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An Evaluation of Recent Global Geopotential Models for Strip Area Project in Turkey
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ABSTRACT

The aim of this study is to present the evaluations based on comparisons of geoid heights that are computed
from several global geopotential models (GGMs) and the GNSS/levelling data. In this application
framework, differences between geoid heights obtained by GGMs and GNSS/levelling were computed.
Then, the availability of geoid heights calculated by GGMs for engineering applications were investigated.
The Konya-Polatli (Ankara) Express Train Project as a strip area project was chosen as the study area. The length
of the project is approximately 210 km and consists of 110 benchmarks that belong to the Turkish National
Triangulation Network. In this study a total of 69 GGMs were compared. In order to examine more detail,
these models were classified as three groups based on CHAMP, GRACE and GOCE. Each group was evaluated
separately and the results were obtained. According to results, the best five models were detected for geoid height
differences (NGNSSev.Neem) in terms of standard deviation. These are EIGEN-6¢4, EIGEN-GRACEO1s, EGM2008,
EIGEN-6c3stat and EIGEN-6¢2, respectively. Also, geoid heights were obtained using different parametric models.
These parametric models were used in order to minimize the impact of the terms of bias, tilt etc. Generally, three, four, five
and seven parametric models are used for the least-squares adjustment of the geoid height differences in the literature.
Therefore, in this study the geoid heights were calculated for such different parametric models. After the geoid height
values were computed from the parametric models, the best global geopotential models in terms of standard deviation
were obtained as EIGEN-6¢2, EIGEN-6c3stat, EGM2008, EIGEN-6c4 and EIGEN-GRACEOLs, respectively.

Keywords:Global geopotential model, GNSS/
levelling, Geoid undulations, Orthometric and
ellipsoidal heights.

Evaluacion de modelos geopotenciales globales recientes para un proyecto de area lineal en Turquia

RESUMEN

El proposito de este estudio es presentar las evaluaciones comparativas de alturas geoidales que fueron computadas
a partir de varios Modelos Geopotenciales Globales (GGM, del inglés Global Geopotential Models) y la
nivelacion de informacion del Sistema Global de Navegacion por Satélite. Luego se investigo la disposicion para
aplicaciones de ingenieria de las alturas geoidales calculadas por los modelos GGM. Se selecciond el proyecto
del Tren Expreso Konya-Polatli (Ankara) como el area de estudio por ser un terreno lineal. La longitud del
proyecto es de 210 kilometros y consiste de 110 puntos de referencia que pertenecen a la Red de Triangulacion
Nacional de Turquia. En este estudio se compararon 69 modelos GGM. Para un mejor examen, estos modelos se
clasificaron en tres grupos basados en CHAMP (CHAllenging Minisatellite Payload), GRACE (Gravity Recovery
and Climate Experiment) y GOCE (Gravity field and steady-state Ocean Circulation Explorer). Cada grupo se
evalud por separado. De acuerdo con los resultados, se detectaron los cinco modelos mejores para las diferencias
de alturas geoidales (NGNSS/LEV-NGGM) en términos de desviacion estandar. Estos son EIGEN-6¢4, EIGEN-
GRACEO1s, EGM2008, EIGEN-6¢3stat, y EIGEN-6¢2. También se obtuvieron las alturas geoide a través de
diferentes modelos paramétricos. Este mecanismo se utilizo para minimizar el impacto en términos de inclinacion
y declive. Generalmente, se utilizan tres, cuatro, cinco, y siete modelos paramétricos para el ajuste por minimos
cuadrados de las diferencias de alturas geoide, seglin la literatura. Por lo tanto, en este estudio se calcularon las
alturas geoide con estos modelos paramétricos. Después de que se computaron los valores de altura geoide desde
los modelos paramétricos, se obtuvieron los mejores modelos geopotenciales globales en términos de desviacion
estandar, estos son el EIGEN-6¢2, EIGEN-6¢3stat, EGM2008, EIGEN-6¢4 y EIGEN-GRACEO1s, respectivamente.

Palabras clave: Modelo geopotencial global,
nivelacion GNSS, ondulaciones geoidales, alturas
geoide y ortométricas.
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1. Introduction

Determining the gravity field with as much accuracy as possible
is significant for earth sciences such as geodesy and geophysics, and the
gravity field is instrumental in many natural incidents related to earth
dynamics, primarily mass transportation. In recent years, research conducted
to determine the earth’s gravity field has gained speed thanks to Low Earth
Orbits (LEO). Various Global Geopotential Models (GGMs) have been
released using in particular CHAMP (CHAllenging Minisatellite Payload),
GRACE (Gravity Recovery And Climate Experiment) and GOCE (Gravity
field and steady-state Ocean Circulation Explorer) orbit data. These models
have a positive impact on determining geoid changes.

