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Abstract. The Global Gravity Model plus (GGMplus) ultra-high-resolution geoid model and its regionally adjusted ver-
sion, ADJ_GGMplus, are evaluated over Tiirkiye by comparing them with national geoid models (TG-03 and TG-20) and
GNSS/levelling observations. The GGMplus model, with a spatial resolution of approximately 200 meters, offers a sig-
nificant potential for regional geoid modelling, particularly in topographically and geologically complex areas. However,
systematic biases — especially in regions with steep gravity gradients — necessitate regional calibration. In this context,
the primary objective of this research is to derive and evaluate the ADJ GGMplus model by incorporating 187 GNSS/
levelling control points to improve local geoid accuracy. National-scale comparisons and local-scale analyses across 17
regions with varying geographical characteristics were conducted to quantify model performance. The results indicate that
unadjusted GGMplus tends to underestimate geoid heights, with deviations reaching several decimetres in rugged terrain,
whereas ADJ GGMplus significantly improves model performance by reducing absolute mean errors from over 0.9 m to
0.19-0.35 m in critical regions and substantially mitigating systematic biases across the study areas.. Statistical metrics
such as RMS, skewness, kurtosis, and Kolmogorov-Smirnov test results support these findings. Overall, the adjusted model
demonstrates enhanced reliability and suitability for geodetic, engineering, and sea-level-related applications in Tiirkiye.
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INTRODUCTION

The geoid — defined as an equipotential surface of
the Earth’s gravity field that best fits the mean sea
level (MSL)(Rapp 1974) and extends beneath the
continents — is accepted in geodesy as the reference
surface for vertical control networks; yet, because
computations for horizontal control networks are
performed on the ellipsoid, determining the geoid
has become one of geodesy’s fundamental objectives
(Torge 1980). The geoid is a function of the Earth’s
mass distribution, and the observations employed
in its determination mirror the spatial variability of
mass density within the Earth. This surface can be

determined globally or regionally by integrating data
acquired through various measurement techniques.
Depending on the spatial scale, the geoid consists of
components with distinct wavelengths. The so-called
ultra-short component, defined between 20 km and
2 km, theoretically requires a spherical-harmonic
expansion on the order of degree 2,000 to degree
20,000 to fully capture localized topographic and
mass density variations (Torge 1980), whereas cur-
rently available global gravity models generally oper-
ate at lower degrees and rely on high-resolution topo-
graphic data to resolve these ultra-short wavelengths.
Long-wavelength contributions reflect the influence
of deep-seated mass anomalies, whereas medium-
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and short-wavelength components — constituting a
significant share of gravity anomalies — are controlled
by regional geodetic and topographic structures. The
ultra-short component captures the effects of local
topography and shallow disturbing masses (Aksoy et
al. 1999). Contemporary practice generally derives
long-wavelength effects from global geopotential
coefficients, medium-wavelength effects from grav-
ity data, and short- to ultra-short-wavelength effects
via combined approaches (Soycan 2002; Soycan et
al. 2023).

In recent years, studies involving the Global Grav-
ity Model plus (GGMplus; Hirt et al. 2013) model
have highlighted its potential and versatility in high-
resolution geoid and gravity field applications across
diverse geographical and methodological contexts.

For instance, Khazraei et al. (2017) investigated
the integration of global and regional geoid models
within a limited area in Iran (~ 100 km?), evaluat-
ing EGM2008, GGMplus, and IRGeoid10 against
GNSS/levelling data using the Least Squares Vari-
ance Component Estimation (LS-VCE) method. De-
spite a small extent of the study area, their use of 2D
first- and second-order polynomial models revealed
that second-order modelling yielded a better perform-
ance, with EGM2008 producing the lowest standard
deviation (~ 0.002 m). In a different context, Moro-
zova et al. (2021) assessed a quasi-geoid model in
Latvia, using astrogeodetic vertical deflection (VD)
observations from a digital zenith camera (VESTA)
together with GNSS/levelling data. Through the DF-
HRS method, they tested three modelling strategies
and found that the optimal results (~ 0.006 m standard
deviation) were achieved by integrating both terrestri-
al VD measurements and VD derivatives from GGM-
plus and EGM2008, with GGMplus showing stronger
agreement in terms of VD consistency. Similarly, In-
driana et al. (2020) validated terrestrial gravity meas-
urements in Semarang, Indonesia, through statistical
correlation and coherence analyses against GGM-
plus data. High correlation values (0.86—0.95 for 2D,
~ 0.93 for 1D) affirmed the reliability of GGMplus
for validating field data, while low correlation values
(~ 0.4-0.6) successfully indicated potential acquisi-
tion errors. Furthermore, Camacho and Alvarez (2021)
conducted a comparative assessment of EIGEN-6C4
and GGMplus models over a volcanic region in central
Mexico, employing 3D gravity inversions to inves-
tigate subsurface density distributions. Their results
demonstrated that the GGMplus model, with its finer
spatial resolution (~ 200 m), more effectively cap-
tured shallow and high-frequency geological struc-
tures than EIGEN-6C4 (~ 1 km) did, underscoring its
advantage for a detailed geophysical modelling. Col-
lectively, these studies underscore the effectiveness
of GGMplus in small-scale and regional applications,
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particularly where high-resolution gravity data and
precise modelling are essential. Recent comprehen-
sive investigations over Tiirkiye have demonstrated
that while high-degree global geopotential models
(such as EGM2008, EIGEN-6C4, and XGM2019¢)
provide consistent global coverage, their direct ap-
plication in topographically and tectonically complex
regions leads to decimetre-level discrepancies unless
regional refinement using GNSS/levelling control
networks is applied (Soycan, Yilmaz 2026).

