Computation process demo of complete Bouguer anomaly outside geoid

From the ground digital elevation model and discrete observed gravity disturbance
calculated from EGM2008 geopotential model, a remove-restore scheme with the
residual terrain effects employed, calculate the complete Bouguer gravity disturbance
grid on an equipotential surface which is also the observation reduction surface, to show
the basic computation scheme and process of the land-sea unified complete Bouguer
effects on various gravity field elements near-Earth space.

The complete Bouguer effect is defined as the variation of Earth gravity field
because of the terrain mass above the geoid removed and the seawater density
compensated to the terrain density.

@ Input and output data and related terrain models

Let terrain data range (extended area, E94.5~99.5°, N30.5~34.5°) o result range
(measurement points distribution range / observation reduction surface range, E95.0 ~
99.0°, N31.0 ~ 34.0°) to suppress the edge effect of integral.

(1) The observed gravity disturbance and disturbing gravity gradient file Obsgrav.txt.

The gravity disturbances are simulated from the 2~1800™" degree EGM2008 model.
PAGravf4.5 employs the exact same algorithms to process various terrestrial, marine,
and airborne gravity data in a unified way, and there is no need to distinguish whether
the observed point is on the ground, at the air altitude or in the sea area.

The format of the file record: ID, longitude (°), latitude (°), ellipsoidal height (m),
gravity disturbance (mGal). The distribution of the observed points is shown in Fig.
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(2) The 1800-degree terrain mass spherical harmonic coefficient model file
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ETOPOcs1800.dat and the 2190-degree EGM2008 geopotential coefficient model file
EGM2008.gfc.

The two model files are stored in the directory C:\PAGravf4.5 win64en\data. The
1800-degree global land-sea terrain mass spherical harmonic coefficient model
ETOPOcs1800.dat is generated by the PAGravf4.5 function [Ultrahigh degree spherical
harmonic analysis of global land-sea terrain model] from the global 2'x2' land-sea terrain
model ETOPO2v2g.

(3) The ground digital elevation model (DEM)

It is required that the DEM grid range (extended area) be larger than the calculation
area to eliminate the integral edge effect.

Two kinds of DEM resolutions are required. The high-resolution is employed for the
observed data reduction, that is, to calculate and remove the residual terrain effects on
the observations. The other resolution is consistent with the calculation result resolution
and is employed to restore the residual terrain effects on the result. In this example, they
are 60" and 120" respectively, and the corresponding files are extdtm60s.dat and
extdtm120s.dat. 339.5

(4) 60" ground ellipsoidal height grid file surfhgt60s.dat

The ground ellipsoidal height grid is employed to give the space location of the
residual terrain mass (the integral move cell) which is indispensable for high-precision
calculations. In this example, the 60" ground ellipsoidal height grid file surfhgt60s.dat is
for the 60" residual terrain model.

Ground digital elevation model (m) and gravity measurement point distribution

(5) 120" ellipsoidal height grid file equihgt120s.dat of terrain equiheight surface.

The terrain equiheight surface is the reduction surface of the ground observations
and calculation surface of the result grid, which is regarded as an equipotential surface.
The ellipsoidal height of the terrain equiheight surface is equal to the sum of the 2~180t"
degree EGM2008 model geoidal height and mean of DEM.

The griding operation is not analytical, which is easy to weaken the analytical nature
of the gravity field. Non-analytical operations are required to be performed on some an
equipotential surface to minimize the negative effects on gravity field. In this example,
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the terrain equiheight surface is regarded as an equipotential surface.

When the normal (orthometric) heights of the surface are zero, namely whose
ellipsoidal height are the geoidal height, the reduction surface and calculation surface
are the geoid in the traditional sense.

(6) The result products: 120"x120" complete Bouguer gravity disturbance grid file
on the terrain equiheight surface.

® Programs call and input-output data flow

(1) Calculate and remove the model terrain height value, and then construct 60"
residual terrain model (RTM) grid.

