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Abstract
In modern geodesy, the geoid computation is carried out using the so-called
remove-restore technique. In this technique, the eﬀect of the topography and its
isostatic compensation as well as the eﬀect of a global reference ﬁeld are removed
from the gravimetric quantities being used in the geoid computation. The quality
of the reference geopotential model used in the framework of the remove-restore
technique plays a great role in estimating the accuracy of the computed geoid.
In the last decade, new gravity ﬁeld dedicated satellite missions have taken place
in order to enhance the gravity ﬁeld recovery worldwide. Such satellite missions,
e.g., GRACE and GOCE, have already released some of their global gravity ﬁeld
solutions in terms of fully normalized dimensionless harmonic coeﬃcients. Each
geopotential model depends on the strategy of the solution and the inclusion of
terrestrial gravity data. The main aim of this paper is to make use of the newly
released satellite models as well as the new earth model EGM2008 to enhance the
gravity ﬁeld recovery in Egypt. The results show that non of the used geopotential
models ﬁt the Egyptian gravity ﬁeld to the desired extent.
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1. Introduction
The global geopotential models are widely used in practice in many geodetic applications, such as gravity reduction, gravity smoothing, gravity interpolation and geoid
computation. In the frame of the remove-restore geoid determination technique, the
global geopotential models play an important role by introducing the eﬀect of the long
wavelength component of the gravity ﬁeld. Hence, the proper choice of a global geopotential model in a geodetic application depends on how such a geopotential model ﬁts
the gravity ﬁeld of the area of interest. The main aim of the current investigation is to
examine how suitable are most of the recently released global geopotential models to the
geodetic applications in Egypt.
A number of recently available global geopotential models are considered for the
current study. They are EGM2008, EIGEN-5C, EIGEN-6C2, EGM96, EIGEN-51C,
GO CONS GCF 2 TIM R3 and GGM03C. The local point free-air gravity anomaly data
set for Egypt is illustrated along with the available Digital Height Models necessary for
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the gravity reduction. The used formulas to compute the synthesized gravity anomalies
from high-degree geopotential models are given. The used remove-restore technique is
outlined. The synthesized free-air gravity anomalies for Egypt using the newly released
global geopotential models are computed. The isostatic reduced gravity anomalies for
Egypt using the newly released global geopotential models are computed and widely
discussed.
It should be noted that many researchers have studied the suitability of some global
geopotential models for the recovery of the gravity ﬁeld in Egypt. The reader may refer,
e.g., to (Hassouna, 2013; Dawod et al., 2010; Abd-Elmotaal 2009).

2. Used Geopotential Models
Table 1 illustrates the recently released global geopotential models used in the current
investigation. It shows their available maximum degree as well as the data used to
develop these models. The following abbreviations are adopted for the used type of data
in developing the geopotential models:
S = Satellite Tracking Data
G = Gravity Data
A = Altimetry Data
A wide range of geopotential models from satellite-only models with low maximum degree
to combined models with ultra high-degree are considered for the current study.
Table 1: Used global geopotential models
Model
EGM2008
EIGEN-5C
EIGEN-6C2
EGM96
EIGEN-51C
GO CONS GCF 2 TIM R3
GGM03C

Year
2008
2008
2012
1996
2010
2011
2009

Degree
2160
360
1949
360
359
250
360

Used Data
S(Grace),G,A
S(Grace,Lageos),G,A
S(Goce,Grace,Lageos),G,A
EGM96S,G,A
S(Grace,Champ),G,A
S(Goce)
S(Grace),G,A

Reference
Pavlis et al., 2008, 2012
Förste et al., 2008
Förste et al., 2012
Lemoine et al., 1998
Bruinsma et al., 2010
Pail et al., 2011
Tapley et al., 2007

