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Abstract. This research aims to determine the gravimetric geoid using the KTH method for East Kalimantan,
where Indonesia’s new capital city is located. The geoid of East Kalimantan was calculated from a combination
of airborne gravity data, terrestrial gravity data, DTU17 for the sea area, anomalies of EGM2008 degree 2190,

SRTM15+, and GGM from EGM2008 degree 360. The geoid modelling is performed using LSMSSOFT software
with a grid interval of 0.01". The evaluation of capsize variations includes 14 variations: 0.1°, 0.2°, 0.3°, 0.4°, 0.5",
0.6°,0.7°,0.8°,09°, 1°, 1.2°, 1.3°, 1.5°, and 2°. The KTH geoid was evaluated using 264 GNSS-Levelling data points.
The best accuracy was obtained at a capsize of 0.6° with a standard deviation value of 0.0532 m. The accuracy of
the geoid model after shifting to the tidal benchmark (BM) is 0.0526 m. A comparison with the recent national
geoid model of INAGEOID2020 v.2 obtained using the Remove-Restore method, which has a standard deviation
of 0.0588 m, shows that the accuracy of the KTH method geoid model is higher, with a precision improvement

of 0.0062 m.
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1. Introduction

Mapping survey activities are growing rapidly, along with
developments in mapping using Global Navigation Satel-
lite System (GNSS) technology. Positioning with GNSS can
be done quickly and accurately to produce a 3D position
(Ly et al., 2021). Although GNSS technology can provide
accurate positions, the resulting height is geometric with
no physical meaning. Geoid undulations are required to
convert geometric height to physical or orthometric height.
Geoid undulations represent the relationship between the
physical and geometric shapes of the Earth (Featherstone
& Kuhn, 2006). Geoid undulations can be obtained by
modeling the geoid in a certain area. The geoid is an equi-
potential surface that coincides with the undisturbed mean
sea level (Hofmann-Wellenhof & Moritz, 2005).

Geoid modeling can be done geometrically using
GNSS-Levelling data and gravimetrically using gravity
data (Sylvester et al., 2018). A precise gravimetric geoid
is required to obtain accurate heights. Several factors in-
fluence the accuracy of the geoid model, including the
accuracy and density of gravity data, DEM accuracy, GNSS-
Levelling data accuracy, and the calculation method used
(Jalal et al., 2019).

Gravimetric geoid modeling can be calculated using
the Stokes and Hotine approaches (Sakil et al.,, 2021). The
Stokes approach uses free-air gravity anomalies as input
data, while the Hotine approach uses gravity disturbance
data (Isik et al., 2021). The Stokes function approach can
be completed using the Remove Compute Restore (RCR)
method, which involves removing the influence of topog-
raphy and GGM from gravity data (remove), then adding
it back to the geoid undulation calculation (restore) (Sanso
& Sideris, 2013).

The weakness of the Stokes formula with the RCR
method is that it requires all gravity data from the global
geopotential model. This causes truncation errors to oc-
cur, reducing some of the gravity anomaly signals (Abbak
et al, 2012). The Royal Institute of Technology (KTH) de-
veloped the Least Squares Modification of the Stokes For-
mula method, or the KTH method. In the KTH method, the
integral area is limited around the calculation point only to
minimize errors in using GGM. With the KTH method, the
contribution of gravity anomalies at distant points, con-
sidered as truncation errors, is overcome by applying a
modification of the Stokes function (Sjoberg, 2003).

The process of calculating the KTH geoid model in-
volves several stages. The first step is to determine the
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approximate geoid undulation value. This value is then
augmented with four additive corrections: topographic
correction, downward continuation correction, atmospher-
ic correction, and ellipsoid correction (Abdalla & Tenzer,
2011). The GGM coefficient and gravity data gridding in-
fluence the approximate undulation calculation. One key
parameter affecting the results of KTH geoid modeling is
the capsize value used (Pa'suya et al., 2021). Therefore,
capsize evaluation is crucial to achieve optimal accuracy
in the KTH geoid model.

