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Abstract
This study aims to develop a Local Geoid Model (LGt Egypt to determine the optimal combinatioffis o

global models with Global Navigation Satellite Syas (GNSS/Levelling) data. A precise national gdodiataset,
four Global Geopotential Models (GGMs), and thrémbgl Digital Elevation Models (DEMs) have beeninéd.

Hence, twelve gravimetric LGMs have been develamedg the Least-Square Collocation (LSC) methdddito
GNSS/Levelling data and judged over 100 checkpoRésults revealed that improvements in local gaoiliracy
are attributed mainly to GGMs models representiegdng wavelength of the Earth's gravitationdtfiRegarding
DEMSs, the accuracy of LGMs does not significantipdnd on the utilized DEM. Based on the availabla,dhe

attained optimum geoid of Egypt has been develeygtda standard deviation, equals 0.129 m.
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1. Introduction

GNSS play a vital role in surveying geodetic atiéag worldwide. It produces geodetic or ellipsoideights reference to
the surface of an ellipsoid, while most surveying anapping activities depend on the orthometriglhisi referenced to the
Mean Sea Level (MSL) datum. Hence, height convarsfdGNSS heights to MSL heights necessitates mgerodel to define
the vertical separation, geoid heights, betweesehwo surfaces over a specific region. Geoid ntiogelon a national scale,
has been a crucial task for geodetic communitiesgugral countries worldwide in the last few desa@®r example, the U.S
National Geodetic Survey (NGS) is currently deveigm time-dependant geoid model for the entire W&Be completed by
2022 [1]. Similarly, an updated geoid model for teited Kingdom (UK) and Ireland has been developedncrease
accuracy and homogeneity of height transformatiomss this region [2]. Additionally, The French tihg national de
l'information géographique (IGN) is developing axnnprecise geoid model for France that could ach&r@llimeter level of
accuracy in height transformation [3]. More recgritie Geospatial Information Authority (GIA) ofpln is developing a new

refined gravimetric geoid model on a 1x1.5 arc-selcgrid [4].

GGMs constitute a major factor in geoid modellimgece they provide the long and medium wavelengfit® Earth's
gravitational field. Since the mid-1960s, numer@SMs have been developed and being applied in gemdelling.
Consequently, the evaluation of GGMs in a speo#gion has been extensively investigated by geodaidies in the last few
decades. For example, Fernadez et al. [5] and Efidexr et al. [6] have utilized free-air gravity amies and
GNSS/Levelling datasets to study the selectionptifieal GGM in Costa Rica and Kuwait respectivelyglditionally, Gomez
et al. [7] have utilized mean water level data iake in Argentina as a validation tool for GGM essment. Since the Earth
Geopotential Model 2008 (EGM2008) is the most welbwn GGM worldwide, its precision performance Haesen
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investigated in several countries such as Egypafg] Sweden [9]. On the other hand, Global DEMs EGIS) have been
utilized in geoid modelling for the evaluation tietterrain effects. So, the optimum DEM is alsmiigant in such a task

particularly in countries with no published preci3EM.

In Egypt, several geoid development tryouts haventmarried out in the last few decades. Alnaggay fias developed
the first pioneer national-scale geoid. Dawod [} developed a national geoid model based onatzedl the Egyptian
National Standardization Network of 1997 (ENGSN@I9ng with GPS/levelling data. Also, Abd-Elmotadl2] has
developed a gravimetric geoid model utilizing hidggree tailored reference geopotential model. Recebawod and
Abdel-Aziz [13] have studied the utilization of &@raphic Information Systems (GIS) technique ioidienodelling. The
traditional manner of investigating the accuracg egliability of GGMs and DEMs is the assumed paite comparison. In
this approach, a specific GGM is evaluated overckpeints with known geoidal undulations and thdistiaal indicators
provide a measure for its reliability in geoid mbhidg [6]. Similarly, a particular DEM is judged ev known stations with

available orthometric heights.

A novel approach is proposed in the current stodyléciding which GGM and DEM models are optimumutlization
in developing a national geoid model. Accordinghys study aims at investigating the optimum corabion of some selected
GGMs and GDEMs models in developing a precise Igealid model of Egypt based on the available |bet¢rogeneous

geodetic datasets.