3. The Data
3.1. Local Egyptian Free-Air Gravity Anomalies
All currently available sea and land free-air gravity anomalies for Egypt and neighbouring
countries have been merged. A scheme for gross-error detection has been carried out.
Figure 1 shows the distribution of the free-air gravity anomalies for Egypt used for the
current investigation. The distribution of the free-air gravity anomaly stations on land
is very poor. Many areas are empty. The distribution of the data points at the Red sea
is better than that at the Mediterranean sea.
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Figure 1: Distribution of the local Egyptian free-air gravity anomalies.
A total number of 102419 gravity values are available. The free-air gravity anomalies
range between −210.60 mgal and 314.99 mgal with an average of −27.58 mgal and a
standard deviation of about 50.65 mgal. Highest values are in sea region.
3.2. Digital Height Models
For the terrain reduction computation, a set of ﬁne and coarse Digital Height Models
′′
′′
′′
′′
DHM’s is needed. The ﬁne EGH13S03 3 × 3 and the coarse EGH13S30 30 × 30
DHM’s (Abd-Elmotaal and Ashry, 2013) are used for the current investigation. They
cover the window 19◦ ≤ ϕ ≤ 35◦ , 22◦ ≤ λ ≤ 40◦ . Figure 2 illustrates the EGH13S03 ﬁne
DHM.

4. Basic Equations
The gravitational potential V can be expressed in spherical harmonic expansion as
(Torge, 1989, p. 28; Dragomir et al., 1982, p. 53)


( )n ∑
n (

∞
∑
a
GM 
1+
V (r, θ, λ) =
r
n=2 r

)



C̄nm cos mλ + S̄nm sin mλ P̄nm (cos θ) ,

(1)

m=0

where GM is the geocentric gravitational constant, r is the geocentric radius, θ is the
polar distance, λ is the geodetic longitude, a stands for the equatorial radius of the
mean earth’s ellipsoid, P̄nm denotes the associated fully normalized Legendre functions
and C̄nm and S̄nm are the fully normalized potential coefficients. The polar distance θ
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Figure 2: The 3 × 3 EGH13S03 Digital Height Model (after Abd-Elmotaal
and Ashry, 2013). Values are in meters.
can simply be expressed in terms of the geocentric latitude ψ as:
◦

θ = 90 − ψ ,

(2)

where ψ is related to the geodetic latitude ϕ through the following expression (Torge,
1980, p. 50):
tan ψ = (1 − f )2 tan ϕ ,
(3)
where f is the flattening of the earth’s ellipsoid. The geocentric radius r can easily be
expressed by
√
r=

x2 + y 2 + z 2 ,

(4)

where x, y, z are the geodetic cartesian coordinates given by (Moritz, 1980, p. 8)








x
(ρ + h) cos ϕ cos λ




 y  =  (ρ + h) cos ϕ sin λ  ,




z
[ρ(1 − e2 ) + h] sin ϕ

(5)

where ρ is the radius of curvature in the prime vertical plane, given by
ρ=

a
1

(1 − e2 sin2 ϕ) 2

.

(6)

Here h stands for the ellipsoidal height and e is the first eccentricity of the ellipsoid.
The disturbing potential T is defined by
T (r, θ, λ) = V (r, θ, λ) − U (r, θ)
4

(7)

where U is the normal gravitational potential of the mean earth’s ellipsoid, given by
(Torge, 1989, p. 37)
[

( )n

∞
∑
GM
a
U (r, θ) =
1+
r
n=2 r

]
u
C̄n0
P̄n0 (cos θ)

.

(8)

u
Here C̄n0
denotes the fully normalized harmonic coefficients implied by the reference
equipotential ellipsoid. Because of the rotational symmetry of the mean earth’s ellipsoid, there will be only zonal terms. And because of the symmetry with respect to the
u
equatorial plane, there will be only even zonal harmonics C̄2n,0
(Heiskanen and Moritz,
u
1967, p. 72). The even degree zonal harmonic coefficients C̄2n,0 converge quickly toward
zero, so that (8) may safely be truncated after n = 6. The degree zonal harmonics of
the equipotential earth’s ellipsoid Jn can be given by (Rapp, 1982, p. 7)

[

]

2
f
m
2f
11f 2
J2 =
f (1 − ) − (1 −
+
) ,
3
2
2
7
49
[
]
4f
f
f
2f
) ,
J4 = − (1 − ) 7f (1 − ) − 5m(1 −
35
2
2
7
4f 2
J6 =
(6f − 5m) ,
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(9)
(10)
(11)

where m is given by (Torge, 1980, p. 58)
m=

ω 2 a3 (1 − f )
,
GM

(12)

where ω is the angular velocity. The degree zonal harmonic coefficients Jn are related
to the fully normalized coefficients of the reference ellipsoid C̄nu through the following
relationship (Rapp, 1982, P. 7)
Jn
C̄nu = − √
.
2n + 1

