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Computation of Normal Gravity Field Elements at Space Points



Geocentric co-latitude (unit: )
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Angle between normal gravity line and
geocentric direction

Ellipsoidal height = 0km
Ellipsoidal height = 900km

Angle between normal gravity gradient
and radial direction

Ellipsoidal height = 0km
Ellipsoidal height = 900km
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Figure 7.2: Variation of northward deflection angles of the normal gravity line and gradient 
direction relative to the geocentric direction, versus co-latitude



Computation of Earth Ellipsoid Constants and Wɢ Analysis

The tide system of the normal ellipsoid

is consistent with C̅₂₀ or J₂.



Table 2.1: The scale parameters of several global geopotential models and the 
results of their geoidal geopotential calculations Wɢ = U₀

Geopotential 

Models

Scale Parameters

C̅₂₀×10⁻⁴ Wɢ = U₀(m²/s²)
Tide 

System
GM×10¹⁴m³/s² a(m)

EGM2008 3.986004415 6378136.3 -4.84165143791 62636858.392 tide free

EIGEN-6C4 3.986004415 6378136.46 -4.84165217061 62636856.834 zero tide

SGG-UGM2 3.986004415 6378136.3 -4.84168732275 62636858.644 zero tide

GOCO05c 3.986004415 6378136.3 -4.84169458843 62636858.694 zero tide

XGM2019 3.986004415 6378136.3 -4.84169494748 62636858.697 zero tide



Computation of Gravity Field Elements from a Global Geopotential Model



Computation of Gravity Field Elements from a Global Geopotential Model



Computation of Model Values for Residual Terrain (Complete Bouguer) Effects



The scale parameters. Here, the surface

harmonic functions are defined on the

spherical surface whose radius is equal to

the semi-major axis a of the Earth.

Global Geopotential Coefficient Model Calculator



The scale parameters. Here, the surface

harmonic functions are defined on the

spherical surface whose radius is equal to

the semi-major axis a of the Earth.

Global Geopotential Coefficient Model Calculator



After clicking [Start Computation],

you need to wait until [Chart plot]

becomes available.

Calculation and Analysis of Spectral Characteristics of the Earth's Gravity Field



Calculation and Analysis of Spectral Characteristics of the Earth's Gravity Field



Computation of Anomalous Field Elements at Observation Points





Boundary Value Correction for Spherical or Ellipsoidal Surfaces



Boundary Value Correction for Spherical or Ellipsoidal Surfaces



Molodensky Boundary Value Correction for Arbitrarily Shaped Non-Equipotential Surfaces



Analytical Continuation of Anomalous Field Elements Using Multi-Order Radial Gradients



Analytical Continuation of Anomalous Field Elements Using Multi-Order Radial Gradients



Gross Error Detection Based on a Low-Pass Reference Surface



Observation Weight Estimation Using a Specified Reference Attribute



Gridding of Heterogeneous Data via Weighted Basis Function Interpolation
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Rigorous Numerical Integration of Local Terrain Effects on External Field Elements



Rigorous Numerical Integration of Local Terrain Effects on External Field Elements



Field element type /Unit Mean Std. Dev. (ε) Minimum Maximum D/ε

height anomaly (m) -0.2233 1.4995 -8.9709 4.9249 9.3

gravity (anomaly, disturbance) 

(mGal) 
-0.5364 0.7599 -14.3238 0.5061 19.5

vertical deflection (″, South) 1.0139 3.2809 -8.7789 13.2512 6.7

vertical deflection (″, West) 1.7161 3.2445 -6.8166 14.4212 6.5

gravity gradient (E) 1.3980 83.1923 -368.3504 493.4792 10.4

Table 3.1: Statistical Results of the Local Terrain Effects on Various 
Ground Gravity Field Elements

Significance of 𝐷/𝜀: A high ratio indicates that ultra-short-wavelength signals, while

minor in total energy, exhibit prominent amplitudes (extreme local anomalies).

Applicability: A larger magnitude of terrain effect (higher 𝐷/𝜀) implies greater efficacy

for correcting that specific field element.

Conclusion: Gravity disturbance yields the highest ratio (19.5), demonstrating its high

suitability for terrain correction. Conversely, vertical deflection shows the lowest ratios

(~6.5), suggesting that local terrain effects are less dominant or effective for refining

vertical deflection data in this context.