The KTH method has been widely used in various
countries. Countries that use the KTH method for geoid
modeling include Malaysia (Pa'suya et al., 2021), Turkey
(Yildiz et al., 2021), and Bosnia (Krdzali¢ & Abbak, 2023).
As geoid modeling using the KTH method was devel-
oped in various countries, KTH method calculation soft-
ware, namely LSMSSOFT, was developed (Abbak & Ustun,
2015). The KTH method produces higher geoid model ac-
curacy in mountainous areas than the RCR method (Abbak
et al,, 2012). The KTH geoid model has higher accuracy in
flat areas but is not significantly different from the RCR
method (Wu et al., 2020). Although the KTH method has
been tested in various countries for geoid modeling, geoid
modeling in Indonesia generally uses the RCR method. The
geoid modeling of Kalimantan in the INAGEOID2020 v.2
national geoid model was also calculated using the RCR
method with an accuracy of around 5-28 cm (Center for
Geodesy and Geodynamics Control Network BIG, 2023).
Based on this, it is necessary to evaluate the KTH method
for geoid modeling in Indonesia.

This research was conducted to model the gravimet-
ric geoid using the KTH method for the East Kalimantan,
where the new Indonesian capital city, named Nusantara,
is located. The data combination uses the latest airborne
and terrestrial gravity data from 2021 and 2022. To obtain
optimal accuracy, 14 capsize variations were evaluated.
The accuracy of the geoid model is obtained by compar-
ing the geometric geoid undulation values at 264 GNSS-
Levelling points.

2. Data and methodology

2.1. Data and location

This research was carried out with gravimetric geoid mod-
eling using the KTH method in the East Kalimantan region,
covering an area from 2.4° S to 3.5° N and from 113" E to
119° E. The research area includes the entire land admin-
istrative boundaries of East Kalimantan and parts of the
surrounding sea. The research area coverage is shown in
Figure 1.

The data used in this research are as follows:

1. Airborne gravity data

The airborne data is secondary data from the Geospa-
tial Information Agency (BIG). The airborne gravity data
consists of two sets, the 2021 and 2022 datasets. Airborne
gravity measurements were taken using the GT-2A gra-
vimeter. The average flight path interval is 16 km, with
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Figure 1. Coverage of the research area (source: author's
own work)

an average flight height of 3200 m above the ellipsoid
surface. The airborne data has been processed with down-
ward continuation so that the values are referenced to the
ellipsoid’s surface. The airborne gravity data covers all land
and sea areas up to 20 km from the coastline.

2. Terrestrial gravity data

The terrestrial gravity data used is secondary data
measured by BIG in 2021 using a CG-5 gravimeter with
an instrument accuracy of 1 pGal. The dataset consists of
88 points with a data interval of 5 km. The terrestrial gravi-
ty data measurement path forms a loop from the reference
point, returning to the reference point on the same day.
The main reference is the absolute gravity from the GBU
pillar of order 0 GBU.025 at the Sepinggang Airport Me-
teorological Station, with a value of 978039.87967 mgal.
The daily drift value meets the requirement of < 0.1 mgal.

3.DTU 17

DTU 17 data was obtained from the link https://ftp.
space.dtu.dk/pub/DTU17/1_MIN/. This data is used to fill
the gaps in gravity data in marine areas. DTU data selec-
tion is carried out by a buffer process of 8 km from the
outermost airborne gravity data.

4.EGM2008 anomaly data (degree 2190)

The northwestern part of the research area is part
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Figure 2. Combination of airborne (yellow), terrestrial
(green), DTU17 gravity data (red), and the EGM2008 degree
2190 anomaly (black) (source: author’'s own work)
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of the plains region (Malaysia), resulting in a data gap
in that region. To fill the data gaps in the land area, the
EGM2008 degree 2190 anomaly data is used (Figure 2).

5. Digital Terrain Model (DTM)

DTM data uses Shuttle Radar Topography Mission
(SRTM)15+ data downloaded from the link https://topex.
ucsd.edu/cgi-bin/get_srtm15.cgi. DTM data is used to cal-
culate topographic corrections and downward continua-
tion corrections (Pa'suya et al., 2021).