In this study, the performance of the GGMplus
model and its regionally adjusted version, ADJ
GGMplus (refined using 187 GNSS/levelling control
points), was evaluated and compared with the nation-
al geoid models of Tiirkiye, TG-03 and TG-20, at the
national scale. Additionally, performance analyses of
both models were conducted across 17 local regions.

The main objectives of this study are (i) to assess
the performance of GGMplus over Tiirkiye, (ii) to
quantify its regional discrepancies, and (iii) to evalu-
ate the improvement obtained through the regional
adjustment of GGMplus using GNSS/levelling con-
trol points.

The study consists of four main sections. The first
section covers the regional use of global geoid models
and related academic studies. The second section pro-
vides information on the definition of the geoid and
geoid modelling methods. The third section presents
the application of the GGMplus global geoid model
in Tiirkiye along with its numerical results. The final
section includes conclusions and recommendations.

STUDY AREA, DATASETS, AND
METHODOLOGY

Geoid determination is a complex geodetic proc-
ess aimed at characterizing the physical properties
of the Earth’s gravity field and enabling the precise
computation of orthometric heights. Modern position-
ing relies on two distinct surfaces: the geoid, which
is a physical equipotential surface corresponding to
mean sea level, and the reference ellipsoid, which is a
mathematical surface used for geometric coordinates.
Global Navigation Satellite Systems (GNSS) provide
horizontal position and vertical (ellipsoidal) height
relative to the reference ellipsoid. To obtain physical-
ly meaningful orthometric heights, ellipsoidal heights
are converted using geoid undulation (N). Among
the primary approaches for geoid determination are
gravimetric, geometric, and hybrid methods. Gravi-
metric models utilize terrestrial, marine, and satellite
gravity observations combined with topographic ter-
rain reductions (Moritz 1980; Ollikainen 1997; Ki-
amehr, Sjoberg 2005; Corchete 2010; Abbak et al.
2012). Geometric geoid heights are derived directly
from GNSS ellipsoidal heights and precise levelling



orthometric heights (Deniz et al. 2001; Soycan, Soy-
can 2003). Hybrid geoid models combine gravimet-
ric models with GNSS/levelling control networks via
regional surface fittings, providing optimal accuracy
for geodetic and engineering infrastructure (Aksoy et
al. 1999; Corchete 2010; Hirt 2011; Kilicoglu et al.
2011).

In recent years, the integration of satellite gravim-
etry missions, such as GRACE (Tapley et al. 2019;
Chen et al. 2022) and GOCE (Rummel et al. 2011),
with high-resolution digital elevation models (e.g.,
SRTM, TanDEM-X) has enabled the development of
more detailed and reliable geoid models at both global
and regional scales. In this context, ultra high-resolu-
tion gravity models like GGMplus have introduced
a new dimension to local-scale geoid determination,
significantly enhancing the accuracy and applicabil-
ity of geodetic and engineering applications.

Since the 1970s, various studies have been con-
ducted in chronological order to develop local and re-
gional geoid models in Tiirkiye. In an early attempt,
Ayan (1978) used the astro-geodetic deflection of
vertical observations at 98 stations. Subsequently,
the South-western Anatolia Doppler Geoid was com-
puted using satellite Doppler measurements (Ayhan
et al. 1987). Tiirkiye’s first gravimetric geoid model,
TG-91, was developed by the General Command of
Mapping by integrating the GPM2-T1 global geo-
potential model, gravity data, and Digital Elevation
Models (DEM) (Ayhan 1993). This was followed by
the Tiirkiye Doppler Geoid (TDG-92) in 1992 and
the Tiirkiye Astro-geodetic Geoid (TAG-94) in 1994
(Ayhan, Alp 1994). In the late 1990s, GPS/level-
ling data were integrated with TG-91 to form TG-99
and TG-99A. Later, the TG-03 national geoid model
was developed using the Remove-Restore technique
based on the EGM96 global model, terrestrial/marine
gravity, DEM data, and GPS/levelling observations,
achieving an accuracy of 8.8 cm with a spatial resolu-
tion of 3 arc-minutes (~ 5 km) (Kiligoglu ez al. 2005).
The densification networks established by local au-
thorities also utilize GNSS and levelling measure-
ments to transform horizontal position and vertical
(ellipsoidal) height into orthometric heights using
geoid undulations.

The Tiirkiye Geoid-2020 (TG-20) represents the
current official hybrid geoid model of Tiirkiye, devel-
oped by the General Directorate of Mapping (HGM
2021). Covering 35°-43°N and 25°-45°E, TG-20
has a spatial resolution of 7.2 arc-seconds (~ 200 m)
and incorporates ~ 265,000 terrestrial gravity obser-
vations, the GOCOO06S global model, XGM2019e,
and the SRTM V4.1 DEM using the LSMSA meth-
od (Yildiz et al. 2021). Alignment with the national
vertical datum was achieved using a 4-parameter
transformation based on 182 GPS/levelling control

benchmarks, attaining a standard deviation below
2 cm across validation profiles. While TG-20 serves
as the official national standard, GGMplus offers an
ultra-high-resolution (~ 200 m) global dataset with
uniform spectral gravity representation, providing
distinct advantages in high-frequency topographic
modelling, geophysical density inversion, and unsur-
veyed cross-border applications where dense terres-
trial gravity networks are unavailable.

