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Abstract: This study investigates the contribution of global geopotential models which are calculated
with GOCE satellite mission data to the improvement of gravimetric geoid models in Turkey. In this
context, direct (DIR), time-wise (TIM), space-wise (SPW), and GOCO satellite-only model series were
considered. The research was carried out in two parts. The first part includes the validation of models
in each series at 100 homogeneously distributed GNSS/leveling stations over the country utilizing
spectrally enhanced geoid heights to determine the best performing model and its optimal expansion
degree. According to obtained statistics, the TIM-R6 model was selected as the best model with an
optimal expansion degree of 204. In the second part, the TIM-R6 model up to 204 degree/order was
linearly blended with EGM2008 to obtain an improved version up to 360 degree/order of expansion.
To clarify the contribution of the linearly blended model to the improvement of the regional geoid
model, the gravimetric geoid models were computed adopting TIM-R6 up to 204 degree/order
and its improved version up to 360 degree/order as reference models. To further emphasize the
contribution of the GOCE mission’s data, the gravimetric geoid computations were repeated relying
on EGM2008 up to 204 and 360 degrees of expansions, since EGM2008 does not contain GOCE data.
In addition, we computed gravimetric geoids based on another combined model that includes GOCE
mission data, the EIGEN-6C4 model. The calculated regional geoids were compared to each other
and validated using GNSS/leveling data set. The obtained results revealed a ∼23% improvement in
regional geoid model accuracy when the blended GOCE-based geopotential model was used as a
reference. In addition, the results of this study presented the significance of GOCE contribution to
mapping the gravity field in Turkey. The best accuracy obtained from this study was 7.7 cm for the
Turkey geoid.

Keywords: satellite gravity missions; GOCE; global geopotential model; spectral enhancement
method; linear blending; gravimetric geoid

1. Introduction

The modeling of gravity fields using satellites with low Earth orbit has opened a new
era in the field of physical geodesy. From the development of the first global gravity field
models in the early 1960s to today’s state-of-art global models that can represent the gravity
field and its temporal change with unprecedented accuracy, geosciences benefit more and
more from the information we can obtain about the Earth’s gravity field and its interior
mass significantly [1]. Earth’s gravity field can be modeled with high accuracy using data
from geodetic satellite missions that aim to contribute to gravity field studies, namely
CHallenging Minisatellite Payload (CHAMP), Gravity Recovery and Climate Experiment
(GRACE), and Gravity field and steady-state Ocean Circulation Explorer (GOCE).

The contribution of global geopotential models (GGM) from state-of-art gravity field
satellite missions and methodological improvements for gravimetric geoid modeling made
it possible the computation of higher accuracy geoid models that can replace the existing
vertical datum. Geoid-based vertical datum facilitates obtaining orthometric heights from
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ellipsoidal heights precisely using Global Navigation Satellite System (GNSS) technologies,
hence removing the need for traditional geometric leveling to acquire physical heights.
Height systems based on the vertical control network and leveling measurements are grad-
ually replaced with geoid based height systems in countries where a precise regional geoid
model is available. In this context, acquiring the optimum data set for the determination of
a precise geoid model is of great importance.

The performance of a GGM over an area affects the quality of the gravity field modeling
and its parameters. Gravimetric geoid modeling methodologies exploit the GGMs in
terms of modeling the long wavelength gravity signals to overcome the absence of these
signals in the local gravity data sets. Thus, the increase in the quality of signal content of
these models can contribute to the accuracy of regional geoid models, as well. There are
studies in the geodetic literature that showed the improvement of the GOCE mission to
the regional gravity field modeling [2–6]. Moreover, this increase in the performance of
GGMs contributed to the precise estimation of zero-level geopotential value of local vertical
datums WLVD

0 within the efforts of height system unification studies [7–10].
Besides its contribution to geodetic applications, the GOCE mission helped us to

conduct investigations on the Earth’s interior to further comprehend the geological and
geodynamic processes beneath the Earth’s surface [11]. With the first direct observation
of the gravity gradients measured from space via the satellite gravity gradiometer (SGG)
onboard, the GOCE mission allowed the modeling of the discontinuity surface between
the Earth’s crust and upper mantle, known as Moho, more accurately than seismic models
as depicted by the assessments against point observations on crustal thickness [12,13].
Aside from the regional improvement achieved in lithospheric structure modeling [14],
specifically, the Moho depth [15–17] and the upper mantle density [18], the homogeneous
distribution of observations obtained from GOCE mission through the entire Earth surface,
except for the gaps in polar regions, enabled the estimation of crustal thickness in a global
extend [19,20]. Furthermore, the mapping of lithospheric structures via GOCE data paved
the wave for detecting the tectonic features on a continental and global scale [21–23].

The assessment of the GOCE-based GGMs was conducted with both local and global
data sets to report the progress made in the releases of GOCE models, and to clarify
the achievement made by GOCE satellite mission [24–28]. These studies showed the
contribution of GOCE satellite data to the medium wavelengths of the gravity field in
different regions. In Turkey, the performance of the third releases of direct (DIR) and
time-wise (TIM) models, second releases of space-wise (SPW) and GOCO models, together
with GRACE-only ITG2010S model, were presented in Ince et al. [29]. Later, Erol et al. [30]
presented the assessment of all releases of DIR, TIM, and SPW model series, GOCO05S and
GOGRA04 models against the same GNSS/leveling data set used in Ince et al. [29], over the
entire country. Erol et al. [30] expanded the validation with a closer look to the Marmara
region (northwest of Turkey) with 81 GNSS/leveling stations. All studies conducted in
Turkey clearly showed the improvement in the medium wavelength components in the
gravity field, specifically in the western parts of Turkey where there are precise local
GNSS/leveling networks. Nonetheless, the country-wide comparisons in these three
studies failed to enunciate the contribution of GOCE considering the limited number of
stations. The lack of enough in situ observations thorough the country affected the spectral
enhancement results by lowering the level of expected improvement with respect to the
performance of the EGM2008 model. Moreover, the spectral bands where the GOCE models
exceed the threshold standard deviation of EGM2008 are narrow considering the spectral
degrees to which GOCE can contribute. Aside from the comparisons with GNSS/leveling
data, Simav and Yildiz [31] presented the evaluation of the fifth releases of DIR, TIM, SPW,
and GOCO models against the densified network of relative gravity sites and 16 absolute
gravity sites located in the southwest part of Turkey, and showed the improvements in the
gravity signals between 120 and 190 degrees.