Call the function [Calculation of model value for complete Bouguer or residual
terrain effects] with the minimum degree 1 and the maximum degree 900, select the
calculation type ‘terrain height/sea depth (m)’, input the land-sea terrain mass spherical
harmonic coefficient model file ETOPOcs1800.dat and ground ellipsoidal height grid file
surfhgt60s.dat, and generate 60" model terrain height grid files mdldtm60s.dtm.

Let extdtm60s.dat minus mdldtm60s.dat, the residual terrain models (RTM)
resdtm60s.dat in the extended area are obtained, as shown in the figure.

mean standard deviation minimum maximum

30" RTM (m) 0.0053 175.5869 | -959.5450 59.0160

60" RTM (m) 0.0053 175.5869 | -959.5450 886.2500

(1) Calculate and remove the model terrain height value, and then
construct 60" residual terrain model (RTM) grids.

8 Calculation of model value for complete Calculator of global land-sea Calculation and analysis of spectral character
" Bouguer or residual terrain effects terrain effects model of global terrain effects model
8 Open global land-sea terrain mass spherical | >> Computation Process ** Operation Prompts 4. Save computation process as

harmonic coefficient model file ”
>> [Function] From global land-sea terrain mass spherical harmonic coefficient model (kg/m?), calculate the model value of terrain height/sea depth, |

Select calculation file format as well as the land-sea unified complete Bouguer or residual terrain effects on the height anomaly (m), gravity anomaly (mGal), gravity disturbance

[ Ellipsoidal height grid file l (mGal), vertical deflection vector (", south, west), disturbing gravity gradient (E, radial), tangential gravity gradient vector (E, north, west), or disturbing
(m?/s?) on the geoid or in its outer space.
B Open ellipsoidal height grid file * Click the [Open global land-sea terrain mass spherical harmonic coefficient model file] control button, or the [Open terrain model] tool button
of calculation surface >> Open global land-sea terrain mass spherical harmonic model file C: avf4.5_\ TOPOcs1800.dat.
SRlacK RIS & bE Celciatad The wmdow be\ow only shows the geopotential coefﬂmenls data with no more than 2000 rows in it
0 ca on avf4 nples/Te nflex e/TerComplbgprocess/surfhgt60s.dat.
8 terrain height/sea depth (m) 5> Save the results as CJPAGTaVi4.5. winbden/oxamp Ies/TenammﬂexermseﬁerCom Ibgorocess/mdiatmé0s. txt

height anomaly (m) **The record format: point no/name, longitude, latitude, ellipsoidal height, several columns of the model values of complete Bouguer or residual

terrain effects
Vil Sromalvidistrbance (mCal) e-fef the terrain height/sea depth (*.dtm)| complete Bouguer or residual terrain effects on height
G

** The program also outputs the-#

— vertical deflection (", SW) anomaly (*.Ksi), gravity anomaly (" gra) gravnty disturbance Tgay, vertical deflection vector ["-dft), disturbing gravity gradient (*. grr), tangential
disturbing gradient (E, radial) gravity gradient vector (*.hgd) of disturbing geopotential (*.get) into the current directory, where * is the output file name entered from the interface.
- >> The parameter settings have] been entered into the system!
tangential gradient (E, NW) ** Click tha [Start Camntatinn] rantral hittan_or tha [Start Camnitation! fan hitan
disturbing potential/geopotential (m?/s?) 5,- Save the results as 5~ Import setting parameters
Minimum degree 1 1
Maximum degree 900 2

terrain height/sea depth (m) gravity effect (mGal) . = > 00 100

@ The program is suitable for the unified computation of the complete Bouguer and residual terrain effects on various 60" residual terrain'model (RTM) resdtm60s.dat nt
may be on the geoid and its outer Earth space
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(2) Calculate and remove the ultrahigh-degree model gravity disturbances at the
observed points.

Call the function [Calculation of gravity field elements from global geopotential
model] with the minimum degree 2 and the maximum degree 720, input the file
EGM2008.gfc and the observation file Obsgrav.txt, select the type ‘gravity disturbance’,
and generate the model gravity disturbance file Obsgravmdl.txt (columns 6) at the
observed points.

