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Abstract. As one of the Earth’s fundamental physical fields,
the gravity field model’s accuracy is considerably con-
strained in areas with sparse coverage or data gaps. In coastal
areas, satellite altimetry data are affected by land contamina-
tion and errors from tidal models, while shipborne gravity
measurements fail to obtain valid gravity data in nearshore
regions. Therefore, gravity field models’ accuracy in coastal
areas is relatively lower. Additionally, due to the truncation
of global gravity field models at specific degrees, trunca-
tion errors prevent the acquisition of high-precision gravity
anomaly (GA) information. To address this issue, a gravity
forward modeling-based refinement method using the resid-
ual terrain model (RTM) is proposed for coastal regions. In
this study, a mass center offset correction (MCOC) is in-
troduced as the main innovation to mitigate prism position
shift errors induced by the rock-equivalent topography (RET)
method. Specifically, a high-resolution detailed topography
model of the study area, referred to as the SRTM-GEBCO
model, was first constructed by merging the land digital ele-
vation model SRTM V4.1 with the ocean bathymetric model
GEBCO_2024. Based on this model, the reference topog-
raphy was then derived using a spatial filtering approach
based on the moving average method. The RTM is then dis-
cretized into regular grid prisms, and the GA generated by
the RTM at target points is computed in the spatial domain

using the prism integration method to refine the XGM2019e-
2159 gravity anomaly (XGM-GA) model. For computation
points located in coastal areas, the RET method is adopted to
avoid distinguishing between the densities of land and ocean
prisms during forward modeling, and the MCOC is further
applied to correct the resulting positional bias. To validate the
feasibility of this method, this study focuses on a selected re-
gion along the U.S. West Coast (125-122° W, 39-42° N) and
refines the XGM-GA model. The experimental results are
validated using NGS99 measured GA data. The results indi-
cate that, after RTM correction, the root mean square differ-
ence between the modeled and measured GA decreases from
14.58 to 8.25 mGal overall and from 14.98 to 7.97 mGal in
coastal areas. Furthermore, power spectral density analysis
of the XGM-GA model before and after RTM correction re-
veals a significant enhancement in short-wavelength energy
in the corrected model. The results demonstrate that grav-
ity forward modeling based on the RTM is effective in com-
pensating for the truncation errors of the XGM-GA model,
thereby improving its accuracy.
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1 Introduction

Global gravity field models with high spatial resolution and
accuracy have significant scientific and practical value in
fields such as geodesy, glaciology, hydrology, solid Earth
geophysics, natural disaster monitoring, and resource explo-
ration (Han et al., 2015; Dubey and Roy, 2023; Liang et
al., 2023). With the advancement of satellite altimetry tech-
nology and the improvement in the quality of shipborne
data, both satellite altimetry data and shipborne measure-
ments have become the primary sources for determining re-
gional marine gravity fields (Andersen et al., 2010; Li et al.,
2024; Zhou et al., 2025). However, in coastal areas, satel-
lite altimetry data are influenced by land interference and
various errors, such as those in tidal models (Hwang, 1997;
Guo et al., 2010; Claessens, 2012). Furthermore, due to the
distance of 5-30km between the shipborne gravity survey
lines and the coastline on the landward side, shipborne grav-
ity measurements in this range are unable to obtain valid
data, resulting in a data gap in the coastal region (Ke et al.,
2019). The widely used global gravity field models, includ-
ing XGM2019e-2159 (Zingerle et al., 2020) and EGM2008
(Pavlis et al., 2012), are represented using spherical harmonic
functions. These models can be used to calculate the gravity
anomaly (GA) at any point on the Earth’s surface and in outer
space. However, due to the truncation of the spherical har-
monic model at degree 2159, it cannot reflect high-frequency
GA information beyond this degree (Gruber, 2009). Since
the high-frequency signals of gravity field models are pri-
marily provided by the Earth’s topography, these errors have
a smaller impact in flat regions, but tend to have a larger
effect in rugged mountainous areas and the coastal regions
with complex terrain (Hirt, 2010). Therefore, effectively in-
tegrating topographic information into existing high-degree
gravity field models is a primary method for refining regional
gravity field data.