FFT Algorithm for Local Terrain Effects on External Gravity Field Elements



FFT Algorithm for Local Terrain Effects on External Gravity Field Elements



Figure 7.5: Geometric relationships of elements in the rigorous integral 
for local terrain effects within the local polar coordinate system.
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Field Element / Unit Algorithm Mean Diff Std. Dev. Diff Min Diff Max Diff

height anomaly (m)
FFT2 -0.0001 0.0138 -0.0686 0.0883

FFT1 0.0012 0.0027 -0.0115 0.0110

gravity (anomaly, 
disturbance) (mGal) 

FFT2 0.0352 0.2316 -0.7410 1.4406

FFT1 0.0341 0.2298 -0.7602 1.3356

vertical deflection (″, 
South)

FFT2 -0.0082 0.0197 -0.1176 0.1275

FFT1 -0.0026 0.0138 -0.1616 0.1538

vertical deflection (″, 
West)

FFT2 0.0018 0.0400 -0.3873 0.1555

FFT1 0.0051 0.0198 -0.4444 0.2844

gravity gradient (E)
FFT2 0.0042 0.5176 -19.6242 10.5354

FFT1 0.0036 0.5859 -21.2847 12.1181

Table 3.2: Statistics for the differences between FFT
results and rigorous numerical integration

The discrepancies between the rigorous numerical integration and the fast FFT

algorithms are negligible.

No significant difference exists between the 1D-FFT and 2D-FFT implementations.



Interactive Calculator for Local Terrain Effects on External Field Elements



Interactive Calculator for Local Terrain Effects on External Field Elements



Unified Land-Sea Complete Bouguer Effect on External Gravity



Unified Land-Sea Complete Bouguer Effect on External Gravity



Land terrain 
masses

𝝆 ≈ 𝟐. 𝟔𝟕

seawater compensation masses
𝝆 − 𝝆𝒘 ≈ 𝟏. 𝟔𝟒

The Geoid

Mean sea level

Figure 7.4: Fundamental Principle of Unified Land-Sea Complete Bouguer Effect

External computation point



Unified Land-Sea Complete Bouguer Effect on External Gravity – 2D FFT



Unified Land-Sea Complete Bouguer Effect on External Gravity – 1D FFT



Rigorous Numerical Integration of Lake-Water Complete Bouguer Effect



Rigorous Numerical Integration of Terrain Helmert Condensation Effects on or outside the Geoid



Rigorous Numerical Integration of Terrain Helmert Condensation Effects on or outside the Geoid



Table 3.4: Statistical Results of Terrain Helmert Condensation Effects on 
Various Ground Gravity Field Elements

Optimal for Gravity Gradients: Due to its enhanced sensitivity to high-frequency signals,

the Helmert condensation method demonstrates superior suitability for processing

(disturbing) gravity gradient data (𝐷/𝜀=22.3), outperforming the Local Terrain Effect.

Suboptimal for Long-Wavelength Fields: The method is less favorable for elements

dominated by medium- and long-wavelength components. Specifically, it is not

recommended for geoid refinement, as the excessive high-frequency noise may obscure

the broader geoidal undulations required for precise modeling (𝐷/𝜀=1.6).

Field element type /Unit Mean Std. Dev. (ε) Minimum Maximum D/ε

height anomaly (m) -0.0005 0.0029 -0.0134 0.0180 1.6

gravity (anomaly, 

disturbance) (mGal) 
0.2932 0.4168 -0.4313 3.1693 8.6

vertical deflection (″, South) 2.0301 6.5718 -17.5982 26.6152 6.8

vertical deflection (″, West) 3.4358 6.5000 -13.6625 28.9665 6.8

gravity gradient (E) -0.3677 16.5856 -257.5543 112.1249 22.3



FFT Algorithm for Terrain Helmert Condensation Effects on or outside the Geoid



FFT Algorithm for Terrain Helmert Condensation Effects on or outside the Geoid



Table 3.5: Statistics for the differences between FFT
results and rigorous numerical integration

The discrepancies between the rigorous numerical integration and the fast FFT

algorithms are negligible.

No significant difference exists between the 1D-FFT and 2D-FFT implementations.

Field Element / Unit Algorithm Mean Diff Std. Dev. Diff Min Diff Max Diff

height anomaly (m)
FFT2 0.0008 0.0015 -0.0026 0.0064

FFT1 0.0007 0.0015 -0.0027 0.0063

gravity (anomaly, 

disturbance) (mGal) 

FFT2 0.0009 0.1262 -0.5535 0.6116

FFT1 0.0025 0.1255 -0.5085 0.6768

vertical deflection (″, 

South)

FFT2 -0.0174 0.0404 -0.2220 0.1438

FFT1 -0.0062 0.0240 -0.2359 0.2179

vertical deflection (″, 

West)

FFT2 0.0025 0.0804 -0.5046 0.2902

FFT1 0.0093 0.0306 -0.6211 0.4129

gravity gradient (E)
FFT2 0.0062 0.4810 -17.1773 9.8987

FFT1 0.0062 0.4799 -16.8811 9.8312



Interactive Calculator for Terrain Helmert Condensation Effects on or outside the Geoid



Interactive Calculator for Terrain Helmert Condensation Effects on or outside the Geoid



Rigorous Numerical Integration of Land-Sea Residual Terrain Effects on or outside the Geoid



Rigorous Numerical Integration of Land-Sea Residual Terrain Effects on or outside the Geoid



Table 3.6: Statistical Results of Land-sea Residual Terrain Effects on 
Various Ground Gravity Field Elements

Geoid Modeling: RTE is highly favorable for height anomaly determination (D/ε=10.2),

as it preserves relevant medium-to-long wavelengths while removing smooth references.

