s0.xxx on geoid, and get the remaining
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residual file rntSRBFgeoidh30s0.chs.

Where, xxx=ksi stands for residual geoidal height (m), xxx=rga stands for residual
gravity disturbance (mGal), xxx=gra stands for residual gravity anomaly (mGal), xxx=grr
stands for residual disturbing gravity gradient (radial, E) and xx=dft stands for residual
vertical deflection (SW, ).

Separate the remaining residual records of the observed GNSS-leveling and
observed gravity disturbances from the remaining residual file rntSRBFgeoidh30s0.chs,
detect and remove the observation gross error points beyond 3 times standard deviation
range of the remaining residuals for the GNSS-levelling sites and beyond 5 times
standard deviation range for the disturbance gravity points, and then reconstruct the
new heterogeneous observation residual file obsresiduals01.ixt.

(3) Measure the regional height datum difference and GNSS-leveling external
accuracy index.

Replace the input file obsresiduals0.txt with the new heterogeneous observation
residual file obsresiduals01.txt and repeat the step (2) to re-estimate the residual gravity
field grid rmtSRBFdatum30s.xxx on geoid and get the new remaining residual file
rntSRBFdatum3OS chs.

(2) Detect the gross errors of the observations and then reconstruct
the heterogeneous observation residual file.

= Open the discrete heterogeneous of file header, whose format: observation type (0~5), source observation mean, standard deviation, minimum, maximum, residual observation mean,
* residual observations file standard deviation, minimum, maximum. The record format: ID, longitude, latitude, ellipsoidal height, residual . source observation, observatior
| - type, weight
| | number of rows of file header 1 = >>The parameter settings have been entered into the system!
column ordinal number of ellipsoidal = Click the [Start Computation] control button, or the [Start Computation] tool button.
height in the record >> Computation start time: 2024-09-28 18:03:50
column ordinal number of weight 7 = >> Complete the computation!
end time: 2024-09-28 18:10:25
Select SRBF  radial multipole kerel - | > The program outputs the all-element grid files into the current directory. These grid files include the residual gravity disturbance *.rga (mGal), residual

Orderm 5 = | height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient * grr (E. radial) and residual vertical deflection vector
| .dft (", SW), where " is the output file name, and whose grid specification are the same as the input ellipsoidal height grid of calculation surface.
Minimum degree 360 = >> The program also outputs SRBF center file *center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
Maximum degree 1800 = | number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: ID, longitude (degree
decimal), geocentric latitude. cell grid area deviation percentage. longitude interval of cell grid in prime vertical circle direction ('

Bem::\'f':';:p:";g 10.0km <[> Typeo of source observalions: mean 03186 slandard deviation 42.1772 minimum -206.0915 maximum 1652611
4 Action di ‘P Residual observations: mean 0.7368 standard deviation 16.9838 minimum -105.2839 maximum 114.8811
O (e 100im >> Type 1 of Souce observations: mean -0.3510 standard deviation 0.2774 minimum -0.9982 maximum 0.3435

of SBRF center
Reuter network level K 3600

Residual observations: mean -0.0410 standard deviation 0.0287 minimum_-0.1943 maximum _ 0.0132

Solution of normal equation L= =wisrerer s

Selectthe adustable | it 2nomaly (m) o 1053835 11478811
observations ID lon 1 -0.1943 0.0132
| Contribution rate x of = 1 24
| observations -0 = 2 A
| < Select the remaining

| = Open the ellipsoidal height grid file

& of calculation surface ‘.residuals (column 5) as

~ the statistical reference.

spherical radial basis function spatial curve residual gravity disturbance (mGal)

4 Algorithm of gravity field approach using SRBFs

me e

@ After the first is  itis to employ the output

| residual observation file *.chs as the input observation file again to refine target field

elements. Generally, the stable solution can be achieved by 1 to 3 times cumulative

SRBF approach, and the target field elements are qual to the sum of these SRBF ™ |
approach solutions.

@ The validity principle of once SRBF approach: (1) The residual target field

|| element grid are continuous and differentiable, and whose standard deviation is as| >

|| small as possible. (2) The statistical mean of residuals tends to zero with the|

|[ increase of cumulative approach times, and there is no obvious reverse sign.

|

Extract dat; s Plot —
| E
@ The program is a high performance and adaptable modelling tool on local gravity ’ | <. D 2= -
| field. Various observations with heterogeneity, different altitudes, cross-distribution = @ e - e - Hpr of w e i
| and land-sea coexisting can be directly employed to estimate the all-element models : - 1 S ‘
| of gravity field without reduction, continuation and gridding. L A e I T LA L O ORI . O R

|[@® The program has strong capacity on the detection of observation gross errors, E e ES —
B s e e e e residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S ()
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Exiract piat data

Reconstruct the heterogeneous
observation residual file
obsresiduals01.txt.

2 5 Saurce bservations input Observations without grass error

Since the contribution rate of GNSS-levelling k = 0 is set in advance, it
essentially here directly to measure the external accuracy index of the observed GNSS
levelling only using the observed gravity disturbances. Before and after gross error
removed, the statistical results on the observation residuals are as follows.

number standard

) mean . minimum | maximum
of points deviation

Original 4219 | 0.3186 |42.1772 | -296.0915 | 165.2611
residuals

Gravity Residuals
disturbance . 4215 0.2695 | 42.0737 | -296.0915 | 165.2611
(mGal) without error

Remaining | /515 | (04584 | 13.6071 | -61.1040 | 64.8276
residuals

Original

GNSS residuals 125 | -0.3510 | 0.2774 -0.9982 0.3435
N

levelling Residuals 124 |-0.34820| 0.2768 | -0.9982 | 0.3435
geoidal without error

height (m)

Remaining

, 124 |-0.0070®|0.0243®| -0.1328 0.0561
residuals

The statistical mean (1) minus (2) of the GNSS-levelling remaining residuals in the
table, that is, -0.3482® - (-0.0070®) = -0.3412 m, is the difference between the regional
height datum and global height datum (gravimetric geoid). Here provides the SRBF
measurement method for regional height datum difference.



jr (3) Measure the regional height datum difference and GNSS-leveling
external accuracy index.

B Open the discrete heterogeneous of file header, whose format: observation type (0-5). source tandacd dauiasi dual

residual observations file !sytzgf!i’r:;he(wanon. minimum, maximum. The record format: 1D, longitude, lal ¢y 2 7& GfH Theexternal acciracy index(SD)

[fnSmEeyotioNe ol headerg 1 | >>The parameter settings have been entered into the system! of the 2~540t degree model geoid
column ordinal number of ellipsoidal +| ™ Click the [Start Computation] control button, or the [Start Computation] td > .
height in the record * >> Computation start time: 2024-09-28 18:24:31 0.0243 m The external accuracy index
column ordinal number of weight 7 2 >>Complete the computation! . i
>>C end time: 2024-09-28 18:29:19 (SD) of GNSS-levelling
Select SRBF  radial multipole kernel >> The program outputs the all-element grid files into the current directory. These grid files include the residual gravitddisturbance *.rga (mGal), residual
Orderm 3 < 1| height anomaly * ksi (m). residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) anq residual vertical deflection vector
X ~| *.dft(", SW), where * is the output file name, and whose grid specification are the same as the input ellipsoidal height grid of calculation surface.
Minimum degree 240 | >>The program also outputs SRBF center file *center.txt into the current directory. The file header format: Reuter gridflevel, SRBF center number, cell grid
Maximum degree 1800 + | number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: ID, longitude (degree
Burial depth of | decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle djrection ().
Blerhammar sphere 10.0km | > Type 0 of source observations: mean 0. 2695 standard deviation 42.0737 minimum -296.0915 maximum 165/2611

| # P Residual observations: mean_-0 standard deviation 996 minimum -80.4161 maximum 64.8276
| Action distance oo, S| >>Type 1 of source observations: mean 3482 slndard deviation| 02768 thinimum 09982 maximum . 0.34B5

