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Abstract

This study aims to introduce the geoid modeling process in Sulawesi and demonstrate the practical issues faced.
There are limitations of terrestrial gravity surveys in Sulawesi due to its complex geography, so airborne gravity
surveys were conducted from 2008 to 2019 through a collaboration between the Badan Informasi Geospasial (BIG),
the Technical University of Denmark (DTU), and the National Chiao Tung University (NCTU) gravity research team.
The airborne gravity data currently cover almost the entire land area of Indonesia. The geoid modeling process
involved refining the EGM08-derived geoid heights by incorporating downward-continued airborne gravity data
and RTM-derived geoid effects, and adjusting the geometric geoid heights to accommodate diverse mean sea
levels used in different GPS/leveling datasets. The impacts of different global gravitational models (GGMs), such as
EIGEN-6C4, GECO, XGM2019¢, and SGG-UGM-2, on geoid modeling were examined, and it revealed that differences
arise from the different datasets used in the development of the GGM. This study revealed that airborne gravity
data can significantly improve the accuracy of the geoid, achieving an impressive accuracy of approximately 0.04
to 0.05 m. In addition, the compatibility issue between gravity data and GGM in geoid modeling is highlighted.
The strategy to unify the vertical datum between different GPS/leveling datasets for the validation of gravimetric
geoid model was discussed in detail. Once the corresponding geopotential is determined, the conversion between
the global vertical datum and the local vertical datum can be achieved. Accurate geoid is critical for infrastructure
development, land-use planning, and resource management and play an integral role in supporting sustainable
development goals (SDGs) by providing accurate spatial referencing, ensuring precise mapping, and offering
location-based services.
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1 Introduction
The purpose of the geoid is to define a physically mean-
ingful equipotential surface that can be used as a verti-
cal datum to ensure the continuity of heights across
borders, coastline areas, and the globe (Vanic¢ek 1994;
Jekeli 2000). One important application of the geoid is
to convert ellipsoidal height measured by GNSS into
orthometric height. This enables many uses, for example,
to convert the ellipsoid heights of airborne lidar point
clouds to orthometric heights (Hwang et al. 2020a) and
to monitor ocean current dynamics (Hwang et al. 2012)
and land subsidence (Vu et al. 2020; Yeh et al. 2025). In
addition, the development of a precise geoid model aligns
with the United Nations’ Sustainable Development Goals
(SD@Gs), specifically Goal 9.A. Goal 9.A emphasizes the
development of resilient infrastructure; an accurate geoid
is fundamental for engineering projects such as drain-
age systems and transportation networks by providing a
unified vertical datum, which is critical for archipelagic
nations like Indonesia. These properties make the geoid
particularly suitable for archipelagic countries such as
Indonesia. In fact, Indonesia’s law on geospatial infor-
mation No. 4/2011 emphasizes the use of the geoid as a
national vertical geospatial reference system (BIG 2022).
To achieve a consistent vertical datum for each island,
gravity data covering all regions of Indonesia are needed.
Due to Indonesia’s extensive territory, numerous islands,
and complex terrain, terrestrial gravity data collected
since the 1990s do not fully cover the entire nation. To
address this challenge, Heliani et al. (2004) proposed a
method that combines the gravity values computed by
a digital terrain model (DTM) and the gravity anoma-
lies derived from a global gravitational model (GGM) to
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simulate the terrestrial gravity anomaly field. Addition-
ally, the Badan Informasi Geospasial (BIG) measured 57
absolute gravity points using the A10 absolute gravimeter
(Fig. 1). Airborne gravimetry has proven to be a valuable
solution to the problem of how to efficiently collect grav-
ity data covering all land areas in Indonesia.

Between 2008 and 2011, a collaboration between the
Technical University of Denmark (DTU) and BIG led to
airborne gravity surveys in Sulawesi, Kalimantan, and
Papua, intending to obtain a geoid for these areas with
a target accuracy of 20 cm. Subsequently, from 2018
to 2019, BIG partnered with the National Chiao Tung
University (NCTU) gravity research team to conduct
airborne gravity surveys in Sumatra, Java, Bali, Nusa
Tenggara, and the Moluccas (Pahlevi et al. 2019). As
a result, almost all the land areas of Indonesia are now
covered by airborne gravity data, marking significant
progress in achieving comprehensive gravity coverage, as
illustrated in Fig. 1.

The Indonesian geoid, known as INAGEOID2020; was
first launched in 2020 (Pahlevi et al. 2024) and was built
upon the Earth Geopotential Model 2008 (EGMO08) (Pav-
lis et al. 2012), the DTU17 marine gravity model (Ander-
sen and Knudsen 2019), and gravity datasets in Indonesia
(Pahlevi et al. 2019; BIG 2022). The gravity data were
derived from terrestrial and airborne gravity measure-
ments. The EGMO08, extending up to 2190 degrees, serves
as the foundation for determining the geoid in the low-
frequency domain. To address the geoid in the high-fre-
quency domain, the fast Fourier transform (FFT) method
was employed along with the Space Shuttle Radar Topog-
raphy Mission (SRTM) v4.1 digital elevation data (Farr
et al. 2007), which feature a resolution of 3 arc-second
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(approximately 90 m). A classic remove-compute-restore
(RCR) process was further applied to generate the Indo-
nesia geoid model. The accuracy of this geoid model
was assessed using GPS/leveling data, resulting in an
improvement from the previous version’s accuracy at the
meter level to the decimeter level. Table 1 outlines the
accuracy of the latest geoid models in various regions of
Indonesia, including Java, Kalimantan, Bali, Sumatra, and
Sulawesi (Pahlevi et al. 2024).

Various aspects of geoid modeling have been presented
by the authors in the book compiled by Sanso and Rum-
mel (1997). Wang et al. (2021) provided an overview of
geoid modeling methods, focusing on data from the
Colorado geoid experiment (Wang et al. 2021). Recent
advancements in geoid modeling across the Asia-Pacific
region were summarized by Hwang et al,, 2021). Geoid
modeling relies not only on available gravity data, e.g.,
GGM, different types of gravity measurements, and
DTM-derived gravity estimates but also on geoid mod-
eling approaches. Most of the approaches based on the
RCR process, handling the medium- and short-wave-
length gravitational signal. The approaches commonly
used are based on modified Stokes integration (Sjoberg
2003), the spherical radial basis function (SRBF) (Klees
et al. 2008), and least-squares collocation (LSC) (Moritz
1978; Hwang et al. 2007). The DTM-related gravity and
geoid computations include techniques based on classical
integration (Hwang et al.,, 2003) and the FFT (Tschern-
ing et al. 1992; Forsberg and Tscherning 2008). The
classical integration has better precision than the FFT
in areas with complex terrain and similar results in flat
areas, while the FFT has faster computation efficiency
(Gomez et al. 2013). The resolution and quality of a DTM
are other issues that affect gravity and geoid estimates
(Grzyb et al. 2006). Since there is no standardization in
geoid modeling, the processing flow depends heavily on
the available gravity data and the study area. Most of the
approaches are based on the GGM, which can charac-
terize the Earth’s geoid model except for its zero-degree
harmonic. Recent studies represented the contribution of
the zero-degree harmonic to the GGM-based geoid and
is indispensable for the conversion between global and

Table 1 Accuracy estimates of INAGEOID2020 before fitting the
geometric geoid heights to gravimetric geoid model (unit: cm)
(Pahlevi et al. 2024)

Island Standard deviation
Java 12.2
Bali 200
Sumatera 29.3
Sulawesi 272
West Kalimantan 7.0

East Kalimantan 73
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local vertical datums. (Sanchez et al., 2016; Amin et al.
2019).