As different from the above listed studies, this article is on analyzing further improve-
ment capability of the best performing GGM using linear blending approach in Turkey,
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and testing the consequence of the GGM improvement on the accuracy of regional geoid
modeling. Regarding this purpose, prior to the gravimetric geoid model computations, all
releases of satellite-only models that are developed based on DIR (R1–R6), TIM (R1–R6),
SPW (R1–R5), and GOCO (R1–R6) model series were tested using 100 GNSS/leveling
benchmarks distributed homogeneously throughout the entire country. In this evaluation,
GGMs, which represent only the part of the spectrum constrained by their maximum degree
of expansion, were enhanced spectrally to match their signal content with the observation
data which contains the full spectrum of the gravity signal. In this spectral enhancement
method, the spectrum beyond the expansion degree/order (d/o) of the model was com-
pleted by an ultra-high resolution model EGM2008 [32] and residual terrain effect (RTE)
computed from ERTM2160 model [33]. The GGM that showed the best agreement with the
in situ data at the optimal degree of expansion (TIM-R6 up to 204 d/o) was determined as
a result of this validation. Thereafter, the selected model was improved by completing the
coefficients over its optimal degree using the coefficients of EGM2008 up to 360 d/o. To
ensure a smooth transition between the coefficients of the two models, the linear blending
technique [34] was applied to two coefficient sets near the optimum degree of the GOCE
model. The selected GGM (up to its optimal degree) and its improved version (up to
360 d/o) have been employed in the gravimetric geoid modeling based on the least squares
modification of Stokes’ integral with additive corrections technique (LSMSA) [35]. The
computations of gravimetric geoid models were repeated once more using solely EGM2008
and EIGEN-6C4 [36] up to the optimal d/o of the GOCE model (204 d/o) and the suggested
optimal expansion degree (up to 360 d/o) for the gravimetric geoid modeling in Turkey by
Isik et al. [37]. Since EGM2008 does not include GOCE mission data, a comparison between
the gravimetric geoid models computed with the GOCE-based model and EGM2008 shows
the possible contribution of this mission to high-resolution geoid modeling. The calculated
six geoid models in the numerical experiment were validated at the GNSS/leveling bench-
marks to clarify the differences between the solutions. The findings of this study showed
that the improvement in GGM accuracy lead to a significant impact on the accuracy of
gravimetric geoid modeling.

This paper consists of four sections. This section introduces the background and
objective of the study. In Section 2.1, the tested GGMs are given together with the data
used for the spectral enhancement method. The section follows with an explanation of
the terrestrial gravity data and briefly describes the pre-processing of the gravity anomaly
grid for gravimetric geoid modeling. Section 2.2 includes the theoretical background on
the accuracy assessment procedure of GGMs, as well as the formulation for gravimetric
geoid modeling. The results of the GOCE-based GGM evaluations and the contribution
of the mixed GGM to the performance of the experimental gravimetric geoid models
were presented in Section 3. The discussion on the use of the geoid model in geodetic
and geodynamic applications is given in the same section. The findings of this paper are
summarized in Section 4.

2. Materials and Methods
2.1. Study Area and Data Set

The study was carried out in Turkey between latitudes 36◦ ≤ ϕ ≤ 42◦ and longitudes
26◦ ≤ λ ≤ 45◦. In this section, we started by introducing the GOCE-based GGM that was
used in the assessment and continued with the residual terrain model (RTM) which was
used to enhance these models spectrally. Following that, we presented the gravity data
set used for the gravimetric geoid modeling and briefly explained its pre-processing steps.
Finally, we described the GNSS/leveling data set that was used to evaluate both GGMs
and calculated experimental gravimetric geoid models in this study.
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2.1.1. Global Geopotential Models

From 17 March 2009 to 11 November 2013, GOCE continued to revolve in its orbit at
approximately 250 km altitude, providing unprecedented detail of the stationary gravity
field of Earth. The mission flew at its unusually low orbital height for four years, measuring
the second derivative of the gravity potential using a satellite gravity gradiometer (SGG)
while its orbit was being tracked via high-to-low satellite-to-satellite tracking (hl-SST). The
aim of the mission was to determine gravity anomalies with an accuracy of 1 mGal and
the geoid with 1–2 cm at 100 km spatial resolution, corresponding to 200 degree/order
harmonic expansion [38].

So far, various gravity field solutions have been computed using GOCE satellite
data. Specifically, the solutions of the High-Level Processing Facility (HPF) of GOCE are
of great importance for processing GOCE data to produce gravity field solutions using
three different approaches, namely direct, time-wise, and space-wise. The first releases of
these model series include only 2 months of GOCE data. The second, third, and fourth
releases were computed using 8 months, 18 months, and 33 months of GOCE observations,
respectively. The full mission data (48 months) is used for the fifth and sixth releases.

The DIR approach is based on the computation of spherical harmonic coefficients
using an iterative solution of SST and SGG normal equations together that are formed for
each batch of 24 h (daily) arcs. The normal equations of daily arcs are then stacked, and
solved by using Cholesky decomposition. This approach requires a priori weights from a
reference gravity field model [26]. In the first release of DIR models (DIR-R1), the a priori
gravity field information is taken from the EIGEN5C model up to degree/order 360. In the
second release (DIR-R2), the reference model is replaced by the ITG-Grace2010s model up
to 150 degree/order. The releases after DIR-R2 used one release before as the a priori model
(e.g., the DIR-R2 is a priori model for the computation of the DIR-R3 model). In the TIM
computation schema, SST and SGG data measured along the satellite orbit are treated as a
time series. The gravity field models computed using the TIM approach are pure GOCE
solutions, containing no other measurements from CHAMP, GRACE, or a priori model.
This is beneficial in terms of seeing how good of a solution can be achieved based on solely
GOCE observation. The SPW approach, on the other hand, is based on the solution of least
squares collocation that uses the spatial correlation of the gravity field with the distance
to form a signal covariance. The method deals with the SST and SGG measurements in
the spatial domain, as opposed to the time/frequency domain, by gridding them via least
squares collocation, as well. As a prior model, the first release (SPW-R1) uses EGM2008
in very low degrees and Quick-look gravity field model. There is no a priori model used
for the computation of SPW models from the second release (SPW-R2) to the last (SPW-
R5), aside from the use of the EIGEN model series for the signal covariance modeling
and the FES2004 tide model for ocean tide modeling. This makes these SPW releases
GOCE-only solutions. More details about the philosophy behind these methodologies
and the computation schema of these approaches are extensively discussed in [26]. To
exploit the GOCE satellite mission at best, the combination of the observations from other
dedicated missions provides a better representation of long-wavelength signals. In this
context, the initiative called Gravity Observation Combination (GOCO) provides gravity
field solutions for satellite-only models by combining the data from CHAMP, GRACE,
GOCE, and SLR [39].