GGMplus (Global Gravity Model plus) offers
high-resolution (200 m) gravity maps and datasets
for terrestrial and near-coastal regions worldwide
within +60° latitude. It is the first model to achieve
local-level resolution with a near-global extent,
bridging the gap between earlier models that either
focused on global coverage with coarse resolution or
detailed representation over limited areas. GGMplus
represents Earth’s gravity field using commonly ap-
plied functionals: (1) gravity accelerations, (ii) gravity
disturbances, (iii) deflections of the vertical in North-
South and East-West directions, and (iv) quasigeoid
heights, covering 3,062,677,383 points at a spatial
resolution of 7.2 arc-seconds (Hirt et al. 2013). The
features of GGMplus are given in Table 1. This high
resolution enables a detailed representation of small-
scale gravity variations across both continental and
island regions. The model is based on an advanced
hybrid approach that integrates satellite-derived grav-
ity data with topographic elevation models to enhance
gravity field modelling.

To derive the regionally adjusted geoid model,
ADJ GGMplus, a four-parameter transformation
model based on least-squares adjustment was im-
plemented using 187 GNSS/levelling control points
distributed across Tiirkiye. First, the GNSS/levelling-
derived geoid heights (N GNSS/levelling) at the con-
trol points were calculated as:

=h-H

GNSS/levelling ( 1 )

where 4 is the GNSS-derived ellipsoidal height and H
is the orthometric height obtained from precise level-
ling. The differences (AN) between the GNSS/level-
ling geoid heights and the original GGMplus geoid
heights (N_GGMplus) were then formed:

AN=N N 2)

GNSS/levelling ' GGMplus

A four-parameter differential correction surface
was fitted to these height differences using the fol-
lowing mathematical formulation:

AN(@, 1) = x, + x,cos(¢ — @) cos(h — A ) +
x,c08(¢ — @) sin(A — &) + x,sin(¢ — @) 3)
where ¢ and A are the geodetic latitude and longitude
of the control points, respectively. To reduce numeri-

cal correlation among the parameters, the coordinates
¢ and A were centralized relative to the study area’s
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mean latitude (¢ ) and longitude (A ) using (¢ — ¢ )
and (A —A). The transformation parameters estimated
via least-squares adjustment define the spatial correc-
tion surface, where x represents the systematic (uni-
form) bias (offset), while x , x,, and x, represent the
tilt and rotation effects of the geoid surface relative
to the ellipsoid. Once the optimal parameters were
determined, the smooth regional correction surface
AN_ (¢, ) was evaluated across the entire GGMplus
model grid — rather than being applied strictly at con-
trol points — and added to the original model to con-
struct the final adjusted geoid surface:

N =N, +AN (0, 1) “4)

ADJ_GGMplus GGMplus

One of the distinguishing features of GGMplus
is its ability to retain the spectral content of gravity
data across a wide bandwidth, effectively combining
long-wavelength satellite observations with short-
wavelength topographic contributions. This approach
enables the model to achieve not only global cover-
age but also the precision required for local and re-
gional applications. The GGMplus model surpasses
the resolution offered by conventional global gravity
models, providing a modern solution to the need for
high-resolution geoid determination. In this context,
evaluating the model’s applicability at the local scale
is particularly critical in regions with significant topo-
graphic variability. In morphologically complex and
gravitationally heterogeneous areas such as Tiirkiye,
the performance of GGMplus represents a noteworthy
subject of investigation for both academic research
and applied geodesy.

Table 1 The features of GGMplus

Feature Description
Resolution |~ 7.2 arc-seconds (approximately 200 m)
Coverage Global (60° N, 60° S)
Data Layers | Geoid height, gravity anomaly, gravity potential
Data Sources | EGM2008, SRTM30_ PLUS, GOCE, GRACE
Method Spectral harmonic combination + topographic
reduction (Remove—Restore approach)
RESULTS AND DISCUSSION

In the evaluation of model performances, the dif-
ferences between reference geoid heights (N, ) and
model-derived geoid heights (N_ ) were evaluated
using the Root Mean Square Error (RMSE) and Stand-
ard Deviation (SD), where N __denotes the GNSS/
levelling-derived geoid heights at the control points,
and N represents the geoid heights interpolated
from the respective models. The RMSE quantifies the
overall magnitude of discrepancies including system-
atic biases, while the SD represents the dispersion of
residuals around the mean error (ME = AN

mean) :
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To demonstrate the effectiveness of GGMplus
compared to global models, a comparison with Earth
Gravitational Model 2008 (EGM2008) at the scale
of Tirkiye has been conducted and is presented in
Fig. 1.

The difference map of the obtained geoid heights
is presented in Fig. 2, and the corresponding numeri-
cal data are provided in Table 2.

Figure 2 displays the EGM2008 — GGMplus differ-
ence map for 19,844,979 grid points across Tiirkiye,
illustrating both the spatial distribution of inter-model
discrepancies and their statistical characteristics. A
continuous colour spectrum conveys the magnitude
and sign of the differences: blue-to-purple hues de-
note negative values, green shades indicate near-zero
agreement, and warm colours ranging from yellow to
deep red mark positive values. Pronounced positive
differences (reds) cluster in the north-eastern sector
of Eastern Anatolia, indicating that EGM2008 yields
higher geoid heights there than GGMplus. Converse-
ly, Western Anatolia and the southern coastal belt
exhibit predominantly negative differences (blue-
purple), whereas Central Anatolia and the mid-Black
Sea region appear largely in green, implying close
concordance between the models.

