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Abstract

Africa has a lack of gravity data, sometimes with significant gaps. This is the primary
obstacle that the majority of geodetic and geophysical applications on the continent
must overcome. The current study uses the Moho information in the geoid determination
processes within the context of the window remove-restore technique (Abd-Elmotaal and
Kiihtreiber (2003) J Geod 77(1-2):77-85), to better smooth, as much as possible, the
reduced anomalies aiming to minimize the interpolation errors. By integrating all available
Moho data from many sources and applying the least-squares interpolation approach within
the framework of the remove-interpolate-restore technique (Abd-Elmotaal et al.(2025) J
Adv Eng Trends 44(2):33-38), a Moho model for Africa has been created. To serve as
the height datum for Africa, the computed geoid model has been de-trended using the best
satellite-only model. The paper gives a thorough discussion and comparison with earlier
geoid models published by the authors.
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gravity anomalies. As widely known, this will decrease
these anticipated interpolation errors.
The main objective of the current investigation is to estab-

There are significant gaps in the available gravity measure- lish and assess AFRge02025, an updated geoid model for

ments in Africa, particularly on land. In such situations, inter-
polating these gravity data, which does not provide new data,
will result in significant interpolation errors. Accordingly, the
main idea in such cases is to significantly reduce the point
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Africa, for which the Moho information are used in the con-
text of the window remove-restore approach (Abd-Elmotaal
and Kiihtreiber 2003) to better smooth, as much as possible,
the reduced anomalies aiming to minimize the interpolation
errors. The use of the Moho information in the African
geoid determination is done for the first time. The developed
AFRge02025 will be identified as the official African geoid,
which is going to complete the picture towards the essentially
needed International Height Reference System (IHRS).
Moho models now exist, where terrestrial and space-borne
seismic, gravimetric and geometric data are combined (see,
e.g., Sjoberg and Abrehdary 2022; Reguzzoni and Sampietro
2015; Reguzzoni et al. 2013; Laske et al. 2013; Cadek and
Martinec 1991). By integrating these models and applying
the least-squares interpolation technique within the context


http://crossmark.crossref.org/dialog/?doi=10.1007/1345protect T1	extunderscore 395&domain=pdf

 570
64666 a 570 64666 a
 
mailto:norbert.kuehtreiber@tugraz.at
mailto:norbert.kuehtreiber@tugraz.at
mailto:norbert.kuehtreiber@tugraz.at

 570 69647 a 570 69647 a
 
mailto:kurt.seitz@kit.edu
mailto:kurt.seitz@kit.edu
mailto:kurt.seitz@kit.edu

 7997 69647 a 7997 69647
a
 
mailto:thomas.grombein@kit.edu
mailto:thomas.grombein@kit.edu
mailto:thomas.grombein@kit.edu

 18508 69647 a 18508 69647 a
 
mailto:bernhard.heck@kit.edu
mailto:bernhard.heck@kit.edu
mailto:bernhard.heck@kit.edu

 3397 70754 a 3397 70754 a
 
mailto:hansjoerg.kutterer@kit.edu
mailto:hansjoerg.kutterer@kit.edu
mailto:hansjoerg.kutterer@kit.edu
https://doi.org/10.1007/1345_2026_395
https://doi.org/10.1007/1345_2026_395
https://doi.org/10.1007/1345_2026_395
https://doi.org/10.1007/1345_2026_395
https://doi.org/10.1007/1345_2026_395
https://doi.org/10.1007/1345_2026_395
https://doi.org/10.1007/1345_2026_395
https://doi.org/10.1007/1345_2026_395

of the remove-interpolate-restore approach, an African Moho
model has successfully been developed (Abd-Elmotaal et al.
2025). The geoid determination procedure then makes use of
this Moho model.

A list of the used data sets is provided, both on land
and in the ocean. The utilized height and Moho models are
given. The applied window reduction approach is described.
An underlying grid developed from the EIGEN-6C4 global
reference model (Forste et al. 2014) has been utilized to
reduce the level of freedom of the interpolation solution
within the big data gaps. The underlying grid was created
using the EIGEN-6C4 geopotential since it was shown to
provide the most accurate representation of Africa’s gravity
field (Abd-Elmotaal and Kiihtreiber 2026). The reduced
anomalies are then interpolated on a 5 x5 grid covering
the African data window (40°S < ¢ < 42°N, 20°W <
A < 60° E) using an unequal weight least-squares prediction
technique. Stokes’ integral with the Meissl modified kernel
(Featherstone et al. 1998), for better integration of the Earth’s
gravity field wavelengths, has been utilized to compute
the reduced geoid undulation component which accounts
for the reduced gravity anomalies. The complete gravimet-
ric geoid was finally produced via the window remove-
restore technique’s restore step. A descriptive flowchart of
the developed geoid determination process is illustrated in
Fig. 4.