The use of detailed topography data to refine gravity field
models has gained extensive research and attention in recent
decades. The results of using residual terrain model (RTM)
methods to calculate topographic gravity effects in rugged
mountainous areas based on high-resolution digital eleva-
tion models show that RTM methods can effectively com-
pensate for truncation errors in GA models (Forsberg and
Tscherning, 1981; Liu et al., 2025). If bathymetric data are
incorporated and differences between water and crustal den-
sities within the integration region are taken into account,
the geoid model refined by RTM forward modeling with de-
tailed topographic data can be significantly improved in ac-
curacy (Li et al., 2024). Validation with ground-measured
data showed that the high-frequency components of verti-
cal deflections derived from RTM gravity forward modeling
can effectively compensate for the truncation errors of the
EGM2008 and XGM2019e-2159 vertical deflection models
(Hirt et al., 2010b; Liu et al., 2025).
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Gravity forward modeling based on the RTM can be con-
ducted in either the frequency domain (Tenzer, 2005; Yang
et al., 2019; Ince et al., 2020; Wu and Chen, 2023) or the
spatial domain (Smith, 2000; Wild-Pfeiffer, 2008; Tsoulis
et al., 2009). Although the frequency-domain approach of-
fers higher computational efficiency, its accuracy is generally
lower than that of spatial domain methods (Parker, 1995).
Research on gravity forward modeling in the spatial do-
main mainly aims to improve the accuracy of forward results.
Therefore, this study adopts the spatial-domain approach to
refine the modeled GA in coastal areas. The traditional RTM
method assumes a uniform density for the residual terrain
within the integration region. However, if the region includes
other types of landforms such as lakes, oceans, or ice sheets,
this assumption of uniform prism density can lead to signifi-
cant errors. In such cases, the traditional RTM method strug-
gles to obtain a reasonable residual terrain model, necessi-
tating improvements to meet the application requirements in
complex topographic regions. To address this, Hirt (2013)
improved the traditional method by merging detailed topog-
raphy and bathymetric data and adopting the rock-equivalent
topography (RET) method. This approach allows for a single
constant prism density within the integration region, elimi-
nating the need to distinguish between land and ocean prisms
(Kuhn and Hirt, 2016). Based on gravity forward model-
ing theory, topographic information can be transformed into
corresponding gravity field signals. In the process of con-
structing the RTM from detailed and reference topography,
the reference model acts as a high-pass filter, and the result-
ing RTM retains the high-frequency components of the topo-
graphic data (Hirt, 2010). The reference topographic model
can be obtained either from the spherical harmonic expan-
sion of the detailed topography or by applying a smoothing
filter to the detailed model (Lin et al., 2023). When the ref-
erence topography is derived through spherical harmonic ex-
pansion of the detailed terrain using the same degree as that
of the refined GA model, the GA computed from the RTM
can effectively extend its high-frequency components. Gen-
erally, in areas with rugged and complex terrain, gravity field
model lacks sufficient high-frequency GA signals, resulting
in lower model accuracy.

This study aims to improve the accuracy of the
XGM2019e-2159 gravity anomaly (XGM-GA) model in
coastal regions and to compensate for truncation errors. The
3” x 3" SRTM V4.1 terrestrial digital elevation model data
are first integrated with the 15” x 15” GEBCO_2024 marine
bathymetry data to construct a combined SRTM-GEBCO
dataset. Based on this dataset, a reference topography model
is constructed using a spatial filtering approach based on the
moving average (MA) method, from which the RTM is de-
rived. Subsequently, the high-frequency gravity anomalies of
the RTM within the study area are computed in the spatial
domain, and are used to refine the XGM2019e-2159 gravity
anomaly model.
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Figure 1. Study area boundary (red box) and surrounding topogra-
phy.

2 Study area and data
2.1 Study area

The study area (125-122°W, 39-42°N) is located on the
west coast of the United States. Since the calculation of
RTM-GA at a given point requires elevation data from a
surrounding region, the terrain and bathymetric data cover-
age is extended to 126-121°W, 38-43° N. The topography
of the study area and its surroundings is shown in Fig. 1.
The study area borders the Pacific Ocean to the west and in-
cludes the Central Valley, the Sierra Nevada, and the Cascade
Range. The highest elevation point is Mount Shasta, located
in the southern Cascade Range, with an elevation of 4316 m.
The complex topographic environment of the study area im-
plies that the GA information provided by global gravity field
models lacks significant high-frequency GA signals.

