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Abstract

An optimum Global Geopotential Model (GGM) is required either to represent the long wavelength
of the Earth’s gravitational field in gravimetric geoid modelling or to act as a stand-alone national geoid
in some developing countries. Thus, the current research aims to investigate the performance of seven
recent high-order GGMs over Egypt utilizing the most recent precise Global Navigation Satellite Sys-
tems(GNSS)/Levelling datasets. Attained results showed that the investigated GGMs perform differently
over Egypt with an accuracy level varying between £0.249m for the SGG-UGM-1 model and £0.300m for
the GECO model. Removing outliers in the terrestrial dataset reveal significant improvements, in terms of
standard deviations. Consequently, the performance of the investigated GGMs has been modified where the
EIGEN-6C4 model became the best model with a standard deviation equals +0.172m. Furthermore, a 3D
spatial correction surface has been constructed and has been added to the original EIGEN-6C4 model to
get an enhanced version of the global EIGEN-6C4. Over checkpoints, the average error of the enhanced
model equals —0.018 m with a standard deviation equal £0.011 m. That means that incorporating terres-
trial geodetic data into the global EIGEN-6C4 model has increased its accuracy in Egypt by almost 36 %.
Accordingly, such developed enhanced GGM represent the optimum stand-alone geoid model in Egypt.
Nevertheless, such accuracy levels of GGMs do not fulfill the requirements of high-accuracy surveying and
civil engineering applications. That concludes that a precise national geoid model is still crucial. It is
recommended that all available geodetic datasets should be collected from all governmental and private or-
ganizations to construct a national geodetic database that would be implemented in modelling an Egyptian
local geoid.
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1 Introduction

A geoid model is required in a wide range of geodetic, mapping, civil engineering,
and environmental applications as a height conversion tool to transform the Global Navi-
gation Satellite Systems (GNSS)-based ellipsoidal heights to the Mean Sea Level (MSL)-
based orthometric heights. A geoid model can be developed from large enough and well-
distributed gravity and/or GNSS/Levelling datasets over a particular spatial region. Geoid
modelling is still an essential task for geodesists worldwide in different countries and con-
tinents such as Indonesia (Lestari et al., 2022), Iraq (Jassim and Yousef, 2021), Thailand
(Phinyo et al., 2021), Africa (Abd-Elmotaal et al., 2020), Saudi Arabia (Borghi et al.,
2020), India (Singh and Srivastava, 2018), and Egypt (Dawod and Mohamed, 2022).
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Global Geopotential Models (GGM) have been developed during the last few
decades to describe the long wavelength of the Earth’s gravitational field. GGM can
also be utilized as a local geoid model in a regional scale acknowledging their precision
limits and their validation in different geodetic and geophysical activities. Analysis of the
properties of the available GGMs for selecting the optimum model in a region or a country
is necessary as their accuracies are varying spatially. Such an analysis has been performed
recently in several countries. For example, Tocho et al. (2022) investigated the accuracy
of five high-resolution GGMs over GNSS/Levelling points in Argentina. Similarly, Isik
et al. (2022) analyzed the performance of GGMs for gravimetric geoid modelling in
Turkey. Also, high-order GGMs were evaluated over Sudan based on GNSS/Levelling
datasets (Osman et al., 2021). Liang et al. (2022) proposed a new method for improving
GGMs using GNSS/Levelling data and applying this approach in China.

GGM analysis has been done extensively in Egypt, in the last couple of decades, ei-
ther nationally or regionally. For an instant, Hamdy and Elshewy (2022) tested the GGMs
performance in Northern Egypt over GNSS/Levelling stations. In addition, Elsaka and
El-Ashquer (2022) combined GGMs-based gravity anomalies and terrestrial gravity ob-
servations to determine a local geoid model in the Western desert of Egypt. Elwan et al.
(2021) developed a local geoid model also for the western desert of Egypt combining ter-
restrial gravity and GGMs. Also, GGMs were investigated for geoscience and archaeology
activities in Egypt (Klokocnika et al., 2020). In addition, (Dawod et al., 2019) examined
the accuracy of a particular GGM over Egypt and Northeast Africa using gravity and
GNSS/Levelling datasets.

An optimum GGM is required either as a tool to derive geoid undulation or to be
utilized in gravimetric geoid modelling over an area. The current study aims to assess
the local accuracy of some recent high-resolution GGMs using local geodetic datasets
to determine the most accurate one which has geoid undulations best fit the observed
GNSS/Levelling values over the Egyptian territories.