(13)

Thus inserting (1) and (8) into (7), the disturbing potential T can be expressed as (Torge,
1989, p. 43)
n (
∞ ( )n ∑
)
GM ∑
a
∗
T (r, θ, λ) =
C̄nm cos mλ + S̄nm sin mλ P̄nm (cos θ) ,
r n=2 r m=0

(14)

∗

where C̄nm is the difference between the actual coefficients C̄nm and those implied by
u
. In view of the above discussion, one may write
the reference equipotential ellipsoid C̄nm
∗
the following relation for C̄nm :
∗

u
C̄n0 = C̄n0 − C̄n0
∗
C̄nm = C̄nm

if m = 0 ,
if m =
̸ 0.

(15)

The gravity anomaly ∆g can be expressed by (Moritz, 1980, p. 14)
∆g(r, θ, λ) = −

1 ∂γ
∂T
+
T (r, θ, λ) ,
∂r
γ ∂r
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(16)

where γ is the normal gravity. The normal gravity γ may be expressed in terms of the
normal gravity on the surface of the ellipsoid γ◦ , with sufficient accuracy for our purpose,
as
γ = γ◦ − 0.3086 h ,
(17)
where h stands for the height above the reference ellipsoid. Here γ and γ◦ are in mgal
and h is in meter. The normal gravity on the surface of the ellipsoid γ◦ can be expressed
as (Heiskanen and Moritz, 1967, p. 76):
1 + k sin2 ϕ
,
γ◦ = γe √
1 − e2 sin2 ϕ

(18)

where k is given by

(1 − f ) γp − γe
.
(19)
γe
Here γe and γp stand for the normal gravity at the equator and the pole, respectively.
Using the spherical approximation, we may write (ibid, p. 87)
k=

1 ∂γ
2
=− .
γ ∂r
r

(20)

Then (16) becomes
∂T
2
− T (r, θ, λ) .
(21)
∂r
r
Inserting (14) into (21), one may write the following expression for the gravity anomaly
∆g
∆g(r, θ, λ) = −

∆g(r, θ, λ) =

( )n ∑
n (
∞
)
a
GM ∑
∗
C̄
cos
mλ
+
S̄
sin
mλ
P̄nm (cos θ) .
(n
−
1)
nm
r2 n=2
r m=0 nm

(22)

5. The Remove-Restore Technique
Within the well-known remove-restore technique (Forsberg, 1984), the eﬀect of the
topographic-isostatic masses is removed from the source gravitational data and then
restored to the resulting geoidal heights. Thus the reduced gravity anomalies ∆gred in
the framework of the remove-restore technique is computed by
∆gred = ∆gF − ∆gT I − ∆gGM ,

(23)

where ∆gF stands for the free-air anomalies, ∆gT I is the terrain reduction due to the
topographic-isostatic masses, and ∆gGM is the eﬀect of the reference ﬁeld (global geopotential model) on the gravity anomalies, computed by (22) using one of the global geopotential models.
Thus the ﬁnal computed geoid N within the remove-restore technique can be expressed by:
N = NGM + N∆g + NT I ,
(24)
where NGM gives the contribution of the reference ﬁeld, N∆g gives the contribution of
the reduced gravity anomalies, and NT I gives the contribution of the topography and its
compensation (the indirect eﬀect).
6

6. Numerical Test for the used Geopotential Models
Figure 3 shows the gridded 3′ × 3′ free-air gravity anomalies for Egypt used for the
current investigation. The Kriging interpolation technique has been used. The white
pattern indicates gravity anomalies less than 10 mgal in magnitude.

Figure 3: Gridded 3′ × 3′ free-air gravity anomalies for Egypt using the
points gravity anomalies. Contour interval: 10 mgal.
Table 2 shows the statistics of the point free-air gravity anomalies as well as of the freeair anomalies produced by the used global geopotential models. The program GRVHRM
(Abd-Elmotaal, 1998) has been used to compute the free-air gravity anomalies at the
gravity data points produced by the used geopotential models ∆gGM .
Figure 4 shows the gridded 3′ × 3′ free-air gravity anomalies for Egypt produced
by using the GGM03C geopotential model. The Kriging interpolation technique has
also been used. Again, the white pattern indicates gravity anomalies less than 10 mgal
in magnitude. Figure 4 shows much smoother ﬁled than the measured free-air ﬁeld
(compare Figs. 3 and 4).
Table 3 shows the statistics of the reduced gravity anomalies, computed according to
(23), produced by the used global geopotential models. The eﬀect of the topographicisostatic masses ∆gT I has been computed employing the Airy-Heiskanen isostatic model,
using the following parameters:
T◦ = 30 km ,
∆ρ = 0.4 g/cm3 .

