International Journal of Geosciences, 2012, 3, 431-442

o5 Scientific
http://dx.doi.org/10.4236/ij2.2012.33047 Published Online July 2012 (http://www.SciRP.org/journal/ijg)

#3% Research

Contribution of Satellite Altimetry Data in the
Environmental Geophysical Investigation of the
Northern Egyptian Continental Margin

Hamdy Ahmed Mohamed Aboulela

Marine Science Department, Faculty of Science, Suez Canal University, Ismailia, Egypt
Email: aboulell 004@yahoo.co.uk

Received March 20, 2012; revised April 21, 2012; accepted May 20, 2012

ABSTRACT

The northern Egyptian continental margin is characterized by interesting tectonic settings as well as trade and industry
district in Egypt. In the current study, the contribution role of satellite altimetry gravity data in the Environmental geo-
physical investigation is presented to give a complete view of the marine gravity field of the study area. The satellite
data showed only minor deviations in some partial regions of the area investigated such as Nile Deep Sea Fan, Levant
Basin, Eratosthenes Seamount and Herodotus basin. The interpretations of the entire data illustrated that the differences
between the satellite and the shipboard data were small in some regions particularly near to land. Furthermore, a num-
ber of strong deviations in some regions were spatially correlated with bathymetric depth together with the appearance

of geological structures.
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1. Introduction

The Earths surface has been monitored for nearly twenty
years from satellites altimeters. Global mapping of the
Earth gravity fields from different data sources has pre-
viously been presented by [1-4]. The first gravity field
from the full ERS-1 geodetic mission were presented by
[5]. Additionally, Satellite altimetry has enhanced our
understanding of marine gravity, seafloor bathymetry and
ocean circulation. Two satellites have been operated in
geodetic mission configurations. GEO-SAT (1985-1986)
where the satellite was operated in a non-repeating orbit,
which yielded a very dense, though not completely ho-
mogeneous coverage of observations, and ERS-1 which
covers all oceans between —82 and +82 latitudes and
provides a very dense and homogeneous coverage [4].
The concept of determining marine gravity anomalies
from satellite radar altimetry is as follows: The altimeter
essentially measures the distance between the satellite
and the sea surface along the nadir using pulse-limited
radar at a series of footprints along the sub-satellite
tracks [6]. After modeling tidal effects and applying
geophysical corrections, these measurements are then
averaged (stacked) to give the mean shape of the sea
surface with respect to a prescribed reference ellipsoid,
knowing the position of the satellite from tracking, dy-
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namic orbit modeling or both. To a first coarse approxi-
mation, the mean sea surface coincides with the geoid.
However, these two surfaces depart by up to ~2 m due to
sea surface topography, which is caused by oceanogra-
phic effects [7]. Therefore, techniques to model and/ or
mitigate the effects of sea surface topography from the
altimeter measurements form an integral part of estimat-
ing marine gravity anomalies from satellite altimetry.

In the present work, the marine gravity data derived
from satellite altimetry have been used in an evaluation
of the gravity field of the northern Egyptian continental
margin (Figure 1). This area has been chosen as a site of
case study for many reasons. Firstly, this region is of
great importance from the economic point of view as a
productive oil zone in Egypt which makes quite signifi-
cant to recognize off-shore sedimentary basins and near-
surface geological structures. Furthermore, this region is
characterized by remarkable tectonic settings accompa-
nied by active tectonic activity processes. These tectonics
have been interesting for many authors who studied rift-
ing mechanisms in relation to the seismic activity in this
region [8-10]. The aim of this study is to highlight the
contribution of satellite altimetry gravity data in geo-
physical investigation, and give a complete view of the
marine gravity field of the study area. In addition, a
comparison of the result of the shipboard marine Free-air
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Figure 1. Location map of the area investigated.

gravity data with the gravity data derived from satellite
altimetry of the study area will be presented.