In this study, efforts were made to enhance the accu-
racy of geoid modeling in Sulawesi, where the accuracy
of INAGEOID2020 was considered insufficient. The
study area spans the longitude range of 118" E-126" E
and the latitude range of 6° S-6 N. The airborne grav-
ity data covering the land areas of Sulawesi are distrib-
uted at an average altitude of approximately 3500 m.
The data underwent re-examination to eliminate evident
mismatches and biases caused by flight turbulences. The
subsequent analysis focused on determining the appro-
priate degree of the EGMO8 for the downward continu-
ation of the airborne gravity data. For geoid modeling,
the airborne gravity data were continued down to the
surface of the EGMO08-derived geoid and utilized to com-
pute its contributions to the geoid, resulting in a more
refined geoid model based on the EGMO08 and airborne
gravity data. Through the contribution of airborne grav-
ity data, the EGMO08-derived geoid at a resolution of
approximately 9 km (at a degree of 2160) was improved
to approximately 5 to 8 km (Hwang et al. 2007; Shih et
al. 2015; Ince et al. 2020). A DTM with an 18 arc-second
grid spacing sampled from the ‘GEBCO_2022’ grid was
used to calculate the short-scale geoid effects (GEBCO
Bathymetric Compilation Group 2022), improving the
resolution from ~ 5 km down to ~ 500 m (Hirt et al. 2014;
Hirt and Rexer 2015; Ince et al. 2020).

The geoid modeling process in this study is as fol-
lows: “gravity anomaly>equivalent topography > geoid”
The equivalent topography that best matches the grav-
ity anomaly changes is first generated. The technology of
fast Fourier transform convolutions in planar approxima-
tion (the 2D-FFT technique) was used to calculate the
geoid effects of the equivalent topography, based on the
‘TCFOUR’ program in ‘GRAVSOFT’ software (Forsberg
and Tscherning 2008). The core physical concept is the
rapid conversion of the residual gravity anomalies into
the residual geoid heights based on the principles of Bou-
guer’s theory and Fourier series expansion. In addition,
the EGMO08-derived gravity anomalies at 1440, 1800, and
2160 degrees were tested to determine the appropriate
degree for geoid modeling. To address the inconsistent
mean sea levels (MSLs) used in different GPS/leveling
datasets in Sulawesi, the accuracies and relationships
between the datasets were studied. All the datasets were
then corrected to a consistent datum (as detailed in the
section “Estimation of the MSL geopotential”) and used
to validate the geoid model. Geoid modeling based on
different GGMs was evaluated, and the causes of their
differences were highlighted. The final geoid model rep-
resents a significant improvement in accuracy, offering
more precise and reliable geoid information for Sulawesi.



Shih et al. Terrestrial, Atmospheric and Oceanic Sciences

2 Methodology

In this study, the geoid modeling process was developed
by using the 2D-FFT technique and the equivalent topog-
raphy derived from GGM-derived spherical approxi-
mated gravity anomalies. The equivalent topographic
height H in meters (m) can be calculated as follows:

Ag .. Ag .
H— o Ggp ~ g fAg>0 1)
4 if Ag< 0

g ~ Qg
27 G(2670—p o) 0.0687

where G = 6.67 x 107 "'m3kg~'s2 is the gravitational
constant, p = 2670 kg e m™? is the standard rock mass
density, p,=1030kge m™=3 is the ocean water mass
density and A g is the GGM-derived gravity anomaly in
milligal (mgal).

For determining the geoid height IV, one may start
from Bruns’ formula as follows (Heiskanen and Moritz
1967):

N=Ls W=l

Yo Yo @
where Ty is the disturbing potential and Wj is the con-
stant geopotential on the surface of the geoid, whereas
Uy is the normal potential and v is the normal grav-
ity on the surface of the reference ellipsoid. The geoid
aligns the equipotential surface of the constant geo-
potential W, (the geopotential of the geoid). In this
study, the normal gravity was computed based on the
GRS80 ellipsoid and the constant normal potential
Up = 62636860.850 m?s~2 (Moritz 2000).

The disturbing potential 7}, can be replaced by 7T¢“M
to utilize the spherical harmonic coefficients of GGM
and the potential of the equivalent topography 7' as fol-
lows (Sjoberg and Bagherbandi 2017):

if H>0

e _ | —2nGp [+ 2L ] @)
0 if H <0

The disturbing potential T¢“™ from a set of spherical
harmonic coefficient of the GGM can be expressed as

; GM R\"
GGM __ n
reov = XS ()

Z =0 (A é'n‘m cosm\ + A 5*”‘,,], sin m)\> 1571,,771, (sin¢)

(4)

where 7, ¢, A are spherical radius, spherical latitude
and spherical longitude, n, m are spherical harmonic
degree and order, GM and R are geocentric gravi-

tational constant and radius of the reference sphere,

émm and S'n,m are fully normalized spherical harmonic
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coefficients of degree n and order m, fi’mm is fully nor-
malized associated Legendre function (Heiskanen and
Moritz 1967).

Equation (2) can be rewritten as follows (Sjoberg and
Bagherbandi 2017):

N (TGGM . LE) _Wo-Uo _ yeen _ Wo—Us )
Yo Yo Yo Yo

where the first term is the GGM-derived geoid height

NGGM including the GGM-derived height anomaly

TGGM E

and the effect of equivalent topography f— and

)
0
—w defines the distance between
0

0
the second term

the constant geopotential Wy and the normal potential
Uy along the ellipsoidal normal.