2. Methodology

The current study employs four GGMs models ancetl@®EMs models in developing twelve 5'x5' localigenodels
for Egypt. GDEMs models have been utilized sinezehs no local precise DEM published for Egypf[T4e utilized GGMs
models include XGM2019e 2159, EGM2008, EIGEN-6G#| @ECO. These models have been selected sincartbdiie
only (to date) high-resolution GGMs with a degrde290. Concise descriptions of those models aesegnted in the

following subsections:

2.1. Global geopotential moddiSGM9

(1) XGM2019e_2159: A recent GGM combines 15' teri@sgravity anomalies datasets over land, 1' meam surface
database over oceans, 5' GOCO06s GGM, and the EART4Htopographic model. It has been developeddoege?190
(utilized herein) and later extended to degree 5460

(2) GECO: A global gravity model utilizes the GOG&ellite-based gravity data to improve the acquedche EGM2008
GGM in low and medium frequencies. GECO is develppe 2015, up to degree and order 2190 [16]. GEC e
most-recent published high -resolution GGM up20L7.

(3) EIGEN-6C4: A model released in 2014, that z#d satellite tracking data (from the Laser Geodyos Satellite:
LAGEOQS, the Gravity Recovery and Climate ExperimgBRACE, and the: Gravity-field and steady-statee&@t
Circulation Explorer: GOCE missions) along withlalgl surface gravity anomaly grid and altimetryad&he model is
up to 2190 degree, developed by both the Germamn&e Research Center for Geosciences (GFZ) anérdmch
Centre National d'Etudes Spatiales (CNES) [17].

(4) EGM2008: An integrated GGM developed in 2008ty U.S. National Geospatial-Intelligence AgensiGA) up to
2190 degree, based on GRACE-based satellite trqckita, terrestrial gravity data, and altimetryadétwas a milestone
in GGM development since its preceding model did exceed 360 maximum degrees [18]. Table 1 shows th

characteristics of those selected global GGMs.
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Table 1 Characteristics of selected GGMs

. Average accuracy over 12035
GGM Year | Degree Utilized data GNSg/IeveIIing gtations (m)
XGM2019e 2159 2019| 2190 A, G, S(GOCO006s), T 0.236
GECO 2015 2190 EGM2008, S(GOCE) 0.237
EIGEN-6C4 2014 2190 | A, G, S (GOCE, GRACE, Lageos) 0.236
EGM2008 2008 2190 A, G, S(GRACE) 0.240
where: A = Altimetry data, G = Ground geodetic d&a satellite data, T = Topographic Modger [19])

2.2. Global digital elevation modg/&DEM)

On the other hand, the utilized GDEMs models, meiaclude SRTM1, ASTER, and ACE2 models. Table®marizes

the characteristics of those selected global DEM3IINgG:

1)

)

®)

SRTM: The Shuttle Radar Topography Mission (8R71s a global DEM, that has two versions: SRTM1haa spatial
resolution of 1 arc second, i.e., approximatelyr&@ers, and SRTM3 model with a 3 arc second resolUBRTMGL1 v.

3 [20] has been utilized herein. (download from &ttps://earthexplorer.usgs.gov/).

ACE2: The Altimeter Corrected Elevations, Versi2 is a global digital elevation model createdsyypergistically
merging the SRTM data set with Satellite RadarnAédtiry within the region bounded by 60°N and 60°&ER was
developed at resolutions of 3, 9 and 30 arc-secards5 arc-minutes [21]. The 3" ACE2, utilized éiar(downloaded
from https://sedac.ciesin.columbia.edu/data/set/dae-v2).

ASTER: The Advanced Spaceborne Thermal Emisaiwh Reflection Radiometer (ASTER) is a 1 arc-sdogiebal
DEM [22]. The ASTER version 3 has been publicalleleased in 2019 (download from e.g.
https://asterweb.jpl.nasa.gov/gdem.asp). Tableo@shhe characteristics of those selected globa®E

Table 2 Characteristics of the utilized global DEMs

DEM Released yealr Spatial resolution

arc second] m
ASTER v.3 2019 1 ~30
ACE2 2019 3" ~90
SRTMGL1v.3 2019 1 =30

The topography of Egypt, as derived from ACE2 GDEivlexample, is depicted in Fig. 1. It can be redi¢hat the

Egyptian terrain heights range from -137 m to +260&ith an average of 302 m. It can be realizettttmountainous areas

are located only in the middle of Sinai peninselastern deserts along the Red sea, and in Sou#mwédsirders. The flat

topography generally reduces the effects of terramections in geoid modelling. For each combumatia 5'x5' gravimetric

geoid is developed first, and then fitted to GN8®&lling dataset.
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Fig. 1 Topography of Egypt
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The least-square collocation is one of the mosenatve tools for gravity field modelling due ts thigh capability of

dealing with heterogeneous input features. Thechmathematical form of LSC, in a vector form, cobllwritten as [23]:
X=Au+s+r 1)

where is the vector of measurementsis the vector of the noise component in the meamants, is the vector of signal

components in the measurements to be predicted, &nthe vector of unknown parameters to be estimated

