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Abstract

An improved hybrid garvimetric geoid model for Egypt, HGM2016, has been
recently computed implementing the least squares collocation (LSC) method through
the Remove-Compute-Restore (RCR) procedure. The computation of HGM2016
involves different datasets in terms of gravity anomalies determined from the GOCE-
based global geopotential model (SPW-R4) up to d/o 200 and EGM2008 up to d/o 201
to 720 combined with terrestrial gravity datasets in terms of 2140 gravity field
anomalies and about 121480 marine surface gravity anomalies. In addition, orthometric
heights from 17 GPS/levelling measurements have been considered during the
modelling process to improve the determination of the local gravimetric geoid over the
Egyptian region.

HGM2016 model estimated over Egypt result geoid heights that are ranging
from 7.677 m to 21.095 m of standard deviations (st. dev.) of about 2.534 m in the
northwest of the country excluding the involvement of the orthometric heights from
GPS/levelling measurements. When the later dataset is considered during the
implementation of LSC process, hybrid residual height anomalies ranging from —1.5 m
to +0.9 m, with mean 0.22 m and st. dev. 0.17 m are obtained. Comparison of the
predicted local gravimetric geoid with the corresponding ones obtained from EGM2008,
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GOCE-based SPW R4 model, and GPS/Levelling reveals considerable improvements of
our HGM2016 model over Egypt.
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1. Introduction

Gravimetric geoid determination from dense datasets such as surface gravity,
global geopotential models (GGMs) and topography is widely applied on both regional
and local scales (see e.g. Denker et al., 2000; Smith and Roman, 2001). The current
models over Egypt recover the regional/local geoid accurately at short wavelengths,
however they may suffer from systematic errors in longer wavelengths due to errors of
the geopotential model and/or truncation procedures such as EGG97 (Denker et al.,
2000), JGEOID2000 (Kuroishi, 2001b) and GEOID93 (Milbert, 1995). On the other
hand, orthometric heights determined from GPS/levelling measurements give precisely
point-wise geoid undulations, which contain the full range of geoid signals, but do not
actually give the geoid heights in a strict sense. Therefore, the determination of
gravimetric geoid undulations is highly required.

A reliable geoid model in terms of spatial resolution and accuracy should be
determined using the available gravimetric information combined with GPS/levelling
geoid undulations (see e.g. Smith and Milbert, 1999).

In this contribution, hybrid gravimetric geoid model over Egypt could be
computed by combining ground-based gravity and GPS/levelling observations using
remove-compute-restore (RCR) technique ( similar to Schwarz et al., 1990) to obtain a
developed conversion surface that effectively warps the gravimetric geoid surface
(using least squares collocation) by fitting the GPS/levelling points. Finally, gravimetric
geoid undulations endeavor to model the geoid as possible. For the Egyptian region, a
number of studies has been published using different quasi-geoid determination
methods (Alnaggar, 1986; El-Tokhey, 1993; Nassar et al., 2002; Dawod, 2008; Abd-
Elmotaal, 2008). However, this study differs from the previous studies in that, identical
input gravity anomalies have been incorporated from the recently released model
GO _CONS GCF 2 SPW_R4 (Gatti et al., 2014), up to maximum degree and order
(d/o) 200 which is based on GOCE (Gravity field and steady-state Ocean Circulation
Explorer) mission observations.

We have to mention here that the GOCE-based GGM of type SPW_R4 (up to
SH d/o 200) was suggested to be used as a reference geopotential model when modeling
the local gravimetric quasi-geoid, since it approximates the gravity field well the over
Egypt (El-Ashquer et al., 2016). Moreover, short wavelength of the gravity spectrum
was compensated using EGM2008 (Pavlis et al., 2012) from d/o 201 to d/o 720.

For our model computations, the GRAVSOFT software package (Forsberg and
Tscherning, 2008) has been used. In the following, the datasets used in our calculations
are briefly described in Section 2. In Section 3, methodology and procedures for
computing the hybrid gravimetric geoid model are discussed. The accuracy assessment
of hybrid garvimetric geoid/quasigeiod model is given in Section 4. Finally, conclusions
are outlined in Section 5.
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2. Datasets

The datasets used in this study consist of: (1) GOCE-based and EGM2008
geopotential gravity models, (2) terrestrial free-air gravity anomalies and GPS/levelling
data collected over the Egyptian region, (3) shipborne marine gravity data and DTU
2013 and (4) High-resolution topographic data from the SRTM30 PLUS (Shuttle Radar
Topography Mission) digital terrain model. Figure 1 shows the distribution of the
different dataset used in this study.