In the first part of the numerical tests, all releases of DIR [40–42], TIM [26,43–45],
SPW [46–49] and GOCO [39,50–53] satellite-only models were included in the determi-
nation of the most suitable GOCE-based GGM for Turkey. The satellite data content and
maximum degree of expansion of these models are given in Table 1.
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Table 1. Tested global geopotential models and their data content.

Model Max Degree Data

DIR R1 240 GOCE (2 m)
DIR R2 240 GOCE (8 m)
DIR R3 240 GOCE (18 m), GRACE (6.5 y), SLR (6.5 y)
DIR R4 260 GOCE (33 m), GRACE (9 y), SLR (>10 y)
DIR R5 300 GOCE (48 m), GRACE (>10 y), SLR (>10 y)
DIR R6 300 GOCE (48 m), GRACE (>10 y), SLR (>10 y)

TIM R1 224 GOCE (2 m)
TIM R2 250 GOCE (8 m)
TIM R3 250 GOCE (18 m)
TIM R4 250 GOCE (33 m)
TIM R5 250 GOCE (48 m)
TIM R6 300 GOCE (48 m)

SPW R1 210 GOCE (2 m)
SPW R2 240 GOCE (8 m)
SPW R4 280 GOCE (33 m)
SPW R5 330 GOCE (48 m)

GOCO0S R1 224 GOCE (2 m), GRACE (7.5 y)
GOCO0S R2 250 GOCE (8 m), GRACE (7.5 y), SLR (5 y)
GOCO0S R3 250 GOCE (18 m), GRACE (7.5 y), SLR (5 y)
GOCO0S R5 280 GOCE (48 m), GRACE (10.5 y), CHAMP (6 y), SLR (>10 y)
GOCO0S R6 300 GOCE (48 m), GRACE (15.5 y), CHAMP (6 y), SLR (>10 y)

m: month, y: year.

2.1.2. Residual Terrain Model

RTMs are used in many geodetic and geophysical applications that require high
frequency, accordingly short wavelength, gravity signal information. These models are
mainly used in the completion of gravity signals beyond the expansion degree of a GGM to
augment its spectral content. Another frequent use of RTM is seen in studies that deal with
smoothing the gravity observations, either terrestrial or airborne, before interpolating them
to create gridded data (i.e remove–grid–restore) or to reduce the computational error of
upward/downward continuation. Additionally, it is one of the main steps of a well-known
geoid modeling technique, remove-compute-restore.

In this study, our intent to use RTM is to enhance the GGMs spectrally beyond 2159 de-
gree/order. We used ERTM2160 computed from 7.5′′ resolution SRTM topography that
corresponds to the signal content between ∼10 km to ∼250 m [33]. The model includes the
high-frequency gravity signals for four gravity field parameters, namely quasigeoid/geoid,
gravity disturbance, and north–south and east–west components of vertical deflection
according to Helmert’s definition. Since we are only interested to validate the GGMs
against GNSS/leveling data, we used only RTE on geoid. Figure 1 shows the magnitude of
RTE from the ERTM2160 model on geoid in Turkey, along with its statistics.

2.1.3. Gravity Data

The gravity measurements have been collected by the General Directorate of Mineral
Research and Exploration (GDMRE) [54]. The data set originally contains 64,469 gravity
measurements with 3.5 km spacing throughout the country. However, it must be noted
that we only have the gridded version of the gravity data as a complete Bouguer anomaly.
The scattered gravity data are not open for scientific use. This archival data set originally
was tied to the Potsdam datum for gravity. We added −14 mGal to the grid values to
convert them to International Gravity Standardization Net 1971 (IGSN71) datum. GDMRE
processed the reduction of the gravity data by taking the mass density of the Bouguer plate
as 2.67 g/cm3 while assuming a mass density of topography as 2.40 g/cm3 in the terrain
correction. The effect of terrain on the gravity measurements was computed within 6.65 km
radius for each gravity point, as the original data includes the terrain correction up to
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J-zone in Hammer chart [55]. To comply with these pre-processing parameters applied by
GDMRE, we have employed the same parameters in the conversion of complete Bouguer
anomalies to free-air anomalies. Finally, the normal gravity values that were originally
calculated using the GRS67 reference ellipsoid were converted to GRS80 ellipsoid. The
complete (or refined) Bouguer anomalies were converted to free-air gravity anomalies to
be used as an input for gravimetric geoid modeling. Please refer to Isik et al. [37] for details
of the processing of the GDMRE complete Bouguer anomaly grid for the computation of
free-air anomalies shown in Figure 2.

Figure 1. Residual terrain effects on geoid from ERTM2160 model (Minimum = −0.168 m,
Maximum = 0.184 m, Mean = 0.000 m, SD = 0.025 m).

Figure 2. Free-air anomaly grid used in this study (Min = −236.2 mGal, Max = 300.8 mGal,
Mean = 35.1 mGal, SD = 55.6 mGal).

2.1.4. Validation Data Set

In this study, we used 100 GNSS/leveling stations that are part of common benchmarks
of the Turkish National Fundamental GPS Network (TUTGA) and the Turkish National
Vertical Control Network 1999 (TUDKA99). The GNSS measurements in these benchmarks
are at least 8 h long, and the coordinates are in International Terrestrial Reference Frame 1996
(ITRF96) datum. The physical heights, on the other hand, are Helmert orthometric heights
measured according to the regulation for the 1st order leveling network requirements with
forward and backward leveling. The accuracy of these GNSS/leveling data set is reported
as ∼1–3 cm [56]. The distribution of the GNSS/leveling stations above the topography of
Turkey from SRTM 3” resolution digital elevation model [57] is given in Figure 3.
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Figure 3. Location of the GNSS/leveling benchmarks (black triangles) over the topography of Turkey.

The geoid heights at GNSS/leveling stations are computed as,

NGNSS/leveling = h− H (1)

where h is the ellipsoidal height from GNSS measurements and H is the Helmert orthomet-
ric height from geometric leveling. In the validation of geoid models, either gravimetric
geoid or synthesized from GGMs, the geoid heights refer to a tide-free permanent tide
system. By convention, the ellipsoidal heights are computed in a tide-free system. In order
to make GNSS/leveling derived geoid heights comparable with the others, the permanent
tide system of Helmert orthometric heights at GNSS/leveling stations were converted from
mean-tide to tide-free system as,

Htide free = Hmean tide − 0.68
(

0.099− 0.296 sin2 ϕ
)

(2)

where Htide free and Hmean tide are the tide-free (or non-tidal) and mean-tide orthometric
heights, and ϕ is the latitude of the GNSS/leveling station [58].