2.2 Global Gravity Field Model

XGM2019e is a global gravity field model developed by inte-
grating terrestrial gravity observations with satellite-derived
data. In the high-frequency spectral range, noise contribu-
tions from both data sources must be carefully addressed.
In particular, coastal regions and areas with sparse or miss-
ing ground data are more prone to noise-induced distortions
in the model signal. To suppress such effects, a weighted
smoothing transition strategy is applied. Nevertheless, even
after these procedures, the signal-to-noise ratio (SNR) at
higher harmonic degrees remains relatively low, leading to
attenuation of true signals and thereby constraining the prac-
tical use of high-degree gravity field models (Zingerle et al.,
2020). Consequently, adopting a limited set of spherical har-
monic coefficients instead of all high-degree terms provides a
better trade-off between spatial resolution and SNR. Accord-
ingly, the XGM2019e-2159 model, expanded up to degree
2159 and corresponding to a spatial resolution of 5" x 5, is
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adopted in this study. The model is constructed based on sev-
eral datasets, including the combined satellite-only gravity
field model GOCOO06s, ground GA data provided by the Na-
tional Geospatial-Intelligence Agency, and DTU13 marine
GA derived from satellite radar altimetry. The GA model de-
rived from XGM?2019e-2159 can be computed via the Inter-
national Centre for Global Earth Models (ICGEM) website
(http://icgem.gfz-potsdam.de/calcgrid, last access: 21 April
2026).

2.3 Digital Elevation and Bathymetric Models

This study uses the high-resolution SRTM V4.1 dataset as the
digital elevation model, which was acquired from the Shuttle
Radar Topography Mission (SRTM) (https://srtm.csi.cgiar.
org, last access: 21 April 2026). This mission was a collab-
oration between the National Imagery and Mapping Agency
and the National Aeronautics and Space Administration. The
elevation data of SRTM V4.1 are referenced to the EGM96
geoid, with a spatial resolution of 3” x 3”. SRTMV4.1 em-
ploys a new interpolation algorithm and supplementary DEM
data to fill data voids present in SRTM3, resulting in sig-
nificantly improved elevation accuracy compared to SRTM3
(Reuter et al., 2007).

The bathymetric data in this study are sourced from
GEBCO (General Bathymetric Chart of the Oceans), a
project based on the Global Earth System Project. The
dataset encompasses global DEM data ranging from grid
scale to basin scale, integrating multiple bathymetric data
sources, including shipborne echo sounding, satellite altime-
try data, and other high-resolution bathymetric measure-
ments. The GEBCO_2024 dataset used in this study was re-
leased in July 2024 (https://www.gebco.net, last access: 21
April 2026). It provides globally comprehensive elevation
data on a 15” x 15" geographic grid (Tozer et al., 2019).

2.4 Measured GA Data

This study uses the measured gravity data NGS99,
published by the National Geodetic Survey (NGS), as
the reference dataset (https://www.ncei.noaa.gov/products/
gravity-data, last access: 21 April 2026). The NGS99 dataset
includes 1 633499 discrete gravity measurement points. The
NGS99 gravity data cover not only the inland regions of the
United States but also extend to its coastal areas. Figure 2
illustrates the distribution of NGS99 measured GA values
and measurement locations within the study area, compris-
ing 10797 oceanic points and 3247 land-based points.

3 Methodology
3.1 Construction of the RTM

According to the definition, RTM represents the differ-
ence between the detailed and reference topography. Due

Geosci. Model Dev., 19, 3361-3374, 2026


http://icgem.gfz-potsdam.de/calcgrid
https://srtm.csi.cgiar.org
https://srtm.csi.cgiar.org
https://www.gebco.net
https://www.ncei.noaa.gov/products/gravity-data
https://www.ncei.noaa.gov/products/gravity-data

3364

42° = I - I
et -.- ImGal
’ - o 150
3 .: P
VB 100
41°
- s 50
.v. 2 O
40° R T -50
N E .- -
e N ~100
: T } . X il
39° —— T ) T
~125° —124° —123° —122°

Figure 2. Distribution of NGS99 measured GA points in the study
area.

to the resolution mismatch between the 3” x 3” topographic
data SRTM V4.1 on land and the 15” x 15” bathymet-
ric data GEBCO_2024 in the ocean, and the fact that
SRTM V4.1 data is only available on land, the two mod-
els must be merged before constructing the residual terrain
model. First, bicubic interpolation is applied to interpolate
GEBCO_2024 to a 3” x 3" grid, matching the resolution
of SRTM V4.1. Then, the terrestrial data in the study area
from GEBCO_2024 is removed, and the terrestrial data from
SRTM V4.1 is incorporated into GEBCO_2024. This pro-
cess yields the detailed topography model SRTM-GEBCO
required for this study.

The reference topography model is obtained by applying a
spatial filtering approach based on the moving average to the
SRTM-GEBCO data. The core idea of this method is to re-
place the value of a target point with the average of all points
within a certain neighborhood around it. In essence, it acts as
a low-pass filter, removing high-frequency topographic de-
tails while retaining low-frequency large-scale topographic
variations. To maintain consistency with the spatial resolu-
tion of the XGM2019e-2159 gravity field model, we set the
resolution of the filtered reference terrain model to 5’ x 5" as
well.