The spherical harmonic coefficients of the GGM start
from the second degree. The GGM-derived geoid lacks
zero- and first-degree terms. The first-degree term was
eliminated by selecting the origin of the coordinate sys-
tem at the Earth’s gravity center, and the zero-degree
term was given by the second term in Eq. (5), in which
the estimation of the geopotential Wy needs to integrate
the geoid heights all over the unit sphere (Sanchez et al.,
2016; Amin et al. 2019). On the other hand, the GGM can
be expanded by incorporating higher-resolution gravity
data. For example, the airborne gravity data contribute to
the geoid as N4!%, and the residual terrain model (RTM)
derived short-scale geoid is N7 (Forsberg 1984). The
first term in Eq. (5) was replaced by the expanded geoid
height NGEM+ a5 follows:

NGGM+ — NGGZ\J + NAIR + NRT]V[ (6)

where N4 and NETM can be regarded as the expan-
sion of the GGM-derived geoid to a greater degree (i.e., a
higher spatial resolution). Equation (5) can be rewritten
as follows:

Wo — U,
NGRA _ NGGM+ _ % %
0

Equation (7) presents the so-called gravimetric geoid
height according to the constant geopotential Wy, on a
global-scale definition. To verify the gravimetric geoid
height in Eq. (7), one may use the geometric geoid height
NEEO which can be written as follows:

NGEO —p, _ gO (8)

where / is the ellipsoid height obtained from the GPS/
GNSS and H© is the orthometric height along the
plumb line to the geoid. As shown in Fig. 2, in a local
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Fig. 2 Geometry between the ellipsoid surface, geoid and mean sea level. Point G serves as the leveling origin with zero orthometric height in the local
height system. The gravimetric and geometric geoid heights are defined by aligning the equipotential surface of the geopotential Wy and W, respec-
tively. The normal potential on the ellipsoid surface equals Up. The ellipsoid height is the distance along the ellipsoid normal direction from Ato Ag.The
orthometric height in the local height system is defined as the distance along the plumb line from A to the equipotential surface of W

height system, one can only measure the height differ-
ence from point G to point A by leveling surveys and
conducting orthometric correction by using gravity mea-
surements along the leveling route (Guo 2023). Point G
serves as the leveling origin with zero orthometric height
and is referred to as the MSL at a specific tidal station.
In other words, the geometric geoid height derived from
the leveling survey aligns the equipotential surface of the
geopotential W. The difference between the geomet-
ric geoid height and the gravimetric geoid height can be
written as follows:

NGEO _ NGRA _ Wa —Wo )
Yo
Considering the variation in the normal gravity 7, the
second term is approximately a constant in the local area.
The geometric geoid heights obtained by leveling surveys
based on different MSLs align with different equipoten-
tial surfaces, which will result in different mean differ-
ences compared to the gravimetric geoid heights.
Furthermore, the gravimetric geoid height N¢F4 in
Eq. (9) can be replaced by that in Eq. (7), which can be
rewritten as follows:

NGEO _ NGGM+ _ Wo —Uo _ We —Wo — NGGM+ _ We —Uo (10)
Yo Yo Yo

The expression of Eq. (10) is similar to that of Eq. (7).
We=Uso can be regarded as the

The second term

Z€I0-degree term of the geometric geoid height. As men-
tioned above, geometric and gravimetric geoid heights
were obtained via different methods. Equation (10) can
be used to compute the geopotential W and can be
rewritten as follows:

In summary, from a process perspective, the determina-
tion of the geopotential Wy and Wy is crucial for the
conversion between global and local vertical datums.

3 Geoid modeling process

In this section, efforts are made to model the portion of
the GGM-expanded geoid height mentioned in Eq. (5).
The synthesis of the EGMO08-derived gravity anomalies
and height anomalies was accomplished using the MAT-
LAB-based program ‘Graflab’ (Buchan, and Jandk, 2013).
The EGMO08-derived gravity anomalies and height anom-
alies of degree 1800 with a grid spacing of 18 arc seconds,
depicted in Fig. 3a and b, were selected as examples to
demonstrate the geoid modeling process. The equivalent
topography computed from the EGMO08-derived gravity
anomalies of degree 1800 is depicted in Fig. 4a.

Table 2 summarizes the difference statistics between
the EGMO08-derived gravity anomalies of degree 1800 and
the gravity effects computed using different width set-
tings of the 2D-FFT technique on the equivalent topogra-
phy. The results showed mean differences, ranging from
1.00 to 1.28 mgal, and the differences in standard devia-
tions ranged from 2.36 to 2.53 mgal. It is assumed that a
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Fig. 3 (a) EGMO08-derived gravity anomaly (unit: mgal); (b) EGM08-derived height anomaly (unit: m); (c) airborne gravity anomalies at an average alti-
tude of approximately 3500 m (unit: mgal); and (d) Sulawesi’s DTM derived from the GEBCO_2022 grid (unit: km). These grids have a grid spacing of 18

arc-seconds
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Fig.4 (a) Equivalent topography derived from the EGM08-derived gravity anomaly of degree 1800 (unit: km); (b) gravity effects of the equivalent topog-
raphy (unit: mgal); (c) geoid effects of the equivalent topography (unit: m); and (d) residual geoid heights (unit: m). These grids have a grid spacing of 18
arc-seconds
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Table 2 Difference statistics between the EGMO08-derived gravity
anomalies of degree 1800 and the gravity effects computed

by the 2D-FFT technique and the corresponding equivalent
topography (unit: mgal)

FFT Mean Maximum Minimum Standard deviation RMS
30 1.00 18.27 —19.19 2.36 2.56
40 1.16 20.58 —17.34 245 271

50 1.28 2268 —-15.76 253 2.84

Bouguer plate with a thickness of 22 m produces a gravity
value of approximately 2.46 mgal and its corresponding
potential computed by Eq. (3) is 4.48 x 10"*m?2s~2. The
geoid change due to the potential of the Bouguer plate
is approximately 0.05 mm in the equatorial region. For
the maximum and minimum values in Table 2, the geoid
changes are approximately 0.5 cm. The results show the
reliability of geoid modeling by using the 2D-FFT tech-
nique on the equivalent topography. After repeated com-
parative analysis, the 2D-FFT technique with a square of
half side length of 40 km was performed on the equiva-
lent topography (Fig. 4a) to obtain the gravity and geoid
effects, as depicted in Fig. 4b and c. The residual geoid
heights depicted in Fig. 4d were obtained by subtracting
the geoid effects of the equivalent topography (Fig. 4c)
from the EGMO08-derived height anomalies (Fig. 3b).

4 Incorporation with airborne gravity data

From 2008 to 2010, a collaborative effort between the
DTU and BIG led to the execution of airborne gravity
surveys encompassing the land areas of Sulawesi, Kali-
mantan, and Papua. The flight lines were spaced approxi-
mately 10 nautical miles apart (approximately 16 km),
with the aircraft maintaining an average velocity of 150
nautical miles per hour (approximately 77 m/s) (Pahlevi
et al. 2015). The cumulative flight time was approximately
750 h. Despite the airborne gravimeter S-99’s 1 Hz sam-
pling rate, the spatial resolution of the airborne gravity
data obtained after low-pass filtering ranges from 5 to
8 km (Hwang et al. 2006; Shih et al. 2015). Airborne grav-
ity data for Sulawesi were collected at an average altitude
of approximately 3500 m.