OLSORE cans Residual observations: meaf_-0.0070 [standard deliatign_0.0243 minimum  -0.1327 maximum _0.0561
| Reuter network level K 3600 : =
| Select the adjustable |, Solution of normal equation LU triangular decomposition [} Savethe results as 3+ Import setting parameters 4 Start Computation

eight anomaly (m)

| observations

nt (E) ver
Contribution rate k of 06

adjustable observations % =

—0,3482 — (-0.0070) = —0,3412m
The measured height datum difference

7 Open the ellipsoidal henghl gnd file
= of caleulation surface

Only using the observed gravity dlsturbances

| @ alqorithm of gravity feld approach using SRBFs Spatial distribution of observations  spherical radial basis function spatial curve  residual gravity disturbance (mGal)
ot g
: c’ 5
- .
P Wy
« « 4
. .

B

s

| @ After the first is it is to employ the output
| residual observation file *.chs as the input observation file again to refine target field
elements. Generally, the stable solution can be achieved by 1 to 3 times cumulative
| SRBF approach, and the target field elements are qual to the sum of these SRBF
approach solutions.
@ The validity principle of once SRBF approach: (1) The residual target field|
element grid are continuous and differentiable, and whose standard deviation is as|
small as possible. (2) The statistical mean of residuals tends to zero with the|
increase of cumulative approach times, and there is no obvious reverse sign.

3

| Extract data to be plot s Plot —

! @ The program is a high performance and adaptable modelling tool on local gravity

| field. Various observations with heterogeneity, different altitudes, cross-distribution

| and land-sea coexisting can be directly employed to estimate the all-element models

| _of gravity field without reduction, and gridding.

\ @ The program has strong capacity on the detection of cbservauon gross errors, |
ci extemal accuracy indexes and control of

residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (" )

In the table, 0.0243®m is the external accuracy index of the observed GNSS-
levelling expressed as standard deviation, that is, 2.43 cm. Here provides the SRBF
measurement method for the external accuracy index of GNSS-leveling. The result
indicates that the external accuracy of the observed GNSS-leveling is not bad than 2.43
cm (standard deviation).

In general, it is necessary to make 1 to 2 cumulative SRBF approach with *.chs as
the input file to obtain the minimum of the standard deviation of the GNSS-levelling
remaining residuals as the external accuracy index, and this process is omitted in this
example.

After removing the regional height datum difference of -0.3412m from the GNSS-
levelling residuals, the new heterogeneous observation residual file obsresiduals1.ixt is
reconstructed again.

(4) All-element modelling on the residual gravity field using SRBFs

Call the program [All-element modelling on gravity field using SRBFs from
heterogeneous observations], let the contribution rate k = 1, and input the
heterogeneous residual file obsresiduals1.txt and the model geoidal height grid file
mdlgeoidh30s.dat to estimate the 30" residual gravity field grid rntSRBFgeoidh30s1.xxx
on geoid, and get the remaining residual file rntSRBFgeoidh30s1.chs.



(4) All-element modelling on the residual gravity field using SRBFs

Iy Open the discrete heterogeneous | of file header, whose format: observation type (0-5), source observation mean, standard deviation, minimum, maximum, residual observation mean,
residual observations file standard deviation, minimum, maximum. The record format: ID, longitude, latitude, ellipsoidal height, residual observation, source observation, observation
- : type, weight

number of rows of file header 1 >> The parameter settings have been entered into the system!
column ordinal number of ellipsoidal 6 ** Click the [Start Computation] control button, or the [Start Computation] tool button.
height in the record >> Computation start time: 2024-09-28 18:36:27
column ordinal number of weight 7 = >> Complete the computation!
>> C end time: 2024-09-28 18:41:35
>> The program outputs the all-element grid files into the current directory. These grid files include the residual gravity disturbance *.rga (mGal), residual
height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector
*.dft (", SW), where " is the output file name, and whose grid specification are the same as the input ellipsoidal height grid of calculation surface.
>> The program also outputs SRBF center file *center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
Maximum degree 1800 number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: D, longitude (degree
Burial depth of decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction (|
10.0km >> Type O of source observations: mean 0.2695 standard deviation 42.0737 minimum -296.0915 maximum 165.2611

Blethami sohere e Residual observations: mean _0.0196 standard deviation 12.9866 minimum -80.4161 maximum 64.8276
Action distance

of SBRF oantor 100k >>Type 1 of source observations| nimum -0.6571 maximum  0.6846
Residual observatiorjs: mean _-0.0002_standard deviation _0.0276 minimum__-0.1059 maximum__ 0.0768
Reuter network level K 3600 =
Select the adjustable
observations
Contribution rate k of
adjustable observations

O

Select SRBF  radial multipole kernel
Orderm 3
| Minimum degree 360

O oo o

Solution of normal equation LU triangular decomposition - [=) Save the results as ¥ Import setting parameters & Start Computation

height anomaly (m)
Can furtherly detect and remove the |
observation gross errors from *.chs,

¢ and then repeat the step (4). ®

-72.1577 -106.5438 0.3880 2.3703

1.00 -

7 Open the eli\psoidal hélbhl grid file
= of caleulation surface

¥ Algorithm of gravity field approach using SRBFs Spatial distribution of observations  spherical radial basis function spatial curve  residual gravity disturbance (mGal)

| @ After the first is it is to employ the output
| residual observation file *.chs as the input observation file again to refine target field
| elements. Generally, the stable solution can be achieved by 1 to 3 times cumulative

SRBF approach, and the target field elements are qual to the sum of these SRBF
| _approach solutions.

@ The valiity principle of once SRBF approach: (1) The residual target field

element grid are continuous and differentiable, and whose standard deviation is as| Ay L 2
small as possible. (2) The statistical mean of residuals tends to zero with the| All-element models rntSRBFgeoidh3051 XXX
increase of cumulative approach times, and there is no obvious reverse sign. of the res.dual grav|ty ﬂeld

| Extract data to be plot s Plot — - . .

@ The program is a high performance and adaptable modelling tool on local gravity
field. Various observations with heterogeneity, different altitudes, cross-distribution
and land-sea coexisting can be directly employed to estimate the all-element models

of gravity field without reduction, and gridding. . > =
‘ @ The program has strong capacity on the detection of observation gross errors, 2 .
 of external accuracy indexes and controlof i residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (')

[The quality control scheme] You can furtherly detect and remove the observatlon
gross error points beyond 3 times standard deviation range of the remaining residuals
for the GNSS-levelling sites and beyond 5 times standard deviation range for the
disturbance gravity points from the remaining residual file rntSRBFgeoidh30s1.chs, and
then repeat the step (4). This process is omitted in this example.

(5) All-element modelling on the remaining residual gravity field using SRBFs

Call the program [All-element modelling on gravity field using SRBFs from
heterogeneous observations], let the contribution rate k = 1, and input the remaining
residual file rtSRBFgeoidh30s1.chs and model geoidal height grid file
mdigeoidh30s.dat to estimate the 30" remaining residual gravity field grid
rtSRBFgeoidh30s1.xxx on geoid, and get the remaining residual file
rntSRBFgeoidh30s1.chs.