2.2. Methodology

In this section, we provide the details of the methodology applied to clarify the
importance of the selection of GGM and its signal content to be constrained by the expansion
degree that fits best with the in situ measurement, and its impact on the accuracy of the
gravimetric geoid model. The source of the long-wavelength signal content computed
from the GGM plays an important role in achieving the best solution. In this regard,
the computation strategy adopted in this study begins with the determination of the
best performing GOCE-based GGM and its optimal degree of expansion, as prior to the
gravimetric geoid modeling. The first part explains how the GOCE-based models were
validated in terms of geoid heights by using the spectral enhancement method to make the
models spectrally comparable with the GNSS/leveling data set. This section is followed
by the gravimetric geoid modeling approach based on the stochastic modification of
Stokes’ integral that minimized the expected global mean square error of the geoid model
considering the errors introduced by the GGM and terrestrial gravity data. The steps of the
methodology can be followed via the flowchart of this study given in Figure 4.



Geosciences 2022, 12, 432 8 of 22

Figure 4. The flowchart of the study. Yellow: spectral enhancement method, green: combining the
GGMs, red: gravimetric geoid modeling.

2.2.1. Spectral Enhancement Method

The quasi-geoid heights (ζ) can be calculated using coefficients of disturbing potential
via spherical harmonic expansions as,

ζGGM =
GM
rγ

nmax

∑
n=2

( a
r

)n n

∑
m=0

(∆C̄nm cos mλ + S̄nm sin mλ)P̄nm(cos θ) (3)

where G is the gravitational constant, M is the mass of the Earth, a is the semi-major radius
and γ is the normal gravity of the reference ellipsoid, ∆C̄nm and S̄nm are the spherical
harmonic coefficients of disturbing potential at degree n and order m, P̄nm is the fully
normalized Legendre functions, and finally θ, λ and r are the coordinates of the computation
point which are co-latitude, longitude, and local radius, respectively. Since the coefficients
of the GGM represent the gravity potential W, the normal potential must be removed from
the gravity potential to form disturbing potential T where T = W −U. This is handled as,

∆C̄nm = C̄W
nm − C̄U

nm (4)

where C̄W
nm and C̄U

nm are the spherical harmonic coefficients of gravity potential W and
normal potential U, respectively. Because of rotational and equatorial symmetry of normal
potential, C̄U

nm contains only even zonal harmonics, i.e., only the terms where the order m is
zero (CU

2,0, CU
4,0, . . .) [1].

In case the physical heights of the GNSS/leveling stations are orthometric heights,
as opposed to normal heights, the quasi-geoid heights, calculated from the GGM using
Equation (3), must be converted to geoid heights using geoid-to-quasigeoid separation term.
This term can be approximated using the simple Bouguer anomaly ∆gBA, the mean normal
gravity γ, and the orthometric height H at the computation point as Equations (8)–(113)
of [59],

N − ζ =
∆gBA

γ
H (5)

While evaluating the performance of GGMs using GNSS/leveling data in an absolute
sense, the geoid heights from GGMs are compared with the geoid heights derived from the
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GNSS/leveling observations. These observations, in nature, contain the full spectrum of the
gravity signal, as opposed to the ones computed from GGMs. The geoid heights computed
from the spherical harmonic expansions, as formulated in Equation (3), contain gravity
signals up to a degree to which the GGM is expanded. This shortage in the contained
gravity signal is caused by the limitation of the GGM constrained by its maximum degree
of expansion. The absence of gravity signals above the maximum degree in spherical
harmonic expansion causes an error called omission error [25].

In order to make the GGM and observation data spectrally comparable and remove the
effect of omission error as much as possible, the model can be enhanced by using another
model with a higher expansion degree (possibly an ultra-high resolution model) and RTM
to complete the short-scale gravity signals. The evaluation of geoid heights calculated from
GGMs based on the spectral enhancement method is as follows [25],

Nres = NGNSS/leveling −
(

N0 + NGOCE
∣∣∣n
2
+ NEGM2008

∣∣∣2159

n+1
+ NRTE

∣∣∣∞
2160

)
(6)

where Nres is the residual geoid heights, NGNSS/leveling is the geoid heights derived from
ellipsoidal height and orthometric heights at the control station, N0 is the zero-degree
term geoid height, NGOCE

∣∣n
2 is the geoid height calculated from the GOCE model in

evaluation using harmonic degrees from 2 to n, NEGM2008
∣∣2159
n+1 is the geoid height calculated

from a high-resolution model such as EGM2008, and NRTE
∣∣∞
2160 is the geoid height that

represents the short wavelength signals beyond the maximum degree of high-resolution
model nmax = 2160.

In Equation (6), the spherical harmonic expansion starts from degree 2, omitting the
terms formed by zero-degree and first-degree. With the choice of a coordinate system that
coincides with the geo-center of the Earth, the first-degree terms can be easily omitted.
The zero-degree term is handled externally to account for different mass estimates of the
GGM that represents the gravity potential W and the reference ellipsoid that represents the
normal potential U in the computation of disturbing potential. The zero-degree term geoid
height, given in Equation (6), is computed as follow [60]:

N0 =
(GMGGM − GMELL)

rP0 γQ0

− W0 −U0

γQ0

(7)

where rP0 is the geocentric radial distance for the computation point, and γQ0 is the normal
gravity on the reference ellipsoid. The first term on the right-hand side of Equation (7)
represents the component of zero-degree term caused by the mass difference δM between
the GGM and the reference ellipsoid (δM = MGGM −MELL). The second term, on the other
hand, is the result of the difference between the potential of the Earth W0, represented by
the conventional value adopted by the International Association of Geodesy [61], and the
normal potential of the reference ellipsoid.

The RTE represents the forward modeling of gravity to achieve the short-scale gravity
signals occurred by the existence of topographic masses. In Equation (6), the RTE does
not play a role in the determination of the optimum expansion degree of the GGM, since
the omission errors for the spectrally enhanced models beyond 2159 d/o are the same.
However, the RTE term reduces the magnitude of the residual geoid heights, hence the
standard deviation of the residuals becomes smaller. The formulation of RTE on geoid
(NRTE) can be found in [62] and the details of the computation strategy of RTM can be
found in Hirt et al. [33].