The elevation of the aforementioned detailed topography
model SRTM-GEBCO is denoted as HPET and the elevation
of the reference topography model obtained by spatial filter-
ing is denoted as H REF Then, the elevation of the RTM can
be expressed as:

AHRTM _ yDET _ yREF )
The schematic diagram of the RTM for land and marine areas

is shown in Fig. 3, where the RTM for the marine area is
obtained using the RET method.
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The RTM of the study area is obtained using the above
method, as shown in Fig. 4. In the marine regions, the RTM
is constructed using the RET method. A comparison between
Figs. 1 and 4 reveals that the residual terrain elevation ex-
hibits alternating positive and negative values in areas with
significant terrain undulation, with a maximum reaching over
800 m and a minimum below —700 m. In contrast, in oceanic
regions and relatively flat plains or valleys, the variation in
residual terrain elevation is also smaller.

3.2 Method for Calculating RTM-GA

This study refines the Earth’s GA model in coastal areas us-
ing a spatial domain approach. First, the residual terrain is di-
vided into discrete prism-shaped units, and the gravitational
influence of each unit on the observation point is calculated.
Then, the cumulative effect of all these units provides the
gravitational contribution from the residual terrain at the lo-
cation of interest. Due to the oscillation of RTM elevations
between negative and positive values within a certain area,
gravity forward modeling based on the residual terrain model
is only required over k prisms in the vicinity of the compu-
tation point (Forsberg, 1984; Hirt et al., 2010b; Wang et al.,
2024). When computing derivatives of the gravitational po-
tential such as GA and vertical deflections from the RTM,
an integration radius of several tens of kilometers is gener-
ally sufficient (Hirt et al., 2010a). In this study, an integra-
tion radius of 111 km is adopted for forward modeling of the
RTM-GA. To fully utilize the detailed topographic data, grid
prisms with a side length of 90 m x 90 m are employed.

As shown in Fig. 5, a right-handed Cartesian coordi-
nate system is established with the z axis oriented vertically
downward. The gravitational disturbing potential induced at
point P by a prism of uniform density can be formulated as:

1
T =Gp / © / ” / 2 drdyde. @)

The gravity disturbance can be obtained by computing the
partial derivative of the disturbing potential with respect to
the vertical direction, and it is given by:

aT : z—c
8g=—¥=GP/§?/§%[§? 3 drdydz. 3)

In this formula, G denotes the gravitational constant; p is
the density of the prism; (x;, y;,z;) (i = 1,2) represent the
coordinates of the prism’s eight corners; and [ is the distance
from the prism’s vertex to the computation point P, where
I=J(x—a) >+ —b2+(z—0)2.

After solving the integral, it can be expressed as:

dg(a,b,c) = —Gp{|l|(x —a)In[(y — b) +1]
+ @ —b)In[(x —a)+I]

(=G =b) 1y
R )

_(z—c‘)arctanwu1 s
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Figure 3. Schematic diagrams of the RTM over land (a) and over the marine area (b).
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Figure 4. RTM of the study area with RET applied in the marine
area.

The relationship between gravity disturbance and GA can be
expressed as:

2

where r denotes the geocentric radius vector of the calcu-
lation point. The gravitational contribution of an individual
prism to the computation point P can be computed using the
above formula, based on the spatial relationship between P
and the prism’s vertices. If the integration region contains
a total of k prisms, the total gravity anomaly at P due to

https://doi.org/10.5194/gmd-19-3361-2026

Figure 5. Prism element model.

the residual terrain is obtained by summing the contributions
from all individual prisms. This yields the RTM-GA AgR™,
which is expressed as:

k
AgR™ Z AZK™M(j). 6)
i=1

After the RTM-GA is obtained through gravity forward mod-
eling, the XGM-GA model can be refined, and the trunca-
tion errors can be effectively compensated. Let AgXGM de-
note the modeled GA before refinement. After incorporating
the AgR™  the refined modeled GA A gXCM/RT™ cap be ex-
pressed as:

Geosci. Model Dev., 19, 3361-3374, 2026
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AgXGM/RTM — AgRTM + AgXGM. (7

Before performing the calculations, the geodetic coordinate
system of the original topographic data needs to be trans-
formed to the local Cartesian coordinate system centered on
(123.5°W, 40.5° N) within the study area.

3.3 Processing of marine and coastal land areas

In inland areas, the computation points are located above the
detailed topography. In this case, the density of the prism is
set to the average crustal density, p. =2670kgm~—>. How-
ever, over the ocean, since both the measured GA and the
modeled GA are located on the sea surface, the computa-
tion points should be placed at the sea surface rather than on
the detailed seafloor topography. Since the average seawater
density is pw = 1030kgm~3, the corresponding prism den-
sity should be Ap = pc — pw.