(5) All-element modelling on the remaining residual gravity field using SRBFs

Open the discrete heterogeneous
residual observations file
| type, weight
| number of rows of file header 2
| column ordinal number of ellipsoidal
| height in the record
| column ordinal number of weight 8

7

>>The parameter settings have been entered into the system!
** Click the [Start Computation] Sontrol button, or the [Start Comput
>> Computation start time: 2024-09-28 19:56:11

of file header. whose format: observation type (0-5). source observation mean. standard deviation, minimum, maximum, residual observation mean,
standard deviation, minimum, maximum. The record format: ID, longitude, latitude, ellipsoidal height, residual observation, source observation, observation

Input the file rntSRBFgeoidh30s1.chs output

>> Complete the computation!
> Co

from the previous step.
>: end time: 2024-09-28 20:03:11

Orderm 5
Minimum degree 540
Maximum degree 5400
Burial depth of
Bjerhammar sphere
Action distance

of SBRF center 2™

6.0km

Select SRBF Poisson wavelet kerel

o oo o

>> The program outputs the all-element grid files into the current directory. These grid files include the residual gravity disturbance *.rga (mGal), residual
height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector
*.dft (", SW), where " is the output file name, and whose grid specification are the same as the input ellipsoidal height grid of calculation surface.
>> The program also outputs SRBF center file *center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
number in meridian circle direction. maximum cell grid number in prime vertical circle direction, latitude interval (‘). The record format: ID, longitude (degree
decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction (')
>> Type 0 of source observations: mean 0.0196 standard deviation 12.9866 minimum -80.4161 maximum 64.8276

X Residual observations: mean 0.0200 standard deviation 84565 minimum -54.9649 maximum 58.6241

>>Type 1 of source observations: mean -0.0002 standard deviation (0276 minimum -0.1059 maximum 0.0768
- Residual observations: mean 0.0008 standard deviation| 0.0147 minimum -0.0511 maximum  0.0345

| Rq
|
| | Select the adjustable
observations
Contribution rate k of
| adjustable observations

7 Open the ellipsoidal height grid file
= of caleulation surface

iter network level K 5400

height anomaly (m)

1.00 -

Solution of normal equation LU triangular decomposition -

$ave the results as

3 Import setting parameters

4

2

259

0.0147m ~ 1.5.cm

The accuracy

index (SD) of geoid modeling.

{3 Algorithm of gravity field approach using SRBFs

| @ After the first is it is to employ the output
residual observation file *.chs as the input observation file again to refine target field
i elements. Generally, the stable solution can be achieved by 1 to 3 times cumulative
| SRBF approach, and the target field elements are qual to the sum of these SRBF
approach solutions.
@ The validity principle of once SRBF approach: (1) The residual target field|
element grid are continuous and differentiable, and whose standard deviation is as|
|| small as possible. (2) The statistical mean of residuals tends to zero with the
increase of cumulative approach times, and there is no obvious reverse sign.
s
} Extract data to be plot s Plot —

@ The program is a high performance and adaptable modelling tool on local gravity
| field. Various observations with heterogeneity, different altitudes, cross-distribution
| and land-sea coexisting can be directly employed to estimate the all-element models

Spatial distribution of observations

w__mr ¥
Fre—fr o s ce iy

A

spherical radial basis function spatial curve

T e

'All-element models rntSRBFgeoidhs.Osz.xxx e
of the remaining residual gravity field

residual gravity disturbance (mGal)

| of gravity field without reduction, continuation and gridding.

W omr e e

| @ The program has strong capacity on the detection of observation gross errors,
| of external accuracy indexes and control of i

residual height anomaly (m)

W e

W mr

a0 o e s me am _w o

residual disturbing gradient (E)

residual vertical deflection S ()

mean

standard
deviation

minimum

maximum

Residual gravity Residuals

0.3523

42.1561

-296.0915

165.2611

disturbance First SRBF

0.0196

12.9866

-80.4161

64.8276

(mGal) Second SRBF

0.0200

8.4565

-54.9649

58.6241

Residual GNSS- Residuals

-0.0071

0.2768

-0.6571

0.6846

levelling geoidal |First SRBF

-0.0002

0.0276

-0.1059

0.0768

height (m) Second SRBF

0.0008

0.0147®

-0.0511

0.0345

In the table, 0.0147®m = 1.5cm can be considered as the accuracy index of geoid

modelling.

[The quality control scheme] You can furtherly detect and remove again the
observation gross error points beyond 3 times standard deviation range of the remaining
residuals for the GNSS-levelling sites and beyond 5 times standard deviation range for

the disturbance  gravity

points

from

the

remaining

residual

file

SRBFgeoidheight30s2.chs, and then repeat from step (4). This process is omitted in

this example.

You can also do further cumulative SRBF approach to improve the results. This

example omits this process.

(6) Restore the reference gravity field and generate the 30" all-element models

of the gravity field on the geoid.




Call the function [Calculation of gravity field elements from global geopotential
model], let the minimum degree 2 and maximum degree 540, input the file EGM2008.gfc,
and the model geoidal height grid file mdigeoidh30srst.dat (from mdigeoidh30s.dat with
grid edge removed), to calculate the all-element grid 5Mgeoidh30s540.xxx of the
reference gravity field on geoid.

| (6) Restore the reference gravity field and generate the
30" all-element models of the gravity field on the geoid.

Residuals Remaining residuals E[:j Reference models
geoidh30s1 geoidh30s2 GMgeoidh30s540

-All-element models
geoidh30srst.xxx

# IncoT g ersmetns

T ——— | Model disturbing gravity Model vertical deflection
ot | gradient (E) on geoid vector (") on geoid

Add the residual gravity field grid geoidh30s1.xxx (from SRBFgeoidheight30s1.xxx
with grid edge removed) and remaining residual gravity field grid geoidh30s2.xxx (from
SRBFgeoidheight30s2.xxx with grid edge removed) to the reference gravity field grid
GMgeoidh30s540.xxx, the 30" all-element gravity field models geoidh30srst.xxx on the
geoid are obtained, which include the 30" gravimetric geoidal height grid
(geoidh30srst.ksi, m), gravity disturbance grid (geoidh30srst.rga, mGal), gravity
anomaly grid (geoidh30srst.gra, mGal), disturbing gravity gradient grid (geoidh30srst.grr,
radial, E) and vertical deflection vector grid (geoidh30srst.dft, SW, ").

Add the regional height datum difference -0.3411m to the 30" gravimetric geoidal
height grid geoidh30srst.ksi in global height datum, the 30" gravimetric geoidal height
grid geoidh30srgn.ksi in regional height datum can be obtained.




30”x30" full element models of gravity field on geoid

mr e we  er

Geoid (m, Regional datum) disturbing gravity gradient (E) vertical deflection vector (")

So far, the all-element modelling on gravity field on the geoid have been completed.
o Let the terrain surface as the calculation surface, and directly generate the
30" all-element models of the gravity field on the terrain surface.