Statistically, the mean and median differences
are 0.130 m and 0.100 m, respectively, confirming a
systematic tendency for EGM2008 to exceed GGM-
plus. The minimum and maximum differences are
—0.413 m and 0.874 m, giving an overall range of
1.287 m. The root-mean-square error is 0.215 m, with
a standard deviation of 0.172 m and a variance of
0.030 m?, indicating that most deviations fall within
~ 0.20 m of the mean. A positive skewness of 0.993
reveals that large positive outliers are more common
than negative ones, and a kurtosis of 4.41 points to
heavy tails relative to a normal distribution. Robust
location estimates that down-weight extremes — the
10% trimmed mean (0.120 m), Winsorised mean
(0.122 m), tri-mean (0.106 m), and interquartile mean
(0.104 m) — show that the bulk of the differences con-
centrate around 0.10-0.12 m. The mean absolute de-
viation is 0.126 m, and the median absolute deviation
is 0.090 m.

These results demonstrate that significant, spa-
tially coherent differences exist between EGM2008
and GGMplus over Tiirkiye, especially in a topo-
graphically complex terrain, whereas flatter regions
display a stronger agreement. This finding aligns with
the national-scale assessments of Soycan and Yilmaz
(2026), who reported that EGM2008-based models
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Fig. 1 Geoid height maps (m) derived from GGMplus (a) and EGM2008 (b) (Tiirkiye)

Fig. 2 Geoid height differences (m) derived from GGMplus and EGM2008 (Tiirkiye)

exhibit substantial variations across Anatolia due to  Application of GGMplus in Tiirkiye
data resolution limits and terrain effects and that TG-

20 provides a significantly more stable reference sur- The GGMplus model, with its high-resolution glo-
face compared to earlier national or unadjusted global  bal geoid data, enables detailed local-scale analyses
models. Therefore, this study focuses on the compari-  in countries with complex topographic and geological
son of GGMplus with national geoid models. structures, such as Tiirkiye. The region encompasses
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significant elevation and gravity variations between
high mountainous areas (e.g., Eastern Anatolia),
low-lying plains (e.g., Cukurova), and coastal zones
(Aegean, Mediterranean, and Black Sea regions).
This diversity often results in gravity anomalies that
are inadequately captured by conventional global ge-
oid models due to their limited resolution. The 200-
meter resolution of GGMplus provides a substantial
advantage in modelling these small-scale variations
with improved accuracy. Figure 3 presents the study
area along with its corresponding digital elevation
model (DEM).

Initial studies conducted within the scope of
GGMplus applications over Tiirkiye have shown
that the model provides high accuracy particularly in
the western and central Anatolian regions, where the
topography is relatively smooth. However, in topo-
graphically complex and high-elevation areas such as
Eastern Anatolia, some discrepancies have been ob-
served when compared with local gravity data. These
differences are generally attributed to the adequacy of
topographic reductions, region-specific errors in the

Table 2 Descriptive statistics of the differences between
GGMplus and EGM2008 (differences are given in meters)

1%-tile: —0.205 Minimum: -0.413
5%-tile: —0.095 Maximum: 0.874
10%-tile: —0.048 Mean: 0.130
25%-tile: 0.020 Median: 0.100
50%-tile: 0.100 Root Mean Square: 0.215
75%-tile: 0.206 Trim Mean (10%): 0.120
90%-tile: 0.361 Interquartile Mean: 0.104
95%-tile: 0.486 Midrange: 0.230
99%-tile: 0.666 Winsorized Mean: 0.122
Skewness: 0.993 TriMean: 0.106
Kurtosis: 4.414 Variance: 0.030
Sum: 2579305.460 | Standard Deviation: 0.172
Sum Absolute: | 3112394.075 | Interquartile Range: 0.187
Sum Squares: 921021.666 | Range: 1.287
Mean Square: 0.046 Median Abs. Deviation: | 0.090
Standard Error: 0.000 Average Abs. Deviation: | 0.126

SRTM-based terrain data, and the spectral coverage
of the satellite data used in the model. Consequently,
the applicability of GGMplus in Tiirkiye varies re-
gionally, and calibration with local gravity measure-
ments may be required in certain areas.

Comparisons with TG-03, the most widely used
model in geodetic applications across Tiirkiye, have
shown that GGMplus yields results closely aligned
with TG-03 in certain regions, while in others, dif-
ferences can reach up to several decimetres. This
variation necessitates evaluating GGMplus not as a
reference model but rather as a supplementary or ini-
tial model. Particularly in rural areas where sufficient
GPS/levelling data are lacking, the GGMplus model
serves as a valuable preliminary data source in the
early stages of geoid modelling and related geodetic
applications.

The potential of GGMplus over Tiirkiye extends
beyond academic research and can be utilized in a
wide range of applications, including infrastructure
projects, engineering practices, map production, and
sea level modelling. For instance, in coastal regions,
GGMplus can play an effective role in defining the
geoid surface for sea level analysis and transforma-
tions between height reference systems. However, in
such applications, it is crucial to assess the model’s
accuracy through validation against local gravity
measurements and GPS/levelling data. Figure 4 il-
lustrates the ADJ_GGMplus results employed in this
study, along with the 187 GNSS/levelling points uti-
lized during the adjustment procedure.