2. Geological Background

The regional geology of the study area was the subject of
many investigations since it forms a significant structural
unit in tectonics framework of northern Egyptian conti-
nental margin and Eastern Mediterranean. In view of the
available literature on the geology and tectonic of the
mentioned area such as those published by [8-24], and
other investigators of the study area and its surroundings,
it can be stated that:

The main Bathymetric and margin topographic fea-
tures are relatively wide and show a discrepancy in
width from east to west of the coastal zone and adja-
cent sea floor as shown in Figure 2.

The Egyptian continental margin is located to the
south of the folded arc forming the Mediterranean
ridge, where the sea floor is occupied by the Nile
Deep Sea Fan, Levant Basin, Eratosthenes Seamount
and Herodotus basin.

The Egyptian continental margin bordering the East-
ern Mediterranean Sea is characterized by a narrow
continental shelf extending from the shoreline sea-
ward to the shelf edge at about 15 - 20 km. However,
the shelf in the region between Rosetta mouth and
Bardawil Lake becomes wider, where it ranges in ex-
cess of 70 km [25].

The Mediterranean ridge, Levant Basin and Nile
Deep Sea Fan are the major morphostructral domains
in study area. The Mediterranean ridge is a long ac-
cretionay prism between Africa and southern Europe,
consisting of sediments which are scrapped off from
the subducting plate [20].

The Nile Deep Sea Fan is bounded by the Dead Sea
shear zone to the east and the Cyprus convergent zone
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and the Mediterranean Ridge to the north. Three ma-
jor morphological structures and sedimentary prov-
inces characterize the Nile Deep Sea fan (eastern,
central and western) as pointed by [13,16,18,19].

The Nile Delta Fan is considered as a large hinge
zone that consists of several southward half-grabens.
These grabens are deformed and bounded by east-
west-orientated northward-dipping listric faults [9].
The Fan is the largest sedimentary clastic accumula-
tion within the southern Eastern Mediterranecan Sea
[25]. Generally, the total thickness of sediments on
the Egyptian continental margin could exceed 9 km as
suggested by Mascle et al., (2000) [18,19].

The Egyptian continental shelf in the western part is
affected by a series of WNW trending faults. The
present steep faulted continental slope which has a
rectilinear WNW orientation varies in width from 34
to 56 km of the Western Desert of Egypt to about 20
km seaward of the Delta [23].

In the area immediately seaward of the Nile Delta Fan,
the slope shows a fairly well developed stratification
with many closely spaced normal faults. In principle,
the continental margin can be considered as a weak-
ness zone which experienced thinning of the crust dur-
ing the Triassic period. This zone of transition between
the faulted continental crust might be predestined by
its 110°N - 120°E orientation, to be reactivated with
dextral strike slip and reverse components [24].
According to [11,22] the northern Egypt underwent
three subsequent tectonic phases from early Mesozoic
to present. The present day stress regime affecting the
Egyptian continental margin, where maximum com-
pressional stress is oriented N to N30°W, comprise
normal faults trending nearly with this direction and
reactivated reverse faults in the perpendicular direc-
tion [15,24].
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Figure 2. Bathymetric and topographic features pattern map of the study area. The red thick line represents the location of
data sources acquired from Bureau Gravity International data base (B.G.l.); and ETOPO (Eastern Topographics) respec-

tively.

3. The Data Set

The available marine gravity field data were derived
from satellite altimetry. The mentioned data were ob-
tained from: Sandwell’s version 10.1 global grid [4], and
KMS99, KMS02 [26]. For two decades, Sandwell of
Scripps Institute of Oceanography, California, USA, has
produced global gravity anomalies from multi-mission
satellite altimetry. Sandwell’s version 10.1 global grid of
marine gravity anomalies is the most recent in this series,
with the developments leading to the model reported in
[4,27].

The version 10.1 global grid is available on 1 or 2
arc-minute spatial resolution grids from http://topex.ucsd.
edu/marine grav/mar_grav.html. Only the 2 arc-minute
grid is used in this study so as to be compatible with
KMS grids. Furthermore, for nearly a decade, Andersen
and Knudsen of Kort-og Matrikstyrelsen (KMS), Co-
penhagen, Denmark, have computed global marine grav-
ity anomalies from multi-mission satellite altimetry. The
progressive developments in their techniques are re-
ported for example in [1,26].