The ellipsoid heights of the airborne gravity data were
adjusted to the orthometric heights by using the EGMO08-
derived geoid of degree 2160. The normal gravity values
were then subtracted from the airborne gravity values
to obtain the airborne gravity anomalies. Subsequently,
the airborne gravity anomalies were compared with the
EGMO08-derived gravity anomalies of degree 2160 for
each flight line to eliminate evident mismatches and
deviations attributed to turbulences (Hwang et al. 2012).
The results are depicted in Fig. 3c.

The EGMO8-derived gravity anomalies of a specific
degree were subtracted from the airborne gravity anom-
alies to obtain the residual gravity values, which were

(2026) 37:1
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then used for downward continuation. Notably, the used
degree of EGMO8 affected the downward-continued
residual gravity values and subsequent geoid model-
ing. To determine the appropriate degree of EGMO08
for downward continuation, the analyses of the differ-
ences between the airborne gravity anomalies and the
EGMO08-derived gravity anomalies were conducted at
each airborne gravity data point following the methodol-
ogy proposed by Shih et al. (2015). Table 3 presents the
root mean squares (RMS) of the differences between the
airborne gravity anomalies and the GGM-derived grav-
ity anomalies at different degrees of the GGMs, such as
EGMO08, EIGEN 6C4, GECO, XGM201%, and SGG-
UGM-2 (Forste et al. 2014; Shako et al. 2014; Gilardoni
et al. 2016; Zingerle et al. 2020; Liang et al. 2018, 2020).
The results presented in Fig. 5 revealed that the RMS of
the differences exhibited a decreasing trend with increas-
ing degree of EGMOS, as do those of the other GGMs.
However, beyond 1440 degrees, the reduction in the
RMS became less significant. This indicates that employ-
ing higher degrees beyond 1440 may not help to further
improving the accuracy of downward continuation. In
addition, XGM2019e had a better fit to the airborne grav-
ity anomalies than the other GGMs.

The residual gravity values obtained by subtracting the
EGMO08-derived gravity anomalies of 1800 degrees from
the airborne gravity anomalies were gridded onto a 1 arc-
minute grid and then continued down to the geoid using
the Fourier transform approach as (Buttkus 2000; Hwang
et al. 2007, 2014; Hsiao and Hwang 2010).

Go (u,v) = 2" VB (4 ) G, (u,v)  (12)
where u and v are spatial frequencies and Gy and G,
are the Fourier transforms of gravity anomalies at sea
level and at the flight altitude, F' is a frequency-domain
filter. As an alternative to the frequency-domain filtering,
one can set F' =1 in Eq. (12) and apply a space-domain
filter to the unfiltered, downward-continued gravity
anomalies. In this study, a space-domain Gaussian filter
with a width of 10 km has been used in the Fourier trans-
form approach.

The results are depicted in Fig. 6a, where the dashed
line represents the boundary, and values outside the
boundary are set to zero. The EGMO08-derived gravity
anomalies underwent refinement through incorpora-
tion of downward-continued residual gravity values,
as shown by the refined gravity anomalies in Fig. 6b.
Subsequently, the geoid effects computed by using the
2D-FFT technique on the equivalent topography derived
from the above-refined gravity anomalies were added
to the residual geoid heights (Fig. 4d) to obtain refined
geoid heights, as shown in Fig. 6¢c. Figure 6d shows the
differences between the refined geoid heights and the
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Table 3 Difference statistics between the airborne gravity anomalies and GGM-derived gravity anomalies at different degrees (unit:

mgal)
GGM Degree Mean Maximum Minimum Standard deviation RMS
EGMO8 360 -191 14535 —-117.57 3047 3053
720 264 98.70 -101.58 2072 2089
1080 277 90.72 —-97.08 1861 18.82
1440 -287 90.63 ~9265 1830 1853
1800 284 90.30 -9368 1822 1844
2160 -279 9187 —94.59 18.26 1847
EIGEN 360 -279 91.87 —-94.59 18.26 1847
—6C4 720 162 14330 -116.83 29.98 30.02
1080 234 100.03 ~100.31 20.04 2017
1440 —247 92.23 -95.90 17.87 18.04
1800 257 89.85 —-91.09 17.56 17.74
2160 ~2.54 89.61 -92.02 17.46 1765
GECO 360 -167 141.23 11367 2963 2967
720 239 9562 -97.67 19.64 19.78
1080 -253 87.64 -93.15 17.37 17.55
1440 263 83.86 8872 17.03 17.23
1800 -259 84.77 —89.75 16.94 17.13
2160 -255 86.26 -90.66 16.99 17.18
XGM 360 —164 129.65 -117.58 2838 2843
2019 720 240 9243 ~100.77 16.40 16.58
1080 -251 89.86 -97.05 1325 1349
1440 259 86.67 —-93.70 1268 1294
1800 -2.55 87.75 -94.70 12,66 1292
2160 246 90.39 —95.46 1274 1298
SGG- 360 179 14473 ~115.39 29.75 29.80
UGM-2 720 262 99.07 -99.88 19.22 1939
1080 275 95.79 —96.67 16.85 17.07
1440 -2.85 88.38 —9257 16.46 16.71
1800 282 90.54 —94.64 1634 16.58
2160 -277 9228 ~96.49 1636 16.59
| | | ]
. ——EGMO08 EIGEN-6C4 — GECO
§ 30 K XGM2019e SGG-UGM-2 -
=
=
o
£ 20 -
= = e
[}
=
oc
10 | | | |
360 720 1080 1440 1800 2160
Degree

Fig. 5 RMS of the differences between the airborne gravity anomalies and GGM-derived gravity anomalies at different degrees (unit: mgal)
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Fig. 6 (a) Downward-continued residual gravity data (unit: mgal); (b) refined gravity anomalies (unit: mgal); (c) refined geoid heights (unit: m); and (d)
geoid differences (unit: m). The refined model was developed by incorporating the EGM08-derived gravity anomalies of degree 1800 and downward-
continued residual gravity. The values outside the boundary (dashed line) are set to zero. The geoid differences show the contribution of downward-

continued residual gravity
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EGMO08-derived geoid heights of degree 1800, in which
the differences arose from the contribution of the down-
ward-continued residual gravity values.

5 Incorporation with RTM-derived geoid effects
The GEBCO gridded bathymetry data, known as the
GEBCO_2022 Grid, serve as a comprehensive global ter-
rain model encompassing both ocean and land regions.
This model furnishes elevation data in meters, featuring a
grid spacing of 15 arc-seconds. Additionally, it includes a
type identifier (TID) grid, offering insights into the source
material characterizing each grid cell in the GEBCO grid.
The GEBCO_2022 Grid was developed based on the
global topography model from the SRTM. For land areas
spanning latitudes between 50° South and 60° North, the
GEBCO_2022 Grid incorporates data directly extracted
from the SRTM15 + V2.4 dataset (Farr et al. 2007; Tozer
et al. 2019). Marine data were further enriched by inte-
grating gridded bathymetric datasets produced by four
Seabed 2030 regional centers (https://seabed2030.0rg/).
Notably, the assimilation of heterogeneous data types in
generating the GEBCO_2022 Grid assumes that all the
data are referenced to the MSL. To optimize the compu-
tational efficiency, a resampling process was applied to
the original 15 arc-second grid, resulting in a grid spacing
of 18 arc-seconds, as illustrated in Fig. 3d. This strategic
adjustment aims to alleviate computational loads while
maintaining essential geographical information.