As shown in Fig. 6, when a terrestrial computation point
is situated at the land—sea boundary, the integration region
includes both land and ocean. To avoid the need to distin-
guish between different density values in the forward mod-
eling process, this study adopts the RET method proposed
by Hirt (2013). In the RET method, seawater is compressed
into an equivalent rock mass by multiplying the ocean depth
(H < 0) with a scaling factor (1 — py/pc) = 0.614. With the
RET method in RTM forward modeling, both the landmass
and the compressed seawater mass can be assigned a uniform
density of p. =2670kgm™3, eliminating the need to differ-
entiate the density of land and ocean prisms.

However, when using the RET method to obtain the RTM-
GA at computation points in coastal land areas, the process
of “compressing” seawater into an equivalent rock mass by
multiplying the ocean depth (H < 0) by a coefficient factor
of 0.614 causes a vertical shift in the mass center of the ma-
rine prisms. The gravitational effect of a prism at a computa-
tion point is closely related to their relative distance and po-
sition. Therefore, the displacement of prism positions caused
by the RET method introduces corresponding errors. Hirt
(2013) also acknowledged the existence of this error and con-
sidered its effect acceptable in shallow coastal areas, hence
no correction was applied. In this study, a mass center offset
correction (MCOC) was applied to the marine prisms com-
pressed by the RET method, as shown in Fig. 6.

Let Hxy and Hp denote the elevations of the detailed to-
pography and reference topography before compression, re-
spectively. After applying the RET method, the elevations of
the compressed detailed topography and reference topogra-
phy are denoted as Hc and Hp, respectively. After the mass
center offset correction, they are represented as Hp and Hy,
with their relationships expressed as follows:

Geosci. Model Dev., 19, 3361-3374, 2026
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Hc =0.614Hy Hp =0.614Hg, (8)
H— Hyx+Hg  Hc—Hp 1.614Hp +0.386 Hp
L) 2 2
Hx+Hg Hc—Hp 0.386HA+ 1.614Hg
Hy = 5 - 5 = > C)

3.4 Harmonic Correction

During the computation of the RTM-GA, a “non-harmonic”
issue may arise when a computation point is located be-
low the reference topography, as exemplified by point P2 in
Fig. 3a. For these points, the directly forward-modeled grav-
ity potential is non-harmonic, necessitating a harmonic cor-
rection to satisfy the harmonic condition. This study employs
the harmonic correction (HC) of the condensation method,
which condenses the residual terrain mass between the com-
putation point and the reference surface into an infinitely thin
mass layer directly beneath the computation point. The pur-
pose of this method is to transform this internal gravity field
functional into a downward continued harmonic gravity field
functional. This ensures that no residual mass remains above
the condensed P2 point (Forsberg and Tscherning, 1981).

The harmonic correction formula of the condensation
method can be expressed as:

HC = 47 G p. Ah, (10)

where p. is the average crustal density, and Ah = HPET —
HREF with Ah < 0. The modeled GA corrected by RTM can
be expressed as:

AgXGM/RTM — AgXGM + AgRTM Ah
AgXGM/RTM — AgXGM + AgRTM +HC Ah

AV

0
0. an

Since the computation points over the ocean are located
on the sea surface, harmonic correction is not required in
oceanic regions.

Figure 7 presents the workflow for enhancing the XGM-
GA model through the method described above.

4 Experimental Results Analysis.
4.1 Computation results and overall assessment of GA

As shown in Fig. 8, the 1’ x 1" RTM-GA model is computed
based on the residual terrain data using Eqs. (2)-(6). Fig-
ure 9 shows the XGM-GA models before and after correction
based on RTM gravity forward modeling. For simplicity, the
RTM-corrected XGM2019e-2159 gravity anomaly model is
referred to as the XGM/RTM-GA model.

A statistical analysis of the GA from the XGM model,
RTM model, and XGM/RTM model within the study area
is summarized in Table 1.

https://doi.org/10.5194/gmd-19-3361-2026
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Figure 6. Location of coastal computation points and schematic diagram of the RET method and mass center offset correction.

Table 1. Statistical analysis of GA models (mGal).