Subtract the observed gravity disturbance (column 5) and model gravity
disturbance (column 6) to generate the model residual gravity disturbance (column 7)
file Obsgravmdiresd.txt.

Table 2 shows the statistical results on the gravity disturbances after the 2~720"
degree model values removed.

. standard - .
Measurement points mean o minimum | maximum
deviation

Observed gravity

disturbance mGal -15.6106 25.5080 | -110.7251 59.0160

Residual of gravity

) -0.4881 17.4588 -74.6129 71.5003
disturbance

L
(2) Calculate and remove the ultrahigh-degree model disturbance
| gravity at the observed points.

@ Calculation of gravity field elements 4. Calculation of model value for residual «« Global geopotential coefficient Calculation and analysis of spectral
rom global geopotential mode! errain (complete Bouguer) effects model Calculator character of Earth's gravity fiel
f lobal t | model btk lete B ) eff del Calculat h ter of Earth's field
@ Open global geopotential coefficient mode file Save computation process as Algorithmic Formulas
Select calculation file format ** Click the [Open global geopotential coefficient model file] control button, or the [Open geopotential model] tool button...
| Discrete point file 1 > Open global geop model file C: 5\ M2008.gf¢
** The window below only shows the geopotential coefficients data with no more than 2000 rows in it.
4 Open space calculation point ocation file >> Open space calculation point location file C 5 i [TerComp txt

Set input point file format ** L ook at the file information in the window below and set the discrete point file format.
» |>> Save the resuits as C 5 /TerC txt
Number of rows of file header < =
Der Of rows of fle he 1 ** Behind the record of the calculation point file, appends one or more columns of model values of anomalous field elements, and keep:
Column ordinal number of ellipsoidal 4 ~ |4 significant fiqures.

height in the record >> The parameter settings have been entered into the system!
Select elements to be calculated ** Click the [Start Computation] control button, or the [Start Computation] tool button.
] height anomaly (m) ** The calculation process need wait, during which you can open the output file to look at the calculation progress.
| gravity anomaly (mGal)
8 gravity disturbance (mGal)
] vertical deflection (", SW)
| disturbing gravity gradient (E, radial)
| tangential gravity gradient (E, NW)
| Laplace operator (E)

Minimum degree 2
Maximum degree 720

J Extract elements to be plot 4 Plot]
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(3) Calculate and remove the residual terrain effects on the gravity disturbance at
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the observed points.

Call the function [Numerical integral of land-sea residual terrain effects on various

gravity field elements], input the file Obsgravmdiresd.txt, the high-resolution DEM
extdtm60s.dat, low-pass DEM mdldtm60s.dtm and the ground ellipsoidal height grid file
surfhgt60s.dat, set the integral radius 90km, and generate the residual terrain effects
(RTE) file on the gravity disturbance, Obsgravresdtm.txt (columns 8).

Subtract the residual gravity disturbance (column 7) and its residual terrain effect

(column 8), to generate the remaining residual gravity disturbance (column 9) file
Obsgravresidual.txt.

After the residual terrain effects removed, the statistical results on the residual

gravity disturbances are shown in Table 3.

standard

. maximum
deviation

Measurement points mean minimum

RTE on gravity

disturbance mGal 4.8843

7.2038 -73.7901 118.6158

Remaining residual gravity

disturbance mGal -5.3034

19.7638 | -144.5444 92.4782

In this example, the analytical continuation correction of the residual radial gradient

(within a height difference of 1000m, it is small) is ignore. In this case, the remaining
residual gravity disturbance at the observed point is equal to that on the equipotential
surface.

«

(3) Calculate and remove the residual terrain effects on the
gravity disturbance at the observed points.