2 Available data

Since 1966, the International Center for Global Earth Model (ICGEM) has collected
and published GGMs with variable data characteristics and maximum orders or maximum
degree of spherical harmonics (/CGEM, 2023). Out of the available 178 GGMs, seven
models were selected for this study. All of them are high order with order ranges between
1949 and 2190 released between 2011 and 2020. Table 1 summarized the characteristics
of the selected models. The ICGEM organization evaluates the accuracy of each GGM,
i.e., the Root Mean Square (RMS) about the mean of GNSS/levelling minus gravity field
model derived geoid heights, over 24014 GNSS/Levelling points in several countries and
publishes the RMS of those discrepancies (Table 2.1). It can be noticed that the accuracy
(indicated by the RMS) of the selected GGMs ranges between £0.173 m and £0.187 m.

Egypt lies in the Northeast region of Africa from 24.7°E to 37°E and from 22°N to
31.6°N (Fig. 2.1). Its topography is nearly smooth, MSL heights vary between —137 m in
the Katarra depression and in some northern lakes to 2600 m in mountainous regions in
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Table 2.1: Characteristics of the Utilized High-Order GGMs (after ICGEM, 2023).

No GGM Year Degree Data* Accuracy:  Reference
RMS (m)
1 SGG-UGM-2 2020 2190 A, EGM2008, =£0.177 Liang et
S(GOCE), al., 2020
S(Grace)
2 XGM2019e_2159 2019 2190 A, G, +£0.173 Zingerle
S(GOCO6s), et al.,
T 2020
3 GECO 2015 2190 EGM2008, +0.176 Gilardoni
S(GOCE) et al.,
2016
4 EIGEN-6C4 2014 2190 A, G, S(GOCE), =£0.178 Forste et
S(Grace), al.,2014
S(Lageos)
5 EGM2008 2008 2190 A, G, S(Grace) +0.187 Pavlis et
al., 2012
6 SGG-UGM-1 2018 2159 EGM2008, +0.176 Liang et
S(GOCE) al., 2018
7 EIGEN-6C3stat 2014 1949 A, G, S(GOCE), =£0.179 Forste et
S(Grace), al., 2012
S(Lageos)

* where A denotes altimetry, S is for satellite gravity missions (e.g., GRACE, GOCE, LAGEOS), G for
ground data (e.g., terrestrial, shiborne and airborne measurements) and T is for topography.

the Sinai, Red Sea coasts, and in southwest regions. The average MSL height of Egypt is
302 m.

In total 736 national GNSS/Levelling points were utilized to investigate the accuracy
of the selected GGMs over Egypt (SRI, 2022). These points were measured by the Sur-
vey Research Institute (SRI) of the National Water Research Center (NWRC) in several
national projects over the last few years. Their accuracies, in terms of both ellipsoidal and
orthometric heights, have been estimated to be less than £0.05m (ibid). Thus, they might
be considered the most accurate geodetic datasets in Egypt. Figure 2.1 depicts the spatial
distribution of the available geodetic dataset.

3 Methodology

Overall, the processing methodology of the current research (Fig. 3.1) comprises few
steps: estimating the GGMs-based geoid undulations, comparing them to the correspond-
ing values over the known GNSS/Levelling checkpoints, to determine the best GGM that
describes the Earth’s gravitational field over Egypt accurately.

Global geopotential models express the gravitational potential of the Earth (V') into
a series of spherical harmonics as (Hofmann-Wellenhof and Moritz, 2005)
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where GM 1is the gravitational constant, r is the radial distance, a is the equatorial
radius of the Earth, 0 and A are the geodetic latitude and longitude respectively, J, are
the zonal harmonics, those contain the S, and C,, are the tesseral harmonics, P, are
the associated Legendre coefficients, n and m are the degree and order of the geopotential
model.

Then, the geoid undulations of each investigated GGM, Nggm, could be evaluated
as (Dawod et al., 2019):

n

(9)' = ¥ [(Concosmd) + (Sunsinmd)] Pun(sin®) . (3
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Fig. 3.1: The processing flow.

where npax 1s the maximum degree of the GGM, and 7 is the normal gravity.

On the other hand, the observed geoid undulations, Ny, is the difference between
GNSS ellipsoidal heights, /4, and the MSL orthometric heights, H, at each observed ter-
restrial station:

Nops = h—H (3.3)

Thus, the GGM’s errors, AN, can be defined at each observed point as
AN = NgGm — Nobs - (3.4

The standard deviation of the GGM discrepancies, Opy, can be estimated as

P
oav = 4| Y_(AN; — ANimean)? (3.5)

i=1

where P denotes the total number of available GNSS/Levelling points, and ANpean 1s the
average of GGM'’s errors [Eq. (3.4)] at all stations.
Furthermore, an outlier detection statistical test was used to detect and remove erro-
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neous levelling measurements. The utilized criteria for an outlier in the observation is