The KMS02 and KMS99 gravity anomaly grids are the
most recent in this series and result from refinements in
the techniques described by Andersen and Knudsen,
1998. Both grids are supplied at a 2 arc-minute by 2 arc-
minute spatial resolution, and are available in the public
domain via anonymous ftp from ftp.kms.dk/GRAVITY.

The Free-air gravity data based on satellite altimetry
from Sandwell’s version 10.1 global grid was carried out
relative to the altimetry data reduction to gravity data.
The altimetry data are separated into ascending and de-
scending profiles for each repeat cycle and differentiated
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in the along-track direction to obtain along-track vertical
deflections (geoid slopes). The vertical deflections for all
the repeat cycles are then averaged into a single ascend-
ing and descending profile which are combined to pro-
duce grids of the eastern and northern components of
vertical deflection. These grids are used to compute both
gravity anomaly and vertical gravity gradient grids [4].
The marine gravity field derived from satellite altimetry
by Sandwell’s version 10.1 global grid shows a wave-
length of 10 to 15 km [4,28]. The Free-air gravity anom-
aly mapping of the KMS99; KMS02 gravity field was
carried out relative to the geoid using the GRAV-SOFT
software. The processing of data and conversion of ob-
servations into gravity field were carried out in small
cells of size 2 latitude by 10 longitude and sea surface
variability [29]. The selection of such small sub-areas
was essential to the modeling of orbit errors KMS99 and
KMSO02 grids is a further fine-tuning of the filter charac-
teristics, both in gridding of geoid height to gravity
anomalies. Satellite altimeter Free-air gravity anomalies
maps of the study area is given in Figures 3-5 based on
satellite data from [28] and KMS99, KMS02 respec-
tively.

The accessible shipboard Bouguer and Free-air gravity
data used in this study were obtained from Bureau Grav-
ity International data base (B.G.1.). These data have been
combined with data collected from the Egyptian General
Petroleum Company (EGPC, 1980) which was published
as a set of Bouguer gravity anomaly maps of Egypt at
1:500,000 scale by compiling all available gravity data
(Figure 6). A simplified and redrawn version of new
Free-air gravity anomaly map was produced to carry out

1JG



434 H. A. M. ABOULELA

25° 26° 27 28 29 30° 3r 32 33 34 35°
mGal

-120-110-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90

Figure 3. Free-Air gravity anomaly map based on the satellite data. Satellite data obtained from Sandwell et al., 1997. The
black thick red line represents location of the profiles A-A"; and B-B"".

25° 26 27 28 29" 30° 31 32 33 34 35

mGal

-120-110-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

Figure 4. Free-Air gravity anomaly map based on the KMS99 satellite data. Satellite data obtained from Andersen and
Knudsen, 1998.
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Figure 5. Free-air gravity anomaly map based on the KMS02 satellite data. Satellite data obtained from Andersen and
Knudsen, 1998.
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Figure 6. Bouguer gravity anomaly map of the northern Egyptian continental margin. Contour interval is 10 mGal. The Red
thick line represents the location of data sources acquired from Bureau Gravity International data base (B.G.l.) and Egyp-

tian General Petroleum Company (EGPC, 1980).

a quantitives interpretation of the area investigated (Fig-
ure 7). To gain knowledge of the geographic setting and
elucidate of the relief of morphotectonic of the area in-
vestigated, several profiles were acquired from (B.G.L.).
These data were combined with the available Etopo data
(Eastern Topographics) to construct the main features of
the Bathymetric and topographic map of the area inves-
tigated as shown in Figure 2.

4. Methodology and Tools

As a general rule, the function of geoid in environmental
geophysical investigation is a topic of recent interest for
many years. Geoid is a surface of constant potential en-
ergy that coincides with mean sea level over the oceans
and represents the mean sea level in land. It defines the
figure of the Earth and undulates due to spatial variations
in the Earth’s gravity field [30].