In conclusion, while the GGMplus model serves
as a comprehensive, readily accessible, and high-
resolution resource for Tlirkiye, its use in precision
applications is recommended to be supported by lo-
cal corrections and hybrid modelling approaches. In
this context, evaluating GGMplus under the specific
conditions of Tiirkiye holds strategic importance for
understanding both the capabilities and limitations of
the model.

Fig. 3 The study area and digital elevation model
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Fig. 4 The ADJ_GGMplus geoid height model (m) and 187 GNSS/levelling points used in GGMplus’s adjustment

In this section, the GGMplus geoid model is com-
pared with other geoid models generated using dif-
ferent data sources and methodologies, as well as
with geoid heights derived from GNSS-levelling ob-
servations. For this purpose, all geoid models were
converted into a regular grid data format, and geoid
height differences at the grid corners were compared
between GGMplus and ADJ GGMplus models and
the national geoid models TG-03 and TG-20. Figu-
re 1 presents the GGMplus and EGM2008 geoid
height maps over Tiirkiye.

The primary datasets used in this study are as fol-
lows:

*  GGMplus geoid model (200 m resolution)

» TG-03 national geoid model

» TG-20 national geoid model

* GNSS and levelling data (local measurement

data)

The test arcas were selected from regions of
Tirkiye with diverse geographical characteristics.
These regions are suitable for model validation due to
their high topographic variability and dense data cov-
erage. The collected data were preprocessed to mini-
mize errors and systematic biases. This preprocessing
involved data cleaning, error analysis, and coordinate
transformations. Geoid heights from the GGMplus
model were calculated using gravity anomalies and
topographic corrections, while geoid heights from
GNSS and levelling data were determined through
geometric methods.

Figure 5 and Table 3 present a comparative evalua-
tion of the analyses conducted on gravity potential data
across Tirkiye. These values are of critical importance
for assessing the accuracy of the geoid models. Figu-
re S5a (TG-20 vs. ADJ _GGMplus) and Fig 5¢ (TG-03
vs. ADJ_GGMplus) present visualizations of the geoid
height differences for the adjusted models. In particu-
lar, the TG 20 vs ADJ GGMplus data reveal promi-
nent positive anomalies (red areas) in the eastern part
of Tiirkiye, while lower values (cooler colours) are ob-

served in the west. This pattern indicates that the high
elevations and a mountainous terrain in the east sig-
nificantly influence the gravity potential. Similarly, the
TG03—-ADJ GGMplus map also exhibits high anoma-
lies in the east, but additionally shows notable positive
values around the Marmara region.

Figure 5b (TG-20 vs. GGMplus) and Fig. 5d
(TG-03 vs. GGMplus) are based on the original data-
sets and were generated directly from the GGMplus
model without any adjustments. In the TG-03 vs.
GGMplus comparison, negative anomalies (repre-
sented by purple and dark blue tones) are predomi-
nant, particularly in the western regions. In contrast,
the TG-20 vs. GGMplus comparison shows a smooth-
er transition and more limited deviations overall. As
TG-20 is a more recent model, it can be considered to
provide a more realistic and balanced distribution due
to the applied corrections.

In Table 3, the key statistical parameters of the
four datasets are compared.

* TG-03 vs. GGMplus shows the widest range,
with a minimum of —4.85 m and the most nega-
tive mean (—1.112 m). These indicate that this
model pair contains more extreme values and
exhibits a pronounced negative systematic off-
set.

* The TG-20 vs. ADJ GGMplus comparison
exhibits a slightly positive mean difference
(+0.131 m) and the lowest variance and stand-
ard deviation among the four comparisons, re-
flecting a more balanced distribution.

The skewness and kurtosis metrics further high-
light the distributional differences: comparisons in-
volving TG-03 display negatively skewed and highly
leptokurtic (peaked) behaviour, whereas the TG-20
comparisons are more symmetrical and closer to a
normal distribution. Together, these results suggest
that TG-20, particularly when combined with the ad-
justed GGMplus surface, provides a more stable and
realistic representation of the geoid over Tiirkiye.
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Fig. 5 Geoid height differences (m): a) TG-20 vs. ADJ_GGMplus, b) TG-20 vs. GGMplus, ¢) TG-03 vs. ADJ_GGMplus,
d) TG-03 vs. GGMplus
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Table 3 The statistical results between GGMplus and ADJ _GGMplus and the TG-03 and TG-20 models (differences are

given in meters)

Metric TG-03 vs. GGMplus TG-20 vs. GGMplus TG-03 vs. ADJ_GGMplus | TG-20 vs. ADJ_ GGMplus
Number of values 32364 11691 32407 11691
Minimum —4.853 —1.488 -3.767 -0.528
Maximum -0.020 0.137 0.928 1.214
Range 4.832 1.625 4.695 1.742
Mean —1.112 -0.804 -0.175 0.131
Median —1.052 —0.822 —0.130 0.120
First quartile —-1.205 -0.926 -0.267 0.012
Third quartile -0.938 -0.695 -0.039 0.245
Standard error +0.002 m +0.002 m +0.001 m +0.002 m
95% confidence interval 0.003 0.004 0.003 0.004
99% confidence interval 0.004 0.005 0.004 0.005
Variance 0.092 0.045 0.063 0.043
Average deviation 0.207 0.157 0.164 0.156
Standard deviation 0.303 0.211 0.251 0.208
Coefficient of variation -0.273 —0.263 —1.428 1.583
Skew —2.468 0.502 -3.232 0.253
Kurtosis 15.870 1.212 28.166 1.063
Kolmogorov-Smirnov stat 0.137 0.060 0.118 0.042
Critical K-S stat, alpha =.10 0.007 0.011 0.007 0.011
Critical K-S stat, alpha =.05 0.008 0.013 0.008 0.013
Critical K-S stat, alpha =.01 0.009 0.015 0.009 0.015

In conclusion, the TG-20 vs. ADJ GGMplus data-
set demonstrates a more stable, balanced, and realistic
model both visually and statistically. This outcome
may be attributed to the fact that TG-20 has been up-
dated using more modern and accurate datasets. For
reliable assessments in geological structure analysis,
subsurface modelling, and engineering applications
involving gravity data, it is essential to rely on high-
accuracy models such as TG-20 vs. ADJ_GGMplus.