6. Global Geopotential Model (GGM)

In this research, the global geopotential model will first
be evaluated for geometric undulations at GNSS-levelling
points. The GGM data evaluated consists of 5 gravity satel-
lite GGMs and 1 hybrid GGM. The GGM gravity satellites
used are GO_CONS_GCF_2_TIM_R6, ITU_GGC16l, GGT_R1,
GO_CONS_GCF_2_SPW_R5, and GO_CONS_GCF_2_DIR_R®,
each at degree 240. The hybrid GGM uses EGM2008 at
degree 360.

7. GNSS-Levelling data

GNSS-Levelling data totaling 264 points is used to cal-
culate geometric geoid undulations. GNSS-Levelling data
was obtained from BIG and acquired in 2020. Geodetic
GNSS observations obtained geodetic coordinates car-
ried out for 12 hours at temporary points and 36 hours at
permanent points with obstruction <15°. GNSS data co-
ordinates meet the condition that the coordinate differ-
ence between processing two baselines is less than 5 cm
for the horizontal component and 10 cm for the verti-
cal component. Accurate leveling measurements consist
of sub-sections and sections. Measurements were carried
out BFFB (B: Backward and F: Forward) with a closing error
tolerance of 8 mm vd.

8.Tidal station benchmark data

The resulting geoid model uses tidal station data for
the shifting process. This data was obtained from the of-
ficial SRGI website via the link https://srgi.big.go.id/map/
jkg-active (Center for Geodesy and Geodynamics Control
Network BIG, 2023). The tidal BMs used in the shifting step
consist of Tarakan and Balikpapan stations. Tidal BM infor-
mation is presented in Table 1.

The distribution of GNSS-Levelling and tidal BM data
is shown in Figure 3.

3. Methodology

Geoid modeling using the KTH method employs LSMSSOFT
software with a grid interval of 0.01°. The KTH geoid model
calculation uses airborne, terrestrial, DTU17, EGM2008, and
SRTM15+ gravity data. The capsize evaluation includes
14 variations: 0.1°, 0.2°, 0.3°, 0.4°, 0.5°, 0.6°, 0.7°, 0.8°, 0.9°,
1°,1.2°,1.3%, 1.5%, and 2°. Shifting the geoid model is carried
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Figure 3. Distribution of GNSS-Levelling data (red) and Tidal
BM data (blue) (source: author's own work)

out using 2 tidal BM points. The accuracy of the KTH geoid
model was obtained by comparing it to geometric undula-
tions from GNSS-Levelling measurements at 264 validation
control points.

The research stages generally include data preparation,
geoid modeling, shifting, and geoid validation. The prepa-
ration stage includes data and software preparation. The
software used includes:

a. QGIS and Global Mapper15 for gridding DTM data

and gravity data;

b. GEOEGM and GEOIP Sub Programs on GRAVSOFT

for GGM data evaluation and geoid validation;

c. LSMSSOFT for geoid modeling using the KTH

method;

d. GMT 5 for data visualization.

The geoid modeling stage, conducted with the LSMS-
SOFT program, is a comprehensive process that produces
geoid undulation values, approximate undulation, and ad-
ditive corrections. The required input data includes grid-
ded SRTM15+ data, gridded free-air anomaly data, and
GGM data.

Gravity anomaly data around the research location is
needed for the calculations. In the KTH method, the data
area and target area are defined. The target area is the
coverage of the research area, while the data area is the
region around the research location that influences the
undulation calculation. The data coverage area is greater
than the target area by at least 1° (Krdzali¢ & Abbak, 2023).
In this study, the data area limits were 3.4° South Latitude
to 4.5° North Latitude and 112.8° East Longitude to 120°
East Longitude. In the data area, gravity data is filled us-
ing the anomalyfill subprogram with input anomaly data
EGM2008 degree 2190.