Theoretically, geoid can be determined from different
types of input data. One of the possibilities is the gra-
vimetric solution, according to the well-known Stoke’s
formula for the geoid undulation relative to the reference
ellipsoid.

N =R/4ny[[Ag;S(vi)do (1)

where S(y) is the Stokes function, R is the mean radius
of the Earth and o denotes the Earth’s surface [4]. By
using Equation (1), the geoid undulation (N), represent-
ing the physical figure of the Earth, can be determined
from the gravity observations [4].

Two particular distance dimensions are necessary to
obtain the geoid in satellite altimetry data. First, the el-
lipsoid height h is measured by tracking the satellite over
globally distributed control stations. Second, the height
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of the satellite above the ocean surface H is measured
with a microwave radar altimeter [4].

The reasons behind the interests of converting the ob-
served geoid into gravity anomaly are subsequent, the
converted gravity anomaly enhances the detection of
small scale features of the ocean floor while the geoid
reflects deeply buried density variations, as well as satel-
lite gravity measurements can be compared and com-
bined with marine gravity observations. The geoid can be
transformed into gravity anomaly by using inverse Sto-
ke’s formula (Equation (1)), or by taking the derivatives
of the geoid using Laplace’s equation [4]. Gravity anom-
aly Ag associated with geoid height N with a wavelength
A is given by

Ag=2myN/A @)

where y = 980,000 mGal is the average gravity of the
Earth. This equation indicates that the gravity anomaly of
10 mGal and a wavelength of 10 km is associated with
geoid undulation of 16 mm. This shows the precision
needed for the geoid determination in order to compute
gravity anomalies useful for environmental geophysical
applications.

As mentioned above, there are several methodology
and tools to compute gravity anomalies from satellite
altimetry such as: Method 1: Gravity anomalies from
point-mass models; Method 2: Gravity anomalies from
geoid heights using an inverse Stokes integral; Method 3:
Gravity anomalies from vertical deflections using an in-
verse Vening-Meinsz integral; and Method 4: Gravity
anomalies from vertical deflections via Laplace’s equa-
tion [31,32]. Also there are some significant differences
between marine gravity anomalies computed by different
groups from satellite rader altimetry (e.g. Sandwell’s
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Figure 7. Free-air gravity anomaly map of the northern Egyptian continental margin. Contour interval is 10 mGal. The
Red thick line represents the location of data sources acquired from Bureau Gravity International data base (B.G.l.) and
Egyptian General Petroleum Company (EGPC, 1980). The black thick red line represents location of the profiles A-A"; and

B-B".

version 10.1 global grid and KMS grids satellite altim-
etry). These tend to become larger in coastal regions,
which is due to the numerous problems associated with
correcting altimeter data in these regions. Therefore,
these data should be used with extreme caution in these
regions. Since the altimeter grids are derived from pre-
dominantly the same altimeter data sources (mostly
GEOSAT and ERS-1), the differences are due to the data
treatment (notably outlier detection, gridding and filter-
ing), models of sea surface topography and tides, and the
computational philosophies taken by each group [1].

In general, Sandwell’s version 10.1 global grid is de-
rived from multi-mission satellite altimetry from ERS-1,
TOPEX, and GEOSAT, and refinements in filtering dur-
ing gridding and Fourier transform conversion to proce-
dures set out in [4]. To summaries, the along-track gra-
dients (vertical deflection) were computed and gridded
iteratively using splines that include Wiener-type filter.
The gravity anomalies were computed from this grid using
the Fourier transform implementation of the Laplace-
based inversion of the vertical deflection method ([4];
Method 4 as mentioned above). However, these KMS
grid have been computed using a combination of ERS-1
and GEOSAT satellite altimetry via geoids ([26], Method
2 as mentioned above).