2.2.2. Gravimetric Geoid Modeling

The Stokes’ integral enables the computation of geoid using gravity observations,
as the solution of the geodetic boundary value problem. In this computation, there are
certain assumptions and requirements to be able to model the geoid surface. One of
which is the necessity of gravity data in the entire Earth since the integration is conducted
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globally for each computation point. This is not possible in practice for many reasons. The
implementation of Stokes’ integral in a small region causes a truncation error. Furthermore,
the absence of gravity observations outside the computation region, and the limitations
of the spatial resolution of the terrestrial gravity data set to result in long-wavelength
errors in the gravity field. These problems create the necessity to modify the Stokes’ kernel.
With the first study conducted by Molodenskii et al. [63], and many more that attempt
to modify the Stokes’ kernel in a deterministic or stochastic approach, the foundations of
today’s precise techniques of gravimetric geoid modeling are built. See Ellmann [64] for
details of the prominent modification methods of Stokes’ integral with a case study for
geoid modeling in Baltic countries. Sjöberg [35] proposes a new technique to determine
gravimetric geoid by using spectrally modified Stokes’ kernel that deals with the truncation
error, as well as the spectral weighting of satellite and terrestrial gravity data determined
by their error information. In this method, the least squares modification of Stokes’ formula
is implemented to minimize the expected global mean square error by optimally combining
the GGM and terrestrial gravity data. The main formula of this methodology is given as,

N̂ = Ñ + δNTOPO
COMB + δNDWC

COMB + δNATM
COMB + δNELL

COMB (8)

where the first term on the right-hand side represents the approximate geoid heights, and
the rest of the terms represent the so-called additive corrections to calculate the detailed
geoid model.

The approximate geoid height Ñ,

Ñ =
R

4πγ

∫∫
σ0

SL(ψ)∆gdσ +
R
2γ

M

∑
n=2

(sn + QL
n)∆gGGM

n (9)

where the first term in the right-hand side of Equation (9) is the near-zone component
calculated using the surface gravity anomalies ∆g within the integration cap σ0 via modified
Stokes’ kernel (SL(ψ)). The second term in this equation is the far-zone component of the
geoid signal calculated from the GGM via Laplace harmonics of gravity anomalies ∆gGGM

n
up to expansion degree M Equations (9)–(18) of [59], the modification parameters sn, and
the truncation coefficients QL

n . For more details, please refer to Sjöberg [35].
Out of the corrections given in Equation (8), δNTOPO

COMB is the combined topographic
correction to deal with both direct and indirect topographic effects of the mass above the
geoid surface [65]. δNDWC

COMB is the combined downward continuation correction to take
into account the use of surface gravity anomalies in modified Stokes’ integral, as opposed
to gravity anomalies on geoid surface. This gives an advantage of not dealing with the
downward continuation of gravity anomalies to the geoid surface, which is an ill-posed
problem, but rather computing its effect directly on the geoid [66]. δNATM

COMB is the combined
atmospheric correction for the atmospheric mass [67], and finally, δNELL

COMB is the combined
ellipsoidal correction for the spherical approximation of Stokes’ integral in the computation
of geoid [68].

3. Results and Discussions
3.1. Assessment of Global Geopotential Models

We applied spectral enhancement to all GGMs given in Section 2.1.1 to calculate geoid
heights for each degree of expansion from n = 2 to n = nmax with one degree/order
increment. The zero-degree term geoid height N0 was added to account for the systematic
difference between the mean earth ellipsoid of the GGM and the GRS80 ellipsoid on which
we adopted to reference the computations. All computations of geoid heights were carried
out in a tide-free permanent tide system.

The standard deviations of residual geoid heights for each spectrally enhanced GOCE
model are presented in Figure 5. The horizontal axis of the figures represents the degree to
which the tested GOCE model is expanded, while the vertical axis shows the change in the
standard deviation of the residuals as the expansion degree of the GOCE model increases.
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The rest of the gravity signals beyond the expansion degree of the tested model was filled
from EGM2008 up to 2159 degree and RTM from 2159 to 90,000. The black dashed line
represents the standard deviation of the residual geoid heights achieved by expanding
EGM2008 up to 2159 degree/order and enhancing with RTE, which corresponds to 14.1 cm
accuracy.

(a) (b)

(c) (d)

Figure 5. Standard deviations of the residual geoid heights of the spectrally enhanced GOCE models
at each expansion degree: (a) DIR models, (b) TIM models, (c) SPW models, and (d) GOCO models.

In all four figures that represent the performance of different model series, the contri-
bution of the GOCE mission between ∼100 degree/order and ∼250 degree/order is visible.
The geoid heights from all releases of the model series showed better agreement with the
geoid heights at GNSS/leveling benchmarks compared to the EGM2008 model in these
spectral bands. The results clearly show the improvement in the accuracy of models from
the first releases to the last for all model groups. The increase in the amount of GOCE
satellite data led to a decrease in the standard deviations of the residual geoid heights at the
GNSS/leveling stations, as well as the spectral window of bands that showed improvement
over EGM2008 is wider in the latest releases.

For DIR, TIM, and GOCO model series, the fifth and sixth releases showed similar
improvements. Between∼200 and∼245 degree/order of the spectrum, the sixth releases of
TIM and GOCO exceeded the performance of the fifth releases. Their performances can be
considered as equal outside of these spectral bands. For the SPW model series, the fourth
and the fifth releases gave almost the same result up to the degree/order ∼210. The fifth
(and final) release became prominent after this degree, and SPW-R5 showed 5 cm better
agreement at the maximum degree of SPW-R4 (nmax = 280).
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From the first to the last releases, we see over 10% improvements in standard devi-
ations of the model series. With 9.3 cm accuracy around ∼204 degree/order expansion,
DIR-R6, TIM-R6, and GOCO06S models were found to be the best performing models in
Turkey. The overall view of the best performing degree of GGMs is presented with their
standard deviations and means in Figure 6, and the statistics of the residual geoid heights
of best performing GOCE model in each model serie is given in Table 2.

Figure 6. Standard deviation (colored bars) of the residual geoid heights of spectrally enhanced
GOCE models at optimum expansion degree and their mean values (black bars).

Table 2. Statistics of the residual geoid heights of best performing spectrally enhanced GOCE models
at optimum expansion degree [unit: cm].

GGM Degree Min Max Mean SD

DIR-R6 204 * −22.2 28.7 3.7 9.3

TIM-R6 204 * −22.4 28.4 3.7 9.3

SPW-R5 189 * −18.2 25.7 3.1 9.5

GOCO06S 203 * −22.0 30.8 4.2 9.3

EGM2008 2190 −27.7 42.0 2.9 14.1
* The optimal degree of the model expanded to 2190 d/o.