Vertical Deflection: Suitable for processing vertical deflection data (e.g., satellite

altimetry), showing balanced signal content (D/ε≈10.8 to 14.0).

Gravity Gradients: Less favorable(D/ε=6.0).

Field element type /Unit Mean Std. Dev. (ε) Minimum Maximum D/ε

height anomaly /m 0.0188 0.0566 -0.2151 0.3835 10.2

gravity(anomaly, 

disturbance) /mGal
0.5342 1.0570 -1.6605 13.2024 14.1

vertical deflection /S″ -0.0000 0.8730 -4.7838 4.6030 10.8

vertical deflection /W″ -0.0075 0.8157 -6.2512 5.1511 14.0

(disturbing) gravity 

gradient /E
-7.0310 300.1898 -928.6079 884.6364 6.0



FFT Algorithm for Land-Sea Residual Terrain Effects on or outside the Geoid



FFT Algorithm for Land-Sea Residual Terrain Effects on or outside the Geoid



Table 3.7: Statistics for the differences between FFT
results and rigorous numerical integration

The discrepancies between the rigorous numerical integration and the fast FFT

algorithms are negligible.

No significant difference exists between the 1D-FFT and 2D-FFT implementations.

Field Element / Unit Algorithm Mean Diff Std. Dev. Diff Min Diff Max Diff

height anomaly (m)
FFT2 -0.0129 0.0335 -0.2051 0.1237

FFT1 -0.0096 0.0242 -0.1514 0.0870

gravity (anomaly, 

disturbance) (mGal) 

FFT2 0.1031 0.2585 -0.4320 3.0334

FFT1 0.0328 0.2266 -0.7472 1.3431

vertical deflection (″, 

South)

FFT2 0.0001 0.3380 -1.7813 1.8500

FFT1 0.0002 0.0021 -0.0248 0.0334

vertical deflection (″, 

West)

FFT2 0.0029 0.3145 -1.9819 2.3883

FFT1 0.0001 0.0040 -0.1178 0.0822

gravity gradient (E)
FFT2 0.4968 15.1962 -67.4822 97.0052

FFT1 -0.0239 0.3995 -10.3352 4.9832



Interactive Calculator for Unified Land-Sea Residual Terrain Effects on or outside the Geoid



Interactive Calculator for Unified Land-Sea Residual Terrain Effects on or outside the Geoid



Integration of Unified Land-Sea Classical Gravity Bouguer and Isostatic Effects



Integration of Unified Land-Sea Classical Gravity Bouguer and Isostatic Effects



Figure 7.6: Calculation Principle for Unified Land-Sea Bouguer
and Isostatic Effects on Surface Gravity
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Interactive Calculator for Unified Land-Sea Classical Gravity Bouguer and Isostatic Effects

Look at the ± sign relationship between

different modes of terrain effects.



Interactive Calculator for Unified Land-Sea Classical Gravity Bouguer and Isostatic Effects

Look at the ± sign relationship between

different modes of terrain effects.



Construction of Global Surface Data Grids in Spherical Coordinates



Ultrahigh-Degree Spherical Harmonic Analysis of the Global Land-Sea Terrain Model



Computation of Model Values for Complete Bouguer and Residual Terrain Effects



Computation of Model Values for Complete Bouguer and Residual Terrain Effects



The relative error Θ 

(%) of the model

Interactive Calculator for Global Land-Sea Terrain Effects



The relative error Θ 

(%) of the model

Interactive Calculator for Global Land-Sea Terrain Effects



Spectral Characteristic Analysis of the Global Terrain Effects Model
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External Height Anomaly Computation via Generalized Stokes Integration



External Height Anomaly Computation via Generalized Stokes Integration – 2D FFT



External Height Anomaly Computation via Generalized Stokes Integration – 1D FFT



Table 4.1: Statistics of Model Reference Truth (Unit: m)

Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.2 to

the standard deviation of Reference Truths in Table 4.1 reflects the approximation

capability of the corresponding algorithm.

Item Mean Std. Dev. Minimum Maximum

Ground Height Anomalies (Deg 

541 – 1800)
0.0010 0.1182 -0.6745 0.4760

Table 4.2: Differences between Stokes Computed Results and Reference Truth (m)

Algorithm Mean Std. Dev. Minimum Maximum

Numerical Integration -0.0002 0.0324 -0.1159 0.1211

FFT2 0.0018 0.0326 -0.1150 0.1280

FFT1 0.0018 0.0327 -0.1178 0.1251



External Height Anomaly Computation via Generalized Hotine Integration



External Height Anomaly Computation via Generalized Hotine Integration – 2D FFT



External Height Anomaly Computation via Generalized Hotine Integration – 1D FFT



Table 4.1: Statistics of Model Reference Truth (Unit: m)

The performance of the Hotine integration algorithm is slightly better than that of the

Stokes integration algorithm.