30" x30" full element models of gravity field on terrain surface

@r s s ax oy wr e o
7 -

T TR s 5
— S  c—

Height anonaly (m, Global datum)

ax - wr s 15

Height anomaly (m, Regional datum) disturbing gravity gradient (E) vertical deflection vector (")

In step (3) to step (6) above, the input data file and all the parameter settings are
kept the same, and only the calculation surface is changed to the terrain surface
surfhgt30s.dat. Using the same computation process, you can synchronously obtain the
30" all-element models surfhgt30srst.xxx of the gravity field on the terrain surface, which
include the 30" gravimetric ground height anomaly grid (surfhgt30srst.ksi, m, in global
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height datum), ground gravity disturbance grid (surfhgt30srst.rga, mGal), ground gravity
anomaly grid (surfhgt30srst.gra, mGal), ground disturbing gravity gradient grid
(surfhgt30srst.grr, radial, E), ground vertical deflection vector grid (surfhgt30srst.dft,
SW, ") and ground height anomaly grid (surfhgt30srgn.ksi, m, in regional height datum).

4.8.3 Simple process demo of all-element modelling on gravity field using
SRBFs in normal height system

Exercise purpose: From the observed terrestrial, marine and airborne gravity
disturbances and GNSS-leveling height anomalies in normal height system, make the
all-element models on gravity field using spherical radial basis functions (SRBFs) in six
steps, in which all the terrain effects are not processed, to quickly master the essentials
in observation analysis, computation performance control and all-element modelling on
regional gravity field.

Detection of gross errors, measurement of GNSS-levelling contribution Calculation of gravity field elements

regional height datum difference and GNSS- ratek =0 from global geopotential model
leveling external accuracy index

The observed terrestrial,
marine and airborne

The remaining gravity disturbance file

residual file 1

The heterogeneous
observation residual file

Regional GNSS-leveling i
height datum external accuracy :
difference index 1 The observed GNSS-
! levelling height anomaly file
H All modelling on gravity field
1 using SRBFs from heterogeneous
Reconstruct the heterogeneous ! observations 2~180t degree
observation residual file 1 EGM2008 model
! - — geoidal height grid
1 All-element modelling on remaining g,
: residual gravity field using SRBFs
All-element modelling on the residual 1 + The ellipsoidal
gravity field using SRBFs : l height grid of the
1 : land/sea surface
1 All-element grid The remaining residual file 3 ‘
: models of remaining
. residual gravity field l
K The remaining t
mﬁ(\)l(lj—:::r:r:s?ﬁal residual file 2 ) AR »| Detection of gross errors, measurement
gravity field of external accuracy indexes,
computation performance control and

results quality assessment

30" gravimetric geoidal height, gravity disturbance .
gravity anomaly, disturbing gradient and vertical grid files
deflection vector models on geoid + | 2~540t degree all-element grids from

EGM2008 geopotential model

30" gravimetric geoidal height, gravity disturbance gravity anomaly, disturbing gradient and vertical deflection models on Earth surface

Simple process demo of all-element modelling on gravity filed using SRBFs in normal height system

In this section, the observed GNSS-levelling height anomaly in the normal height
system is employed to replace the observed GNSS-levelling geoidal height in
orthometric height system in the 4.8.2, and the simple process of all-element modelling
on gravity filed using SRBFs is introduced. In the both cases, there is only a slight
difference in the processing of the observed GNSS-levelling data, and the other
modelling processes are the same. For the convenience, here gives the complete quick
process.

After the terrain effect processing omitted, SRBF approach process of gravity field is
very simple because there is no need for additional continuation reduction, gridding and
GNSS-leveling fusion process.
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e The observed gravity disturbance and GNSS-levelling data

The observed terrestrial, marine and airborne gravity disturbance file obsdistgrav.txt.
The file record format: ID, longitude (degree decimal), latitude, ellipsoidal height (m),
observed gravity disturbance (mGal), ...

The observed GNSS-leveling height anomaly file obsGNSSIksi.txt in normal height
system. The file record format: ID, longitude (degree decimal), latitude, ellipsoidal height
(m), observed height anomaly (m), ...

In the example, the observed gravity disturbances and GNSS-leveling anomalies
are simulated from the EGM2008 model (the 2~1800" degree) in advance.

™ T T 3 T Yoo 2 T T T = T T

[romte. & * 7 . e (SR T 38 2561 ®
L “e%e o u A . & @ ~
e ® o ® e
de @ e ®© b
3 el @ @
25 5," "% @ o] ® 9
c]
" o o
st o e e @
@ @ 9
r - © @ )
ZAS': . ’ o} e}
-
s - . A
24 103 103.4°
3 31
S

w i
The distribution of gravity points, 2~180"" degree model geoidal height and ellipsoidal height of the terrain surface

e The ellipsoidal height grid of calculation surface:

The model geoidal height grid file mdigeoidh30s.dat calculated from the 2~180%"
degree geopotential model, which is employed for modelling on gravity field on geoid.

The ellipsoidal height grid file surfhgt30s.dat of the land/sea surface equal to the
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sum of the digital elevation model grid DEM30s.dat and model geoidal height grid
mdlgeoidh30s.dat, which is employed for modelling on ground gravity field.

Here, it is required that the grid range of the calculation surface is larger than the
range of the target area to absorb edge effects.

(1) Remove reference model value from all the observations and then
construct the heterogeneous observation residual file.

Call the function [Calculation of gravity field elements from global geopotential
model], let the minimum degree 2 and maximum degree 540, and input the file
EGM2008.gfc, observed gravity disturbance file obsdistgrav.ixt and observed GNSS-
levelling height anomaly file obsGNSSIksi.txt, calculate and remove the 2~540'" degree
model value of these observations to generate the heterogeneous observation file
obsresiduals0.txt according to the agreed format.

4 Calculation of global geopotentia

el and its spect

analysis - 0 %
(1) Remove reference model value from all the observations and then
| construct the heterogeneous observation residual file.
i
3 Caloulation of graviy field elements 4., Galculation of model value for residual ..+ Global geopotential coefficient Calculation and analysis of spectral
" from global geopotential model = terrain (compleie Bouguer) effects & model Calculator character of Earth's gravity field
@ Open global geopatential coefficient model file 5.+ Save computation pracess as = Algarithmic Formulas
Sekcticetbao il Ot ** Glick the [Open global geopotential coefncient model file] contral button, of the [Open geopotential model] tool button... ~
Discrete calculation points file v | [>>Open global geopatential cogfiicient model Tile C /PAGravid 5_wineden/datalEGM2008.gfc.
* The window below only shows the geopotential coeflicients data with no more than 2000 rows in it
(& Open space calculation points file >> Open space calculation points file C:/PAGravf4 5 1 ppi It
Set input point file farmat ** Look at the file information in the window below and set the discrete point file format...
| Number of rows of file header 1 =] [E=Bave e resulis as CIPAGravid.5_winb4en/examples/Gravimdlexercise/SREF apprwinGNSS ks lobsCNSS kst GM54D bl
* Behind the record of the calculation point fle, appends one of more columns of model values of anomalous field elements, and
| Column ordinal number of ellipsoidal 5 =1 | keeps 4 signficant figures.
heightin the record == The parameter settings have been entered into the system!
| Select elements to be caloulated = Click the [Start Computation] control button, of the [Start Computation] tool button The _ObSEWEd The Db_served
A height anomaly (m) );"':rhe czllm:_\a\ior‘: ir?ce.ss r;:ezr;\ggwti‘d:rﬁngﬁw‘rgch you can open the output file to look at the calcul: gravity: GNSS-leveling
| omputation start time -03- . . g
| WerETETp(Er) >{‘Qmp\eta the calculation of the model value of (residual) gravity field element! disturbances height anomalies
[ gravity disturbance (mGal) >> C ion end time: 2023-03-21 15:29:04 v
vertical deflection (*, SW' o =
ul { ) En‘ Save tf results as 2 Import setting parameters & Start Computhtion

| 1 disturbing gravity gradient (E, radial)
[l tangential gravity gradient (E, NW) } Toi 1y ) lkad

| 71 Laplace operator (E) : L e I The  heterogeneous
Minimurn degres |2 B observation residuals
3 L]