(25)
(26)

The TC-program, originally written by Forsberg (1984) after great modiﬁcation by AbdElmotaal and Kühtreiber (2003) has been used.
Table 3 shows that the GRACE combined GGM03C model gives the best results
in terms of the minimum standard deviation. However, the reduced anomalies of all
7

Table 2: Statistics of the free-air gravity anomalies produced by the used
global geopotential models (102419 stations)
gravity anomalies

Nmax

Point free-air
EGM2008
EIGEN-5C
EIGEN-6C2
EGM96
EIGEN-51C
GO CONS GCF 2 TIM R3
GGM03C

—
2160
360
1949
360
359
250
360

statistical
min.
max.
mgal
mgal
−210.60 314.99
−238.93 291.46
−180.85 201.46
−213.10 287.66
−175.52 211.61
−182.58 228.49
−179.93 151.46
−178.48 220.39

parameters
mean st. dev.
mgal
mgal
−27.58 50.65
−27.79 51.61
−20.66 41.83
−27.92 50.73
−21.45 45.17
−21.69 42.56
−18.27 40.80
−19.93 42.26

Figure 4: Gridded 3′ × 3′ free-air gravity anomalies for Egypt produced by using
the GGM03C geopotential model. Contour interval: 10 mgal.
models are biased having a high variance and a large range. The GOCE satellite-only
GO CONS GCF 2 TIM R3 model gives the worst reduced anomalies in terms of the
variance, however, it gives the best reduced anomalies in terms of the range. Table 3
illustrates that the combined model solutions having a lower upper degree gives better
residuals than those having a higher upper degree. Generally Table 3 proves that non of
the existing geopotential models ﬁt the Egyptian gravity ﬁeld to the desired extent.
Figure 5 shows the reduced gravity anomalies for Egypt, according to (23), produced
by using the GRACE GGM03C combined geopotential model. Again, the white pattern
8

Table 3: Statistics of the reduced gravity anomalies produced by the used
global geopotential models (102419 stations)
gravity anomalies

Nmax

EGM2008
EIGEN-5C
EIGEN-6C2
EGM96
EIGEN-51C
GO CONS GCF 2 TIM R3
GGM03C

2160
360
1949
360
359
250
360

statistical parameters
min.
max.
mean st. dev.
mgal
mgal
mgal
mgal
−215.17 173.97 24.24 27.36
−111.89 138.786 17.10 23.22
−209.52 148.88 24.37 26.32
−116.78 136.16 17.89 22.00
−120.61 142.31 18.14 23.02
−96.73 137.96 14.71 27.45
−106.18 135.81 16.37 21.02

indicates gravity anomalies less than 10 mgal in magnitude. Figure 5 shows that the
reduced anomalies for the Egyptian territory using the GGM03C geopotential model are
generally small. High values of the reduced anomalies are existing in the sea regions
with high-frequency content, especially in the Red Sea.

Figure 5: Reduced gravity anomalies for Egypt produced by using
the GGM03C geopotential model. Contour interval: 10 mgal.

7. Conclusion
Diﬀerent recent geopotential models are tested to produce reduced gravity anomalies
for Egypt. The reduction of the gravity anomalies follows the well-know remove-restore
9

technique employing Airy-Heiskanen ﬂoating hypothesis. A wide range of geopotential
models are tested from satellite-only models, having low upper degree, to combined
models having both low and high upper degrees.
The results show that the GOCE satellite-only model GO CONS GCF 2 TIM R3
gives the worst residuals, and hence it is not recommended to be used for the gravity
ﬁeld recovery in Egypt. The GRACE GGM03C combined geopotential model, having
relatively low upper degree, gives the best residuals for Egypt. The combined geopotential models with high upper degree gives worse results than those having low upper
degree. Generally, all models gives biased reduced anomalies having a high variance
and a large range. This conﬁrms that non of the existing geopotential models ﬁt the
Egyptian gravity ﬁeld to the desired extent.
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