B 17 Points HARN Network
@ 2140 Free-air Gravity Anomalies Stations
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.l-_—"_- S— E—
25° 30°
Figure 1: Distribution of available datasets for Egypt used in the current study.

2.1. Free-air terrestrial gravity data

The available gravity dataset in this study consists of 2140 point stations. The
distribution of gravity data is not homogeneous over Egypt, with significant gaps,
particularly in the eastern and western deserts (Dawod et al., 2008). Therefore rough
data were reduced then filtered by rejecting the data subjected to gross errors. Among
gravity observations (i.e. 2140 stations) prior to the cross validation (XV), 111 stations
could not meet the XV conditions. So, after XV process, 2029 available gravity point
stations have been applied to our study, Table 1 show the statistics of the gravity field
observations in terms of free-air anomalies before and after XV process.

Table 1: Statistics of terrestrial and marine gravity anomalies used in this study before
and after the cross validation (XV) process [mGal].

XV Population Min Max Mean st. dev.
Terrestrial gravity | ), 1102.69 96.13 -10.75 2274
anomalies (Before)

Terrestrial gravity 2029 9731 78.63 1111 22.09
anomalies (After)
Marine gravity
anomalies 121480 -201.248 110.384 -17.812 34.336
(BGI + DTU13)
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2.2. Marine Gravity Data

Marine gravity data incorporates terrestrial shipborne (sea surface land and sea
bottom), and altimetic gravity field (i.e. based on satellite altimetry). Indeed, we
couldn’t succeed to obtain any of the marine data from sources in Egypt. Bureau
Gravimetrique International (BGI), whose objectives are to collect, compile and store
on a worldwide basis, homepage is http://bgi.omp.obs-mip.fr/data-products/Gravity-
Databases/Marine-Gravity-data supplied us with 64138 records shipborne marine
gravity anomalies for almost the whole area surrounding Egypt. The satellite altimetry
is the second source of our marine gravity data provided by DTUI13 global marine
gravity filed (Anderson and Knudsen, 2013) in form of 1' x 1' grid gravity anomaly data
covering the Mediterranean Sea and Red Sea surrounding Egypt. During XV process,
8851 stations were duplicated and could not meet the XV conditions, most probably due
to the smoothing effect of the big gap size compared to the DTU13; however, we have
cross validated all marine dataset, which amount to 121480 records. The statistics of
marine gravity before and after XV are given in Table 1.

2.3. GPS/levelling data

GPS/levelling dataset available here consists of 17 stations of the Egyptian
National High Accuracy Reference Network (HARN) observed by the Egyptian Survey
Authority to form the New Egyptian Datum 1995 (NED-95), distributed over Egypt (see
Figure 1). In this network, the GPS observations were tied to the International Geodetic
Stations (IGS) reference system. The precision of geoid undulations at these stations has
been suggested from the provider of about 1 cm or lower. Despite the fact that the
distribution of the GPS/levelling dataset of 17 stations is rather sparse, one may use
them for the assessment purpose since these stations cover almost the Egyptian territory
in different areas (Dawod et al., 1998).

2.4. High-resolution terrain data

The SRTM30 PLUS (Shuttle Radar Topography Mission of spatial resolution
about ~900 m, 30 arc-sec) data is used in this study to compute the topographic
potential effect on the geoid over Egypt.

3. Methodology and Computation

The remove-restore principle (see Hofmann and Moritz, 2005, p. 379) is
considered as one of utilized methods in geodesy to remove the trends of the mean-
static gravity signal (i.e. long wavelength gravity spectrum from the earth gravity
models) (Agsqp) from the raw gravity anomalies (Agr,), and after collocation process,
to restore the effect again on the result. This step is done using GGM module of the
GRAVSOFT. Similarly, the gravity effect due to the topographic attraction representing
the very-short wavelength component (Aggr,) has been removed from the raw gravity
anomalies (Agr,) to compute finally the resulting residual anomalies (Ag,.) as

Agres = A8ra — A86om — A8rTM [1]

Table 2 shows the statistics of Eq. [1] representing the residual gravity anomalies. It
shows clearly that removing the long wavelength components (Agg;sy,) from the free-air
gravity anomalies (Agr,) yields substantial smoothing as indicated by the reduction of

134



standard deviations (st. dev.) of about 46%. Slight refinements in terms of minimum and
maximum of the anomalous residual gravity (Ag,.s) were expected after removing the
very-short wavelength components due to local topography. This might be due to the
poor quality of available free-air gravity anomalies over Egypt, since the topography is
very smooth (i.e. flat areas) in the major area of Egypt.