Maximum degree |540 [ S

Extract elements to be plot M Plot] £ pomieecn Eastan ) o ablEfilE) =oris
2 1 102.3929 24.4%44  2228.1%
2 102 958 24 .5089 2170.20
[l oo wme v o  wer  wr ¢ : i 3 102.3 24,5296  2013.33
| =T S T leveling point is the observed 4 102.3° 24,5453 22.50
| i 0 1! Jue -ellipsoidal height. 6 s 1n2.Residual gravity
A J & lidisturbanices (mGal)
B2 . . . . . . sz ! 1
] g 102.3931 24.6178 199
s da 5 102.3%35 24.6384  1916.15
A o 1 102.4424 24.4717  1973.5¢
ua .\ kand 2 102.5467 24.4580 1659.69
. s : 1. 3 102.6324 24.4582  2120.99
WL . 1= 4 102.7259 24,4605  2112.20
[ N 5 102.4208 24.5663 1991.56
i B 6  102.5286 24.5627  1937.23
338 316 314 311 M LA 16 314 JL2 o Z Residual GNSS_leveling Zz.
4 9 heightanomaly-(m 11
The model height anomaly (m) at grawty anamaly (méal) 4230 o feghtanomaly(m) Tk
the GNSS i oints is equal, the program calculates the contribution of the degree n geopotenti 11 102.4239 24.6529  1960.26
cai be emmployed © analy. iie speciiai and Space properties of the geopotential coefficient model 3 12 102.5297 24.6670  2158.55

The agreed format of the heterogeneous observation file record: ID (point no/name),
longitude (degree decimal), latitude, ellipsoidal height (m), observation, ..., observation
type (0 ~ 5), weight, ... The order of the first five attributes is fixed by convention.

The observation types and units: O - residual gravity disturbance (mGal), 1 - residual
height anomaly (m).

(2) Detect the gross errors of the observations and then reconstruct the
heterogeneous observation residual file.

Call the program [All-element modelling on gravity field using SRBFs from
heterogeneous observations], select the height anomaly as the adjustable observation,
let the contribution rate « = 0, and input the heterogeneous residual file
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obsresiduals0.txt and terrain surface ellipsoidal height grid file surfhgt30s.dat to
estimate the residual gravity field grid SRBFsurfhgt30s0.xxx on geoid, and get the
remaining residual file SRBFsurfhgt30s0.chs.

Where, xxx=ksi stands for residual height anomaly (m), xxx=rga stands for residual
gravity disturbance (mGal), xxx=gra stands for residual gravity anomaly (mGal), xxx=grr
stands for residual disturbing gravity gradient (radial, E) and xx=dft stands for residual
vertical deflection (SW, ").

(2) Detect the gross errors of the observations and then reconstruct
the heterogeneous-observation residual file.

Open the discrete heterogeneous of file header, whose format: observation type (0-5), source observation mean, standard deviation, minimum, maximum, residual observation mean,
 residual observations file standard deviation, minimum, maximum, The record format: ID, longitude, latitude, ellipsoidal height, residual observation, source observation, atior
< type, weight
| number of rows of file header 1 ~  >>The parameter settings have been entered into the system!

| column ordinal number of ellipsoidal ** Click the [Start Computation] control button, or the [Start Computation] tool button
height in the record >> Computation start time: 2024-09-28 21:09:13

| column ordinal number of weight 7 2| >>Complete the computation!
>> Ci

6

end time: 2024-09-28 21:14:56
Select SRBF  radial multipole kemel >> The program outputs the all-element grid files into the current directory. These grid files include the residual gravity disturbance *.rga (mGal), residual
| Oroer i height anomaly *.ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector

*.dft (*, SW), where * is the output file name, and whose grid specification are the same as the input ellipsoidal height grid of calculation surface.
>> The program also outputs SRBF center file *center.xt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: ID, longitude (degree
decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction ().

Minimum degree 360

| Maximum degree 1800

o m::.n:!afgs:;g 10.0km 2 | [ Type 0 of source observaiions: mean 0.3186 standard deviation 42.1772 minimurn 296,095 maximum 1652611
Residual observations: mean 0.7856 standard deviation 17.5917 minimum -105.2838 maximum 114.8811
Action ""f“’“ce 100km 2| [ 72 Tvpe 1 of source observations: mean -0.3452 standard deviation 02739 minimum -0.9755 maximum 03702
Of SBRF cerat Residual observations: mean _-0.0405 standard deviation 0.0271_minimum _-0.1876_maximum _0.0099

Reuter network level K 3600
Solution of normal equation LU trig

Select the adjustable <
observations ®i9Nt anomaly (m) —
Contribution rate k of ) ) = 1
adjustable observations =

) Open the ellipsoidal height grid file
= of caleulation surface

1
1

Select the - remaining

residuals (column 5) as
! S 10330350 : : | the statistical reference.
Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

1
1
1
1

18
1616.150

= Algorithm of gravity field approach using SRBFs

*
-

@ After the first is it is to employ the output
residual observation file *.chs as the input observation file again to refine target field
elements. Generally, the stable solution can be achieved by 1 to 3 times cumulative -
SRBF approach, and the target field elements are qual to the sum of these SRBF

approach solutions. ¢
@ The validity principle of once SRBF approach: (1) The residual target field| [
element grid are continuous and differentiable, and whose standard deviation is as| ™
small as possible. (2) The statistical mean of residuals tends to zero with the| ¢
increase of cumulative approach times, and there is no obvious reverse sign. "

Extract data to be plot s Plot —

@ The program is a high performance and adaptable modelling tool on local gravity
field. Various observations with heterogeneity, different altitudes, cross-distribution
and land-sea coexisting can be directly employed to estimate the all-element models
of gravity field without reduction, tion and gridding. o R ‘ "~ A e
@ The program has strong capacity on the detection of observation gross errors, FES e :
measurement of external accuracy indexes and control of

residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S ()

Separate the remaining residual records of the observed GNSS-leveling and
observed gravity disturbances from the remaining residual file SRBFsurfhgt30s0.chs,
detect and remove the observation gross error points beyond 3 times standard deviation
range of the remaining residuals for the GNSS-levelling sites and beyond 5 times
standard deviation range for the disturbance gravity points, and then reconstruct the
new heterogeneous observation residual file obsresiduals01.ixt.

(3) Measure the regional height datum difference and GNSS-leveling external
accuracy index.

Replace the input file obsresiduals0.txt with the new heterogeneous observation
residual file obsresiduals01.txt and repeat the step (2) to re-estimate the residual gravity
field grid rntSRBFdatum30s.xxx on terrain surface and get the new remaining residual
file rntSRBFdatum30s.chs.

Since the contribution rate of GNSS-levelling k = 0 is set in advance, it
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essentially here directly to measure the external accuracy index of the observed GNSS
levelling only using the observed gravity disturbances.