Another analysis was conducted based on the
local-scale performance of the GGMplus and ADJ
GGMplus models. A total of 17 regions with varying
characteristics were selected from different parts of
Tiirkiye, and the models were evaluated within these
areas. The corresponding statistical values are pre-
sented in Table 4 and Table 5. Several factors con-
tribute to the formation of geoid differences, includ-
ing topographic effects, gravity data quality, satellite
orbit errors, and data density. Analyzing these factors
is essential for understanding the model’s perform-
ance. For the geoid differences, the following statisti-
cal metrics were calculated:

* Mean Error (ME)

» Standard Deviation (SD)

* Root Mean Square Error (RMS)

These metrics were used to assess the accuracy of
the models and characterize the distribution of errors.

The performance of the GGMplus and ADJ
GGMplus models across 17 different regions in
Tiirkiye was evaluated based on geoid height dif-
ferences expressed in meters. The analysis revealed
that the GGMplus model exhibited systematic nega-
tive biases in all 17 regions, indicating an underesti-

mation of geoid heights at the local scale. Notably,
in regions 4, 13, and 15, the mean deviations of the
GGMplus model reached —1.022 m, —0.997 m, and
—0.893 m, respectively. However, after applying lo-
cal adjustments, these deviations were significantly
reduced, with mean values improving to —0.273 m,
—0.239 m, and —0.301 m in the same regions. These
results demonstrate that local corrections effectively
mitigate systematic errors in the model.

From a statistical perspective, the ADJ GGMplus
model reduces the mean deviation in all 17 regions,
whereas its effect on the shape of the error distribution
is not systematic. The standard deviation decreased in
9 of the 17 regions and increased in 7 (Table 5), while
the standard error remained unchanged in 9 regions,
decreased in 3 and increased in 5 (Table 4). Skew-
ness and kurtosis analyses reveal that the GGMplus
model exhibits markedly non-normal distributions,
with negative skewness in 8 of the 17 regions and
positive skewness in the remaining 9, and with heavy
tails in regions 1, 4, 5 and 15 (kurtosis > 5). After
adjustment, the absolute skewness decreased in 7 re-
gions and increased in 10, so the adjustment mainly
removes the systematic bias rather than reshaping the
error distributions.

For example, in region 4, the GGMplus model
showed extreme values with a skewness of —3.232
and a kurtosis of 14.108; after the adjustment these
changed only marginally, to —3.026 and 13.309, so
the pronounced asymmetry of this region persisted.
Similarly, in region 10, where the GGMplus model
exhibited large deviations, the mean error was re-
duced from —0.963 m to —0.186 m following correc-
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Table 4 Statistical comparison of GGMplus and ADJ GGMplus with local geoid heights

Number of values Min. Max. Mean Median 1.quar. 3.quar. | Std. err. (m)

1 | LOCAL-GGMPLUS 592 —0.888 0.019 —0.625 —0.643 —0.694 -0.575 +0.005
LOCAL-ADJ_ GGMPLUS 592 —0.177 0.759 0.093 0.082 0.049 0.112 +0.005

2 | LOCAL-GGMPLUS 28 -1.093 —-0.804 —-0.979 —-1.001 —-1.049 -0.919 +0.015
LOCAL-ADJ GGMPLUS 28 —0.397 —0.103 —0.285 —0.308 —0.352 -0.218 +0.015

3 | LOCAL-GGMPLUS 27 -0.872 -0.805 -0.835 —0.835 -0.851 —0.822 +0.003
LOCAL-ADJ_GGMPLUS 27 —0.356 —0.304 -0.324 -0.321 —0.336 -0.315 +0.003

4 | LOCAL-GGMPLUS 1281 —2.468 —0.630 -1.022 —0.965 -1.059 —-0.908 +0.006
LOCAL-ADJ_GGMPLUS 1281 -1.636 0.059 -0.273 -0.232 —-0.325 —0.154 +0.006

5 | LOCAL-GGMPLUS 912 —-1.836 —0.124 —0.800 —0.822 —0.865 -0.741 +0.003
LOCAL-ADJ_GGMPLUS 912 —1.068 0.653 —-0.039 —-0.065 —-0.108 0.021 +0.003

6 | LOCAL-GGMPLUS 156 —0.954 —0.621 —0.774 —0.769 —0.813 —-0.728 +0.006
LOCAL-ADJ_GGMPLUS 156 —0.059 0.158 0.062 0.067 0.031 0.092 +0.004

7 | LOCAL-GGMPLUS 219 —0.891 —0.641 —0.768 —0.766 —-0.791 -0.739 +0.003
LOCAL-ADJ GGMPLUS 219 —0.233 0.052 —0.084 -0.077 —0.115 —0.043 +0.004