Table 2: Statistics of residual gravity anomalies [mGal]

Anomaly Min Max Mean | st. dev.

Agrg -201.24 | 11038 | -17.70 34.18

Agra — A8coum -168.88 | 107.62 -3.39 18.16
Agra — Aggom — A8rrm | -166.51 73.64 -12.17 19.93

So, residual anomalous gravity field (Ag,.s) has been used to compute the
isotropic empirical covariance function via the EMPCOV program of the GRAVSOFT.
To estimate such an isotropic covariance function empirically; a spherical distance y is
suitably chosen and the product sum average of pairs of anomaly values, relevant to
pairs of points having spacing y with the condition that (4y/2) <Y <y + (Y/2), is
to be evaluated (Tscherning and Rapp, 1974). In the current study, Ay was chosen to be
15 arc-minutes. The obtained results of the empirical covariance function are identical
to those calculated by the modelled (or analytical) covariance function using the
analytical Tscherning/Rapp model (ibde). The latter covariance function is required to
perform the computations through the LSC method, where the required auto- and cross-
covariance functions are computed by covariance propagation from the analytically
modelled local covariance function represented as follows:

cov(T(P), T(Q)) =

2
Rg

I'pI‘Q

@ Yhmax g2 ()t P (cosi) +

A RZB n+1
2n = Nmax+1 (n—1)(n—2)(n—4) (rprQ ) P, (cos ) 2]

Where P and Q are two points separated by a spherical distance ¥ and I'p, I'q are the
distances of the two points from the geocenter, Ry is the radius of Bjerhammar sphere
and o is the error degree variance. The covariance parameters a (scale parameter), A
(a constant parameter in units of (m/s)*) and Ry are determined using an iterative non-
linear adjustment, which based on the local residual gravity anomaly data, via its
empirical covariance function used as input for the collocation process (Knudsen,
1987).

The following covariance parameters were then obtained and applied into the
collocation process: the depth to the Bjerhammer sphere Ry = —4.30037 km, the
variance of gravity anomalies at zero altitude of 248.18 mGal?, the error degree variance
scale factor of 2.7956, and Ny,, = 720. These estimated parameters were used to
calculate the hybrid residual height anomalies on 15' X 15' grid from the residual gravity
anomalies.
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Now we can predict hybrid residual height anomalies at the Earth’s surface
(8C,¢5) by using both the reduced gravity data (Ag,.s) and the reduced height anomalies
(Cres)- For this step, the residual height anomalies from the reduced gravity anomalies
(Ag,es) are computed at points of GPS/levelling data. The comparison between
predicted residual height anomalies from the reduced gravity anomalies (Ag,..s) and
observed (from GPS/levelling) residual height anomalies () is shown in Table 4. The
results show differences between the predicted and observed height anomalies with as
error st. dev. of about 42 cm. So, we ran the collocation process again taking the error
estimates (about 1.49 cm in terms of st. dev.) into consideration to remove the bias
between both the predicted and observed height systems (i.e. the gravimetric and
geometric, respectively).

Table 4: Statistics of predicted and observed height anomalies (m) at GPS/levelling

stations.

Anomaly Observations Predictions | Difference | Error Estimates
Mean 0.2869 0.0548 0.2321 0.1115
St.Dev 0.4169 0.1507 0.4294 0.0149
Max. 0.9242 0.4020 0.8048 0.1293

Min. -0.5255 -0.2227 -0.6078 0.0756

The comparison between predicted residual height anomalies from the reduced
gravity anomalies (Ag,.s) and observed (from GPS/levelling) residual height anomalies
(Cres) after removing the bias (where the mean of differences became 0.0 m) over the 17
GPS/levelling is shown in Table 5. The result shows that we are able to predict residual
height anomalies of about 7.8 mm in terms of st. dev. of the differences.

Table 5. Statistics of predicted and observed height anomalies (m) at GPS/levelling
stations after removing the bias between both height systems.