5. Results and Discussion

5.1. Free-Air Gravity Anomaly of the Study
Area

The marine gravity anomaly maps of the area investi-
gated derived from satellite altimetry were seen to have a
large gradient as a direct effect of bathymetric changes
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close to the coast. It had a very large gravity signal rang-
ing between —120 and 90 mGal (Figures 3-5). This major
gravity signal was related to the Nile Deep Sea Fan, Le-
vant Basin, Eratosthenes Seamount and Herodotus basin
where steep bathymetric changes occurred within a few
kilometers. The gravity field was seen to fall gradually

just north to south of Nile Deep Sea Fan (Figures 3-5)

where the depth rapidly grew to more than (—1500 meters)

as shown in Figure 2. The qualitative analysis of the

Free-air gravity anomalies reveals the following features:

¢ In the Nile Deep Sea Fan, Levant Basin, Eratosthenes
Seamount and Herodotus basin, the altimetry Free-air
gravity anomaly maps showed more local geological
features related to tectonic settings and shallow struc-
tures. This information agreed also quite well with
seismological activities in these regions [10].

e Free-air gravity anomaly map of the northern eastern
of Nile Deep Sea Fan was generally characterized by
negative Free-air gravity anomalies, with average
values of about (0 to 90 mGal) in the continental
margin area.

e The region of long linear features pointing at the Nile
Deep Sea Fan, Sinai Peninsula coastlines and Levant
Basin, corresponded to increasingly less negative
Free-air gravity anomalies, with the only major posi-
tive anomaly in the marine areas situated over the
mouth of the Nile Deep Sea Fan, owing to the load of
the deltaic sediments.

e The Free-air anomaly described the state of isostatic
equilibrium of a large-scale structure like a geological
basin. It is very small if a region is totally compen-
sated. The Free-air anomaly is positive if the structure
is only partially compensated or not compensated at
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all. It is negative if the structure is over-compensated.
The orientation of the Free-air anomalies in the study
area indicated that the isostatic equilibrium was far
from being achieved.

The Free-Air anomaly map contains information on
tectonic features at regional and local scale, which
may reflect the effect of the bathymetric and topog-
raphic features in a very general way. There is an al-
most continuous concave negative anomaly pattern
extending from the south of Herodotus abyssal plain
to the northwest of the East Mediterranean Ridge.

A comparison between the bathymetric and topog-
raphic features pattern map (Figure 2) and the Free-
Air anomaly map (Figures 3-5) reveal many similari-
ties. i.e. gradients of the Free-air anomalies are large
in the vicinity of Levant Basin.
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In order to evaluate the potentiality of the converted

Free-air gravity anomaly as being representative of the
gravity field, the qualitative analysis procedure of the
potential anomalies, and comparison with an observed
gravity map was made. A marine observed Bouguer
gravity anomaly map of the studied region is available
(B.G.I. and EGPC, 1980), and is given in Figure 6.
Comparison between altimeter Free-air gravity and ob-
served Bouguer anomaly maps showed good correlation
in many locations. Some of these well-correlated loca-
tions can be summarized as:

The Bouguer anomalies in the study area is domi-
nated by an elongated NE-SW trending positive Bou-
guer anomaly, with a maximum of about +200 mGal
coinciding with the elongated anomaly of the He-
rodotus Abyssal Plain.
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Figure 8. (a) A comparison of the shipborad gravity data with the satellite gravity data along profile A-A™; (b) The differnces
between satellite and shipboard gravity data. The red curve desribes the satellite gravity data were obtained from Sandwell et
al., 1997. The green and blue curves mark the KMS99 and KMS02 satellite gravity data were obtained from Andersen and
Knudsen, 1998.
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Figure 10. The differences between the Satellite data obtained from Sandwell et al., 1997 and shipboard gravity data.
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e Long linear anomalies in the study area were clear
and well defined, being narrow and high gradient
anomalies.

e Most of the broad changes in the Bouguer gravity

anomalies can be related to changes in crust thickness.

A relatively good correlation of the set of anomalies
attributed to Nile Deep Sea Fan.

e The good correlation between altimeter Free-air grav-
ity and the observed Bouguer anomaly data indicated
that these data sets provide valuable information
about marine subsurface structures and the gravity
field.