8 | LOCAL-GGMPLUS 1135 —-1.523 —0.438 -0.714 -0.701 —0.788 —-0.621 +0.003
LOCAL-ADJ GGMPLUS 1135 —0.709 0.293 0.013 0.018 —0.062 0.116 +0.004

9 | LOCAL-GGMPLUS 1149 —-1.094 -0.484 -0.834 -0.829 -0.895 -0.772 +0.003
LOCAL-ADJ_GGMPLUS 1149 —0.413 0.240 —0.142 —-0.140 —0.202 -0.091 +0.003

10 | LOCAL-GGMPLUS 278 -1.179 —0.593 —0.963 —0.983 —-1.025 -0.915 +0.005
LOCAL-ADJ_GGMPLUS 278 —0.455 0.111 —0.186 —-0.201 —-0.237 —0.146 +0.004

11 | LOCAL-GGMPLUS 41 —0.848 —0.726 —0.797 —0.796 —0.811 -0.779 +0.004
LOCAL-ADJ_GGMPLUS 41 -0.418 -0.307 -0.362 -0.359 -0.377 —0.342 +0.005
12 | LOCAL-GGMPLUS 32 -1.015 —0.839 —0.901 —0.887 —0.929 -0.867 +0.009
LOCAL-ADJ_GGMPLUS 32 —0.447 —0.284 —0.349 —0.346 —0.381 -0.308 +0.009
13 | LOCAL-GGMPLUS 1176 —1.452 —0.756 —0.997 -0.972 —-1.060 -0.893 +0.004
LOCAL-ADJ_ GGMPLUS 1176 —0.696 —-0.010 —-0.239 -0.212 -0.297 —-0.138 +0.004

14 | LOCAL-GGMPLUS 122 —0.942 —0.784 —0.864 -0.871 —0.883 —0.849 +0.003
LOCAL-ADJ_ GGMPLUS 122 —0.351 —0.139 —0.264 -0.272 —0.301 -0.229 +0.004

15 | LOCAL-GGMPLUS 462 —2.728 -0.385 -0.893 -0.788 -0.983 -0.646 +0.019
LOCAL-ADJ_GGMPLUS 462 —2.113 0.219 —0.301 —-0.207 —0.402 —-0.053 +0.018

16 | LOCAL-GGMPLUS 31 —0.812 —0.661 —0.736 —0.738 —0.747 -0.723 +0.005
LOCAL-ADJ_GGMPLUS 31 —0.473 —-0.306 —0.382 -0.378 —0.386 —-0.371 +0.006

17 | LOCAL-GGMPLUS 44 —0.932 —0.678 —0.844 —0.859 —0.876 —0.831 +0.009
LOCAL-ADJ_GGMPLUS 44 -0.413 -0.165 -0.336 -0.354 -0.370 -0.322 +0.009

Table 5 Other statistical results of GGMplus and ADJ_GGMplus with local geoid heights

Avr. Std. Skew | Kurtosis Kolmogorov- | Critical K-S stat, | Critical K-S stat, | Critical K-S stat,
dev. dev. Smirnov stat alpha=.10 alpha =.05 alpha =.01
1 LOCAL-GGMPLUS 0.079 | 0.118 | 2.271 8.727 0.139 0.050 0.056 0.067
LOCAL-ADJ_GGMPLUS | 0.060 | 0.110 | 2.961 | 13.629 0.212 0.050 0.056 0.067
LOCAL-GGMPLUS 0.066 | 0.076 | 0.444 | —0.773 0.131 0.229 0.255 0.306
2 | LOCAL-ADJ_GGMPLUS | 0.066 | 0.077 | 0.537 | —0.597 0.141 0.238 0.264 0.317
LOCAL-GGMPLUS 0.013 | 0.017 | —-0.237 | -0.304 0.114 0.233 0.259 0.311
3 | LOCAL-ADJ_GGMPLUS | 0.011 | 0.014 | —-0.784 | —-0.139 0.204 0.233 0.259 0.311
LOCAL-GGMPLUS 0.135 | 0.217 | -3.232 | 14.108 0.186 0.034 0.038 0.045
4 |LOCAL-ADJ_GGMPLUS | 0.130 | 0.205 | -3.026 | 13.309 0.153 0.034 0.038 0.045
LOCAL-GGMPLUS 0.075 | 0.102 | 0.236 | 15.804 0.112 0.040 0.045 0.054
5 |LOCAL-ADJ_GGMPLUS | 0.077 | 0.104 | 0322 | 14.711 0.115 0.040 0.045 0.054
LOCAL-GGMPLUS 0.061 | 0.077 | —0.241 | —0.535 0.073 0.097 0.108 0.130
6 | LOCAL-ADJ_GGMPLUS | 0.036 | 0.046 | —0.256 | —0.075 0.050 0.097 0.108 0.130
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Avr. Std. Skew | Kurtosis Kolmogorov- | Critical K-S stat, | Critical K-S stat, | Critical K-S stat,
dev. dev. Smirnov stat alpha =.10 alpha =.05 alpha =.01
LOCAL-GGMPLUS 0.032 | 0.042 | -0.518 | 0.582 0.065 0.082 0.091 0.109
7 |LOCAL-ADJ GGMPLUS | 0.046 | 0.057 | —0.492 | —0.181 0.065 0.082 0.091 0.109
LOCAL-GGMPLUS 0.093 | 0.117 | -0.882 | 1.924 0.056 0.036 0.040 0.048
8 | LOCAL-ADJ GGMPLUS | 0.100 | 0.125 | -0.631 | 0.621 0.054 0.036 0.040 0.048
LOCAL-GGMPLUS 0.072 | 0.090 | 0.044 0.199 0.026 0.036 0.040 0.048
9 |LOCAL-ADJ GGMPLUS | 0.069 | 0.089 | 0.270 0.707 0.036 0.036 0.040 0.048
LOCAL-GGMPLUS 0.063 | 0.082 | 1.366 2.999 0.111 0.073 0.081 0.097
10 | LOCAL-ADJ_GGMPLUS | 0.055 | 0.071 | 0.800 | 2.280 0.101 0.073 0.081 0.097
LOCAL-GGMPLUS 0.020 | 0.026 | 0.283 0.623 0.097 0.189 0.210 0.252
11 | LOCAL-ADJ_GGMPLUS | 0.022 | 0.029 | -0.479 | —-0.302 0.123 0.189 0.210 0.252
LOCAL-GGMPLUS 0.040 | 0.048 | —0.725 | -0.281 0.159 0.215 0.238 0.286
12 | LOCAL-ADJ GGMPLUS | 0.039 | 0.046 | —0.473 | -0.729 0.107 0.229 0.255 0.306
LOCAL-GGMPLUS 0.106 | 0.138 | —1.045 | 0.754 0.095 0.036 0.039 0.047
13 | LOCAL-ADJ GGMPLUS | 0.104 | 0.135 | —-1.083 | 0.815 0.103 0.036 0.039 0.047
LOCAL-GGMPLUS 0.022 | 0.028 | 0.655 0.244 0.112 0.110 0.122 0.147
14 | LOCAL-ADJ GGMPLUS | 0.038 | 0.045 | 0.578 | —0.450 0.112 0.110 0.122 0.147
LOCAL-GGMPLUS 0.269 | 0.398 | -2.114 | 5.033 0.179 0.057 0.063 0.075
15| LOCAL-ADJ GGMPLUS | 0271 | 0396 | —2.038 | 4.769 0.157 0.057 0.063 0.075
LOCAL-GGMPLUS 0.020 | 0.028 | 0.190 2.248 0.117 0.218 0.242 0.290
16 | LOCAL-ADJ GGMPLUS | 0.021 | 0.032 | -0.397 | 2.162 0.213 0.218 0.242 0.290
LOCAL-GGMPLUS 0.042 | 0.059 | 1.404 1.839 0.206 0.183 0.203 0.244
17 | LOCAL-ADJ_ GGMPLUS | 0.043 | 0.059 | 1.568 1.986 0.226 0.183 0.203 0.244
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Fig. 6 The maps of geoid height differences (m) between local - ADJ GGMplus