Item Mean Std. Dev. Minimum Maximum

Ground Height Anomalies (Deg 

541 – 1800)
0.0010 0.1182 -0.6745 0.4760

Table 4.4: Differences between Hotine Computed Results and Reference Truth (m)

Algorithm Mean Std. Dev. Minimum Maximum

Numerical Integration -0.0001 0.0256 -0.0915 0.0957

FFT2 0.0019 0.0259 -0.0911 0.1065

FFT1 0.0018 0.0261 -0.0934 0.1036



Computation of External Vertical Deflection from Gravity Anomaly



Computation of External Vertical Deflection from Gravity Anomaly – 2D FFT



Computation of External Vertical Deflection from Gravity Anomaly – 1D FFT



Table 4.6: Statistics of Model Reference Truth (Unit: ″ 

Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.7 to

the standard deviation of Reference Truths in Table 4.6 reflects the approximation

capability of the corresponding algorithm.

Table 4.7: Differences between Computed Results (Anomaly-based) and Reference Truth (″)

Component Mean Std. Dev. Min Max

Ground Vertical Deflection (South, 𝜉) 0.0014 2.4951 -12.7789 14.2346

Ground Vertical Deflection (West, 𝜂) 0.0097 2.1772 -9.1577 10.4499

Algorithm Component Mean Std. Dev. Min Max

Numerical integral

South (𝜉) 0.0003 0.0380 -0.1061 0.1387

West (𝜂) 0.0011 0.0289 -0.0830 0.1091

FFT2

South (𝜉) 0.0002 0.1107 -0.8974 0.7395

West (𝜂) 0.0011 0.1003 -0.6887 1.0743

FFT1

South (𝜉) 0.0007 0.1090 -0.8189 0.6581

West (𝜂) 0.0011 0.0984 -0.6078 1.0866



Computation of External Vertical Deflection from Gravity Disturbance



Computation of External Vertical Deflection from Gravity Disturbance – 2D FFT



Computation of External Vertical Deflection from Gravity Disturbance – 1D FFT



The performance of the integration using gravity disturbance is slightly better than that

using gravity anomaly.

Table 4.6: Statistics of Model Reference Truth (Unit: ″ 

Component Mean Std. Dev. Min Max

Ground Vertical Deflection (South, 𝜉) 0.0014 2.4951 -12.7789 14.2346

Ground Vertical Deflection (West, 𝜂) 0.0097 2.1772 -9.1577 10.4499

Table 4.8: Differences between Computed Results (Disturbance-based) and Reference Truth (″)

Algorithm Component Mean Std. Dev. Min Max

Numerical integral
South (𝜉) -0.0003 0.0274 -0.0872 0.0994

West (𝜂) 0.0005 0.0200 -0.0646 0.0836

FFT2
South (𝜉) 0.0002 0.1072 -0.8692 0.7094

West (𝜂) 0.0010 0.0959 -0.6204 1.0981

FFT1
South (𝜉) 0.0007 0.1058 -0.7910 0.6481

West (𝜂) 0.0010 0.0959 -0.6204 1.0981



Computation of Gravity Anomaly via Inverse Stokes Integration 

Ignore the ellipsoidal height



Computation of Gravity Anomaly via Inverse Stokes Integration – 2D FFT



Computation of Gravity Anomaly via Inverse Stokes Integration – 1D FFT



Table 4.10: Statistics of Model Reference Truth (Unit: mGal)

Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.11

to the standard deviation of Reference Truths in Table 4.10 reflects the approximation

capability of the corresponding algorithm.

Table 4.11: Differences between Inverse Operation Integration Results and 
Reference Truth (Unit: mGal)

Item Mean Std. Dev. Min Max

Residual Gravity Anomalies (Deg 

541 – 1800)
0.4334 34.0852 -170.9556 177.8780

Algorithm mean
standard 

deviation
minimum maximum

Numerical Integral -0.0415 2.9285 -15.2734 14.6970

FFT2 -0.0433 2.8208 -11.9201 13.3607

FFT1 -0.0444 3.0509 -15.7950 15.5242



Computation of Gravity Anomaly via Inverse Hotine Integration 

Ignore the ellipsoidal height



Computation of Gravity Disturbance via Inverse Hotine Integration – 2D FFT



Computation of Gravity Disturbance via Inverse Hotine Integration – 1D FFT



Table 4.12: Statistics of Model Reference Truth (Unit: mGal)

Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.13

to the standard deviation of Reference Truths in Table 4.12 reflects the approximation

capability of the corresponding algorithm.

The Inverse Hotine numerical integration yields a standard deviation of ~2.93 mGal,

comparable to the Inverse Stokes method but with a slightly reduced maximum error

range (±9.7 mGal vs. ±15.3 mGal). This suggests marginally better numerical stability

when solving for gravity disturbances directly.