A high-pass average filter with a width of 16 km was
used on the DTM to obtain the RTM, and the values in
the ocean were set to zero. The RTM-derived gravity
and geoid effects were computed using the “TCFOUR’
program in ‘GRAVSOFT’ software with a square of a
half-length of 30 km (Forsberg and Tscherning 2008), as
depicted in Fig. 7a and b. The RTM-derived gravity effects
were added to the refined gravity anomalies (Fig. 5b) to
obtain the final gravity anomalies, as depicted in Fig. 7c.
The RTM-derived geoid effects were added to the refined
geoid heights (Fig. 6¢) to obtain the final geoid heights, as
depicted in Fig. 7d. The flowchart of the geoid modeling
process is depicted in Fig. 8.

6 Validation by geometric geoid heights from GPS/
leveling datasets

The geometric geoid heights were obtained from the
GPS/leveling dataset. Since the 1980s, Indonesia has
undertaken extensive leveling surveys covering nearly all
of its islands. As shown in Fig. 9, the first GPS/leveling
dataset contains 9 points using triangles in southwestern
Sulawesi, the second GPS/leveling dataset obtained from
Pahlevi et al. (2015) contains 44 points using circles, and
the third GPS/leveling dataset obtained from Sabri et
al. (2021) contains 11 points using squares in southeast-
ern Sulawesi. Note that these legacy datasets, primarily
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dating back to the 1980s, lack detailed metadata regard-
ing exact measurement epochs and reference frames. As
mentioned above, the orthometric heights obtained from
a leveling route refer to an MSL observed at a specific
tidal station. For instance, the leveling route in north-
ern Sulawesi started from the Bitung tidal station, while
the tidal stations in central Sulawesi were Pare-Pare and
Mamuju. In southwestern and southeastern Sulawesi, the
tidal stations were Makassar and Kendari, respectively.
The locations of these tidal stations are also shown in
Fig. 9.

The relationships between the MSLs of these tidal sta-
tions remain unclear. The only known information is the
leveling routes of the first and third GPS/leveling datas-
ets, which started from the Makassar and Kendari tidal
stations, respectively. However, the second GPS/leveling
dataset includes several leveling routes referenced to dif-
ferent tidal stations, and it is not clear which points are
based on the same tidal station. Furthermore, 9 points
with the same position in the first and second datas-
ets are represented by overlapping triangles and circles
in Fig. 9. The differences between these points need to
be investigated to enhance the understanding of their
relationships.

Following the geoid modeling process outlined in
Fig. 8, geoid models based on degrees 1440, 1800, and
2160 of EGMO08 were produced. The difference statis-
tics between the geometric geoid heights from the three
GPS/leveling datasets (D1, D2, and D3) and the modeled
geoid heights are summarized in Table 4. For example,
the model of EGM08(1440) is the EGMO08-derived geoid
with a degree of 1440, the model of EGM08(1440 +a) is
the geoid model that incorporates airborne gravity data,
and the model of EGM08(1440 +a + t) is the geoid model
that further incorporates the RTM-derived geoid effects.
These notations delineate the progression in model com-
plexity, highlighting the stepwise inclusion of additional
data sources and refinements in the geoid modeling pro-
cess. Particular attention should be given to the changes
in the differences in standard deviations, providing valu-
able insights into the agreement between the geoid mod-
els and the GPS/leveling data.

The modeled geoid heights from the EGMO08(1440),
EGMO08(1800), and EGM08(2160) models agree well with
the geometric geoid heights from the third GPS/leveling
dataset in southeastern Sulawesi, with the differences in
standard deviations of approximately 0.06 m (0.055, 0.056
and 0.062 m, respectively, in Table 4). For the first and
second GPS/leveling datasets, the differences in standard
deviations are approximately 0.18 m (0.186, 0.175, and
0.177 m, respectively, in Table 4) and 0.42 m (0.420, 0.413
and 0.416 m, respectively, in Table 4), respectively. These
results indicate that the EGMO08-derived geoid model
shows better performance in southeastern Sulawesi than
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Fig. 7 (a) RTM-derived gravity effects (unit: mgal); (b) RTM-derived geoid effects (unit: m); (c) final gravity anomalies (unit: mgal); and (d) final geoid
heights (unit: m). The final model was developed by incorporating the EGM08-derived gravity anomalies of degree 1800, downward-continued residual
gravity and RTM-derived effects
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Fig. 8 Chart of the geoid modeling process. The gray blocks represent the datasets that need to be prepared in advance. The yellow blocks are the
actions taken. The first loop in black is used to find the half-side length of the square used in the 2D-FFT technique. The sequential processes shown in
brown, green, blue and orange are used to calculate the geoid effects from the EGMO8, airborne gravity anomaly and RTM data. The outcomes are the
models of the EGMO08 geoid, the refined geoid (EGM08 +a) and the final geoid (EGM08+a+t). The model names “+a” and “+t" indicate the incorporation

of airborne gravity data and RTM-derived geoid effects, respectively

in other regions. In addition, the results do not show a
trend that the higher the degree is, the higher the accu-
racy, indicating that factors beyond the selected degree
will affect the accuracy of the geoid model.

For the three models denoted as “+a’; the incorporation
of the airborne gravity data results in notable enhance-
ments, as evidenced by a substantial decrease in the dif-
ferences in standard deviations across all three datasets.
Specifically, in the first dataset (D1), the differences in
standard deviations decrease significantly from approxi-
mately 0.18 m to 0.06 m (0.067, 0.059, 0.062 m, respec-
tively, in Table 4). This improvement underscores the

positive impact of incorporating airborne gravity data
into the geoid modeling process, contributing to a more
accurate and refined geoid model. Comparing the dif-
ference statistics obtained from the three models, the
degrees 1400, 1800, and 2160 of the EGMO8 selected for
the downward continuation of the airborne gravity data
did not produce significant differences in the geoid mod-
eling (less than 1 cm).

For the three models denoted as “+a+t’, the incorpo-
ration of the RTM-derived geoid showed slight improve-
ments in the differences in standard deviations across all
three datasets (approximately 1 to 2 c¢cm). Notably, the
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Fig. 9 Three GPS/leveling datasets in Sulawesi (first; second:; and third:). The text shows the tidal station name and geographical location

EGMO08(1800+a+t) model demonstrated the best fit
to the first and third datasets, with differences in stan-
dard deviations of 0.052 and 0.037 m, respectively. These
results showed that the differences in standard deviations
of the first and third datasets are close, yet the discrep-
ancy in the mean of the differences reached approxi-
mately 0.24 m (the means of the differences for the first
and third datasets were 0.562 and 0.318 m, respectively).
This difference is attributed to the different MSLs used
in the first and third datasets. Throughout the tests, the
second dataset consistently showed the worst results,
mainly due to the different MSLs used in this dataset. A
detailed examination of the second GPS/leveling dataset
is needed, aiming to identify the points from the same
tidal station.