- s s L o g ek e s
. = > o azt
Openfle Saveas Importparameters 51T COMPUIANEN  Save process Follow example
‘ g Gross armor detaction on observations . Estimation of absarvation weight ., Gridding of heterogansous data by basis
 pased on low-pass with specified reference atirbute TUneton wednted Interalaton
ini A 5 The discrata point file o ba delect 4.1 Save computation process as
Separate the remaining residuals
. Humber of rows of Tlle heacer 1 T >>Selectthe @ computaton function from the thes confrol buton.a e top ofthe nfriace
of the observed GNSS-leveling Gotumn orsinai numberof L >>[Funcli e das the netpetale e referonce value of he speciied atiibuts value a e
. R the atirbute o be detect © disereie point, and than delec and separate the gross error records accarding fo the siatistical properiies of the differances between the
and observed grav“y disturbance e s aTheT 5 T speciied aliute vae and referencs value
. et %] " The reference surface can be construcied from discrete data by simple gridding and then low-pass fitering, and can also be the
Specified atiibite i construcied by weghted basts funclion (rdding
from rtSRBFgeoidh30s0.chs. (B Oponovi-paes rteranos sufecs gdTle | [ amed allute grd consicied by wesied 2
*Look at The Tile Information Tn the w\rdw Delow and SE‘ the d\screie ‘point fike Tomat..
> Opan low-pass reference surface gri
_ 2+ Siove e sl 28 CAPAGIENTE 5 1 app g
[ save the resuns as > Save no gross ermor resuts s C4PAGTaVTd.5 L
IAOLSGNSSIKSDEITor. L.
 €irass error detete 6t biasis e eseing of CISCEtE Tiekd elements. u % 21he system!
- rthe [slan cnmpuvaum 10l button
B N & 4 a
Openfie Saveas Import paameters  SIAT GOTPUAON | Save process  Follow sxample
G or delection on cbservations . Estimation of abservation weight Gridding of haterogenecus data by basis ILIERETIEETD AT
BB oo on ow pass reference surface with specified reference attribute * function weighted interpolation . - o owr o
=
W The discrete paint file to be datect I Sawa computation process as
Mumber of Faws of s header |1 > [Function] Select the low-pass grid as the refernce surface, inlerpolate the referance value of the specifed iribuls valus stthe =
Column orainal number of . discrete point, and then delect and separate the gross error records according to the statistical properiles of the differences between o
the atiribute to be detect 5 - me specified atiribute value and referance value.
Forornd Tiltples T et ™ The reference surface can be constructad from discrele dala by simple grideing and hen low-pass filering, and can also be the o
0 2 50 N\ [7] | speoifed ampute on constucten b weishied Sass elon orgdng
stancard deviation n s e
2 Open low-pass reference surface fgd fle | |~ Look at the fie information 1t the wingow e ot e el pont e e
>> Opan low-pass rshrencssurfaw grid flle C/PAGI=VIA.5. pprg isal 8
zero dat T TR T > T e
»> Save the results as GTPAGTaV.S L g B e D P e
== Save NG JIeSs Emor results a3 C/PAGravta.5_ s w — —
22 observations input Observations wihout grass error

miobsdistaravCamar. bt
> The parameter setlings have been enlered 1o the system’

* Click the [Start Computation] control button. ar the [Start Computation] toal button
>hComputation start fime: 2023-03-21 14:48:43

»»Bomplete computalion!

>3 Cqputation end time: 20230321 14.48.43

[ save the resuls as
I save gross emar as

# Impart setting parameters

Reconstruct the heteroge-
L neous observation residual
. file obsresiduals01.txt.

[Ty
W W a @ o» e w

Source observatans input Obssrvations withaut grass sror

Before and after gross error removed, the statistical results on the observation
residuals are as follows.

number standard - .
mean minimum | maximum

of points deviation

Original 4219 | 0.3186 | 42.1772 | -296.0915 | 165.2611
residuals

Residuals | 4515 | 02695 | 42.0737 | -296.0915 | 165.2611
without error

Remaining | 4515 | 05677 | 13.8957 | -80.4161 | 64.8276
residuals

Original
GNSS residuals 125 | -0.3452 | 0.2739 -0.9755 0.3702

height Residuals | 155 | .03404"| 02735 | -0.9755 | 0.3702
without error
anomaly

(m) Fi:g‘jl'glnsg 123 |-0.00697| 0.0233% | -0.1295 | 0.0528

The statistical mean (1) minus (2) of the GNSS-levelling remaining residuals in the
table, that is, -0.3404® - (-0.0069®) = -0.3335m, is the difference between the regional
height datum and the global height datum (gravimetric geoid). Here provides the SRBF

measurement method for regional height datum difference.
In the table, 0.0233®m is the external accuracy index of the observed GNSS-

levelling expressed as standard deviation, that is, 2.33cm. Here provides the SRBF

Gravity
disturbance
(mGal)

levelling
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measurement method for the external accuracy index of GNSS- leveling. The result
indicates that the external accuracy of GNSS-leveling is not bad than 2.33 cm (SD).

(3) Measure the regional height datum difference and GNSS-leveling
external accuracy index.
Open the discrete heterogeneous of file header, whose format: observation type (0-5). source mean..standard deviation. mininum.maxinum. cesidual mean.
* residual observations file standard deviation, minimum, maximum. The record format: ID, longitude, I 0 2735m The eXtema| aceu racy index (SD)
= type, weight. 8
|| ambericf rows of e headeri 1 | >>The parameter settings have been entered into the system! of the 2~540" degree model height anomaly
column ordinal number of ellipsoidal 6 - ** Click the [Start Computation] control button, or the [Start Computation] 4 .
height in the record | >> Computation start time: 2024-09-28 21:17:31 0.0233 m The external accuracy index
column ordinal number of weight 7 - >> Complete the computation! u i
[ ” >> C end time: 2024-09-28 21:22:53 (SD) Of GNSS leVe"lng
Select SRBF  radial multipole kemel >> The program outputs the all-element grid files into the current directory. These gnd files include the residual gravi

- height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) arjd residual vertical deflection vector
*.dft (*, SW), where * is the output file name, and whose grid specification are the same as the input ellipsoidal heighf grid of calculation surface.
>> The program also outputs SRBF center file *center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: ID, longitude (degree
Burial depth of .| decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cel grid in prime vertical circle flirection ().

10.0km || >>Type 0 of source observations: mean 0.2695 standard deviation 42.0737 minimum -296.0915 maximum 16.2611

B,er:a:nmadr S'Z“e’e Residual observations: mean._-0.5677_standard deviation_13.8957 minimum -80.4161 maximum @4.8276
ction distance ., 31| > Type 1 of source observations: mean [-0.3404 standard deviation | 0.2735 njinimum __-0.9755 maximum __0.3702
of SBRF center - Residual observations: meafi_-0.0069 fstandard deviatioh 0.0233 [minimum -0.1295 maximum  0.0528

Reuter network level K 3600

| Orderm 3
Minimum degree 240
Maximum degree 1800

|

Solution of normal equation LU triangular decomposition - [5) save theresults as 3 Import setting parameters & Start Computation

Select the adjustable ¢
e bane  height anomaly (m) o o
Contribution rate k of T
adjustable observations
# Open the ellipsoidal height grid file
= of calculation surface

Only using the observed gravity disturbances.