5.2. Comparison with the Shipboard Marine
Free-Air Gravity

As an example of estimating, and to show a comparison
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result of the shipboard gravity anomaly data of the area
investigated and the satellite data, a comparison with the
shipboard gravity anomaly data was made in two regions
along two profiles (A-A" and B-B"). The regions belong-
ing to these profiles had very different gravity signatures
(Figures 3-5). Furthermore, these profiles crossed the
main tectonic elements in the investigated area. The lo-
cations of the profiles are shown in Figures 3 and 7. In
comparison with the shipboard gravity data, the satellite
data showed only minor deviations in some partially re-
gions of the area investigated (Figures 8 and 9). Also
there were a significant dip and peak at all the gravity
anomalies along the profiles A-A" and B-B"). However,
the comparison of processed marine gravity data, and the
resolution of satellite gravity data still seem to be limited.
The major limitation of the satellite altimetry data was
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Figure 11. (a) A comparison of the shipboard bathymetric data with the bathymetric data provided by satellite altimetry; (b)
The difference between satellite and shipboard data. This line represents profile A-A™. (The satellite data were obtained from

Sandwell et al., 1997).
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not of high precision but poor data coverage [27,29].
Also, in comparison with the wavelength gradient of the
gravity anomaly, the long wavelength gradient could be
observed and decreased in values towards the E-W direc-
tion. This behavior showed the edge-effect at the transi-
tion zone from oceanic to continental crust (Figures 3-5).

5.3. The Differences between the
Satellites-Shipboard Gravity Anomaly Data

Figure 10 shows as an example the differences between
the satellite and the shipboard data. This map was created
by using the “grdmath” option in GMT software (Ge-
neric Mapping Tools, Wessel and Smith, 2001) for two
grid files of the satellite and the shipboard gravity anom-
aly data. Some of features correlated locations can be
summarized as:

B East
Mediterranean Ridge

Herodotus
Abyssal Plain

H. A. M. ABOULELA

In general, the differences between the satellite and
the shipboard data were small in some regions of the
area investigated. These occurred mostly near to land.
Furthermore, some strong deviations in some regions,
which were spatially correlated with bathymetric depth
and geological structures, became obvious from Fig-
ures 11 and 12.

There were also differences in polarities and gradients
of the gravity anomalies. These occurred mostly in
regions of steep gravity gradients (i.e. in the northeast
of Nile Deep Sea Fan) which reflected the impact of
the structural features in the areas.

A series of local maxima and minima of the gravity
anomalies in areas near the Libyan and Egyptian
coastlines may be related to young tectonic disloca-
tions (Figure 9(a)).
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Figure 12. (a) A comparison of the shipboard bathymetric data with the bathymetric data provided by satellite altimetry; (b)
The difference between satellite and shipboard data. This line represents profile B-B" (The satellite data were obtained from

Sandwell et al., 1997).
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e Overall, the shipboard data were important to the
coastal lines, the regions of strong bathymetric depths.
However, the precision of the satellite data was suffi-
cient when large scale features were studied.

6. Conclusions

This paper studied the potentiality of the altimeter data as

a source of information serving the geophysical applica-

tions, a case study of the northern Egyptian continental

margin. This study has been carried out by comparing of
the shipboard gravity anomaly data and the satellite data.

Free-air gravity anomaly map was also evaluated by

comparing it to observed Bouguer gravity anomaly.

Based on the results of the current study, the following

conclusions can be made:

e The satellite marine altimetry gravity data showed a
good correlation with the shipboard gravity anomaly
data of the northern Egyptian continental margin and
detects many small-scale bathymetry features.

e A good correlation has also been obtained between
the altimeter Free-air gravity and the observed Bou-
guer anomaly data, which indicated that these data
were able to figure out marine subsurface structures
and gravity field.

e Generally, it can be stated that the satellite data offer
additional and complementary data sets to help the
geoscientists for determining the Earth’s internal stru-
ure and tectonics. This provides valuable information
of the Earth’s gravity field.
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