Observations Predictions | Difference | Error Estimates
Mean 0.2869 0.2869 0.0000 0.0554
St.Dev. 0.4169 0.4098 0.0078 0.0001
Max. 0.9242 0.9188 0.0114 0.0555
Min. -0.5255 -0.5051 -0.0203 0.0550

The residual gravity data remained at all the data points together with their
computed covariances were then used in the geoid collocation process, utilizing the law
of variance-covariance propagation, and the residual height anomalies ({,,5) from
GPS/levelling after removing the bias via the LSC method to estimate the hybrid
residual height anomalies (8,..¢), and their error estimates. Afterwards, the effects of
both removed parts (i.e. the long ({;;) and short wavelength ((zrp,) components, see
Eq. [1]) were then restored and were added to the ‘predicted’ residual height anomaly
(8C,¢s), at the computation points to get the final hybrid height anomaly { values as

0y = Ceem T OCres + Crrm [3]
The computation of the hybrid gravimetric quasigeoid model has been performed using
the GRAVSOFT modules GEOEGM, TC, EMPCOV, COVFIT and GEOCOL
(Forsberg and Tscherning, 2008). Figure 2 shows a scheme of the computation steps of
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the hybrid gravimetric geoid-quasigeoid model on the basis of free-air gravity
anomalies, the GGM and the DEM.

DEM Height

lobal Terrestrial DEM
Detailed grid anomalies Gefpgteitial free-air gravity Detailed grid
(from SRTM derived from Model (GGM) anomalies (from SRTM
307X 307) GP5/levelling

(Agrs) 307X 307)

TCGRID TCGRID
coarse & coarse &
reference grids reference grids

Remove Long Remove Long
Wavelength Wavelength
1) (Bgcc)
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Emperical
covariance function
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functions
parameters
Compute Process

Restore Long Hybird Residual Restore Short
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Heightanomalies Wavelength
(eex) (8 res) ({rn)
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{

The geoid/quasigeoid separation

¥
Restore Process Hybird Geoid height ()

Figure 2: Flowchart illustrating computation of the hybrid gravimetric geoid- quasigeoid
model based on free-air gravity anomalies derived from ground-based, GGM and DEM data with
the consideration of height anomalies derived from GPS/levelling.

Indeed, we have to mention that we have used free-air gravity anomalies refer to
ground level and telluroid (Hofmann and Moritz, 2005), whereas the conventional
gravity anomalies have been referred to sea level. This means that we have not yet
estimated the geoid heights but the quasigeoid or height anomaly (). Separation due to

the conceptual difference between the geoid and the quasigeoid is expressed as (ibde. p.
325).

N—zz%H [4]
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Where Agp is the Bouguer anomaly, yis the mean normal gravity, and H is the
elevation above the sea level in the same units as N and (.

N~ {+ A%H [5]

The hybrid gravimetric quasigeoid model EGY-HQGM2016 was computed by
restoring the reference height anomalies {;;p, and the corresponding ones from
topography effects (rgp. Consequently, both quantities were added to the residual
height anomalies 8z, (see Eq. [3]). Finally, the hybrid gravimetric quasigeoid model
EGY-HQGM2016 has been converted to the hybrid gravimetric geoid model HGM2016
based on Eq. [5].

Figure 3 shows the different estimated components used to restore the hybrid
gravimetric geoid- quasigeoid model. The hybrid residual height anomalies 6(g,; is
indicated in Figure (3a), whereas, Figure (3b) shows that the error accuracy of the
computations of 8z, is ranging from 6 cm to 16 cm with mean values of about 9 cm
and standard deviation 1.4 cm.

The major contribution to the gravimetric geoid model in Figure (3¢) comes
from the reference geoid model ;s obtained from modified GGM truncated to d/o
720. Figure (3d) represents the height anomalies restored from the topography effect
Crry» Which range from —18 cm to 40 cm with a mean of about—1.3 cm over Egypt.

The hybrid gravimetric quasigeoid model EGY-HQGM2016 is then indicated in

Figure (3e). The geoid/quasigeoid separation indicated in Figure (3f) is at the level of 1
cm for the majority of the Egyptian territory reaching up to -39 cm in the mountains.

Finally, the hybrid gravimetric geoid model HGM2016 as given in Figure 4 is obtained
by adding geoid/quasigeoid separation (Fig. 3f) to the hybrid gravimetric quasigeoid
model EGY-HQGM?2016 (Fig. 3e).
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Figure 3: (a) The hybrid residual height anomalies, (b) error accuracy of hybrid residual
height anomalies, (c) the reference height anomalies, (d) RTM effects on height anomalies,
(e) hybrid gravimetric quasigeoid model EGY-HQGM2016, and (f) geoid-to-quasigeoid
separation [m].