6.1 Inspection of GPS/leveling datasets

The difference statistics of the 9 points with the same
position in the first and second GPS/leveling datasets
showed a mean of 0.285 m and a standard deviation of
0.065 m. Assuming that the accuracy of the geometric
geoid heights from the two datasets is comparable, the

results showed that the preliminary accuracy estimate of
the geometric geoid height was approximately 0.046 m
(0.065/4/2). When assessing the differences between
the 9 geometric geoid heights of the first dataset and
the geoid heights from the EGMO08(1800+a+t) model,
the statistics yielded a mean of 0.561 m and a standard
deviation of 0.052 m. The difference statistics between
the 9 geometric geoid heights of the second dataset and
the geoid heights from the EGMO08(1800+a+t) model
yielded a mean of 0.276 m and a standard deviation of
0.051 m. Further statistics can be found in Table 5.
Remarkably, the difference in standard deviations of
approximately 0.05 m between the geometric and mod-
eled geoid heights at the 9 points were lower than those
obtained by using all points of the second dataset (which
yielded a standard deviation of 0.225 m in Table 4). The
first GPS/leveling dataset includes newer observations
than does the second GPS/leveling dataset. According to
the definition of Eq. (7), the mean difference of 0.285 m
was the result of changes in the ellipsoid and orthomet-
ric heights. This can only be achieved when the increas-
ing rate of the ellipsoid height is greater than that of the
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Table 4 Difference statistics between the geometric and modeled geoid heights for the three GPS/leveling datasets (D1, D2 and D3)

Model Dataset Mean Maximum Minimum Standard deviation RMS
EGM08 D1 0.773 1.030 0.533 0.186 0.793
(1440) D2 0.460 1312 -0.720 0420 0619
D3 0429 0.541 0.346 0.055 0433
EGM08 D1 0.587 0678 0.507 0.067 0.590
(1440 +a) D2 0479 1171 0.167 0.229 0.530
D3 0333 0.392 0.253 0.043 0.336
EGMO8 D1 0.562 0637 0477 0.061 0.565
(1440+a+t) D2 0430 1.091 0.164 0.222 0482
D3 0312 0.382 0.240 0.040 0315
EGM08 D] 0.775 1017 0.565 0.175 0.792
(1800) D2 0.464 1332 —-0.664 0413 0618
D3 0438 0.552 0.353 0.056 0441
EGM08 D1 0.586 0671 0.519 0.059 0.589
(1800 +a) D2 0487 1.165 0.185 0.231 0.538
D3 0.339 0.404 0.259 0.041 0.341
EGM08 D1 0.562 0630 0.503 0.052 0.564
(1800+a+t) D2 0438 1.085 0.181 0.225 0491
D3 0318 0.360 0.246 0.037 0.320
EGM08 D1 0.766 1016 0.553 0.177 0.784
(2160) D2 0.466 1354 -0.649 0416 0.621
D3 0.440 0.552 0.338 0.062 0.444
EGM08 D1 0.564 0.649 0477 0.062 0.567
(2160+a) D2 0483 1.156 0.157 0.242 0.539
D3 0.342 0.405 0.252 0.044 0.345
EGM08 D1 0.540 0626 0468 0.058 0.543
(2160+a+t) D2 0435 1076 0.154 0.238 0495
D3 0.321 0.368 0.238 0.041 0323

sea level rise. Despite this temporal discrepancy, the
geometric geoid heights of the 9 points for both the first
and second datasets exhibited approximately differences
in standard deviations compared to the modeled geoid
heights.

Considering the outcomes of the aforementioned
tests, the second dataset was divided into five different
routes (R1 to R5) based on the geographical location of
the point in Sulawesi, as illustrated in Fig. 10 using five
different colors. Table 6 provides the difference statistics
between the geometric and modeled geoid heights for the
five routes. The results demonstrate that the differences
in standard deviations ranged from approximately 0.03
to 0.07 m. The EGMO08(1800 +a +t) model had a slightly
better performance than the EGMO08(1440+a+t) and
EGMO08(2160 +a+t) models. The mean difference also
highlighted the relative relationship of the MSLs used
in the five GPS/leveling routes. Since the mean differ-
ence between the geometric and modeled geoid heights
exceeded 1 m, the MSL of the R5 route was greater than
that of the other routes.

7 Estimation of the MSL geopotential

As described in Eq. (9), the difference between the geo-
metric and modeled geoid heights is the zero-degree
term of the geometric geoid height. In a small area, the
effect of the zero-degree term is approximately constant.

118° 119° 120° 121° 122° 123° 124° 125° 126°
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Fig. 10 Five routes divided from the second GPS/leveling dataset (R1: yel-
low, R2: red, R3: green, R4: blue, and R5: purple)
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Table 6 Difference statistics between the geometric and modeled geoid heights for the five routes of the second GPS/leveling

dataset (unit: m)

Geoid Routes Mean Maximum Minimum Standard deviation RMS
model
EGMO08 R1 0272 0.368 0.164 0.063 0.279
(1440+a+1) R2 0277 0.309 0.225 0.030 0.279
R3 0.390 0473 0.299 0.049 0.393
R4 0.672 0.753 0.569 0.058 0.674
R5 1.051 1.091 1.011 0.057 1.052
EGMO08 R1 0.276 0.375 0.181 0.054 0.281
(1800+a+t) R2 0.268 0.331 0.198 0.047 0.271
R3 0.406 0456 0374 0.025 0406
R4 0.690 0.738 0.633 0.033 0.691
R5 1.064 1.085 1.043 0.030 1.064
EGMO08 R1 0.256 0371 0.154 0.056 0.262
(2160+a+t) R2 0.285 0397 0.202 0.067 0.292
R3 0.397 0480 0.399 0.047 0400
R4 0.703 0.751 0.584 0.047 0.704
R5 1.067 1.076 1.057 0.013 1.067

Table 7 MSL geopotential Estimation using the points
of the first GPS\leveling dataset and the geoid model of
EGMO08(1800+a+t)

Model Point Geomet- Gravimet- Geopotential
name ric geoid ricgeoid of mean sea
height (m) height (mjgg, (mzs—z)
EGMO08 G21 57423 56.794 62636853.848
(1800+a+t) G30 56.893 56.263 62636853.840
G46 56.844 56.246 62636854.147
G41 57.288 56.700 62636854.251
G22 56.980 56.454 62636854.857
G33 56.987 56.478 62636855.017
G47 57.051 56.548 62636855.076
G26 56.800 56.239 62636854.510
G28 56.950 56.440 62636855.013
Mean 62636854.507
Standard deviation 0.505