[AN]
OAN

>3. (3.6)

4 Processing and results

The harmonic coefficients of the each selected GGM were downloaded from the
ICGEM website ICGEM, 2023). The Gravsoft package (Forsberg and Tscherning, 2008)
was used for generating a grid presenting geoid undulation in Egypt for each selected
GGM. The grid values are initiated with label of latitude (¢) and longitude (1) and spac-
ing. The grid label defines the exact latitude and longitude of the grid points, irrespectively
whether the grids point values or average values over grid cells. The gridding procedure
could be also applied using the UTM projected coordinates (ibid). Table 4.1 summarizes
the characteristics of the attained results. Together with spatial analysis it can be concluded
that there are no significant differences between the selected GGMs in Egypt. Geoid un-
dulation and spatial distribution of the selected GGMs are almost identical expect some
minor differences in the Sinai Peninsula and the western desert.

Table 4.1: Statistics of the GGM-Based Geoid Undulations in Egypt

No. GGM Minimum (m) Maximum (m) Average (m)
1  SGG-UGM-2 5.1 23.6 14.8
2  XGM2019e_2159 5.1 23.6 14.8
3 GECO 5.0 23.6 14.8
4  EIGEN-6C4 5.1 23.6 14.8
5 EGM2008 5.2 23.7 14.8
6  SGG-UGM-1 5.1 23.6 14.8
7 EIGEN-6C3stat 5.1 23.6 14.8

Next, each selected GGM was compared with the SRI 2021 national gridded geoid
model developed by Al-Karargy and Dawod (2021). This model has an accuracy of
£0.13m (ibid) and it was developed using 247 first-order terrestrial gravity observations
and fitted to 900 GNSS/Levelling stations. It can be considered as the most recent and
accurate national geoid model of Egypt, and thus the comparison of the selected GGMs
with this model is useful in determining the optimum GGM. The differences between the
geoid undulations are shown in Table 4.2.

Furthermore, a comparison between the GNSS/Levelling points and the GGMs
was done. The GGMs perform roughly similarly with a minimum standard deviation
of £0.249m for the SGG-UGM-1 model and a maximum +0.300m for the GECO model
(Table 4.3). However, such levels of accuracy are greater than the ones presented in
Table 2.1 for the GGMs. That might indicate that the terrestrial dataset may include some
erroneous measurements or outliers. Thus, the statistical test [Eq. (3.6)] was performed
and as a result, almost 10 % of the available points were removed from the dataset.
After removing outliers significant improvements, in terms of standard deviations, were
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Table 4.2: Differences between the GGMs and the SRL2021 Local Geoid Model (SDs = Standard Devia-
tions).

No. GGM Minimum (m) Maximum (m) Average (m) SDs (m)
1  SGG-UGM-2 —-1.7 2.6 0.8 +0.37
2  XGM2019e_2159 -0.5 3.2 0.8 +0.33
3 GECO —1.7 2.2 0.7 +0.36
4  EIGEN-6C4 —-1.9 2.4 0.7 +0.36
5 EGM2008 -2.9 2.7 0.7 +0.51
6  SGG-UGM-1 —1.7 2.2 0.7 +0.36
7 EIGEN-6C3stat —-1.9 2.4 0.7 +0.36

obtained (Table 4.4). Fig. 4.2 depicts the histogram distribution of GGMs errors over the
entire spatial study area. It shows that some GGMs depict closely the normal distribution
curve while others do not. From this figure and table, it can be recognized that the
EIGEN-6C4 model became the best model with a standard deviation of +0.172m and the
SGG-UGM-1 model the worst one with a standard deviation of +0.194 m.

Table 4.3: Discrepancies of the GGM-Based Geoid Undulations over GNSS/Levelling Stations Before Re-
moving Outliers (SDs = Standard Deviations).

No. GGM Minimum (m) Maximum (m) Average (m) SDs (m)
1 SGG-UGM-2 —-0.712 0.703 —0.371 + 0.286
2 XGM2019e_2159 —0.700 0.703 —0.347 + 0.287
3  GECO —-0.719 0.717 —0.332 4+ 0.300
4  EIGEN-6C4 —0.710 0.688 —0.342 + 0.275
5 EGM2008 —0.666 0.638 —0.298 + 0.252
6 SGG-UGM-1 —0.660 0.649 —0.362 + 0.249
7  EIGEN-6C3stat —0.709 0.707 —0.340 + 0.284

Table 4.4: Discrepancies of the GGM-Based Geoid Undulations over GNSS/Levelling Stations After Re-
moving Outliers (Min = Minimum, Max = Maximum, Avg = Average).