Table 3 shows the statistics hybrid gravimetric quasigeoid model EGY-HQGM2016,
geoid/quasigeoid separation and the final hybrid gravimetric geoid model HGM2016.

Table 3: Statistics of height anomalies, geoid-to-quasigeoid separation and geoid heights

[m]
Min Max Mean | st.dev.
Hybrid gravimetric quasigeoid model
(EGY-HQGM2016) 7.678 21.098 | 14.155 2.253
Geoid-to-quasigeoid separation -0.392 0.009 -0.016 0.028
Hybrid gravimetric geoid model
HGM2016) 7.677 21.095 | 14.139 2.534
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Figure 4: The hybrid gravimetric geoid model HGM2016.

4 Accuracy assessment of the developed hybrid gravimetric geoid
model EGY-HGM2016 using the GPS/levelling data

In order to check the quality of the developed HGM2016 model, the geoid
heights obtained from our model have been compared with the corresponding ones
determined by GPS/ levelling. The differences here are given on the form

AN = Nygmz016 — Ngps/levelling [6]

The statistics concerning Eq.6 are indicated in Table 6 in terms of st. dev. of the
differences between the geoid heights of HGM2016 and the corresponding from
GPS/levelling data as obtained from of HARN network (see Figure 1).

The statistics given in Table 6 consist of two main parts regarding the comparison
between geoid heights of HGM2016 with the corresponding ones from GPS/levelling
data on the one hand, and with the corresponding ones from EGM2008 and GECO
gravity models on the other hand.

The statistics show that the geoid heights differences between the 17 GPS/levelling
points of HARN and the developed HGM2016 model provide reduced st. dev. of about
19.7 cm and of about 48 cm and 36 cm in case of EGM2008 and GECO, respectively.
This emphasizes that the EGY-HGM2016 model provide improved geoid heights over
Egypt than those given by EGM2008 and GECO models.

Table 6: Statistics of differences between the estimated HGM2016 for Egypt and the
corresponding ones from the GPS/levelling data, EGM2008 and GECO gravity models
[m].
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Statistics Min Max Mean st. Dev.
Ny GPS/levelling HARN 9.779 19.33 14.458 2.743
NucMzo1e 9.856 19.613 14.469 2.795
NecM2008 9.772 19.498 14.186 2.833
Negco 9.75 19.53 14.179 2.89
N7 Gps/levelling HARN — NHGM2016 -0.409 0.309 -0.006 0.197
N17 Gps/levelling HARN — Negmzo0s |  -0.708 1.380 0.272 0.480
N17 Gps/levelling HARN — NgEco -0.454 0.822 0.278 0.362

5. Conclusion

In this study, hybrid gravimetric geoid-quasigeoid model HGM2016 has been
developed by means of least-squares collocation method and remove-compute-restore
process over Egypt. Datasets from heterogeneous terrestrial and marine gravity data as
well as GPS/levelling data have been used during our modelling process. The GOCE-
based model GO _CONS _GCF 2 SPW R4 up to d/o 200 has been chosen to recover
the long wavelength component of the gravity signal in the hybrid gravimetric
quasigeoid modelling process, since it approximates the gravity field well the over
Egypt. Moreover, short gravity signal from d/o 201 to d/o 720 has been compensated
using EGM2008 model to create modified GOCE.EGM model from d/o 2 to d/o 720.
We have performed this step in order to strengthen the medium-to-short wavelength of
the gravity spectrum when modelling the hybrid gravimetric quasigeoid heights over
Egypt. The d/o 720 has been selected here because beyond this degree the EGM2008 is
solely based on topography.

The accuracy of the developed hybrid gravimetric geoid model HGM2016 has
been checked using 17 point stations obtained from GPS/levelling data, and EGM2008
and GECO gravity models. The statistics in terms of st. dev. of the differences show that
our developed model provides improved geoid heights by a factor of about 2 — 2.5
compared to EGM2008 and GECO gravity models when using the 17 GPS/levelling
HARN stations.

This emphasizes that the HGM2016 model provide more improvements and
reliable geoid heights over Egypt with respect to EGM2008 and GECO gravity models.

Acknowledgement: The computations of HGM2016 were carried out using the
software modules of GRAVSOFT (Forsberg and Tscherning, 2008). The spatial
representations of the results have been plotted using the GMT5 (Generic Mapping
Tools) software (Wessel et al., 2013).
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