Table 8 MSL geopotential Estimation for the three GPS\leveling
datasets (D1, D2 and D3)

Dataset Number  Geopotential of Correction
(Route) of Point mean sea level to g.eomgtric
geoid height

We (mzs_z) W%;Uo (m)

D1 9 62636854.507 +0.505 —0.562+0.052
D2 R1 17 62636857.299+0.528 —0.276+£0.054
R2 6 62636857.380+0.460 —0.268+0.047
R3 8 62636856.035 +0.244 —0405+0.025
R4 11 62636853.252+0.320 —0.690+0.033
R5 2 62636849.594 +0.296 —1.064+0.030
D3 11 62636856.890+0.360 —-0.318+0.037

Using Eq. (10), the MSL geopotential estimates using
the points of the first GPS\leveling dataset are shown in
Table 7. The MSL geopotential of the first GPS\leveling
dataset was determined to be 62636854.507 £ 0.505
m?s~2 (approximately +5 cm). Similarly, the MSL geo-
potential estimates of the other GPS\leveling datasets
(e.g., the second dataset was separated into five routes
from R1 to R5) and the corrections to the geometric
geoid heights are summarized in Table 8. These findings
underscore the importance of considering MSLs across
different GPS/leveling routes, emphasizing the need for
consistency in MSLs.

The difference statistics between the corrected geo-
metric geoid heights and the modeled geoid heights
of EGMO08(1800+a+t) are summarized in Table 9.
The results show a difference in standard deviation of
0.042 m.

8 Impact of the GGM on geoid modeling

When considering the impact of different GGMs on
geoid modeling, higher reliability is attributed to GGMs
based on the most recent satellite gravity observa-
tions. Four GGMs, namely, EIGEN6C4 (Forste et al.
2014; Shako et al. 2014), GECO (Gilardoni et al. 2016),
XGM2019e (Zingerle et al. 2020), and SGG-UGM-2
(Liang et al. 2018, 2020), were separately used to replace
EGMOS8 in the geoid modeling process described above.
These GGMs are accessible through the International
Centre for Global Earth Models (ICGEM) at GFZ and
can be obtained via http://icgem.gfz-potsdam.de/home/.
In addition, all the GGMs used in this study were based
on the zero-tide system. Consequently, the GGMs ini-
tially provided in free-tide systems, such as GECO and
EIGEN-6C4, were converted to zero-tide systems. The
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Table 9 Difference statistics between the corrected geometric and modeled geoid heights (unit: m)

Geoid Dataset Mean Maximum Minimum Standard deviation RMS
Model (route)

EGMO08 D1 0.000 0.068 —0.059 0.052 0.049

(1800+a+t) D2 R1 0.000 0.099 —0.095 0.054 0.052

R2 0.000 0.063 —-0.070 0.047 0.043

R3 0.001 0.051 —0.031 0.025 0.023

R4 0.000 0.048 —0.057 0.033 0.031

RS 0.000 0.021 —-0.021 0.030 0.021

D3 0.000 0.042 —0.072 0.037 0.035

All 0.000 0.099 —0.095 0.042 0.041

Table 10 Difference statistics between the corrected geometric and modeled geoid heights (unit: m

Geoid GPs/ Mean Maximum Minimum Standard deviation RMS
model leveling

EIGEN-6C4 D1 0.847 0.948 0.753 0.062 0.849

(1800+a+1) D2 R1 0.880 1.065 0.745 0.087 0.884

R2 1.000 1.095 0921 0.059 1.001

R3 0915 1.048 0.749 0.106 0.920

R4 0.949 1.082 0835 0.065 0.964

R5 0.954 0.959 0.950 0.006 0.955

D3 0.984 1.044 0.938 0.039 0.983

Al 0923 1.095 0.745 0.086 0927

GECO D1 0.847 0.945 0.768 0.058 0.849

(1800+a+1) D2 R1 0.882 1.088 0.739 0.088 0.886

R2 0974 1.014 0.902 0.044 0975

R3 0.906 1.022 0.739 0.107 0911

R4 0955 1.069 0.881 0.053 0957

R5 0.978 0.985 0.971 0.010 0978

D3 0.992 1.049 0.944 0034 0.993

Al 0923 1.088 0739 0.084 0927

XGM2019e D1 0.864 0.961 0.756 0.058 0.866

(1800+a+1) D2 R 0.881 1.026 0.734 0.088 0.885

R2 0932 0.996 0.856 0.058 0933

R3 0.932 1.029 0.723 0.106 0937

R4 0.940 1.043 0.769 0.090 0.944

R5 0.992 1.007 0.977 0.021 0.992

D3 1.002 1.094 0.890 0.056 1.003

Al 0924 1.094 0723 0.089 0928

SGG-UGM-2 D1 0.860 0.931 0.808 0.046 0.861

(1800+a+1) D2 R1 0.889 1.051 0.775 0.072 0.892

R2 1.018 1.099 0.942 0.055 1.020

R3 0.924 1.029 0.783 0.079 0.927

R4 0.965 1.149 0.901 0.069 0.967

R5 0.870 0.897 0.843 0.038 0.877

D3 0.999 1.057 0.939 0.036 0.999

Al 0933 1.149 0.775 0.081 0936

conversion process involved adjusting the second-degree where (A (20 =) — 1.391412 x 107° is the average

zonal coefficient, as delineated by Gruber et al. (2014): value of the second-degree zonal tidal correction for the
sun and moon and kg is the loading Love number for

(13) the second-degree zonal coefficient (Amin et al. 2019).
This ensures uniformity and consistency in the reference
systems across all the GGMs, allowing for standardized

zr  _FT _
Cop = Cap — k20(A C20)
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Fig. 11 Differences between the GGM-derived gravity anomalies at 1800: (a) EIGEN-6C4 minus EGMO8, (b) GECO minus EGMO8, (c) XGM2019e minus

EGMO8, and (d) SGG-UGM-2 minus EGM08
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Fig. 12 Differences between the GGM-derived geoid heights at 1800: (@) EIGEN-6C4 minus EGMO08, (b) GECO minus EGMO8, (c) XGM2019e minus EGMO08,

and (d) SGG-UGM-2 minus EGM08
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Table 11 Difference statistics between the GGM-derived gravity
anomalies of degree 1800 (unit: mgal)

vs. EGM08 Mean Maximum Minimum Standard RMS
deviation
EIGEN-6C4 0.17 27.01 -21.96 499 5.00
GECO 0.15 20.37 -23.10 4.18 4.18
XGM2019e 0.14 9845 —-85.08 9.08 9.09
SGG-UGM-2 0.20 66.54 —74.49 6.24 6.24

Table 12 Difference statistics between the GGM-derived geoid
heights of degree 1800 (unit: m)

vs. EGM08 Mean Maximum Minimum Standard RMS
deviation
EIGEN-6C4 —0935 -0.115 —-1.536 0.176 0.952
GECO —0936 -0.257 —1.805 0.163 0.951
XGM2019e —0935 0546 —2.466 0.204 0.957
SGG-UGM-2 —-0940 0.173 —1.894 0.184 0.958

Table 13 Datasets used in the development of the GGMs
(A: altimetry, S: satellite, G: ground data, and T: topography),
obtained from the ICGEM (modified from ICGEM)

GGM Year Degree Data

EGMO08 2008 2190 A, G, S(Grace)

EIGEN-6C4 2014 2190 A, G, S(Goce), S(Grace), S(Lageos)
GECO 2015 2190 EGM2008, S(Goce)

XGM2019e 2019 5540 A, G, S(GOCO069), T

SGG-UGM-2 2020 2190 A, EGM2008, S(Goce), S(Grace)

geoid modeling by the guidelines of International Asso-
ciation of Geodesy (IAG) (Tscherning 1984).