Thus, LSC combines adjustment, filtering and prigoiicof the input Earth's gravity field parametgrestimate geoidal
heights and other geodetic related values [ibid}viBg that model requires constructing a covar@angatrix that can be
estimated based on the variances of the requiriseé aod unknown parameters. The accuracy of LS@isn| as represented
by the error covariance matrix, depends on thermalgovariance matrices or, in other words, onabeuracy of the input
datasets.

The processing, in the current study, has beeredavut using the LSC-based Gravsoft package [@4h this software,
the effects of a GGM and a DEM are first removedrithe input datasets of the Earth's gravitatifield to obtain a residual
field, second computations of predicted quantiied error estimates are carried out, and finalgdéing the effects of both
GGM and DEM to the attained residual parameterk R&ditionally, an empirical covariance functioneéstimated based on
the residual gravity anomaly data. The package mposes the geoid undulations (N), in the removepdairestore

processing strategy, into three components as [24]:

N = Nggy + Nog + Nre 2

where! provides the long to the medium wavelength of tfevigational field of the Earth as computed, represents
the medium to short local wavelength deduced fracalldatasets, and represents the terrain corrections or the topdyrap
contribution as represented by a certain DEM. Tireet components of the geoidal undulation, in #s €quation, are

computed by the following equations [23]:

Ney = 3 " (€, cosmi +S, sinih )P cps @)
rg n=2 r m=0
R
NDg - 4,0gsg S(y)(D O D Q;GM) & (4)

N, =G n__rixy2(h- 3 5 dxdyd:z (5)

s Wi - Xy, vhs

where is the degree of the GGM model, max-n is the maringiegree of the GGM modeh is the maximum order of the

model, isthe normal gravity of the reference ellipsoits the geocentric radius of the computation p&iig the Newtonian

gravitational constanM is the mass of the EartR s the mean radius of the Eardtis the semi-major axis, is the geocentric

latitude, is the geocentric longitude, is the gravimetric observations given as free-aavily anomalies, is the

gravity anomalies computed by a specific GGM, s the Stokes' function,is a differential surface area on a unit sphere,

is the differential surface area on the computaticap, and are the fully normalized harmonic coefficients,s

the surface atmosphere potentials the sea-level radius of the Earth, is the topographical density at running point,

, and are the computational and running point respegstivand” is the fully normalized associated Legendre

polynomial.
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Next, all geoid combinations have been investigatgidg the ArcGIS 10 software, to interpolate ttiained geoidal
heights at the 100 checkpoints and compare thetetocorresponding known values. To compare thiéopmaance of each
attained LGM, three statistical measures have bsed: standard deviation, average, and range afisbeepancies between
the known and interpolated geoid undulations. Thieszending rankf(, R2, R3) are given to each LGM over a scale of ten,
where ten represents the minimum value of thessizdl measure and one represents the maximum.waleights of those
ranks have been selected as 4, 3, and 3 respgctilehce, a weighted mean ram® {s computed for each LGM, using its
corresponding three individual rank measur@g énd their assigned weight®/{) to represent a unique indicator of its

accuracy and to serve as a base of comparison &etive twelve accomplished LGMs, as:

R =_F:'NW ©®)

Fig. 2 presents the overall steps utilized in thmgrocessing of the proposed methodology.

GGM No. n =1
— GGM No. i+1
v
GDEM No. j =1
— GDEM No. j+1
w\

Compute dG, DN

v

/ Read obs. G Data /

Compute Egypt
Gravimetric Geoid No. 1i,j

v

/ Read obs. N Data /

Compute Egypt Geometric
Geoid No. i,

Read N of Check
Points

Compute dN of Geom. Geoid
No .i,j at check points

Another GDEM?