To obtain the optimal combination of GGM and cap-
size in KTH geoid modeling, an evaluation was carried

Table 1. Tidal BM height information (source: Center for Geodesy and Geodynamics Control Network BIG, 2023)

Station Code Latitude (") Longitude () h (m) H (m) N (m)
Tarakan OTRK 3.2838 117.596 60.173 3.759 56.414
Balikpapan OBLP -1.2725 116.806 57.693 4.093 53.601
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out on 1) 5 gravity satellite GGMs and 1 hybrid GGM,
and 2) 14 capsize variations. GGM evaluation was carried
out by calculating the undulation value of 6 GGMs using
GEOEGM with an interval of 0.01°. Interpolation of GGM
undulations at GNSS-Levelling points was performed using
the GEOIP program. The standard deviation is calculated
from the difference between the GGM undulations and the
geometric undulations at the GNSS-Levelling points. The
smallest standard deviation is used as the optimal GGM.
The results of the geoid calculation were shifted to tid-
al BM. Shifting aims to bring the geoid undulation value
closer to the mean sea level and maintain the geoid pat-
tern. This stage is carried out using the GEOIP subprogram
on GRAVSOFT. The accuracy of the geoid model is ob-
tained by comparing it with the geometric geoid undula-
tion values at 264 points using the GEOIP subprogram.
The KTH method modifies the Stokes equation by cal-
culating the approximate geoid undulation value and add-
ing the additive correction value. Geoid undulations are
calculated using the Stokes function in Equation (1).
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The KTH method modifies the Stokes equation by
calculating the approximate geoid undulation value and
adding the additive correction value. The determination of
the approximate geoid undulation (N)in Equation (2) is
calculated based on the modification parameters b, and
S, in Equation (3).
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In this case, M is the maximum degree of GGM,
AgSEM is the GGM anomaly, and St (\y) is a modification
of the Stokes function, which is described in Equation (3).
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The next crucial step in our research is adding the ap-

proximate geoid value (N) with four additive corrections

to derive the geoid undulation value. The geoid undula-

tion (N ) in the KTH method is calculated using the Equa-

tion (4).
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The topographic correction is calculated using Equa-
tion (5).
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G is the gravitational constant, p is the topographic
mass density, and H is the orthometric height. The down-
ward continuation correction is calculated using Equa-
tions (6) to (9):

SNy = SN
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The atmospheric correction is calculated using Equa-
tion (10).
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The ellipsoid correction is calculated using Equa-
tion (11).
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4. Results and discussion

4.1. Gridded free-air gravity anomaly

The main input data for geoid modeling is free-air anom-
aly data in grid format with intervals of 0.01° x 0.01°.
The gravity data gridding procedure is carried out on the
Bouguer plane by first converting the free-air anomaly into
a simple Bouguer anomaly. Simple Bouguer anomalies are
more optimal for gridding data because they are smoother
and not affected by topography (Krdzali¢ & Abbak, 2023).
The interpolation method used is nearest neighbor. The
gridded simple Bouguer anomaly is then converted back
into a free-air anomaly. The gridding procedure requires
SRTM15+ data that has been gridded with an interval of
0.01°.

Figure 4 shows that SRTM15+ data has variations in
height ranging from -5000 m to 2500 m. The topographic
pattern of SRTM15+ indicates that the central part of East
Kalimantan is flat with a height above 1500 m, while other
parts of the region are relatively flat. The free-air anomaly
pattern is identical to the EGM2008 degree 2190 anomaly
pattern. Most of the free-air anomaly values for East Ka-
limantan range from 75 mgal to 150 mgal, with only the
central part having higher values, specifically 225 mgal to
255 mgal. This anomaly pattern follows the topographic
pattern, where inland areas have higher values, repre-
sented by the color green with a range from 75 mgal to
250 mgal, while in the sea, the values tend to be lower,
shown in light blue to purple, which is close to 0 mgal
to —90 mgal. This is because the density of seawater is
lower compared to land areas.

A comparison of the three anomaly data sets in Ta-
ble 2 shows that the combined anomaly with the airborne
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Figure 4. Gridded data: a) free-air anomaly; b) EGM2008 degree 2190 anomaly; c) topography (source: author's own work)

anomaly has a wider range and more varied values. Ad-
ditionally, the combined anomaly for EGM 2008 has rela-
tively similar minimum (min), maximum (max), mean, and
standard deviation (STD) values.