3.2. Determination and Validation of Gravimetric Geoid Models

We implemented the least squares modification of Stokes’ integral approach to model
the gravimetric geoid in Turkey based on EGM2008, EIGEN-6C4, and TIM-R6 GGMs. As a
combined model with ultra-high resolution, EGM2008 was used in many regional geoid
models, not only for former official Turkey Geoid models but also for other countries as
well. Additionally, it was computed before the GOCE era which makes this model valuable
for showing the contribution of the GOCE mission. As the best GGM with the smallest
standard deviation against the GNSS/leveling data set, TIM-R6 is the most suitable model
to clearly show the improvements in the gravimetric geoid model, considering it is a
pure GOCE model. EIGEN-6C4 is also an ultra-high resolution combined model just like
EGM2008. The most significant aspects of the EIGEN-6C4 that diverge from the EGM2008
model are the contribution of GOCE satellite data and improved surface gravity data
sets. Thus, the comparison of the gravimetric geoid model computed with GOCE-based
combined GGM provides another perspective on the expected improvement brought by
the GOCE satellite mission.
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The experimental geoid models were computed in a tide-free system and the zero-
degree term was calculated w.r.t. GRS80 reference ellipsoid. In the computation of the least
squares modification parameters sn and QL

n , the integration radius around the computation
points was taken as ψ0 = 0.25◦ in the Stokes’ integral. The error degree variance of
gravity anomalies was constructed using a band-limited white noise model where the
standard deviation is taken as σ∆g = 5 mGal. The values of modification parameters for
the gravimetric geoid modeling were adopted from the experimentation conducted by
Isik et al. [37] to empirically determine the optimum values of modification parameters
(ψ0 = 0.25◦ , M = 360, and σ∆g = 5 mGal) for LSMSA technique in Turkey.

As an expansion (M) and modification degree (L) where M = L, we first implemented
a modification degree M = 204 for gravimetric geoid models computed with EGM2008
(expGeoid-1), EIGEN-6C4 (expGeoid-2) and TIM-R6 (expGeoid-3), since this expansion
degree was found as the optimum degree for the last releases of GOCE models. Later, the
GGMs were used up to 360 degree to enhance the geoid accuracy. Though this degree can be
implemented for the EGM2008 (expGeoid-4) and EIGEN-6C4 (expGeoid-5) models, it is not
possible for the TIM-R6 model because of its limited maximum degree (nTIM−R6

max = 300). To
improve the gravimetric geoid modeling results, we combined the coefficients of EGM2008
with the TIM-R6 model to make a mixed model up to 360 degree/order, as this degree was
found as the optimum for regional geoid in Turkey [37]. The maximum combination degree
of the EGM2008 and GOCE model was determined based on the assessment results of the
TIM-R6 model using the spectral enhancement method. The optimum combination degree
was found to be 204 for the GOCE model where the rest of the gravity spectrum was filled
with EGM2008 and RTM. From degree n = 2 to n = 204, TIM-R6 model coefficients were
used. The gravity spectrum between degrees 215–360 is filled with EGM2008 coefficients.
The coefficients in the spectral band between 205–214, were determined by taking the mean
of the coefficients of two models based on weights determined by their error information in
order to blend the coefficients of two models linearly, as in the earlier studies that combined
EGM2008 with GOCE model to improve the long-wavelength signal [34,69,70],

Tmn =

 TEGM2008
mn(

σ2
Tmn

)EGM2008 +
TTIM

mn(
σ2

Tmn

)TIM


 1(

σ2
Tmn

)EGM2008 +
1(

σ2
Tmn

)TIM


−1

(10)

where Tmn represents the new coefficients Cmn and Smn of disturbing potential T, TEGM2008
mn

and TTIM
mn represent the corresponding coefficients of EGM2008 and TIM-R6 models, and(

σ2
Tmn

)EGM2008
and

(
σ2

Tmn

)TIM
are the degree variances of TEGM2008

mn and TTIM
mn , respectively.

For more details about the methodology, please refer to Gilardoni et al. [34].
The statistics of residual geoid heights computed from the gravimetric geoid models

at GNSS/leveling stations are given in Table 3, together with the statistics of the residual
geoid heights after the geoid models were fitted to local vertical datum at GNSS/leveling
stations using seven parameter Helmert similarity transform [71]. The experimental geoid
models computed with EGM2008, EIGEN-6C4, and TIM-R6 models up to 204 degree/order
expansion, namely expGeoid-1, expGeoid-2, and expGeoid-3, have shown∼20 cm accuracy
against the GNSS/leveling data set. All three models failed to supersede the performance of
the EGM2008 GGM up to 2159 degree/order. The gravimetric geoid model computed with
EGM2008 up to 360 degree/order (expGeoid-4) has a standard deviation of 11.5 cm (10.3 cm
after-fit) where the standard deviation of 9.2 cm (7.9 cm after-fit) was achieved for the
gravimetric geoid computed with EIGEN-6C4 (expGeoid-5). The gravimetric geoid model
computed with the mixed geopotential model (expGeoid-6) has shown 8.9 cm (7.7 cm after-
fit). Using 360 d/o of expansion for the GGM drastically improved the accuracy of the geoid
model due to the long-wavelength errors in the gravity anomaly data used in the geoid
modeling. The low quality of gravity signals below 360 d/o is compensated by the long-
wavelength information from GGM. Similar findings were observed by Isik et al. [37] using



Geosciences 2022, 12, 432 14 of 22

a GOCE-based GGM XGM2019. The results showed that the use of a mixed geopotential
model as a long-wavelength source has led to an improvement of ∼23% in the accuracy of
the gravimetric geoid model. Out of these three gravimetric geoid models computed with
360 degree/order expansion of GGM, the performance of the model computed with the
EGM2008 (expGeoid-4) revealed ∼2.5 cm worse agreement against the observation data.
The performance of the gravimetric geoid models expGeoid-5 and expGeoid-6 are quite
similar to each other due to the inclusion of GOCE data as long-wavelength information.
Though the improvement brought by expGeoid-6 is not significantly greater than that of
expGeoid-5, the use of the mixed model for the gravimetric geoid modeling (expGeoid-6)
demonstrated the best agreement with the GNSS/leveling derived geoid heights.

Table 3. Statistics of gravimetric geoid model accuracy computed using TIM R6, EGM2008, and
EIGEN6C4 models. [unit: cm].