In the final step, an offset and two tilt parameters are
applied to de-trend the derived geoid to the DIR_R6 GOCE
satellite-only model (Bruinsma et al. 2014), which emerged
from the study conducted by Abd-Elmotaal and Kiihtreiber
(2026) as the most accurate model.

An analysis was performed comparing the geoid deter-
mined in this study with the previously established geoid
models AGP2003 (Merry et al. 2005), AFRgeo_V 1.0 (Abd-
Elmotaal et al. 2019), and AFRge02019 (Abd-Elmotaal et al
2020) for the African continent.

Table 1 Statistics of the free-air
and window-reduced gravity
anomalies for Africa using the
parameter set from Table 2.
Statistics of the gridded
anomalies are listed in the last
row of this Table

Free-air

Window-reduced

Gridded

Gravity anomaly type
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2 Data Types and Used Data Sets

The physical data consist of point gravity values on land
and sea, and altimetry derived gravity anomalies. The long-
to intermediate-frequency components are represented using
the EIGEN-6C4 geopotential model. The geometry-related
input data comprise two regional terrain models and two
models describing the Mohorovici¢ boundary at two different
spatial resolutions.

2.1 Point Gravity Data

The point gravity observations currently used for the African
Geoid Project consist of land gravity data, shipborne gravity
data and altimetry derived gravity anomaly data. This
data have been provided by numerous sources, which are
specified in the acknowledgment, and to whom we extend
our sincere gratification. In order to improve the quality
of the generated geoid and the gravity database, the IAG
Sub-Commission for Gravity and Geoid in Africa invites all
contributions of gravity data sets from within and around the
African continent.

The gravity data that was available for this project has
been screened using an outlier detection method developed
by Abd-Elmotaal and Kiihtreiber (2025), Abd-Elmotaal et al.
(2024), Abd-Elmotaal and Makhloof (2023). It provides the
basis for the gravity database released as AFRGDB_V3.1
(Abd-Elmotaal et al. 2026).

In particular, these are:

Land Gravity Data

Statistical measures of the 126,202 land point data are
provided in Table 1. For a detailed analysis of the data,
particularly the spatial distribution and the significant data
gaps mentioned, please see Abd-Elmotaal et al. (2024).

No. of Statistical parameters (mGal)

Region data points | Min Max Mean | Std

Land 126,202 —163.20 | 465.50 9.84 |40.93
Shipborne | 184,674 —238.30 |354.40 | —6.21 |34.90
Altimetry 70,589 —172.23 | 156.60 4.09 | 18.23
Total 345,465 —238.30 | 465.50 1.76 | 35.44
Underlying | 48,497 —201.09 | 500.30 3.45 | 32.81
Land 126,202 —120.92 | 113.67 2.93 | 6.59
Shipborne | 184,674 —58.37 | 61.42 0.49 | 9.88
Altimetry 70,589 —71.01 |100.67 8.02 |10.15
Total 345,465 —120.92 | 113.67 2.92 | 9.31
Underlying | 48,497 —65.59 |140.41 2.96 | 5.33
Anged —103.63 | 111.61 3.18 | 5.72
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Shipborne Gravity Data

The number of the shipborne gravity data points have been
reduced from 971,945 to 148,674 using the iteratively oper-
ating smart blunder detection algorithm (cf. Table 1).

Altimetry Derived Gravity Anomaly Data

Abd-Elmotaal and Makhloof (2023) provide an explanation
of the source and processing of the altimetry-derived gravity
anomaly data. The final set consists of 70,589 screened
points (see Table 1).