Models Min Max  Mean SD RMS
XGM —96.4 1389 —296 39.35 39.46
RTM —104.06 5239 —-0.70 1470 14.71
XGM/RTM  —128.33 183.89 —3.67 4237 4253

Based on Figs. 8 and 9 as well as Table 1, it can be con-
cluded that both the RMS and the standard deviation (SD)
of the XGM/RTM-GA model are higher than those of the
XGM-GA model. The RTM-GA model primarily reflects
small-scale, high-frequency GA, which are closely associ-
ated with terrain undulations. The XGM-GA model shows
a smooth spatial distribution, representing large-scale grav-
ity variations. The XGM/RTM-GA model contains both the
large-scale low-frequency information of the XGM model
and the small-scale high-frequency information of the RTM
model, retaining the overall trend while enhancing local de-
tails.

To verify the reliability of the results, the accuracy was
evaluated using the NGS99 measured GA data. Figure 10
presents the RTM-GA computed at the locations of the mea-
sured points. By comparing Figs. 10 and 1, it can be seen
that points with large absolute values of RTM-GA are mainly
located in mountainous areas with significant terrain undu-
lations, indicating that more rugged terrains contain richer
high-frequency gravity signals.

https://doi.org/10.5194/gmd-19-3361-2026

The differences between the measured GA and the XGM-
GA at the measured points within the study area are calcu-
lated, as shown in Fig. 11a. It is evident that the largest differ-
ences are concentrated in areas with rugged terrain within the
study area, with the maximum absolute difference exceed-
ing 100 mGal. By adding the RTM-GA to the XGM-GA, the
XGM/RTM-GA is obtained, and the difference between it
and the measured GA is shown in Fig. 11b.

A comparison between Fig. 11a and b reveals that, fol-
lowing RTM correction, the difference between the modeled
GA and the measured GA is significantly reduced in the cen-
tral and northern regions with higher elevations, with a more
uniform spatial distribution and a marked reduction in the
number of high-amplitude areas. Incorporating the computed
RTM-GA into the XGM-GA model can compensate for its
truncation error, as the RTM-GA reflects high-frequency in-
formation that the XGM model cannot represent. The com-
parative statistical results between the XGM-GA and the
measured GA, as well as between the XGM/RTM-GA and
the measured GA at land, ocean, and all measured points, are
presented in Table 2.

From Table 2, it can be seen that the accuracy of the GA
model is improved on both land and sea after applying the
RTM correction. At the land measurement points, the RMS
of the difference between the measured GA and the XGM-
GA decreased by 14.62 mGal, with an improvement rate (IR)
of 52.1 %. At the ocean measurement points, the RMS of
the difference decreased by 0.45 mGal, with an IR of 7.1 %.

Geosci. Model Dev., 19, 3361-3374, 2026
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Figure 7. Workflow of XGM-GA model refinement based on RTM.

Overall, at all measurement points, the RMS of the difference
decreased by 6.33 mGal, with an IR of 43.4 %. According to
the statistics, the accuracy of the XGM-GA model is lower
in land areas and higher in ocean regions, while the RTM
correction is significantly more effective in land areas than
in ocean regions.

Geosci. Model Dev., 19, 3361-3374, 2026

To investigate the correction effect of the RTM method
at different elevations, the measured GA points were clas-
sified into five categories based on elevation. The elevation
ranges for these five categories are [—3400, —1600m), [-
1600, 0 m), [0, 500 m), [500, 1500 m), and [1500, 4000 m),
with 5035, 5762, 1498, 1360, and 389 points, respectively.
The RTM-GA was calculated separately for these five cate-
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Table 2. Statistics of the differences between measured and modeled GA (mGal).

Point type ~ Variant Min Max  Mean SD RMS IR
Land point NGS99-XGM —111.75 86.77 —4.66 27.67 28.06
P NGS99-(XGM/RTM) —51.03  60.05 1.31 1338 1344 52.1%
Sea point NGS99-XGM —19.53 2442 2.78 562  6.28
p NGS99-(XGM/RTM) —20.81 20.46 244 530 583 7.1%
. NGS99-XGM —111.75 86.77 1.05 1455 14.58
All point

NGS99-(XGM/RTM)

—51.30

60.05 2.18 7.95 825 434%

42°
mGal
50
41° -
i 0
40° 4 L
-50
39° T T
-125° -124° -123° -122°

Figure 8. RTM-GA model.

gories of points, and the XGM-GA and XGM/RTM-GA were
compared with the measured GA for each category. The sta-
tistical results are shown in Table 3.