Table 2. Free-air anomaly statistics (source: author’'s own
work)

Anomaly Min Max Mean STD
(mgal) (mgal) (mgal) (mgal)
Airborne -37.740 237.311 51.257 28.595
Combination | -78.635 261.144 42.581 36.083
EGM2008 -76.427 210.842 41.218 34.554

4.2. Evaluation of global geopotential models

The GGM evaluation aims to identify the best GGM to
be used as a long-wave component in geoid modeling.
This evaluation is conducted by comparing the undula-
tion value of each GGM with the geometric geoid un-
dulation at the GNSS-Levelling points. The GGM with
the smallest standard deviation is considered the best
and is used for geoid model calculations. The GGM un-
dulation calculation uses GEOEGM with an interval of
0.01° x 0.01°. Six GGMs were evaluated, consisting of
five gravity satellite GGMs and one hybrid GGM. The
gravity satellite GGMs include GO_CONS_GCF_2_TIM_R6,
ITU_GGC16l, GGT_R1, GO_CONS_GCF_2_SPW_R5, and
GO_CONS_GCF_2_DIR_R®6, each at degree 240. The hy-
brid GGM used is EGM2008 at degree 360. The compari-
son of GGM undulations with geometric undulations is
shown in Table 3.

The gravity satellite GGM with the smallest standard
deviation is SPW_R5, with a value of 0.152 m. Overall, the
smallest standard deviation was obtained from EGM2008 at

degree 360, with a value of 0.088 m. EGM2008 produces
better accuracy than the gravity satellite GGMs because
it combines surface and terrestrial data. Therefore, the
next stage of the GGM used is EGM2008 at degree 360.
Figure 5 visualizes the standard deviation comparison for
each GGM.

STD (m)

DIR_R6 TIM_R6 SPW_RS  ITU_GGC16

GGM

IGGR1 EGM2008

Figure 5. Visualization of the standard deviation comparison
for each GGM (source: author's own work)

4.3. Evaluate capsize

Determining parameters when modeling geoids affects the
accuracy of the resulting geoid model. The KTH method
can only be applied to a limited degree of capsize, but
there are no specific provisions for the use of capsize (Sjo-
berg, 2003). In this study, capsize evaluation was carried
out on 14 variations to obtain optimal capsize parameters.
The capsize variation with the smallest standard deviation
represents the best model. The standard deviation value
is obtained from the difference between the geometric
geoid undulations. Capsize variations are 0.1°, 0.2°, 0.3°,
0.4°,0.5° 0.6°, 0.7°, 0.8°, 0.9°, 1°, 1.2°, 1.3°, 1.5°, and 2°. Sta-
tistics for each capsize are shown in Table 4.

Table 3. Comparison of GGM undulations with geometric undulations (source: author’'s own work)

GGM DIR_R6 TIM_R6 SPW_R5 ITU_GGC16 IGGR1 EGM2008 (hybrid)
Degree 240 240 240 240 240 360
Min (m) 0.736 0.689 0.825 0.751 0.368 0.990
Max (m) 1.387 1373 1.420 1.377 1.228 1.586
Mean (m) 1.061 1.033 1.127 1.072 0.804 1.301
STD (m) 0.177 0.186 0.152 0.165 0.241 0.088
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Table 4. Geoid model accuracy statistics based on capsize (source: author’'s own work)

Capsize 0.1° 0.2° 0.3° 0.4° 0.5° 0.6° 0.7° 0.8° 0.9° 1° 1.2° 1.3° 1.5° 2°
Min (m) 0.153 | 0.187 | 0.201 0.21 0.230 | 0.248 | 0.248 | 0.241 | 0.236 | 0.219 | 0.161 | 0.147 | 0.164 | 0.367
Max (m) 0.609 | 0.608 | 0.617 | 0.629 | 0.638 | 0.645 | 0.647 | 0.649 | 0.654 | 0.658 | 0.638 | 0.625 | 0.669 | 0.838
Mean (m) | 0423 | 0430 | 0442 | 0454 | 0466 | 0474 | 0478 | 0.476 | 0472 | 0466 | 0446 | 0437 | 0.442 | 0.604
STD (m) 0.058 | 0.054 | 0.054 | 0.055 | 0.054 | 0.053 | 0.054 | 0.054 | 0.054 | 0.054 | 0.058 | 0.065 | 0.091 | 0.088