2.2 Underlying Grid

A so-called “underlying grid” is generated in order to intro-
duce some appropriate pre-information regarding the gravity
anomalies within the locations of data gaps. Instead of
granting the solution total freedom at such enormous data
gaps, it provides valuable information to fill the existing
gaps, even if only up to a specific frequency contribution.
The final interpolation to the target grid is stabilized by
the underlying grid, particularly in areas lacking point data.
It is built up to degree and order 2190 using the EIGEN-
6C4 global reference model (Forste et al. 2014). Africa’s
gravitational field was found to be best approximated by the
EIGEN-6C4 model (Abd-Elmotaal and Kiihtreiber 2026).
With 48,497 nodes, the underlying grid has a resolution
of 15" x 15". Table 1 presents the statistical values of the
corresponding free-air gravity anomalies. As expected, they
are smoother than the free-air gravity anomalies on land. The
information from the underlying grid is disregarded for this
grid element if a grid cell of the underlying grid has at least
one data point.

23 Digital Terrain Models

To analyze how topographic masses affect gravity in the
remove-restore method, digital terrain models (DTMs) are
necessary. A DTM with a higher resolution is used to
simulate the near field effect, whereas a DTM with a lower
resolution is utilized to describe the topography in the distant
zones.

In the context of geoid determination for Africa, Abd-
Elmotaal et al. (2017) created two models for this aim.
The fine grid is called AFH16S30 and has a resolution of
30" x 30”. The grid spacing of the related coarser height
model AFHI6MO3 is 3 x 3'. The entire African window
(-42° < ¢ < 44°; —22° < ) < 62°) is covered by both
models which are shown in Abd-Elmotaal et al. (2024).

-20 -10 0 10 20 30 40 50 60

Fig. 1 The 3' x 3’ coarse Digital Moho Model for Africa (Abd-
Elmotaal et al. 2025). Units are in [km]

24 Digital Moho Models

In this study, a model of the Moho is used to discretise the
Moho discontinuity, rather than an isostatic concept. This
is the central focus of the present investigation. The Moho
models (Abd-Elmotaal et al. 2025) generated for this purpose
thus serve as the lower boundary surface in the calculation of
topographically isostatic effects within the Window Remove-
Restore Approach.

Digital Moho models (DMMs), representing the com-
pensating masses in the course of the gravity reduction
process, are available for this study. They are derived from
the available Moho models in the context of the remove-
interpolate-restore technique. The details are given in Abd-
Elmotaal et al. (2025).

Two DMMs are utilized within the context of the current
paper; a coarse DMM with a resolution of 3 x 3/, and a
fine DMM with a resolution of 30" x 30", They both cover
the full African window. Figure 1 shows the coarse DMM
for Africa. The Moho depths range between 5.55 km and
62.04 km with an average of about 23.17 km and a standard
deviation of 12.04 km. Figure 1 shows general correlation
with the topography.

3 Window Remove-Restore Approach
In the current research, the window remove-restore approach

(WRRA) is utilized. It is described in detail in Abd-Elmotaal
and Kiihtreiber (2003).



The topographic-isostatic effect Agry,i, is calculated
from the complete topographic masses, discretized by the
DTM and DMM, restricted to the selected data window (cf.
Sect. 1).

The long wavelengths contribution Agg gy is synthesized
in the data region, using the selected global geopotential
model. In the current study, the EIGEN-6C4 GGM (Forste
et al. 2014) with n,,, = 2190 is applied. The harmonic
analysis of the topographic-isostatic masses for the data win-
dow, in terms of potential harmonic coefficients, computed
by the technique developed by Abd-Elmotaal and Kiihtreiber
(2021) up to degree and order n,,,, = 2190, takes place. The
result in the frequency domain is the topographic-isostatic
potential harmonic coefficients for the data window, from
which one computes the contribution Agy,coz. Finally, the
effect of the adapted GGM AggGGum adap: 1S computed by
subtracting the effect of the topographic-isostatic potential
coefficients of the data window Ag,,;cor from the effect of
the GGM

nmax

- Agwincof -

nmax

AZGGM Adapt = AZGGM
n

ey

The adapted reference field has the same maximum degree
Nmax as the reference model Agggas-

The remove step has the goal of smoothing the free-air
gravity anomaly data Agr as best as possible through appro-
priate reductions. The respective reduced gravity anomalies
can be computed point-wise by:

nmax

Agred = AgF - AgTI win — AgGGM Adapt ()

They are smoothed by applying the topographic-isostatic
effects which accounts for the high frequency terms for the
data window. The final expression for the reduced gravity
anomalies using the window remove-restore approach is
obtained by inserting Eq. (1) into Eq. (2)

Agrea = A8r — AgT1win — AgGoMm ”mu: + Aguincos nlim

n= 2

3

The free-air gravity anomalies Agr are calculated using

the gravity data described in Sect. 2.1 in order to discretize

Eq. (2). The DTMs and DMMs given in Sect. 2.3 and

Sect. 2.4, respectively, are the sources of the mass-related
contributions (topographic-isostatic effects).