Spatial distribution of observations spherical radial basis function spatial curve residual gravity disturbance (mGal)

| ~0.3404 = (-0.0069) = =0.3335m
The measured height datum difference

57.2168 11.4264 3
311 11.2885

3.1255

0.6102

{3 Algorithm of gravity field approach using SRBFs

ws . . _—

@ After the first is it is to employ the output
residual observation file *.chs as the input observation file again to refine target field
elements. Generally, the stable solution can be achieved by 1 to 3 times cumulative
SRBF approach, and the target field elements are qual to the sum of these SRBF

approach solutions. ¢
@ The valdity principle of once SRBF approach: (1) The residual target field| [
element grid are continuous and differentiable, and whose standard deviation is as| i
small as possible. (2) The statistical mean of residuals tends to zero with the| ¢
increase of cumulative approach times, and there is no obvious reverse sign. "

Extract data to be plot  Plot —

- o

@ The program is a high performance and adaptable modelling tool on local gravity
field. Various observations with heterogeneity, different altitudes, cross-distribution
and land-sea coexisting can be directly employed to estimate the all-element models
of gravity field without reduction, and gridding.

@ The program has strong capacity on the detection of observation gross errors,
measurement of external accuracy indexes and control of i

In general, it is necessary to make 1 to 2 cumulative SRBF approach with *.chs as
the input file to obtain the minimum of standard deviation of GNSS-levelling remaining
residuals as the external accuracy index, and this process is omitted in this example.

After removing the regional height datum difference of -0.3345m from GNSS-
levelling residuals, the new heterogeneous observation residual file obsresiduals1.txt is
reconstructed again.

(4) All-element modelling on the residual gravity field using SRBFs

Call the program [All-element modelling on gravity field using SRBFs from
heterogeneous observations], let the contribution rate ¥k = 1, and input the
heterogeneous residual file obsresiduals1.ixt and terrain surface ellipsoidal height grid
file surfhgt30s.dat to estimate the 30" residual gravity field grid SRBFsurfhgt30s1.xxx
on terrain surface, and get the remaining residual file SRBFsurfhgt30s1.chs.

[The quality control scheme] You can furtherly detect and remove the observation
gross error points beyond 3 times standard deviation range of the remaining residuals
for the GNSS-levelling sites and beyond 5 times standard deviation range for the
disturbance gravity points from the remaining residual file SRBFsurfhgt30s1.chs, and
then repeat the step (4). This process is omitted in this example.

residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S (*)
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(4) All-element modelling on the residual gravity field using SRBFs

Open the discrete heterogeneous

9 residual observations file

| number of rows of file header 1
column ordinal number of ellipsoidal

|

|
Select the adjustable

| @ After the first is

height in the record

| column ordinal number of weight 7

6

of file header, whose format: observation type (0-5). source observation mean, standard deviation, minimum, maximum, residual observation mean,
standard deviation, minimum, maximum. The record format: ID, longitude, latitude, ellipsoidal height, residual observation, source observation, observation
type, weight
>> The parameter settings have been entered into the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2024-09-28 21:43:45
>> Complele the computation!

O

Re

Select SRBF  radial multipole kernel

Orderm 3
Minimum degree 360
Maximum degree 1800

Burial depth of
Bjerhammar sphere
Action distance

of SBRF center-

iter network level K 3600

10.0km

100km

>> end time: 2024-09-28 21:48:27
>> Tne program outputs the all-element grid files into the current directory. These grid files include the residual gravity disturbance *.rga (mGal), residual
height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector
*.dft (", SW), where " is the output file name, and whose grid specification are the same as the input ellipsoidal height grid of calculation surface.

>> The program also outputs SRBF center file *center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: D, longitude (degree
decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction (|
>> Type O of source observations: mean 0.2695 standard deviation 42.0737 minimum -296.0915 maximum 165.2611

X Residual observations: mean__0.0620_standard deviation 12.9896 minimum -80.4161 maximum 64.8276

>> Type1 of source observationsimean -0.0107 standard deviation 0.2739 minimum -0.6410 maximum  0.7047
Residual observatiors: mean _-0.0014_standard deviation _0.0291|minimum__-0.1886 maximum__ 0.0595

O oo o

ARaarAlionE height anomaly (m)

Contribution rate k of

adjustable observations _'-°°

7 Open the ellipsoidal hélghl gnd file
= of caleulation surface

Solution of normal equation LU triangular decomposition -

[5) savethe resultsas 5

-96.5237 9.8143

Import setting parameters

& Start Computation

+ Can furtherly detect and remove the =
observation gross errors from *.chs,
: and then repeat the step (4). ®

2.3876

{3 Algorithm of gravity field approach using SRBFs

itis

to employ the output

| residual observation file *.chs as the input observation file again to refine target field
{ elements. Generally, the stable solution can be achieved by 1 to 3 times cumulative

| SRBF approach, and the target field elements are qual (o the sum of these SRBF
| _approach solutions.

Spatial distribution of observations

{[[@ The validity principle of once SRBF approach: (1) The residual target field
| element grid are continuous and differentiable, and whose standard deviation is as|
small as posslble, (2) The statistical mean of residuals tends to zero with the|
[ increase of cumulative approach times, and there is no obvious reverse sign.

|

Extract data to be plot

“a Plot —

| @ The program is a high performance and adaptable modelling tool on local gravity

| field. Various observations with heterogeneity, different altitudes, cross-distribution

|

and gridding.

| and land-sea coexisting can be directly employed to estimate the all-element models
| of gravity field without reduction,

|| @ The program has strong capacity on the detection of observation gross errors,

cf axtemal aocuracy lndexes and wnlrul Ol

(5) All-element modellmg on the remaining residual gravity field using SRBFs
Call the program [All-element modelling on gravity field using SRBFs from

residual height anomaly (m)

spherical radial basis function spatial curve

— v

AII-element models SRBFsurfhgt30s1.xxx = =

of the residual gravity field

).“- .t-“ g

residual disturbing gradient (E)

heterogeneous observations], let the contribution rate

residual gravity disturbance (mGal)

residual vertical deflection S (*)

1, and input the remaining
residual file SRBFsurfhgt30s1.chs and terrain surface ellipsoidal height grid file
surfhgt30s.dat to estimate the 30" remaining residual field grid SRBFsurfhgt30s2.xxx on

the terrain surface, and get the remaining residual file SRBFsurfhgt30s2.chs.

In the table below, 0.0154®m = 1.5cm can be considered as the accuracy index of

ground height anomaly (quasigeoid) modelling.

mean

standard
deviation

minimum

maximum

Residual gravity
disturbance
(mGal)

Residuals

0.2695

42.0737

-296.0915

165.2611

First SRBF

0.0620

12.9866

-80.4161

64.8276

Second SRBF

0.1309

8.5135

-50.6030

57.3920

Residual GNSS-
levelling height

Residuals

-0.0071

0.2768

-0.6571

0.6846

First SRBF

-0.0014

0.0291

-0.1886

0.0595

anomaly (m)

Second SRBF

-0.0013

0.0154%

-0.0708

0.0315
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(5) All-element modelling on the remaining residual gravity field using SRBFs

Open the discrete heterogeneous of file header. whose format: observation type (0-5). source observation mean. standard deviation, minimum, maximum, residual observation mean,
* residual observations file standard deviation, minimum, maximum. The record format: ID, longitude, latitude, ellipsoidal height, residual observation, source observation, observation
| 7 type, weight
|  number of rows of file header 2 ~ >>The parameter settings have been entered into the system!
column ordinal number of ellipsoidal = ™ Click the [Start Computation] Sontrol button, or the [Start Comput - P
height in the record ' 5> Computation start time: 2024-09-28 19:56:11 Input the file rntSRBFgeoidh30s1.chs output
| column ordinal number of weight 8 2| >> Complete the computation! from the previous step.
| >>C end time: 2024-09-28 20:03:11
Select SRBF Poisson wavelet kemel >> The program outputs the all-element grid files into the current directory. These grid files include the residual gravity disturbance *.rga (mGal), residual