Compare all combinations i,j
of Egypt Geoids

v

Optimum GGM/GDEM of Geoid
in Egypt

Fig. 2 Flow chart of data processing
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3. Available Data

Regarding the available terrestrial data over Egtim study utilized two main types: terrestriab\gty data and
GNSS/Levelling data (Fig. 3). The first-order Eggptnational gravity networks of both 1997 and 16@itain 247 measured
gravity points [11]; and 1100 GNSS/levelling stagall over Egypt, that were observed by the SuResearch Institute (SRI)
in various projects over the last ten years [26]s Iworth mentioning that the average accuracthefEgyptian National
Gravity Standardization Network of 1997 (ENGSN9¥¥0.02 mGal, while the corresponding value ofNla¢ional Gravity
Standard Base Network of 1977 (NGSBN77) is +0.0&hjGL]. On the other hand, the utilized GNSS/lémglpoints have
been surveyed using the first-order levelling dwalfirst-order GNSS geodetic network standards tlaeid average accuracy
could be estimated as +3 - 4 cm [25]. Ten percktiteoknown GNSS/Levelling stations have been rekas checkpoints to
estimate the external accuracy of each developed.UGshould be noticed that such local datasety m& adequate in
number and they are not homogeneously distributed Bgypt. However, such data are the most-recenirate geodetic

measurements existing over the country [ibid].
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Fig. 3 Available terrestrial data in Egypt

4. Results and Discussion

Table 3 Overall accuracy of different GGMs and DEM&r checkpoints (m)

(A) Overall accuracy of LGMs based on different G&Mer checkpoints;
GGM Average Standard Deviation (m) Improvements %
XGM2019e_2159 +0.137
EGM2008 +0.140
GECO +0.159 17%
EIGEN-6C4 +0.157
(B) Overall accuracy of LGMs based on different D&dVer checkpoints
DEM Average Standard Deviation (m) Improvements %
ACE2 +0.146
ASTER v.3 +0.148 2%
SRTMGL1 v.3 +0.150

The first investigation step has been carried othé overall perspective to get the big pictureulthe contribution of
GGMs and DEMs in geoid modelling for Egypt. Henite average standard deviation over checkpointsdoh GGM-based
LGM, averaging its performance using all DEMs, bagn computed. Similarly, the mean standard dewiatver check
points for each DEM-based LGM, averaging its perfance using all GGMs, has been also computed. Baptesents the

accomplished findings that reveal two imperativmaeks. First, local geoid accuracy levels rangenfte0.137 m using the
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XGM2019e 2159 model to £0.159 m using the GECO GGtMemphasizes that significant improvements of 17%
approximately in local geoid accuracy are attridutethe utilization of GGMs models representing ltng wavelength of the
Earth gravitational field. Regarding the contrilbutiof DEMSs, it can be noticed from that table tthet overall accuracy of
LGMs does not significantly depend on the utiliZ#M. That could be attributed to the almost flgidgraphy of Egypt as
depicted in Fig. 1, which reduces the effect ofttpographic correction in the geoid modelling s

Furthermore, the statistical characteristics ofdaeeloped twelve LGM of Egypt are tabulated in [Eabl-7. Several

imperative remarks could be perceived from thoBketa First, it can be recognized, from the fidunn in all tables, that the

Table 4 Chrematistics of XGM2019e_2159 GGM differemover checkpoints (m)

Utilized GDEM
Measure/LGM No.| Acg2 | ASTER v.3| SRTMGL1 v.3
1 2 3

Minimum -0.276 -0.279 -0.275
Maximum 0.271 0.430 0.429
Range 0.547 0.710 0.704
Average 0.003 0.005 0.006
Standard Deviation £0.129| +0.140 +0.141

Table 5 Chrematistics of GECO GGM differences ahexckpoints (m)

Utilized GDEM
Measure/LGM No.| Acg2 | ASTER v.3| SRTMGL1 v.3
4 5 6

Minimum -0.292 -0.301 -0.293
Maximum 0.649 0.607 0.663
Range 0.940 0.908 0.956
Average 0.016 0.015 0.017
Standard Deviation +0.161| +0.156 +0.162

Table 6 Chrematistics of EIGEN-6C4 GGM differenogsr checkpoints (m)

Utilized GDEM
Measure/LGM No.| Acg2 | ASTER v.3| SRTMGL1 v.3
7 8 9

Minimum -0.621 -0.633 -0.633
Maximum 0.369 0.375 0.376
Range 0.989 1.008 1.008
Average 0.010 0.010 0.010
Standard Deviation +0.156| +0.157 +0.157

Table 7 Chrematistics of EGM2008 GGM differencesrasheckpoints (m)