The difference statistics between the corrected geo-
metric geoid heights from the three GPS/leveling data-
sets and the modeled geoid heights based on different
GGMs are summarized in Table 10. Differences in stan-
dard deviations larger than 0.06 m can be found for the
R1, R3, and R4 routes in the second GPS/leveling data-
set. These models showed similar mean differences of
0.92 to 0.93 m and differences in standard deviations
of approximately 0.08 to 0.09 m when all three datasets
were considered. It should be noted that the differences
in the geoid models based on the EGMO08 and the other
GGMs were not the impact of specific GPS/leveling data-
sets but the differences between the GGMs. Figures 11
and 12 depict the differences in the gravity anomalies and
geoid heights derived from different GGMs at the same
degree of 1800. Tables 11 and 12 show the statistics in
Figs. 11 and 12, respectively. In Table 11, the differences
in means ranged from 0.1 to 0.2 mgal, and the differ-
ences in standard deviations ranged from 4 to 9 mgal,
showing that there was no systematic bias in the gravity
anomalies between these GGMs. However, the statis-
tics in Table 12 show that the mean difference between
the geoid heights derived from the other GGMs and the
EGMO08 was approximately —0.94 m. Thus, the EGMO08-
derived geoid height was greater than those derived from
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the other GGMs. This explains the mean difference up to
approximately 0.93 m in Table 10.

The differences in the gravity anomalies and geoid
heights between the other GGMs and the EGMO08 corre-
spond to the different datasets used in the development
process, as listed in Table 13. The GECO incorporates
data from the Gravity Field and Steady-State Ocean Cir-
culation Explorer (GOCE) mission into the EGMOS,
which mainly contributes to a moderately low degree of
spherical harmonic coefficients of up to 280. It is believed
that the GOCE model can provide more information
than the EGMO08 model in areas where ground gravity
data are unavailable, such as Africa, South America, and
Antarctica (Gilardoni et al. 2016). In the development
of EIGEN-6C4, the satellite and surface datasets mainly
contributed spherical harmonic coefficients to degrees up
to 370 and were further extended to a degree of 2190 by
a block diagonal solution using the DTU10 global grav-
ity anomaly grid (Forste et al. 2014; Shako et al. 2014).
Therefore, the major differences between the GECO and
the EGMO08, the EIGEN-6C4 and the EGMO08 models are
of low to moderate degrees up to 370, as indicated by
the similar differences in distributions shown in Fig. 11a
and b. Even disregarding the mean difference, the geoid
height differences can be larger than +0.5 m. According
to the findings of Gilardoni et al. (2016), the standard
deviation of the global geoid height difference between
the GECO and the EGMO08 models is 19.2 cm and can
be larger than +0.5 m in areas with complex topography
(see Fig. 13 in Gilardoni et al. 2016).

In Fig. 1lc, the differences between XGM2019e
and EGMO8 are mainly distributed in the land areas
and show more high-frequency changes. Notably,
XGM2019e utilizes the GOCOO06s satellite-only model,
which consists of the GOCE (Brockmann et al. 2019)
and GRACE (ITSG-Grace2018s, Kvas et al. 2019) mis-
sions; the DTU13 global gravity anomaly grid over the
ocean (Andersen et al. 2013); and the EARTH2014 top-
ographic model, which contributes 720 to 5540 degrees
(Hirt and Rexer 2015). The airborne gravity datasets used
were from Antarctica (Scheinert et al. 2016) and North
America (Li et al. 2016) (see Fig. 1 in Zingerle et al. 2020).
The EARTH2014 topographic model used in the devel-
opment of the XGM2019e may be responsible for the
high-frequency differences in the land areas. As shown in
Fig. 12¢, the geoid height differences can be larger than
+1m.

Liang et al. (2020) illustrated that the difference
between the SGG-UGM-2 and the EGMO8 is the datasets
of the GOCE and satellite altimetric gravity. In Fig. 11d,
large gravity anomaly differences can be found in the
offshore areas and the ocean northeast of Sulawesi (see
Fig. 8 in Liang et al. 2020). This should be the contribu-
tion of the satellite altimetric gravity dataset. As shown in
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Fig. 12d, geoid height differences larger than +0.5 m are
mainly distributed in the nearshore and offshore areas
and in the area northeast of Sulawesi.

9 Conclusions

This study presents a significant advancement in geoid
modeling for Sulawesi using airborne gravity data,
RTM effects, and global gravitational models (GGMs).
The combination of these high-resolution datasets and
refined methods resulted in a geoid model with improved
accuracy, achieving 0.04 to 0.05 m compared to earlier
models. These results show the value of airborne gravity
surveys and RTM-based refinements in overcoming the
challenges posed by complex topography and sparse ter-
restrial gravity data.

It is clear from this study that there is a critical need for
a unified mean sea level (MSL) geopotential to address
inconsistencies among diverse GPS/leveling datasets
in Sulawesi. Determining a unified geopotential value
(Wg) for the various local Mean Sea Levels is a prereq-
uisite for fusing gravimetric and geometric geoid heights.
This unification ensures that all dataset refer to a consis-
tent vertical datum, which is essential for developing a
high-precision hybrid geoid model that supports direct
conversion between local and global height systems. We
analyzed various GGMs, such as EGM08, EIGEN-6C4,
and XGM2019e, to show the impact of data sources and
resolution on geoid accuracy, providing a guidance for
future geoid modeling efforts in Sulawesi.

We believe the outcomes of this study have broader
implications for sustainable development and disaster
management in Indonesia. By enabling accurate spatial
referencing, the refined geoid model can support infra-
structure planning, resource management, and climate
change adaptation. In future studies, we plan to priori-
tize collecting more GPS/leveling datasets, adopt refined
DEMs, and promote regional collaboration to achieve
cm-level geoid accuracy in Sulawesi and elsewhere in
Indonesia.
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DT™M Digital terrain model
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FFT Fast Fourier Transform
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