< | height anomaly * ksi (m), residual gravity anomaly *.gra (mGal), residual disturbing gravity gradient *.grr (E, radial) and residual vertical deflection vector

Order m
. b = *.dft (", SW), where " is the output file name, and whose grid specification are the same as the input ellipsoidal height grid of calculation surface.
Minimum degree 540 >|| >>The program also outputs SRBF center file *center.txt into the current directory. The file header format: Reuter grid level, SRBF center number, cell grid
Maximum degree 5400 /| number in meridian circle direction, maximum cell grid number in prime vertical circle direction, latitude interval ('). The record format: ID, longitude (degree

| e decimal), geocentric latitude, cell grid area deviation percentage, longitude interval of cell grid in prime vertical circle direction (')
e >> Type 0 of source observations: mean 0.0196 standard deviation 129866 minimum -80.4161 maximum 64.8276
g 3 Residual observations: mean 0.0200 standard deviation 8.4565 minimum -54.9649 maximum 58.6241

Action distance o, = > > Type 1 of source observations: mean -0.0002 standard deviation minimum  -0.1059 maximum  0.0768

| 00
| ot OBRE et Residual observations: mean 0.0008 standard deviation| 0.0147 fninimum  -0.0511 maximum 0.0345
P-

6.0km

Reuter network level K 5400

|
Select the adjustable
| observations
Contribution rate k of
| adjustable observations
7 Open the ellipsoidal height grid file
5 of calculation surface

Solution of normal equation LU triangular decomposition - i $ave the results as 7 Import setting parameters

height anomaly (m)

1.00 -

0.0147m ~1.5cm The accuracy
index (SD) of geoid modeling.

3% Algorithm of gravity field approach using SRBFs Spatial distribution of observations  spherical radial basis function spatial curve  residual gravity disturbance (mGal)

o me w ws e wmr e

| @ After the first is itis to employ the output
| residual observation file *.chs as the input observation file again to refine target field
| elements. Generally, the stable solution can be achieved by 1 to 3 times cumulative
| SRBF approach, and the target field elements are qual to the sum of these SRBF

| _approach solutions.

I['@ The validity principle of once SRBF approach: (1) The residual target field
element grid are continuous and differentiable, and whose standard deviation is as| ™

|| small as possible. (2) The statistical mean of residuals tends to zero with the

increase of cumulative approach times, and there is no obvious reverse sign.

@ The program is a high performance and adaptable modelling tool on local gravity
| field. Various observations with heterogeneity, different altitudes, cross-distribution
| ‘and land-sea coexisting can be directly employed to estimate the all-element models
| of gravity field without reduction, continuation and gridding.

I @ The program has strong capacity on the detection of observation gross errors,
| nt of extemal accuracy indexes and control of

Extract data to be plot . Plot —

residual height anomaly (m) residual disturbing gradient (E) residual vertical deflection S ()

[The quality control scheme] You can furtherly detect and remove again the
observation gross error points beyond 3 times standard deviation range of the remaining
residuals for the GNSS-levelling sites and beyond 5 times standard deviation range for
the disturbance gravity points from the remaining residual file SRBFsurfhgt30s2.chs,
and then repeat from step (4). This process is omitted in this example.

You can also do further cumulative SRBF approach to improve the results. This
example omits this process.

(6) Restore the reference gravity field and generate the 30" all-element models
of the gravity field on the terrain surface.

Call the function [Calculation of gravity field elements from global geopotential
model], let the minimum degree 2 and maximum degree 540, input the file EGM2008.gfc,
and the terrain surface ellipsoidal height grid file surfhgt30srst.dat (from surfhgt30s.dat
with grid edge removed), to calculate the all-element grid GMsurfhgt30s540.xxx of the
reference gravity field on the terrain surface.

Add the residual gravity field grid surfhgt30s1.xxx (from SRBFsurfhgt30s0.xxx with
grid edge removed) and remaining residual gravity field grid surfhgt30s2.xxx (from
SRBFsurfhgt30s1.xxx with grid edge removed) to the reference gravity field grid
GMsurfhgt30s540.xxx, the 30" all-element gravity field models surfhgt30srst.xxx on the
terrain surface are obtained, which include the 30" gravimetric ground height anomaly
grid (surfhgt30srst.ksi, m), ground gravity disturbance grid (surfhgt30srst.rga, mGal),
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ground gravity anomaly grid (surfhgt30srst.gra, mGal), ground disturbing gravity
gradient grid (surfhgt30srst.grr, radial, E) and ground vertical deflection vector grid
(surfhgt30srst.dft, SW, ").

(6) Restore the reference gravity field and generate the 30" 2 ha r .2 debos
all-element models of the gravity field on terrain surface.
- Crng o dscrate geocerc .. Imemoiatin 919 o - | .
s || et ) =
oo TR ——

| peoteie urd e
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e et
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e  gorsbic Formuies
‘Swect ol s frret = > il |
i et gre e
3 Do gl gt i
ol caesstin auricy

), L
ia e i Full glement' models, | —— | Residuals Remaining residuals I{;ZI Reference models
sl surfhgt30srstxxx | — | surfhgt30s1 surfhgt30s2 GMsurfhgt30s540

O Lopice apealar (£}

Mrinun deizes [
Wt degree |50

. : .
sty dsrtanss il Model ground disturbing Model ground vertical
1 i gravity gradient (E) deflection vector (")

30"x30" full element models of gravity field on terrain surface

[rs o "z

P .
gravity anomaly (mGal)

e 1oz re

sar nr e e

mr E 105 wr ey we

) s Y 25 2 a1 2 5 L0 a0 o 200 100
— 3

Height anomaly (m, Regional datum) disturbing gravity gradient (E) vertical deflection vector (")

Add the regional height datum difference -0.3411m to the 30" gravimetric height
anomaly grid surfhgt30srst.ksi in global height datum, the 30" gravimetric height
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anomaly grid surfhgt30srgn.ksi in regional height datum can be obtained.

So far, the all-element modelling on gravity field on the terrain surface have been
completed.

o Let the geoid as the calculation surface, and directly generate the 30" all-
element models of the gravity field on the geoid.

In step (3) to step (6) above, the input data file and all the parameter settings are
kept same, and only the calculation surface is changed to the geoid. Using the same
process, you can synchronously obtain the 30" all-element models geoidh30srst.xxx of
the gravity field on the geoid, which include the 30" gravimetric geoidal height grid
(geoidh30srst.ksi, m, in global height datum), gravity disturbance grid (geoidh30srst.rga,
mGal), gravity anomaly grid (surfhgt30srst.gra, mGal), disturbing gravity gradient grid
(geoidh30srst.grr, radial, E), vertical deflection vector grid (geoidh30srst.dft, SW, ") and
geoidal height grid (geoidh30srgn.ksi, m) in regional height datum.

30"x30" full element models of gravity field on geoid

oy s s sor i s ws 10z s 125 s I 0z
- - —

o

. K m o E
— U —— — T eee—

gravity disturbance (mGal) gravity anomaly (mGal)

-
. .
6 2561 - - . = 255
- -
-
»

-
- -
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4= e et ..
e, S e o« T . — e
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> 2 — ? iy — T ——
Geoid (m, Regional datum) disturbing gravity gradient (E) vertical deflection vector (")
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