Table 4.13: Differences between Inverse Operation Integration Results and 
Reference Truth (Unit: mGal)

Item Mean Std. Dev. Min Max

Residual Gravity Disturbances 

(Deg 541 – 1800)
0.4334 34.0852 -170.9556 177.8780

Algorithm Mean Std. Dev. Min Max

Numerical Integral -0.0415 2.9285 -15.2734 14.6970

FFT2 -0.0433 2.8208 -11.9201 13.3607

FFT1 -0.0444 3.0509 -15.7950 15.5242



Computation via Inverse Vening-Meinesz Integration

Ignore the ellipsoidal height



Computation via Inverse Vening-Meinesz Integration – 2D FFT



Computation via Inverse Vening-Meinesz Integration – 1D FFT



Table 4.14: Statistics of Model Reference Truths

Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.15

to the standard deviation of Reference Truths in Table 4.14 reflects the approximation

capability of the corresponding algorithm.

Geoidal Height Recovery: All three algorithms demonstrate comparable performance in

recovering geoidal heights, with standard deviations around 3.3 cm and maximum

errors within ±13 cm. This confirms the high stability of the Inverse Vening-Meinesz

formula.

Internal Consistency: The nearly identical error statistics for gravity anomalies and

gravity disturbances validate the internal logical consistency of the algorithm

implementation.

Field Element(Deg 541 – 1800) Unit Mean Std. Dev. Min Max

Residual Geoidal Heights m 0.0045 0.2172 -1.1490 0.9110

Residual Gravity Disturbances mGal 0.4348 34.1479 -171.3088 178.1561

Residual Gravity Anomalies mGal 0.4334 34.0852 -170.9556 177.8780



Table 4.15: Differences between Inverse Operation Integration Results and Reference Truth

Algorithm Field Element Unit Mean Std. Dev. Min Max

Numerical integral

Residual Geoidal 

Heights
m -0.0002 0.0331 -0.1066 0.1266

Residual Gravity 

Disturbances
mGal -0.0281 3.5304 -19.8306 15.5799

Residual Gravity 

Anomalies
mGal -0.0280 3.5293 -19.8233 15.5701

FFT2

Residual Geoidal 

Heights
m 0.0001 0.0337 -0.1057 0.1271

Residual Gravity 

Disturbances
mGal -0.0131 2.4732 -12.3026 9.8919

Residual Gravity 

Anomalies
mGal -0.0131 2.4729 -12.2973 9.8831

FFT1

Residual Geoidal 

Heights
m -0.0001 0.0332 -0.1068 0.1263

Residual Gravity 

Disturbances
mGal -0.0283 3.5527 -19.9907 15.7164

Residual Gravity 

Anomalies
mGal -0.0283 3.5516 -19.9830 15.7072



Computation of External Anomalous Gravity Field Elements from Height Anomaly



Table 4.16: Statistics of Model Reference Truths

Table 4.17: Differences between Computed Results and Reference Truth

Field Element Unit Mean Std. Dev. Min Max

Ground Residual Gravity 

anomalies
mGal -0.0349 15.7184 -93.7784 66.5507

Ground Residual Gravity 

disturbances 
mGal -0.0346 15.7527 -93.9854 66.6638

Ground Residual Vertical 

Deflection (S)
″ 0.0014 2.4951 -12.7789 14.2346

Ground Residual Vertical 

Veflection (W)
″ 0.0097 2.1772 -9.1577 10.4499

Field Element Unit Mean Std. Dev. Min Max

Ground Residual Gravity 

anomalies
mGal -0.0104 2.0577 -8.2097 10.7064

Ground Residual Gravity 

disturbances 
mGal -0.0100 2.0929 -8.3217 10.8982

Ground Residual Vertical 

Deflection (S)
″ 0.0004 0.0075 -0.0357 0.0388

Ground Residual Vertical 

Veflection (W)
″ 0.0003 0.0076 -0.0362 0.0358



Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.17

to the standard deviation of Reference Truths in Table 4.16 reflects the approximation

capability of the corresponding algorithm.

Exceptional Inversion Accuracy: The inversion from height anomalies to ground gravity

field elements demonstrates exceptional precision. The standard deviations for gravity

anomalies and disturbances are merely ~2.06 – 2.09 mGal, representing a significant

signal-to-noise improvement over the original field variability (~15.7 mGal).

High-Precision Vertical Deflection Recovery: The recovery of vertical deflections is

remarkably accurate, with standard deviations of only 0.0075″ (7.5 mas) and maximum

errors confined within ±0.04″. This underscores the superior numerical stability and

high-frequency preservation capabilities of the combined Poisson integration and

differentiation algorithm when transforming geoidal heights to vertical deflections.

Algorithm Robustness: Given that this method does not require an equipotential

boundary, these results further validate the algorithm's robustness and reliability for

practical applications involving quasi-geoids or non-strict reference surfaces.