Geoid Model Reference GGM Min Max Mean SD

expGeoid-1 EGM2008 (M = 204)
Before fit −62.7 56.6 −1.2 20.5

After fit −50.5 59.7 0.0 19.3

expGeoid-2 EIGEN-6C4 (M = 204)
Before fit −60.1 53.7 −0.7 20.0
After fit −50.3 46.6 0.0 18.1

expGeoid-3 TIM-R6 (M = 204)
Before fit −58.5 53.2 −0.2 20.1

After fit −50.0 42.0 0.0 18.4

expGeoid-4 EGM2008 (M = 360)
Before fit −37.0 29.7 −0.3 11.5

After fit −33.9 35.6 0.0 10.3

expGeoid-5 EIGEN-6C4 (M = 360)
Before fit −25.6 20.2 −1.6 9.2

After fit −20.5 20.6 0.0 7.9

expGeoid-6
TIM-R6 + EGM2008 Before fit −24.6 23.5 0.7 8.9

(mixed model − M = 360) After fit −20.2 17.5 0.0 7.7

The distribution of geoid height differences for the gravimetric geoid models computed
using the EGM2008 (expGeoid-4) and the TIM-R6/EGM2008 mixed GGM (expGeoid-6) at
GNSS/leveling benchmarks was plotted in Figure 7a,b over the topography of Turkey to
show the variations brought by the use of GOCE-based GGM. The residual geoid heights for
the expGeoid-6 model are significantly smaller compared to expGeoid-4. The contribution
of GOCE resulted in a decrease of 18.6 cm in the range of residual geoid heights, from
66.7 cm for expGeoid-4 to 48.1 cm for expGeoid-6. The varying behavior of these two
gravimetric geoid models, given as a difference grid in Figure 7c, can be attributed to
the large amplitudes of long-wavelength geoid differences between EGM2008 and TIM-
R6 model up to 204 degree/order expansion (Figure 7d). Since the expansion degree of
both models in Figure 7d is the same, the geoid height differences are not affected by the
omission errors of the models. The large discrepancies between the residual geoid heights
of expGeoid-4 and expGeoid-6 at GNSS/leveling heights are visible in areas where the long-
wavelength differences in Figure 7d are larger, specifically along the northern coastlines. A
closer look to the northeast part of Turkey shows an abrupt change in the long-wavelength
differences (from ∼ −70 cm to ∼50 cm) between TIM-R6 and EGM2008 models.
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Figure 7. Residual geoid heights of (a) gravimetric geoid model computed with EGM2008
(expGeoid−4) at GNSS/leveling stations and (b) gravimetric geoid model computed with
TIM−R6/EGM2008 mixed GGM (expGeoid−6) at GNSS/leveling stations. Differences between
expGeoid−4 and expGeoid−6 (NexpGeoid−6 − NexpGeoid−4) are given in (c) where the statistics are:
Minimum = −49.8 cm, Maximum = 25.0 cm, Mean = −1.6 cm, SD = 9.3 cm. The long wavelength
geoid height differences computed using TIM−R6 and EGM2008 GGMs at 204 degree/order are
given in (d) where the statistics are: Minimum = −67.0 cm, Maximum = 47.7 cm, Mean = −1.0 cm,
SD = 13.9 cm.
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The gravimetric geoid model, expGeoid-6, has shown the best performance compared
to the other five experimental geoid models against 100 GNSS/leveling stations. Con-
sidering the accuracy of the geoid models reported by the previous studies that used the
same terrestrial gravity data set, this model has the lowest standard deviation [30]. Most
recently, the accuracy of the LSMSA geoid model computed using XGM2019e GGM up
to 360 degree/order was stated as 10.1 cm by Isik et al. [37], leading to ∼13.9% better
performance than expGeoid-4 and ∼13.5% worse performance than expGeoid-6 at the
same GNSS/leveling benchmarks. Moreover, expGeoid-6 outperforms the geoid model
presented by Isik et al. [37] in terms of the range of residual geoid heights by 5.2 cm. The
models’ performance exceeds the accuracy of the gravimetric geoid model computed via
the least squares modification of Hotine’s integral (LSMHA) method, which was reported
as 10.4 cm by Isik et al. [72].

The expGeoid-6, as the gravimetric geoid model with the best standard deviation,
is presented in Figure 8 together with its statistics. The accuracy of the geoid model is
7.7 cm after it is fitted to the local vertical datum via a seven-parameter model at the
GNSS/leveling benchmarks.

Figure 8. Experimental gravimetric geoid model calculated with mixed global geopotential model as
the reference model (expGeoid−6; Minimum = 8.827 m, Maximum = 41.778 m, Mean = 30.793 m,
SD = 6.781 m).

3.3. Discussion on the Use of Geoid Model

The gravimetric geoid model, from the geodetic point of view, is of great importance
for forming an equipotential surface for the determination of the physical heights. Conven-
tionally, this task is untangled by taking the mean sea level surface, which is approximated
by the geoid surface, as the reference zero-level and carry the height information via tra-
ditional geodetic leveling. As precise as this method is, it is both expensive and requires
laborious work to do leveling across the country, not to mention the measurement errors
building up quickly as we move further away from the zero-level.

The determination of an accurate gravimetric geoid model that modernizes the re-
gional vertical datum is essential for the improvement of the geo-spatial data infrastructure
in a country and for providing reliable physical height information that contributes to
the environmental, geophysical, and geodynamic processes in different levels of Earth’s
system. Such a geoid model that can replace the traditional mean sea level based vertical
datum requires ∼1–2 cm accuracy throughout the country. The required level of accuracy
needs certain decisions to be considered in the geoid modeling methodologies, one of
which is the impact of optimal long-wavelength contribution brought by the GGMs. The
contribution of GGM to geoid modeling has increased with the low-orbit observations
collected by the state-of-art satellite gravity missions. With 250 km lowest orbital altitude
among these missions, the GOCE satellite mission helped us to map the crucial parts of the
gravity field spectrum which improves our knowledge on geodetic applications such as



Geosciences 2022, 12, 432 17 of 22

gravimetric geoid modeling and global height system unification, as well as the geophysical
explorations and structural modeling of Earth’s interior.

The practical use of the geoid model in geodetic works is mainly the necessity of
accurate transformation surface for the computation of orthometric heights from ellipsoidal
heights. To facilitate the use of GNSS technologies in engineering projects, the gravimetric
geoid model can be implemented under continuously operating reference systems that aid
the real-time applications of GNSS, such as the CORS-TR network in Turkey. The usage map
of CORS-TR, shown in Figure 9 indicates that most of the real-time kinematic measurements
were made near coastal regions where the construction and cadastral projects take place.

Figure 9. CORS-TR network usage map (Source: https://tkgm.gov.tr (accessed on 20 September 2022)).