Numerical integral of land-sea residual terrain
effects on various gravity field elements

FFT algorithm of land-sea residual terrain
effects on various gravity field elements.

o Calculator of land-sea unified residual
& o effector complete Bouguer effect

5} Open high-resolution land-sea terrain model file

>> Computation Process ** Operation Prompts 4 Save computation process as

** The program subtracts the land-sea high-resolution terrain model and land-sea low-pass terrain model with the same grid specifications to generate
the land-sea residual terrain model (RTM) grid, while the land-sea high-resolution terrain model is also used to separate land and sea areas. Since the
finie radius integral oannot deal with terain zero-degree term, the program removes the average of the residual terain model (RTM) before integral

>> Open the high-resolution land-sea terrain model file C:/PAGravi4.5_\ dat

<) Open the land-sea low-pass terrain model file

(3 Open the elipsoidal height grid fle
of the land-sea surface

‘Select calculation point file format >> Open the land-sea low-pass terrain model file C:/PAGravi4.5_ TerC: dtm
>> Open the ellipsoidal height grid file of the land-sea surface C7PAGravfd.5_\ TerC dat
[discrete calculation points file ] 15> > Open the calculation point location file C:/PAGravf4.5 TerC txt

Set input point file format

[ Open the calculation point position file

| Number of rows of file header 1

Column ordinal number of ellipsoidal
| height in the record
| Select gravity field elements

(] height anomaly (m)

[] gravity anomaly (mGal)

@ gravity disturbance (mGal)

() vertical deflection (*, SW)

() disturbing gravity gradient (E, radial)

4

5> Computation start time: 2023-03-18 16:18:50

Integral radius 90 km

J Extract effects

By W wmy 9wt wms W ms
PR RN

residual terrain model (m)

gravity disturbance (mGal) gravity disgzriggce

@ The calculation point may be on the geoid and its outer near-Earth space. Since the normal gravity field keeps unchanged, the r2kfjuas

equal to the residual terrain effect on gravity.
@ The program subtracts the land-sea high-resolution terrain model and land-sea low-pass terrain model with the
land-sea high-resolution terrain model is also employed to separate land and sea areas.

The basic purpose of the statistics in Tables 1 to 3 is to improve the reS|duaI terrain

5

[ save the results as

~ Look at the file information in the window below. set the input file format parameters.
>> Save the results as C/PAGIavi4.5_winb4en/examples! Terraininflexercisel Tercompibgprocess/obsgraviesatm .
** Record format: Behind the source calculation points file record, appends several columns of residual terrain effects on specified types of field
» |elements, keeps 4 significant figures.
~ '35 The parameter settings have been entered info the system!

** Click the [Start Computation] control button, or the [Start Computation] tool button.
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effect algorithm and relative parameters according to the griding optimization criteria.
Since the simulated data lack sufficient ultrashort wave information of the real gravity
field, the optimization criterion analysis process is omitted in this example.

So far, the reduction processing of the gravity disturbances from the observed
points to the terrain equiheight surface has been completed.

(4) Griding on the remaining residual gravity disturbance into 120"x120" grids on
the terrain equiheight surface.

Call the function [Gridding of heterogeneous data by basis function weighted
interpolation], select ‘equal weights of observations’ (the weights can be estimated with
the residual terrain effects as the reference attribute in advance), and grid on the 9th
column of attributes (from the file Obsgravresidual.txt), to generate 120" remaining
residual gravity disturbance file distgravresidual.dat on the terrain equiheight surface.

The range and resolution of the grid is the same as the result grid.

(5) Calculate the 120" EGM2008 720-degree model value grid of the gravity
disturbance on the terrain equiheight surface.

Call the function [Calculation of gravity field elements from global geopotential
model] with the minimum degree 2 and the maximum degree 720, input the file
EGM2008.gfc and the ellipsoidal height grid file equihgt120s1.dat (from equihgt120s.dat
with grid edge removed) of the terrain equiheight surface, and select the calculation type
‘gravity disturbance’, to generate 120" model gravity disturbance grid file
distgravmdl.rga on the terrain equiheight surface.

°

(4) Griding on the remaining residual gravity disturbance into 120”x120"
grids on the terrain equiheight surface.

A Gross error detection on observations —, Estimation of observation weight -, Gridding of heterogeneous data by basis
based on low-pass reference surface with specified reference attribute function weighted
¥ The discrete geodetic observation file 4. Save computation process as
Number of rows of file header 1 < >>Select the computation function from the three control buttons at the top of the interface...
Column ordinal number of - >> [Function] According to the given grid specifications (grid range and spatial resolution), and specified basis function, grid the
the attribute to be grid ~. specified attribute in the input discrete geodetic poln( file by the weighted basis function interpolation method.