Radial Gradient Integration of Anomalous Gravity Field Elements



Radial Gradient Integration of Anomalous Gravity Field Elements



Computation of External Gravity Disturbance from Disturbing Gravity Gradient



Computation of External Gravity Disturbance from Disturbing Gravity Gradient



Table 4.18: Statistics of Model Reference Truth

Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.19

to the standard deviation of Reference Truths in Table 4.18 reflects the approximation

capability of the corresponding algorithm.

Robustness: The inversion from gravity gradients to disturbances yields a standard

deviation of approximately 4.25 mGal. Given the ill-posed nature of differentiation and

the high-frequency content of gradient data, this accuracy demonstrates the algorithm's

effectiveness in suppressing noise amplification while successfully recovering medium-

to-long wavelength gravity signals.

Table 4.19: Differences between Computed Results and Reference Truth

Field Element Unit Mean Std. Dev. Min Max

Ground Residual Gravity 

Disturbances 
mGal -0.0346 15.7527 -93.9854 66.6638

Field Element Unit Mean Std. Dev. Min Max

Ground Residual Gravity 

Disturbances 
mGal 0.0071 4.2456 -18.5325 16.5266



Computation of Disturbing Gravity Gradient via Inverse Operation Integration



Computation of Disturbing Gravity Gradient via Inverse Operation Integration



Table 4.20: Statistics of Model Reference Truth

Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.21 to

the standard deviation of Reference Truths in Table 4.20 reflects the approximation

capability of the corresponding algorithm.

Stability of Differentiation: Computing gradients from gravity disturbances is a

differentiation process, typically sensitive to high-frequency noise. In this case, while the

true signal exhibits a large variability (Std. Dev. = 68.25 E), the error standard deviation is

well-controlled at ~6.64 E (approximately 10% of the signal strength).

Conclusion: The inverse operation integration algorithm offers superior numerical stability

for differentiation tasks. It effectively preserves high-frequency signal characteristics while

avoiding the severe oscillations often associated with traditional finite difference methods,

making it suitable for high-precision gravity gradient field modeling.

Table 4.21: Differences between Computed Results and Reference Truth

Field Element Unit Mean Std. Dev. Min Max

Residual Disturbing Gravity 

Gradients (Radial) on Geoid
E 0.4763 68.2499 -288.1750 387.7286

Field Element Unit Mean Std. Dev. Min Max

Residual Disturbing Gravity 

Gradients (Radial) on Geoid
E -0.0562 6.6405 -37.1465 28.3557



Computation of External Disturbing Gravity Gradient from Gravity Disturbance



Computation of External Disturbing Gravity Gradient from Gravity Disturbance



Table 4.22: Statistics of Model Reference Truth

Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.23

to the standard deviation of Reference Truths in Table 4.22 reflects the approximation

capability of the corresponding algorithm.

Comparative Analysis: The inversion integration of gravity disturbance demonstrates

comparable performance and accuracy. Both approaches effectively achieve high-

precision differential inversion from gravity disturbances to gradients, with error

standard deviations controlled to approximately 10% of the signal strength, validating

the consistency of the algorithms across different mathematical formulations.

Table 4.23: Differences between Computed Results and Reference Truth

Field Element Unit Mean Std. Dev. Min Max

Ground Residual Disturbing 

Gravity Gradients (Radial)
E -0.2872 26.9448 -148.0282 136.7864

Field Element Unit Mean Std. Dev. Min Max

Ground Residual Disturbing 

Gravity Gradients (Radial)
E -0.0361 2.7361 -14.2089 13.6802



Computation of External Anomalous Gravity Field Elements via Poisson Integration



Computation of External Anomalous Gravity Field Elements via Poisson Integration



Table 4.24: Statistics of Model Reference Truths

Algorithm Performance: The ratio of the standard deviation of Differences in Table 4.25

to the standard deviation of Reference Truths in Table 4.24 reflects the approximation

capability of the corresponding algorithm.

Superior Short-Wavelength Preservation: The algorithm effectively suppresses the

attenuation of short-wavelength signals, demonstrating high fidelity for both upward

and downward analytical continuation.

Table 4.25: Differences between Computed Results and Reference Truth

Field Element Unit Mean Std. Dev. Min Max

Ground Residual Height 

Anomalies
m 0.0010 0.1182 -0.6745 0.4760

Ground Residual Gravity 

Disturbances
mGal -0.0346 15.7527 -93.9854 66.6638

Field Element Unit Mean Std. Dev. Min Max

Ground Residual Height 

Anomalies
m 0.0004 0.0074 -0.0326 0.0334

Ground Residual Gravity 

Disturbances
mGal 0.0476 1.1919 -5.0173 6.5138

Iterative Strategy: Supports iterative execution to perform multi-step Poisson

integrations. In general, a single iteration suffices to meet accuracy requirements

for most applications. In scenarios involving extreme topography or large vertical

separations, at most three iterations are typically required to achieve convergence.