Based on Table 4, the smallest standard deviation value
obtained from a capsize of 0.6° is 0.053 m, with a value
range of 0.248 m to 0.645 m and an average of 0.474 m. In
the next stage, the KTH geoid model is used with a capsize
of 0.6". The size of the capsize value does not correlate
with the size of the standard deviation value (Figure 6).

0.1

Standard deviation (m)
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2868828888
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Figure 6. The comparison graph of standard deviation
values for several capsize variations (source: author's own
work)
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4.4. Additive correction

Additive correction consists of topographic correction, at-
mospheric correction, downward continuation correction,
and ellipsoid correction, as shown in Figure 7.

Topographic correction is calculated using Equa-
tion (5), where the H value is the height from SRTM15+
data. Topographic correction shows greater values in
land areas than in sea areas. Atmospheric correction and
ellipsoid correction show relatively small values, with
atmospheric correction values ranging from -1.2 mm
to 2.3 mm and ellipsoid correction values ranging
from —2.3 mm to 1 mm. The highest atmospheric correc-
tion values are found in the northern sea area. The down-
ward continuation correction values range from 0.07 m
to 0.5 m, with higher values in Central East Kalimantan,
where topography is more varied.

In general, based on Abbak et al. (2012), Wu et al.
(2020), and Krdzali¢ and Abbak (2023), atmospheric and
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Figure 7. Additive correction: a) topographic correction; b) atmospheric correction; c) downward continuation correction;

d) ellipsoid correction (source: author’'s own work)
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ellipsoid correction values are only fractions of a millime-
tre, while topographic and downward continuation cor-
rections have a more dominant influence (Table 5).

Table 5. Additive correction values (source: author’'s own
work)

Correction top atm dwc ell
Min (m) -2.218 -0.0012 0.5234 -0.0023
Max (m) 0 0.0025 -0.0711 0.0010

The summation of the approximate geoid undulations
with four additive corrections produces the geoid undula-
tions. Based on Table 6, adding additive corrections will
reduce the range (minimum and maximum values), and
on average, there is an increase of 0.094 meters in geoid
undulations. This shows that geoid modeling with addi-
tive corrections will produce a smoother geoid model (Wu
et al.,, 2020).

Table 6. Statistics of geoid undulations (source: author’s
own work)

Approximate geoid +

Undulation (N) additive correction

Approximate geoid

Min (m) 43.766 43.770
Max (m) 59.957 59.950
Mean (m) 53.190 53.284

5. KTH geoid model

The geoid model is calculated using the KTH method
based on Equation (4). The geoid undulation accuracy test
at 264 GNSS-Levelling points produced the most accurate
value for the local East Kalimantan geoid gravimetric un-
dulation, obtained by GGM EGM2008 degree 360 with a
capsize of 0.6°, namely 0.0532 m (Table 7). The next stage
involves applying a geoid model bias correction, known as
shifting. Shifting the geoid model aims to bring the gravi-
metric geoid undulation values closer to the geometric
geoid undulation values from the tidal BM. The shifting
calculation is performed by correcting the amount of bias
obtained from the average value of the difference between
the gravimetric and geometric undulations at the tidal BM
points and applying this correction to the overall gravi-
metric undulation values. The geoid model bias correction
in this study obtained a value of 0.491 m. The accuracy
of the geoid model after shifting resulted in a standard
deviation of 0.0526 m.

Table 7. Accuracy of the geoid model before shifting and
after shifting (source: author’'s own work)

Accuracy geoid model Before shifting After shifting
Min (m) 0.2476 -0.2434
Max (m) 0.6450 0.1540
Mean (m) 0.4734 -0.0176
STD (m) 0.0532 0.0526

The difference in accuracy of the geoid model before
and after shifting is 0.0006 m. Shifting does not signifi-
cantly affect the accuracy of the geoid model; however,
it is used to bring the gravimetric geoid undulation value
closer to the mean sea level and maintain the pattern of
the gravimetric geoid. The resulting gravimetric undulation
values or local geoid models have undergone bias correc-
tion. Figure 8 shows the geoid model visualization.