Launched from Russia’s Plesetsk spaceport on 15 July 2000,
CHAMP was the first low earth satellite launched in order to determine
gravity field. The CHAMP mission was carried out by the Potsdam
(Germany) Earth Research Center (GeoForschungsZentrum-GFZ). The
satellite is almost circular and located close to the pole, with 454 km starting
height and 87.3° inclination degree. Although its work period was planned
to be five years, it operated until 19 September 2010. The core aims to
be reached through the CHAMP satellite are to specify long wavelength
features of the statical earth’s gravity field (and partially time changes) with
the greatest possible accuracy, mapping the global magnetic field, which
means specifying the earth’s primary magnetic field and its time changes,
and to reveal ionosphere and troposphere profiles, respectively (Seeber
2003; Hofmann-Wellenhof and Moritz 2005). CHAMP satellite was
groundbreaking in specifying long wavelength components of the gravity
field. Compared to GRIMS-S1 and EGM96S models produced by several
observations and satellites, it has been found that gravity field resolution is
higher specified with a couple of month’s old CHAMP orbit tracking data
(Reigber et al. 2003).

GRACE mission is the continuing part of the CHAMP
satellite. Unlike CHAMP, it consists of two identical satellites
following each other on the same orbit with 220 km + 50 km distance
between them. Both satellites were launched simultaneously from
the Russian Plesetsk spaceport on 17 March, 2002. GRACE mission
is a product of a joint project of DLR (Deutsches Zentrum fiir Luft-
und Raumfahrt) and NASA (U.S. National Aeronautics and Space
Administration). University of Texas, Center for Space Research (CSR)
was assigned as the project principal. Like CHAMP, data are needed
that are homogeneously distributed and surrounding the earth entirely,
in order to obtain a sensitive projection of gravity potential. Therefore,
the GRACE mission is close to the pole and almost circular. Initial orbit
height was selected at around 500 km, and the orbit tendency 89°. Aim
of GRACE mission is to determine the earth’s high resolution global
gravity field and time changes in this field. These satellites are also used
in order to map Total Electron Content (TEC) as in the CHAMP satellite
mission (Hofmann-Wellenhof and Moritz 2005; Jaggi 2007). Resolution
of the gravity field based on GRACE data is better than the previous
ones. According to Tapley et al. (2004), it was found that improvements
in the global gravity field were significant compared to GGMO1S earth
gravity model EGM96 determined by 110-day GRACE data.

GOCE mission is the core project of the Living Planet
Programme of the European Space Agency (ESA). GOCE satellite is
the last in the satellite series launched to determine gravity field. Orbit
of GOCE satellite was launched from the Russian Plesetsk spaceport on
17 March 2009 as almost circular and solar-synchronized. Orbit height
was selected as 250 km in order to get a stronger and more sensitive
gravity signal. Monitoring and controlling the satellite were carried out
by ESA/ESOC in collaboration with earth stations Kiruna in Sweden,
and Svalbard in Norway. Main objective of GOCE is to participate in
measuring the earth’s gravity field and modelling the geoid with perfect
accuracy and spatial resolution. Anticipated accuracies are determining
gravity-field anomalies with 1mGal (10° ms?), geoid with 1-2 cm
accuracy, and reaching a spatial grid resolutions better than 100 km.
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Many researchers have investigated the contribution of GGMs
produced from CHAMP, GRACE, and GOCE satellites in local and global
geoid models for various areas of the earth (Amos and Featherstone 2003;
Kiamehr and Sjoberg 2005; Rodriguez-Caderot et al. 2006; Benahmed
Dahoa et al. 2006; Ustun and Demirel 2006; Erol et al. 2009; Kotsakis
and Katsambalos 2010; Yilmaz et al. 2010; Janak and Pitonak 2011; Gikas
et al. 2013; Godah and Krynski 2013; Soycan 2014). Various methods
and approaches have been suggested as a result of the above-mentioned
research. One of the most frequently employed methods in the literature
to determine the best GGM for an area’s gravity field is comparing GGMs
and revealing their performance through independent datasets (GNSS/
levelling, gravity etc).

In this research, the geoid undulation values are calculated
through GGMs (69 GGMs at the time of writing this paper) for a 210-
km long strip project. Then these values are compared to accurate geoid
undulation values calculated with GNSS/levelling method. As a result,
performance of GGMs is revealed statistically and the best GGM is
suggested. Moreover, investigation of possible maximum geoid accuracy
to be obtained from GGMs is aimed at in this research employing only
geographical latitude and longitude information of points without any
geodetic measuring in the field.

2. Theoretical Background
2.1. Global Geopotential Models (GGMs) and GNSS/levelling

The sum of centrifugal and gravity forces on an object is defined
as gravity force. Determining the earth’s gravity field is the same as
determining its potential. As this potential is harmonical out of masses that
form the earth, spherical harmonic series are generally used for determining
the gravity field (Kaula 1966; Heiskanen and Moritz 1984; Rummel et al.
2002; Seeber 2003; Hofmann-Wellenhof and Moritz 2005).