Spatial and Spectral Performance Analysis of Spherical Radial Basis Functions



Spatial and Spectral Performance Analysis of Spherical Radial Basis Functions



Spatial and Spectral Performance Analysis of Spherical Radial Basis Functions



Spatial and Spectral Performance Analysis of Spherical Radial Basis Functions



Construction of Reuter Spherical Grid at a Specified Level



Construction of Reuter Spherical Grid at a Specified Level



Construction of Reuter Spherical Grid at a Specified Level



Gravity Field Approximation Using SRBFs: Gravity disturbance → Height anomaly



Input the remaining residual file *.chs

output by previous SRBF approach 

Gravity Field Approximation Using SRBFs: cumulative SRBF approach 



Gravity Field Approximation Using SRBFs: Vertical deflection → Height anomaly



Gravity Field Approximation Using SRBFs: Disturbing gradient → Height anomaly



Gravity Field Approximation Using SRBFs: Gravity anomaly → Gravity disturbance



Gravity Field Approximation Using SRBFs: Gravity disturbance → Disturbing gradient



Table 4.26: Statistics of Reference Truth Model (Degrees 541 – 1800)

Algorithm Performance: The approximation capability of the algorithm is quantified by
the ratio of the standard deviation of the approximation errors (Table 4.27) to the
standard deviation of the reference truth (Table 4.26).
Comparative analysis against traditional gravity field integration algorithms reveals that
even a single-step SRBF approximation surpasses integration methods in accuracy.

Table 4.27: Differences between SRBF Approximation and Reference Model

Field Element Unit Mean Std. Dev. Min Max

Residual Geoidal Heights m -0.0020 0.1590 -0.8621 0.6546

Residual Gravity Disturbances mGal -0.4113 21.8940 -141.1997 112.4878

Observation Residuals
Target Residual 

Element

1st SRBF Approx. 2nd SRBF Approx.

Mean Std. Dev. Mean Std. Dev.

Gravity Disturbance
Ground Height 

Anomaly (m)

0.0201 0.0185 0.0189 0.0162

Vertical Deflection 0.0058 0.0147 0.0058 0.0072

Disturbing Gradient -0.0055 0.0202 -0.0056 0.0185

Height Anomaly
Ground Gravity 

Disturbance 

(mGal)

0.1731 1.4421 0.2075 1.4382

Vertical Deflection 0.3550 1.6905 0.3566 1.6845

Disturbing Gradient 0.0840 1.5780 0.0906 1.5298



All-element Gravity Field Modeling Using Multi-source Heterogeneous Data with SRBFs

Observation: gravity disturbance  + 

disturbing gravity gradient 

Output all-element estimations of residual 
gravity field on the computation surface



All-element Gravity Field Modeling with SRBFs- cumulative SRBF approach 

Input the remaining residual file *.chs

output by previous SRBF approach 

Output all-element estimations of residual 
gravity field on the computation surface



Observation: gravity disturbance  

+ vertical deflection 

All-element Gravity Field Modeling Using Multi-source Heterogeneous Data with SRBFs

Output all-element estimations of residual 
gravity field on the computation surface



All-element Gravity Field Modeling Using Multi-source Heterogeneous Data with SRBFs

Observation: gravity disturbance  + height anomaly 

+ disturbing gravity gradient  + vertical deflection 

Output all-element estimations of residual 
gravity field on the computation surface



Table 4.28: Statistics of Reference Truth Model (Degrees 541 – 1800)

Algorithm Performance: The approximation capability of the algorithm is quantified by

the ratio of the standard deviation of the approximation errors (Table 4.29) to the

standard deviation of the reference truth (Table 4.28).

Multi-source fusion combined with a second approximation iteration further reduces

standard deviations, enhancing overall accuracy.

Field Element Unit Mean Std. Dev. Min Max

Residual Geoidal Heights m -0.0020 0.1590 -0.8621 0.6546

Table 4.29: Differences between SRBF Approximation and Reference Model

Residual Observations
Target Residual 

Element 

1st SRBF Approx. 2nd SRBF Approx.

Mean Std. Dev. Mean Std. Dev.