The gravimetrically determined geoid can be used as supplementary information for
the interpretation of geodynamic features. The near-surface structures in the upper crust
can be detected by removing the long-wavelength signals of the deep-Earth masses from
the full signal geoid heights to constitute so-called residual geoid anomalies [73,74].
Furthermore, the horizontal gradient of the geoid surface may indicate the potential changes
in the topographic masses that can eventually be correlated to further explain the tectonic
activities [75]. In Figure 10, the slope of the geoid model computed by using the im-
proved geoid model (expGeoid-6) was presented. Apparently, the values in land areas are
dominated by the sudden geoid changes near coastlines. There are active faults near the
coastlines of both the Black Sea and the Mediterranean Sea where the slope of the geoid is
at its highest. Nevertheless, the slope of the high-resolution geoid model in land areas can
reflect the changes in the short-wavelength features that are consistent with the locations of
active faults in Turkey.

The practical use of the geoid model, for either geodetic or geodynamic purposes,
is limited by its spatial and spectral resolution which eventually affects its accuracy. By
collecting gravity data using terrestrial and airborne gravimetry, the accuracy of the geoid
model can be increased significantly. In this regard, the gravity measurements in areas
where the geoid modeling is most troublesome, such as rough topography and coastal
regions, need to be densified to be able to model the abrupt mass changes and their impact
on the geoid itself. Moreover, accurate forward modeling approaches are vital for modeling
the short wavelength gravity/geoid signals that cannot be sensed by the satellite, airborne
or terrestrial gravity measurements. This way, the geoid model can serve as a reliable
vertical datum for the physical heights, as well as complementary information for the
interpretation of the near-surface geodynamic processes.

https://tkgm.gov.tr
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Figure 10. Slope of the geoid heights computed with the gravimetric geoid model (expGeoid-6).
Units are percentages. The active faults were taken from the Global Active Faults Database [76].

4. Conclusions

In this study, we examined the contribution of GOCE-based GGMs to the performance
of gravimetric geoid models in Turkey. This task requires the investigation of how well the
GOCE-based GGMs fit the in situ measurements, and at which degree of expansion these
models reveal their best signal content. For this purpose, the performances of DIR, TIM,
SPW, and GOCO satellite-only models were assessed based on their accuracy in terms of
geoid heights at 100 GNSS/leveling stations. We applied the spectral enhancement method
to the models to complete the high-frequency part of their gravity spectrum using an
ultra-high resolution geopotential model EGM2008 up to 2159 d/o expansion and an RTM
to increase the coverage of the spectrum beyond 2160 d/o up to ∼90,000 degree/order. The
results of this first part revealed the improvement from the first release of the model series
to the last one, clearly. We observed a decrease in standard deviations of models as the
amount of GOCE data increased. Since the time span of the GOCE data is the same for the
fifth and the sixth releases, we found the performance of these models quite close to each
other in terms of the optimum degree of expansions and their standard deviations, though
there are spectral windows that the last releases of the model series showed superiority
over the fifth, and by extension the earlier releases. Based on the statistical results, the
GOCE models showed up to 34% improvements in the standard deviation compared to the
best accuracy achieved from the EGM2008 model. DIR-R6, TIM-R6, and GOCO06S models
have shown the best performance as 9.3 cm accuracy with their optimum expansion around
204 d/o. Due to the TIM-R6 being purely GOCE-based GGM without any contribution
from other satellite missions or a priori model, we decided to continue with this model to
the gravimetric geoid modeling.

After the selection of the best-fitting GGM and its optimal expansion degree, we
computed regional geoid models using the selected model and EGM2008 and validated
these models at GNSS/leveling stations to clarify the level of contribution to the gravimetric
geoid modeling. First, we computed three geoid models using the optimal expansion
degree of the GOCE model (TIM-R6) and two others using EGM2008 and EIGEN-6C4
with the same degree of expansion. However, the gravimetric geoid models showed the
same performance against in-situ measurements. This is mainly due to the necessity of
the long-wavelength signals up to 360 d/o for the gravimetric geoid modeling using the
terrestrial gravity data in this study [37]. To be able to exploit the optimal expansion degree
of the TIM-R6 model and overcome the shortage of gravity signals beyond the optimal
degree up to 360, we produced a mixed GGM by combining the coefficients of TIM-R6
GOCE model up to 204 degree and EGM2008 model from 215 to 360 degree. The coefficients
in between were calculated by the linear blending of the two models’ coefficients based
on their error variances. This mixed model, along with the original version of TIM-R6,
EGM2008, and EIGEN-6C4, was used in the computation of 1′ resolution gravimetric geoid
model via the LSMSA technique. The mixed model has shown ∼23% improvement over
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EGM2008 at the same expansion degree and exceeded the best standard deviation achieved
by expanding the EGM2008 model up to 2159 degree/order. It also takes the place of the
gravimetric geoid models, reported in Isik et al. [37,72] recently, by showing approximately
∼12–15% better performance at the same GNSS/leveling stations.

We conclusively showed the level of improvement in the accuracy of the gravimetric
geoid model brought by the choice of GGM and its optimal expansion degree. By com-
bining the optimal degree of expansion of GOCE-based GGM together with an ultra-high
resolution GGM to obtain a better long-wavelength gravity signal content, we achieved a
gravimetric geoid model with the best accuracy, computed with the terrestrial gravity data
by GDMRE in Turkey. Currently, there are on-going initiatives to modernize the national
vertical datum based on a vertical control network and replace it with a gravimetric geoid
model with 1–3 cm accuracy in Turkey. Accordingly, the terrestrial gravity database is being
renewed and topographically challenging areas are being covered via airborne gravity
campaigns. In this context, the findings of this study indicate a significant potential to
increase the accuracy of the regional geoid model and modernize the local vertical datum
by replacing it with 1–3 cm accuracy geoid model with the newly collected gravity data set.
In future work, GOCE-based models will be used as a base model for geoid modeling using
the terrestrial and airborne gravity measurements in Turkey while taking into account the
level of contribution that can be achieved by modeling the short-wavelength geoid signals
rigorously in such a topographically challenging area.
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CHAMP Challenging Minisatellite Payload
DIR Direct
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GGM Global Geopotential Model
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GNSS Global Navigational Satellite System
GOCE Gravity Field and Steady-State Ocean Circulation Explorer
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GOCO Gravity Observation Combination
GRACE Gravity Recovery and Climate Experiment
hl-SST High-to-low Satellite to Satellite Tracking
HPF High Processing Facility
ICGEM International Centre for Global Earth Models
IGSN71 International Gravity Standardization Net 1971
ITRF96 International Terrestrial Reference Frame 1996
LSMSA Least Squares Modification of Stokes Integral with Additive corrections
RTE Residual Terrain Effect
RTM Residual Terrain Model
SD Standard Deviation
SGG Satellite Gravity Gradiometry
SPW Space-wise
SRTM Shuttle Radar Topography Mission
TIM Time-wise
TUDKA99 Turkish National Vertical Control Network 1999
TUTGA Turkish National Fundamental GPS Network
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