4 Gravity Reduction

The reduced anomalies Ag,., are calculated from Eq. (3).
The contribution of the topographic (DTMs) and isostatic
(DMMs) masses Agry yin are computed from the fixed data

H. A. Abd-Elmotaal et al.

window (42°S < ¢ < 44°N, 22°W < A < 62°F)
covering the African continent. Different parameter sets have
been tested to produce the minimal standard deviation of the
reduced anomalies. As part of this parameter adjustment,
the normal crustal thickness is set to 7, = 30.0 km, the
density of the crust is po = 2.4 g/cm®, and the density
contrast between the lower crust and the upper mantle is
Ap = 0.3 g/em®.

The specific term Agyincor in Eq. (3) is calculated in
two steps. First, a harmonic analysis up to 7, = 2190 is
performed on the DDM and DDMs from the data window.
Aguyincor is then synthesized from the Wincoff coefficients.
This key step in WRRA technology prevents the topographi-
cal effects from being applied twice.

The statistics of the window-reduced and free-air anoma-
lies for each data type are shown in Table 1. It demonstrates
that compared to the free-air anomalies, the window-reduced
anomalies are significantly smoother (centered with a smaller
standard deviation). The standard deviation has decreased
by roughly 74% for the entire data set (land + shipborne +
altimetry) and by approximately 84% for the land data only.
Additionally, Table 1 demonstrates that the statistics of the
window-reduced anomalies for the underlying grid closely
resemble those of the window-reduced anomalies for the
entire data set, which is regarded as encouraging.

5 Point Values to Grid-Interpolation

Using the unequal weight least-squares prediction, the
window-reduced gravity anomalies Ag,.; have been
gridded in a 5 x5 grid covering the African window
(—40° < ¢ <42°;,-20° < A < 60°).

Hirvonen’s generalized covariance model is utilized in
the least-squares interpolation method which is explained
in detail in Abd-Elmotaal et al. (2019). The used respective
parameters are listed and compared to previous solutions in
Table 2.

The relatively low value of the standard deviation for the
underlying grid is assumed in order to decrease the dominant

Table 2 Used parameters in the AFRgeoYYY'Y versions

Parameter 2019 2025

T, 30.0 km 30.0 km

Po 2670 kg m—> 2400 kg m—>
Ap 0.4kgm™? 0.3kgm—3
Oland 1 mGal 1 mGal
Oshipborne 3 mGal 3 mGal
Oultimetry 5 mGal 5 mGal
Ounderlyinggrid 20 mGal 20 mGal

P 0.364 0.305

C, 81.30 mGal® 79.57 mGal?
£ 10.38 km 9.67 km
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Fig.2 The 5 x 5 interpolated window-reduced gravity anomalies
AgS , for Africa. Units in [mGal]

effect of the underlaying grid, being non-observed gravity
anomaly values.

The interpolated window-reduced gravity anomalies
A nge 4 on the 5 x5 grid for Africa, illustrated in Fig. 2,
showing good reduced anomalies for Africa; which is a main
important feature of this study. This is also confirmed by the
statistics presented in the last row of Table 1.

6 Method Used for Geoid
Determination

To account for the different spectral components of the
Earth’s gravity field, the Stokes’ integral in Eq. (4) is eval-
uated incorporated the modified kernel of Meissl.

The contribution of the reduced gridded gravity anomalies
Agl , to the geoid Ny, on a 5 x 5’ grid covering the
African window is given by:

R
Noss = g [[ Al KM raa. @)

The modified kernel K™ () is defined according to Meissl
(Featherstone et al. 1998)

SW) = SWo) for 0 < ¢ < Yo

M _
KM =1 § o<y )

An arbitrarily cap size of ¥, = 3° has been utilized as
integration radius. The original Stokes function is S(-). The
Meissl modified kernel was chosen since it demonstrated
good performance (cf. Abd-Elmotaal and Kiihtreiber 2008).
Alternative modifications of the Stokes kernel are discussed

in terms of their spectral filtering properties by Featherstone
et al. (1998).