15 16 "7

0 2 8 48 %0 52 5 % @ 60
geoid height (m)

Figure 8. East Kalimantan KTH gravimetric geoid model
(source: author's own work)

Overall, the geoid values of East Kalimantan exhibit
a higher pattern from west to east, particularly in the
northeast. The undulation values range from —-0.2434 m
to 0.1540 m. According to the Geospatial Information
Agency, the INAGEOID2020 v2 national geoid model has
an accuracy of 0.0588 m for the East Kalimantan region.
This shows that the KTH method produces a higher ge-
oid model accuracy with an improvement of 0.0062 m.

Figure 9a shows the difference between INA-
GEOID2020 v2 undulations and KTH undulations. The
difference in undulation values ranges from -1.2 m to
2.2 m, with an average difference of 0.39 m. The un-
dulation difference pattern aligns with the topographic
pattern in Figure 9b. In areas with high topography, the
undulation difference becomes greater, reaching up to
2.2 m. These results are consistent with research con-
ducted by (Abbak et al., 2012), which concluded that
there are significant differences between the KTH and
RCR geoid models in the mountainous regions of Tur-
key. In high topographic areas, the geoid model results
are influenced by various factors, including topographic
mass density. Geoid model calculations involving mass
density can improve geoid models in high topographic
areas (Abbak, 2020).

Table 8 shows the difference between the geomet-
ric and gravimetric geoids from the KTH method, INA-
GEOID2020 v2, and the RCR method. The average differ-
ence between the geometric geoid and the KTH model
is 0.0176 m, while for INAGEOID2020 v2 it is 0.0200 m.
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Figure 9. Difference in undulation: a) INAGEOID2020 v2 and KTH; b) topography (source: author's own work)

Table 8. Accuracy comparison between the KTH geoid
model and INAGEOID2020 v2 (source: author’'s own work)

Geoid model KTH INAGEOID2020 v2
Min (m) -0.2434 -0.1962
Max (m) 0.1540 0.2065
Mean (m) -0.0176 0.0200
STD (m) 0.0526 0.0588

The difference values at each validation control point
are shown in Figure 10. The pattern of differences in
geometric and gravimetric undulations between the two
models is almost the same at each validation control
point. However, the INAGEOID2020 v2 model shows a
greater difference in undulations compared to the KTH
model.
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01
0.05

-0.05
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-0.15
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-0.25
-0.3

Topography (m)

Undulation differences (m)

GeoidKTH —— InaGeoid2020 v2

—— Topography

Figure 10. The difference between gravimetric undulations
and geometric undulations, and the elevation of the East
Kalimantan validation control points (source: author’'s own
work)

6. Conclusions

Modelling the geoid using the KTH method produces
approximate undulation values and four additive cor-
rections. The topographic and downward continuation
corrections contribute more significantly to the undula-
tion values, while the ellipsoid and atmospheric correc-
tions are only in the sub-millimetre range. Selecting the

right MGG and capsize influences the resulting undulation
value. Evaluation of several MGGs shows that the small-
est standard deviation of the difference between MGG
undulations and geometric undulations is obtained from
EGM2008. The evaluation of 14 capsize variations identi-
fied an optimal capsize of 0.6° with a standard deviation
of the geoid model of 0.0532 m. Shifting of the two tidal
BMs of Tarakan and Balikpapan aims to bring the geoid
undulation value closer to the mean sea level. The geoid
model accuracy test compared the geometric geoid undu-
lations from GNSS-Levelling data of 264 points. The test
results showed that the accuracy of the geoid model after
shifting was 0.0526 m. A comparison of the accuracy of
INAGEOID2020 v2, with a standard deviation of 0.0588 m,
shows that using the KTH method in the East Kalimantan
region can increase the accuracy of the geoid model of
0.0062 m.
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