From the table above, it can be seen that the higher the el-
evation on land, the greater the difference between the mod-
eled and measured values; the deeper the ocean, the smaller
the difference at the sea surface between the modeled and
measured values. This suggests that areas with greater ter-
rain undulation on land have lower modeled GA accuracy, as
the terrain contributes to the omission of high-frequency in-
formation in the modeled GA. At sea surface measurement
points, the shallower the water, the closer the seafloor terrain
is to the measurement point. Consequently, the gravitational
effect produced by the residual seafloor topography at these
points is greater, leading to better correction results with the
RTM method. The RMS values at these five types of points
were reduced by 0.20, 0.58, 14.39, 15.25, and 15.61 mGal,
respectively. It is evident that as the elevation increases, the
RTM correction effect also increases.

Figure 12 shows the distribution histograms of the dif-
ferences between the measured GA and both the XGM-
GA and XGM/RTM-GA at all measured points in the study
area. Statistical analysis shows that 93.75 % of the differ-
ences between the measured GA and XGM-GA fall within
430 mGal, while this proportion increases to 99.15 % for the
differences between the measured GA and XGM/RTM-GA.

https://doi.org/10.5194/gmd-19-3361-2026

These findings demonstrate a notable improvement in data
quality resulting from the application of the RTM method.

4.2 Gravity Anomaly Assessment in Coastal Land
Areas

When a terrestrial computation point is located in a coastal
area, the integration region includes both land and ocean.
The standard calculation requires distinguishing rectangular
prisms with different densities for land and ocean, which re-
duces computational efficiency and increases the computa-
tional burden. To avoid the need to distinguish between dif-
ferent density values during the forward modeling process,
this study employs the RET method, compressing seawater
into an equivalent rock mass while incorporating mass cen-
ter offset correction.

A 6km landward buffer zone was established along the
coastline to identify measured points where the integration
region includes both land and ocean. In the study area, 264
land-coastal points were selected for forward modeling of
RTM-GA using the RET method. The calculations consid-
ered three cases: residual terrain in the land region, residual
terrain in the ocean region, and residual terrain in the entire
integration region. The statistical results are presented in Ta-
ble 4.

The statistical results indicate that using residual terrain on
both land and ocean can refine the XGM-GA to varying de-
grees. Compared to the measured GA, the RMS difference is
reduced by 6.27 mGal when considering only residual terrain
on land (setting RTM elevation over the ocean to zero). When
considering only residual terrain in the ocean (setting RTM
elevation over land to zero), the RMS reduction is 0.71 mGal.
When considering all residual terrain, the RMS difference is
reduced by 7.01 mGal.

It is noteworthy that when only the ocean residual terrain
is considered, the RMS is reduced by only 0.34 mGal with-
out applying the MCOC, whereas it decreases by 0.71 mGal
when the correction is applied. When both marine and ter-
restrial residual terrain are considered, the application of the
MCOC further reduces the RMS by 0.25 mGal compared to
the case without applying it. This indicates that introducing
the mass center offset correction in the RET method can ef-
fectively enhance the accuracy of the model.

Geosci. Model Dev., 19, 3361-3374, 2026
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Figure 9. XGM-GA model (a) and XGM/RTM-GA model (b).
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-122°

Table 3. Statistics of the differences between measured and modeled GA at different elevations (mGal).

Elevation Range Point Numbers ~ Variant Min  Max Mean SD RMS
(3400, ~1600m) 5 \GSOXGMRTM) 2069 138 234 431 4
(=1600,0m T2 \GSWXGMRTM) 2081 2045 35 609 660
0.500m) MO NGSOGMRTM) 3626 3680 0% 9% 94
500, 1500m) 560 NGSooGMRTM) 5130 5505 06 1398 1399
1500, 4000 ) \GSOGGMRIM) 636 6005 980 1974 2204
420 o sults are shown in Fig. 13. PSD analysis is a commonly used
mGa

41°

40°

39° +— .
-125° —124°

T
-123° -122°

Figure 10. RTM-GA values at the measured points.

4.3 Power Spectral Density Analysis

To more comprehensively reflect the effects of RTM correc-
tion on the XGM-GA, a power spectral density (PSD) anal-
ysis was conducted in the frequency domain for both the
XGM-GA model and the XGM/RTM-GA model. The re-

Geosci. Model Dev., 19, 3361-3374, 2026

method for evaluating signal characteristics in the frequency
domain, which effectively reveals the energy distribution of
data across different frequencies. At the same wavelength, a
higher PSD value indicates that the model contains greater
energy and more complete information.

According to statistical analysis, the PSD of the XGM-
GA and XGM/RTM-GA models are nearly identical in the
medium-to-long-wavelength range, where wavelengths ex-
ceed 39.5km. In the wavelength range of 18.7 to 39.5km,
the PSD of the XGM/RTM model exhibits a slight increase
compared to that of the XGM model. For wavelengths shorter
than 18.7 km, the PSD of the XGM/RTM model shows a sub-
stantial enhancement relative to the XGM model. These re-
sults indicate that the XGM-GA model contains more high-
frequency information, confirming that the RTM method ef-
fectively compensates for the deficiency of high-frequency
components in the model and reduces its truncation error.