The window technique’s complete geoid restore expres-
sion is (Abd-Elmotaal and Kiihtreiber 2003)

nmax

N = NAg,‘,d + N71win + ;GGM -

n=2

nmax

- gwt’ncof =2 + (N - E)win ’ (6)
where {ggp is the contribution of the used reference geopo-
tential model, {yincor is the contribution of the topographic-
isostatic harmonic coefficients of the utilized data win-
dow, N7ji, is the contribution of the topographic-isostatic
masses for the same fixed data window, and (N —¢),,;, is the
transformation from quasi-geoid to geoid for all terms related
to the quasi-geoid, i.e., {ggm and {incor. The relationship
between quasi-geoid and geoid given in Heiskanen and
Moritz (1967, p. 327) is applied, given in Eq. (9). This allows
the desired relationship to be established:

H
(N =Qwin = 7 (Ageom — Aguincor) - @)

where y is the mean normal gravity and Agggy and
Aguincor are the free-air gravity anomaly contributions
of the utilized reference geopotential model and the
topographic-isostatic harmonic coefficients of the data
window, respectively.

A number of GNSS stations with known orthometric
heights throughout the continental region are required in
order to adapt the gravimetric geoid model for Africa to the
various regional height systems of the African nations. It is
worth mentioning that the developed geoid model for Africa
is gravimetrically consistent, even if it has not been fully
validated for height for obvious reasons.

Alternatively, the static GOCE DIR_R6 satellite-only
model (Bruinsma et al. 2014), which is comprehensive to
degree and order 300, is used to de-trend the computed geoid
AFRge02025. Abd-Elmotaal and Kiihtreiber (2026) have
demonstrated, that DIR_R6 is the most accurate global
satellite-only geopotential model that approximates the
gravity field in Africa. In the current study the DIR_R6
model was synthesized up to d/o 280. The coefficients of
higher degrees are not considered because their signal-to-
noise ratio is greater than one. It is expressly stated that the
GOCE DIR_RG6 satellite-only model has not been used for
comparison, it is just been used to de-trend the gravimetric
geoid by subtracting only a linear trend.

A trend model with two tilt factors and a vertical offset
has been utilized to illustrate the general differences between
the GOCE DIR_R6 geoid and the newly elaborated AFR-
ge02025 geoid solution. The residuals between the two geoid
models were used to estimate these parameters employing
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Fig. 3 The improved solution for the Geoid of the African Continent:
The AFRge02025 African geoid model (de-trended in respect to GOCE
DIR_R6 geopotential model). Contour interval: 2 m

a least-squares regression approach. This parametric model
has excluded any potential trend in the computed geoid
within the current investigation. Errors in the point gravity
measurements or the long-wavelength components of the
reference model EIGEN-6C4 could be the source of this
trend.

The height anomaly {prr_re based on the geopotential
model DIR_R®6 is related to its respective geoid undulation
Npir_re via

Npir_re = Cpir_re + (N =0). (8)

The term (N — ¢) is evaluated by (Heiskanen and Moritz

1967, p. 327)

H
(N-0= 7(AgD1R_R6 —2np.GH), &)

where G is Newton’s gravitational constant, p, is the topo-
graphical density listed in Table 2, and Agpsr_ge is the free-
air gravity anomalies calculated using the DIR_R6 geopoten-
tial model.

Accordingly, Fig. 3 displays the AFRge02025 African de-
trended geoid. Its statistical measures range from —55.37 m
to 56.86 m, with an average of 11.73 m.

The complete method of the AFRge02025 geoid determi-
nation is display as flowchart in Fig. 4.

Read the observed
gravity anomalies Ag,,.

!

Compute the underlying grid

l

Compute the reduced
anomalies Ag,;

/

¥

Compute the empirical
covariance function

l

Estimate the curvature parameter p at the origin for
the Hirvonen covariance function model

X

Interpolate the reduced gravity
anomalies on a regular grid

l

Compute the contribution of the reduced
anomalies on the geoid using Stokes
integral with the modified Meissl| kernel

!