No. GGM Min (m) Max (m) Avg (m) Standard Deviations (m) \
Value Improvements
1  SGG-UGM-2 —0.499 0478 —0.258 +£0.190 51%
2 XGM2019e2159 —0.500 0.506 —0.250 =£0.205 40%
3  GECO —0.501 0.494 —-0.223 +£0.190 58%
4  EIGEN-6C4 —0.504 0.484 —-0.216 =£0.172 60%
5 EGM2008 —0.493 0.505 —0.208 =£0.191 32%
6 SGG-UGM-1 —0.501 0.498 —0.250 +£0.194 28%
7  EIGEN-6C3stat —0.499 0496 —-0.216 +£0.179 59%

The discrepancies of the EIGEN-6C4 model over the 666 GNSS/Levelling stations
(remain after outlier detection over the available 736 points) were spatially modeled to
construct a spatial correction surface over Egypt. Furthermore, 66 points were reserved
for the final quality check. The obtained correction surface was added to the original
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Fig. 4.1: GGM-Based Geoid Undulations over Egypt, (a) SGG-UGM-2, (b) XGM2019e_2159, (c) GECO,
(d) EIGEN-6C4, (e) EGM2008, (f) SGG-UGM-1, (g) EIGEN-6C3stat (see next page).

EIGEN-6C4 model and an updated version of the global model was generated (Fig. 4.3).
Over the 66 checkpoints, the errors of the updated model vary between —0.180 m and
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Fig. 4.2: Histograms of GGM Errors.

0.143 m with a mean of —0.018 m and a standard deviation equals +0.011 m. Incorporat-
ing terrestrial geodetic data into the global EIGEN-6C4 model has increased its accuracy in
Egypt by almost 36 % as the overall standard deviation has been decreased from £0.172m
to £0.110m. Even though some previous studies (e.g., Hamdy and Elshewy, 2022) esti-
mated smaller errors of other GGMs over certain small spatial regions within Egypt, the
attained findings in the current research might be superior since the processing has been
performed over the entire Egyptian territories. Thus, the accomplished updated GGM
(Fig. 4.3) provides the optimum stand-alone geoid model in Egypt.
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Fig. 4.3: Updated EIGEN-6C4 GGM Geoid Undulations in Egypt.

5 Discussion and conclusions

An optimum Global Geopotential Model (GGM) is necessary either to represent
the long wavelength of the Earth’s gravitational field in gravimetric geoid modelling or
to act as a stand-alone national geoid in some developing countries. In several devel-
oping countries, there are no published accurate geoid models to be utilized as a height
conversion tool in GNSS surveying and mapping projects. Thus, selecting the optimum
GGM and updating it with local geodetic datasets in a country could be a cost-effective
alternative. The current research aims to investigate the performance of seven recent high-
order GGMs in Egypt. The investigated models consist of SGG-UGM-2, XGM2019e 2159,
GECO, EIGEN-6C4, EGM2008, SGG-UGM-1, and EIGEN-6C3stat models. The assessment
has been performed utilizing the most recent precise Global Navigation Satellite Sys-
tems(GNSS)/Levelling datasets in Egypt.

Over the available GNSS/Levelling stations, the investigated GGMs perform
roughly comparable with a standard deviation varies between +0.249m and +0.300m.
Since those levels of accuracy are different from the published worldwide ones, it might
indicate that the terrestrial dataset may include some erroneous measurements or outliers.
Performing a statistical test for outlier detection resulted in removing almost 10 % of the



Use of Amplitudes in Velocity and Joint Velocity-Attenuation Surface Wave Geotomography 43

available stations After outliers are flagged and removed, a 3D spatial correction surface
over the Egyptian territories has been constructed and it has been added to the original
EIGEN-6C4 model to get an updated version of the global EIGEN-6C4. The comparison
over checkpoints revealed that the errors of the updated model have a mean of —0.018 m
and a standard deviation equals £0.011m. That concludes that incorporating terrestrial
geodetic data into the global EIGEN-6C4 model has increased its accuracy in Egypt by
almost 36 % as the overall standard deviation has been decreased from +0.172m to
+0.110m.

It should be noticed that some previous studies reported small errors of GGMs over
small particular regions within Egypt, the current research has the advantage of perform-
ing the GGMs analysis over the entire country to select the most accurate model from a
national perspective. Thus, such an accomplished updated GGM represents the optimum
stand-alone geoid model in Egypt.

However, such accuracy levels of GGMs do not meet the requirements of high-
accuracy surveying and civil engineering applications. That concludes that a precise na-
tional geoid model is still a must. It is recommended that all available geodetic datasets
should be collected from all governmental and private organizations to construct a national
geodetic database that will be implemented in modelling an Egyptian local geoid.
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