>> Open the discrete geodetic file C:/F avf4.5 wi Terrair [TerC C C i xt.

Select the basis function ™ Look at the file information in the window below and set the discrete point file format..

I Gauss function 8 Equal weight | (>> Save the results as C:/PAGravf4.5_win64er Terraininflexercise/TerComplbgprocess/distgr: dat.
>> The parameter settings have been entered into the system!
** Click the [Start Computation] control button, or the [Start Computation] tool button.
>> Computation start time: 2023-03-18 16:43:27
>> Complete computation!
>> Computation end time: 2023-03-18 16:43:32

™ Set parameters Grid specification
|| Save the results as T | o [2
Number of neighboring points 50 e a 3000

- Import setting parameters n | maxLon| 95.000° T 2.000" < 99.000°

Kurtosis of basis function [1,20] 2

& Start Comp

120" remaining'fé8idual gravity
disturbance grid (mGal) on the
terrain equiheight surface

VT TN PETot T TN
WS % WS 9T NS W WS

Omit the-analytical continuation process for the
remaining residual gravity disturbance here.

R ) )

Source observations input Griding results




' (5) Calculate the 120" EGM2008 720-degree model value grid of the
gravity disturbance on the terrain equiheight surface.

@ Caloulation of gravity field elements +.. Calculation 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 mode file Save computation process as Algorithmic Formulas
Select calculation file format

\ [ Etlipsoidal height grid file
|

5> Open Fieight grid file of calculation surface C/PAGTavI4 5_ TerC
eauihgt120s1.dat.

Open ellipsoidal height grid file
5 of calculation surface

“The record format. point no/name, onglme Taffude. < lpsoidal height, severa nr-rmnm 2s.of anomalous field elements.
** The program also outputs (residual) height anomaly (*.ksi), gravity anomaly (*.gra)| g vertical deflection vector
Select elements to be calculated (".dft), disturbing gravity gradient (*. grr), tangential gravity gradient vector (*.hgd) or Laplace operatpr (*.Ips) model value grid file into the
| 01 height anomaly (m) current directory. Where * s the output file name entered in the interface, and the program outputs the corresponding (residual) model value
| grid file according to the selected gravity field element type.
[] gravity anomaly (mGal) >> The parameter settings have been entered into the system!
| @ gravity disturbance (mGal) ** Click the [Start Computation] control button, or the [Start Computation] tool bjitton
|' (3 vertical deflection -, SW) ** The calculation process need wait, during which you can open the output file to look at the calculation progress.
| i >> Computation start time: 2023-03-18 13:48:20
O] disturbing gravity gradient (E, radial) >> Complete the calculation of the model value of (residual) gravity field elemen
| [ tangential gravity gradient (E, NW) >> Computation end time: 2023-03-18 13:52:30

| =
| © Lapiace operator (E) [ save the results as ¥ Import setting parameters . & Start Computatio
| Minimum degree 2 : 2 ;
c: siné x /Terraininfle e/Terce
| Maximum degree 720 3 ‘
I‘E

. Extract elements to be plot M Plot)

gravity disturbance (mGal) gravity anomaly (mGal) vertical deflection (", S
arer
| @ When the minimum and maximum degree n to be set is equal, the program calcula(es the contribution of the degree n i to the gravity field element, which can be
; employed to analyze and evaluate the spectral and space of the model.

Here, the geopotential model, the minimum and maximum degree are reqmred to
be the same as in step (2).

(6) Calculate the 120" model complete Bouguer effect grid on the gravity
disturbance on the terrain equiheight surface.

Call the function [Calculation of model value for complete Bouguer or residual
terrain effects] with the minimum degree 2 and the maximum degree 900, select the
type ‘gravity disturbance’ input the land-sea terrain mass spherical harmonic coefficient
model file ETOPOcs1800.dat and 120" ground ellipsoidal height grid file
surfhgt120s1.dat of the terrain equiheight surface and, and then generate the 120"
model complete Bouguer effect grid file distgravmdicmpbg.gra on the gravity
disturbance on the terrain equiheight surface.