Restore all geoid components
generating the gravimetric geoid

l

De-trend the gravimetric geoid using a
satellite-only model

Fig. 4 Flowchart of the applied process to generate the new AFR-
£e02025 geoid model for the continent of Africa

7 Geoid Comparison

The first attempt to identify a geoid model for Africa, known
as AGP2003, was completed by Merry et al. (2005). The
current databases have been significantly improved (Abd-
Elmotaal et al. 2026). Specifically, the statistical combination
of the several kinds of gravity anomalies, including new data
types, has been updated and improved (AFRGDB_V3.1).
Consequently, the new African geoid model AFRge02025
has been improved as a result.

Figure 5 demonstrates the variations between the de-
trended AFRgeo02025 and the AGP2003 geoid models. The
bright yellow pattern indicates magnitude differences below
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Fig. 5 Difference between the de-trended AFRgeo2025 and the
AGP2003 geoid models. Contour interval: 1 m
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Fig. 6 Difference between the de-trended AFRge02025 and the AFR-
geo_v1.0 geoid models. Contour interval: 5 m

1 m. In the continental region, particularly in Eastern Africa,
it is illustrated that the two geoids differ by several meters.
The AGP2003’s failure to incorporate ocean data into the
solution is the reason for the significant variations across
the Atlantic Ocean. Some edge effects are visibel in the
figure, which are once more a direct result of the AGP2003
solution’s use of only data from the African continent.

Figure 6 shows the difference between the de-trended
AFRge02025 and the AFRgeo_v1.0 geoid models. The dif-
ference between the two geoid models is large, especially
in Morocco. This is because of wrong data set in Morocco
entering the AFRgeo_v1.0 geoid model solution (cf. Abd-
Elmotaal et al. 2015, 2019).

Figure 7 shows the difference between the de-trended
AFRge02025 and the AFRgeo2019 geoid models. The dif-

Fig. 7 Difference between the de-trended AFRge02025 and the AFR-
2e02019 geoid models. Contour interval: 0.5 m

ference between the two geoid models shows a long wave-
length feature. The AFRgeo2019 geoid model used the
same gravity data as that of the AFRge02025 described in
Sect. 2.1.

It can therefore be concluded that the differences stems
from the modeling of the Mohorovic¢i¢ boundary using the
Moho model shown in Fig. 1 rather using an isostatic concept
as it is done for AFRgeo02019.

At any rate, most of the African continent has a smooth
difference showing long wavelength residuals between the
two geoid models between £0.5 m (the bright yellow pattern
in Fig. 7).

8 Conclusion

The African geoid model has been effectively revised and
computed in this research. The calculated geoid model AFR-
£e02025 made use of a Moho model discussed in Sect. 2.4.
This alternative modeling, in conjunction with reducing the
isostatic effect, leads to long-wavelength variations in the
geoid solution. It can be described as an improvement, as
more realistic data-driven modeling (DDM) has now been
implemented in the process. This new source of information
improves the interpolation of gravity data, particularly where
there are significant gaps in the data. The window remove-
restore approach, which provides the best minimized gravity
anomalies, is the foundation for the geoid determination.
This has reduced the interpolation errors, particularly where
there are significant gaps in the point gravity data. The
global geopotential model EIGEN-6C4 has been utilized to
fill data gaps using synthetic gravity anomalies, stabilizing
the interpolation process.



Because they are centered, smooth, and have a very
narrow range, the reduced gravity anomalies using the Moho
information exhibit extremely good statistical behavior, par-
ticularly on land (cf. Fig. 2 and Table 1). The residuals’
smoothness shows that the interpolation method is generally
effective and does not cause aliasing effects, particularly
when there are significant gaps in the data. As a result, they
provide less interpolation errors, especially in the wide gaps
in gravity data.

The modified kernel function of Meissl is used instead of
the Stokes classical kernel within the context of the Stokes
integral for the sake of optimizing the integration of the
various wavelength components within the remove-compute-
restore method.

Lastly, the DIR_R6 GOCE model has been utilized to
de-trend the derived geoid model for Africa. The advance-
ment in identifying the African height reference surface is
evident when compared to the earlier models AGP2003,
AFRgeo_v1.0, and AFRgeo02019. The findings demonstrated
that the African geoid determination procedure developed
into a very reliable procedure.
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