tion, with notable improvements observed across all
statistical metrics.

The results of the Kolmogorov—Smirnov (K-S)
test further support these improvements. In the ad-
justed model, the K-S statistic decreased in 6 of the
17 regions, remained unchanged in 2 and increased
in the remaining 9 (Table 5), so the adjustment does
not systematically bring the error distributions closer

to normality. For instance, in region 12 the K-S sta-
tistic for the GGMplus model was 0.159, which de-
creased to 0.107 after adjustment, and in region 6 it
dropped from 0.073 to 0.050; in region 1, by contrast,
it increased from 0.139 to 0.212. The improvement
achieved by the adjustment is therefore evident in the
mean deviations rather than in the normality of the
error distributions.
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The results obtained from 17 local regions reveal
that the GGMplus model exhibits a systematic nega-
tive deviation in every region, ranging from —0.625 m
to —1.022 m, with the largest values in regions 4, 13
and 2 (Table 4). In contrast, the adjusted model sig-
nificantly reduces these errors in the same areas. In
central and western Tiirkiye, the geoid height differ-
ences converge closer to zero after adjustment, in-
dicating a more stable model performance (Fig. 6).
This highlights the limitations of global models in
accurately representing local gravity fields and dem-
onstrates that regional corrections can substantially
enhance model accuracy.

In conclusion, the GGMplus model contains nota-
ble systematic deviations in local areas across Tiirki-
ye; however, these biases can be effectively corrected
through local adjustments. The ADJ_GGMplus mod-
el provides a more reliable solution by both reducing
mean differences and normalizing error distributions.
These improvements clearly underscore the necessity
of local geoid corrections for high-precision height
determination, engineering projects, hydrographic
applications, and cartographic studies.

CONCLUSION

The findings of this study underscore the potential
and limitations of the GGMplus geoid model in the
context of Tiirkiye’s complex geophysical landscape.
While GGMplus provides high-resolution gravity
data suitable for local-scale analysis, it exhibits no-
table systematic deviations when evaluated against
national models and ground-truth GNSS/levelling
observations — particularly in regions with rugged
topography such as Eastern Anatolia and the Black
Sea coast. The adjusted model, ADJ GGMplus, de-
veloped using 187 GNSS/levelling points, effectively
mitigates these biases and yields significant improve-
ments in both statistical consistency and spatial ac-
curacy. Visual and numerical analyses confirm that
ADJ GGMplus aligns more closely with TG-20 and
local geoid heights, offering a more realistic repre-
sentation of the gravity field. These results highlight
the necessity of regional corrections in geoid model-
ling and confirm that hybrid approaches, integrating
global gravity models with local observations, are
essential for achieving high-precision height deter-
mination. The enhanced accuracy and stability of the
ADJ_GGMplus model make it particularly valuable
for engineering, infrastructure development, sea-level
monitoring, and scientific research across Tiirkiye.
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