Here, the terrain mass spherical harmonic coefficient model and the maximum
degree are required to be the same as in step (1).

(7) Generate the 120" complete Bouguer gravity disturbance on the terrain
equiheight surface.

Sum up the remaining residual grid distgravresidual.dat, the ultrahigh degree model
value grid distgravmdl.dat, the residual terrain effect grid distgravresidtm.dat and the
model complete Bouguer effect grid distgravmdlicmpbg.gra four grid files of the gravity
disturbance with the same grid specifications, to generate the 120" complete Bouguer
gravity disturbance grid distgravempbg.dat on the terrain equiheight surface.
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(6) Calculate the 120" model complete Bouguer effect grid on
the gravity disturbance on the terrain equiheight surface.

g, Calculation of model value for complete & Calculator of global land-sea Calculation and analysis of spectral character
Bouguer or residual terrain effects. terrain effects model of global terrain effects model
Open global land-sea terrain mass spherical | >> Computation Process ** Operation Prompts ‘Save computation process as
I 4 pamonic coeficient model fle Y —
>> [Function] From global land-sea terrain mass spherical harmonic coefficient model (kg/m?), calculate the model value of terrain height/sea depth, as well as.
Select calculation file format the land-sea unified complete Bouguer or residual terrain effects on the height anomaly (m), gravity anomaly (mGal), gravity disturbance (mGal), vertical
[ Efipsoidal height grid fie ] deflection vector (", south, west), disturbing gravity gradient (E, radial), tangential gravity gradient vector (E, north, west), or disturbing geopotential (m?s?) on
the geoid or in its outer space.
Y 39:; el;lpmldai height grid file * Click the [Open lobal land:sea terrain mass spherical harmonic coeffiient model fle] control button, ot the [Open tefrain model] too button..
iculation
**The window below only shows the geopotential coefficients data with no more than 2000 fows in it.
Siect Banenis b be cacaie >> Open elipsoidal height g fle ofcaculation suface C/PAGa\t4 5 winbden/exampies/Toraiinflexereise/TerComplbqprocess/equigti20s1 cat
[ temain height/sea depth (m) i g ot
(] height anomaly (m) s rocond ormat ol Toiname, longlfude, faliude, el1psoida eral columins of the Values of complete Bouguer or residual terrain effects.
tputs the model values grid file for eomolet- Bcuworor resicual terrain a«scts on height anomaly (* ksi), gravity anomaly (*gra),
8 gravity ano ""’“"_1“ LG mvify almumam ' (*.rga] vertical deflection vector (*.dft), disturbing gravity gradient (*, gr), tangential gravity gradient vector (*.ngd) or disturbing geopotential
CJ vertical deflection (*, SW) rectory, where * is the output file name entered from the interface.

7 disturbing gradient (E, radial) have been entered into the system!
[ tangential graclent (E. NW)
) disturbing potentialgeopotential (m#/s?)

Minimum degree 2

< naar Auring which unii ~an anen tha nitnt fila in Inak at tha ralenlation nmarace.

7 imerisetne e (7) Ganerate the 120" complete Bouguer gravity disturbance
99.000000 31. 000
4476 on the terram equlh ght surface.

Maximum degree 900 4476.6348
- 2476.9403 4765000 4470.9530 o.5876  840/.UL3%  88/0.U3U6  441/.U0U3  4417.U/83 44140
4477.1826 4477,2:% W5 g or @« .
4477.3369 4477.3426  4477.3453 1

4477.3017  4477.2963
44773215 4477.3320
44777016 4477.7421
4478.4673  4478.5241 3

4477.3162  4477.3113
4477.2049  4477.3014
4477 44776261
4478.2944  4478.3510

A1 Extract effects s Plot],

2 s
gravity effect (mGal) gravity effect (mGal) -
3 ’ ™
@ The program is suitable for the unified computation of the complete Bouguer and residual terrain effects on various gravity fi b5 L3 ” ” E
the geoid and its outer Earth space. o =) —