Gravity Disturbances Ground Height 

Anomaly (m)
0.0023 0.0095 0.0005 0.0093

Geoidal Heights

Gravity Disturbances Ground Height 

Anomaly (m)
0.0036 0.0190 0.0031 0.0158

Disturbing Gradients



Construction of Equi-

potential Surface from

a Global Geopotential

Model

Refinement of Equi-

potential Surface

Ellipsoidal Height via

Local Gravity Field

Approximation

Construction and Refinement of

an Equipotential Surface Passing

Through a Specified Point

Assessment of the Gravimetric Geoid Using

GNSS-Leveling Data

Construction of a

Terrain Equielevation

Surface Passing

Through a Specified

Point

GNSS-Leveling

Data Fusion and

Regional Height

Datum

Optimization

Calculation of Orthometric or Normal

Heights via GNSS Replacing Leveling

Synthesis of Model

Values and Residual

Corrections

Refinement of the

Normal or Orthometric

Equiheight Surfaces

Computation of Model

Geopotential for a

Normal or Orthometric

Equiheight Surface

Normal Height Difference

Correction for Height

Anomaly and Height

System Discrepancy

Model-Based Comput-

ation of Normal Height

Difference Correction

Measured Adjustment for

Normal Height Difference

Correction

Refinement of Normal

Height Difference Cor-

rection Using Regional

Observations

Computation of Geo-

potential for the Zero-

Elevation Surface of a

Regional Datum

Quasi-Stable Adjustment

of Leveling Networks

Using Remaining

Residuals

GNSS-Leveling Data

Fusion with Poisson

Integral Constraints

Optimization, Unification, 

and Application of Regional 

Height Datums



Model-Based Computation of Normal Height Difference Correction



Refinement of Normal Height Difference Correction Using Regional Observations



Measured Adjustment for Normal Height Difference Correction



Construction of Equipotential Surface from a Global Geopotential Model



Refinement of Equipotential Surface Ellipsoidal Height via Local Gravity Field Approximation



Computation of Model Geopotential for a Normal or Orthometric Equiheight Surface



Refinement of the Normal or Orthometric Equiheight Surface



Synthesis of Model Values and Residual Corrections



Assessment of the Gravimetric Geoid Using GNSS-Leveling Data



Computation of Geopotential for the Zero-Elevation Surface of a Regional Datum



GNSS-Leveling Data Fusion with Poisson Integral Constraints



Calculation of Normal Heights via GNSS Replacing Leveling



Calculation of Orthometric Heights via GNSS Replacing Leveling



Calculation of Normal and Orthometric Heights via GNSS Replacing Leveling



Batch Calculation of Normal and Orthometric Heights via GNSS Replacing Leveling



Grid Resolution Modification via

Interpolation

Interpolation of Geodetic Site

Attributes from Grids

Record Selection Based on

Attribute Conditions

Separation of (Vector) Grid Data

into Distinct Regions

Visualization of Specified Attributes in

Discrete Point File

Visualization of Geodetic Grid File

Visualization of Multi-attribute Curves from

2D Geodetic Data

Visualization of Geodetic Vector Grid File

Weighted Operations on Two

Attributes in a Record File

Weighted Operations on Two

Geodetic Grid Files

Product Operations on Two Vector

Grid Files

Weighted Operations on Two

Harmonic Coefficient Files

Gridding of Discrete Geodetic

Data via Simple Interpolation

Vector Grid Interpolation from

Dual Attribute Records

High-Resolution Gridding via

Direct Averaging

Construction of General

Geodetic Grid Files

Data Extraction by Latitude-

Longitude Extent

Decomposition of Vector

Grid File into Scalar

Components

Synthesis of Vector Grid File

from Two Scalar Grids

Vector Representation

Trans-formation

Conversion of Vector Grid

Files to Discrete Point File

Visualization and

Plotting Tools for

Geodetic Data Files
Conversion of General ASCII Records

to PAGravf4.5 Format

Statistical Analysis of Geodetic Data

File

Data Interpolation, Extraction,

and Land-Sea Separation

Low-Pass Filtering Operations on Geodetic Grid File

Simple and Direct

Calculations on

Geodetic Data Files

Construction and

Transformation of

Vector Grid Files

Simple Gridding

and Regional

Geodetic Grid

Construction

Calculation of Grid

Horizontal Gradients

and Vector Grid Inner

Products

Horizontal Gradient Estim-

ation on Geodetic Grids

Inner Product Operation on

Vector Grids

Toolkit for Geodetic Data 

File Editing, Calculation, 

and Visualization



①

②

③

Conversion of General ASCII Records to PAGravf4.5 Format



Grid Resolution Modification via Interpolation



Interpolation of Geodetic Site Attributes from Grid



Record Selection Based on Attribute Condition



Separation of (Vector) Grid Data into Distinct Regions



Weighted Operations on Two Geodetic Grid Files



Product Operations on Two Vector Grid Files



Weighted Operations on Two Harmonic Coefficient Files



Low-Pass Filtering Operations on Geodetic Grid File



Low-Pass Filtering Operations on Geodetic Grid File



Gridding of Discrete Geodetic Data via Simple Interpolation



Synthesis of Vector Grid Files from Two Scalar Grids



Conversion of Vector Grid File to Discrete Point File



Statistical Analysis of Geodetic Data File



Horizontal Gradient Estimation of Geodetic Grid



Inner Product Operation on Geodetic Vector Grids



Visualization of Multi-attribute Curves from 2D Geodetic Data



Visualization of Specified Attributes in Discrete Point File



Visualization of Geodetic Grid File



Visualization of Geodetic Vector Grid File