Utilized GDEM
Measure/LGM No.| Acg2 | ASTER v.3| SRTMGL1 v.3
10 11 12

Minimum -0.295 -0.317 -0.320
Maximum 0.322 0.327 0.328
Range 0.618 0.644 0.647
Average 0.019 0.018 0.019
Standard Deviation £0.140| +0.140 +0.140
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AEC2 GDEM generally produce the minimum range afiations over checkpoints. So, it might be conctudeat AEC2
performs a little bit better than the other two Q@d=over Egypt, at least in geoid modelling applmas. Moreover, it can be
revealed that the standard deviation, as an acgimdizator, ranges from0.129 m for LGM 1 ta:0.162 m for LGM 6. For
the range of discrepancies over known checkpdingésgeveloped LGMs perform diversely and theiratans range from a
minimum of 0.547 m for LGM 1 to 1.008 m for LGM 8&9. However, all these levels of accuracy areanotirate enough for
high-precision GNSS-based geodetic and mappingdcgpioins in Egypt. Consequently, this signifies tmitical need for

collecting more measured geodetic datasets in tefmamber and homogenous distribution over thentigu

To come up with the optimum LGM for Egypt, the tweelLGMs have been compared in terms of standarati@v,
average, and ranges of their geoid undulationsatans over checkpoints. As mentioned earlier,eacénding rank is
assigned to each LGM, on a scale of ten, for etattsscal measure. Subsequently, Eq. 2 is appienbmpute the weighted
mean rank for each model. The attained resultsardated in Table 8. It can be realized that trexall rank of the LGMs, on
a scale of ten, varies from 2.9 for LGM 6 to 1000 EGM 1. Consequently, based on the currentlylalste local geodetic
datasets, LGM 1 is the optimum model for Egyphds been developed based on the XGM2019e 2159 Gf@kha ACE2
GDEM. Its geoid undulations (Fig. 4) range from4B89n to 21.088 m with a mean of 14.106 m. It ioremended to use this
local geoid, for the time being, for GNSS-based/sying and mapping applications in Egypt.

Table 8 Ranks of developed LGMs for Egypt

LGM No. R; R, R; R

1 10 10 10 10.0
2 9 9 1 7.2
3 8 8 2 6.8
4 3 5 5 4.0
5 7 6 4 6.1
6 1 4 6 2.9
7 6 7 3 5.7
8 4 7 3 4.7
9 4 7 3 4.7
10 9 2 8 6.7
11 9 3 7 6.8
12 9 2 9 6.9

where R, R,, Rs are the individual ranks for standard deviatiorerage, and

range respectively. R is the weighted overall rank.

Fig. 4 Developed optimum local geoid of Egypt
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5. Conclusions

Local geoid modelling involves a local geodeticadat, an optimum GGM, and a GDEM. A precise geodkitaset,
comprising 247 terrestrial gravity points and 1@RSS/Levelling stations, has been utilized in therent research study
using the Least-Square Collocation geoid modelimgghod. Rather than the classical point-wise metfadvestigating the
accuracy of GGMs and DEMSs, the current researchqe®d a new approach for deciding which GGM and Daddiels are
optimum for utilization in developing a nationalajg@ model. Thus, four GGMs (namely XGM2019e 215&GM2008,
EIGEN-6C4, and GECO) and three GDEMs (ASTER v.3E&Cand SRTMGL1 v.3) have been utilized and tweél'
gravimetric geoid models have been developed fgpE@uch models have been, then, fitted to GNS&lliag stations and

then judged over 100 checkpoints with known geoiadihts.

Accomplished findings revealed that the utilizedE3\@s provide comparable results from a precisiospective, which
could be due to the flat topography of Egypt. Thusan be concluded that the terrain effects ioidienodelling are quite
small. Additionally, it has been found that the AE@odel performs relatively better than the otk investigated GDEMs
over Egypt. Furthermore, it has been found thasthedard deviation of the twelve LGM ranges fraBnl29 m to +0.162 m.
On the other hand, the undulations discrepancies kwown checkpoints vary from 0.547 m to 1.008Cuncerning the
general performance of all investigated GGMs, & haen concluded that the XGM2019e_2159 produe=bdht standard
deviation (£0.129 m) while the GECO GGM produces worst value £0.162 m). Nevertheless, all thegeldeof accuracy
cannot be as accurate as needed for high-prec@i85-based geodetic and mapping applications iptEdg a result, there
is a vital need for collecting extra local geodefitasets in terms of number and homogenous distribover the country. All
specialized governmental, military and private oigations have to cooperate together to establisbcant integrated
national dataset for geodetic and environmentaliegtjons.

Based on statistical ranking, it has been fountttte@LGM developed using the XGM2019e 2159 GGM thedACE2
GDEM, could be considered as the optimum modeEfpympt for the time being. Therefore, it is recomihehto use this local

geoid for GNSS-based surveying and mapping apicsiin Egypt.
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