5 Conclusions and Outlook

In this study, the XGM-GA model in coastal areas was
refined by constructing residual terrain using detailed to-

https://doi.org/10.5194/gmd-19-3361-2026
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Figure 12. Histogram of the differences between the measured GA and XGM-GA (a), and the differences between the measured GA and

XGM/RTM-GA (b).

pographic and bathymetric data. Gravity forward modeling
based on the RTM spatial domain method was employed to
effectively compensate for the missing high-frequency com-
ponents in the XGM2019e-2159 model. To ensure compu-
tational efficiency and accuracy, the RET method and mass
center offset correction were applied in constructing the
residual terrain model for coastal areas. Consequently, the
XGM/RTM-GA model was obtained for the study area. Fi-
nally, the accuracy of the XGM/RTM-GA model was val-
idated using measured GA data from NGS99. The results
show that the XGM-GA in coastal areas was significantly
improved after RTM correction, with high-frequency signals
effectively extended.

Statistical calculations show that after RTM correction, the
XGM-GA model’s precision improved by 6.33 mGal, with
an IR of 43.4 %. Overall, it is much more consistent with the
measured values, and the quality of the model has signifi-
cantly improved. With increasing elevation, the accuracy of
the XGM-GA declines, while the magnitude of the RTM cor-
rection becomes more significant. This also confirms that ter-
rain is an important source of high-frequency signals in GA

https://doi.org/10.5194/gmd-19-3361-2026

models. At coastal land points, the gravity forward model-
ing of both marine residual topography and terrestrial resid-
ual topography can improve the accuracy of the XGM-GA
to varying extents. Finally, by analyzing the PSD of the
XGM-GA and XGM/RTM-GA models, it can be seen that
the RTM correction effectively compensates for the missing
high-frequency signals in the GA model.

Therefore, in the future, the method presented here for
computing gravity in coastal areas could be applied to the
construction of high-resolution coastal gravity field models,
while integrating existing high-resolution gravity field mod-
els over land. This represents a promising direction for fur-
ther research. Finally, it should be noted that the NGS99 mea-
sured data, released in 1999, are only distributed over the
U.S. mainland and its adjacent coastal regions. Therefore, in
future work, updated measured data should be used accord-
ing to the study area, especially over marine regions, where
the quality and quantity of shipborne gravity data have sig-
nificantly improved. For subsequent refinements of gravity
field models in oceanic areas, it is recommended to consider

Geosci. Model Dev., 19, 3361-3374, 2026
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Table 4. GA statistics at land-coastal points (mGal).

Y. Liu et al.: Refining gravity anomaly data of coastal areas

Variant RTM Min Max Mean SD RMS IR
NGS99-XGM Not applied —32.62 49.71 0.75 1496 14.98
Land-only —19.51  30.02 1.98 8.48 871 41.8%
Sea-only —29.08 47.02 0.35 14.63 14.64 2.3 %
(without-MCOC)
NGS99-(XGM/RTM)  Sea-only —26.54 49.82 3.01 13.95 14.27 4.7 %
(with-MCOC)
Land/sea —23.52  28.11 2.08 7.95 822 45.1%
(without-MCOC)
Land/sea —18.54 28.61 1.79 7.77 797 46.8%
(with-MCOC)
0% [—XGM-GA
- |—XGM/RTM-GA
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Figure 13. PSD of the XGM-GA and XGM/RTM-GA models.

using newly released shipborne gravity data in combination
with satellite altimetry-derived ocean gravity data.

Code availability. All data used in this study are publicly available
through the XGM-GA (http://icgem.gfz-potsdam.de/calcgrid, last
access: 21 April 2026), GEBCO (https://www.gebco.net, last ac-
cess: 21 April 2026), SRTM (https://srtm.csi.cgiar.org, last access:
21 April 2026), and NGS99 (https://www.ncei.noaa.gov/products/
gravity-data, last access: 21 April 2026). The source code and grav-
ity anomaly model data before and after improvement are available
at: https://doi.org/10.5281/zenodo.15300546 (Liu, 2025).

Data availability. All research data and source codes involved
in this study are publicly available. The calculated RTM grav-
ity anomaly model data, as well as the XGM gravity anomaly
data before and after refinement, have been deposited in the
Zenodo open-access repository as a data set with a permanent
https://doi.org/10.5281/zenodo.15300546 (Liu, 2025).
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