Global Geopotential Models (GGMs) are defined as spherical
harmonic coefficients representing the earth’s gravity field in various
wavelengths. These coefficients are obtained from satellite orbit deviation
analyses, satellite altimeter data, gravity gradiometer data, and gravimeter
data. GGMs are divided into three groups in this context (Vani¢ek and
Featherstone 1998; Featherstone 2002).

e Satellite-only models: Coefficients of these GGMs are derived
from orbit deviation analyses of artificial earth satellites. Degree of these
models is low, and resolution is insufficient.

e Combined models: The combined GGMs are produced by
combining gravity data derived from satellite data, terrestrial gravity
observations, airborne gravimetry and satellite altimeter data in marine
areas. Therefore, integrated models have higher degrees and produce more
accurate results compared to satellite-only models.

. Tailored models: These models are generated as a result of
improving harmonic coefficients of GGMs using special mathematical
techniques within the first and second groups. The main aim of these
models is to increase the degree of the model.

Improving measurement, calculation and evaluation techniques
have contributed to constant improvement of GGMs. This improvement
causes enhanced geoid resolution. In other words, when the degree of
GGMs increased, errors of the deflection of the plumb line, gravity
anomaly, and height anomaly are decreased, and the better the
determination of the geoid (Wenzel 1998). GGMs point out the gravity
field of the earth with spherical harmonic series. According to this the
geoid height of a point the spherical geocentric coordinates of which are
known might be calculated with Eq. (1) (Hofmann-Wellenhof and Moritz 2005).
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where 7, 6, 4 are the spherical geocentric coordinates of the
computation point: radial distance, co-latitude and longitude,
respectively, GM is the gravitational constant (G) times mass (M) of the
earth, y is mean normal gravity of the reference ellipsoid, R is the mean
earth’s equatorial radius, Cow Sy are fully normalized geopotential coefficients
with degree 1 and order m, Pun(cos 6) fully normalized associated Legendre
functions, and Ny is the maximum degree of the GGM.

In order to determine the optimum GGM for an area’s
gravity field, geoid heights derived from the GNSS/levelling method
could be compared to the geoid heights calculated by GGMs (Amos
and Featherstone 2003; Kilicoglu et al. 2009; Yilmaz et al. 2010; Hirt
2011; Guimaraes et al. 2012). In many GNSS applications users feel a
need for transformation between ellipsoidal height and orthometric height.
The main reason of this is using orthometric heights in engineering, determined
by levelling, and the difficulty of making levelling measurements for each point.
Highly precision geoid models are needed for this type of implementation. Geoid
height (undulation) values produced based on GNSS/levelling measurements
are necessary to determine sensitively to this end (Doganalp and Selvi 2015).
According to the GNSS/levelling method, geoid undulation value at a point is
calculated with Eq. (2) (Heiskanen and Moritz 1984).

NGN.S‘S,:'Eev =h-—H 2

Here N stands for geoid height (undulation), / for ellipsoidal height
obtained from GNSS measurements, and A for orthometric height calculated
after levelling measurements. To evaluate the quality of GGM-derived geoid
undulation values (N#") many independent N°¥ values could be used that
are spread over the project area. Therefore, absolute geoid height differences AN
might be calculated with Eq. (3) (Kotsakis and Sideris 1999; Fotopoulos et al.
2003; Huang and Véronneau 2004; Gikas et al. 2013).

AN = NGNS.S‘flev — Nggm — (h _ H) — Nggm 3
3. Applications
3.1. Study area and data

Study field is the High-Speed Train route between Konya-Polatli (Ankara),
which is 210 km long. There are 110 GNSS/levelling points (benchmarks)
within the project field. Orthometric heights (/) of the points were determined
with the geometric levelling method in the datum of the Turkey National
Vertical Network (TUDKA). The geographic coordinates including ellipsoidal
heights (h) were determined in static positioning mode and referred to the
Turkish National Fundamental GPS Network (TUTGA). The orthometric and
ellipsoidal height of the points within the study field are varying between 696
— 1198 m and 733 — 1234 m respectively. Also, the geoid heights are varying
between 36.72 and 37.70 m (Fig. 1). The minimum, maximum and mean
values of distance between sequential points of the route were observed as 1.05,
5.53 and 1.94 km respectively. SRTM-3 data and The Generic Mapping Tools
(GMT) software were used to draw Figure 1 (Wessel and Smith 1998). The
Shuttle Radar Topography Mission (SRTM) contains elevation data with 3 arc-
second resolution and 16 m absolute height error (90 percent confidence level).
These data are available with free of charge via the Internet for approximately
80 percent of the earth’s land mass (Bildirici et al. 2009).
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Fig. 1. Study area, Konya-Polatli express train project
3.2 Evaluation Procedure

A total of 69 models were used to investigate the quality of GGMs. In
order to display the results from those models clearly, GGMs are classified in
three models derived from CHAMP, GRACE, and GOCE satellites. Spherical
harmonic coefficients of all models were obtained from the International Centre
for Global Earth Models (ICGEM) web page. In addition, geoid heights based
on GGMs can be calculated using coefficients and software on this website.
Within the scope of implementation, in order to include all of Turkey, separate
grid networks (grid step is 0.1° x 0.1°) were established for each GGM. GRS80
elipsoid parameters were used to establish grids. A correction needs to be applied
on the difference between the true potential of the geoid and the normal potential
of GRS80 when calculating geoid height, when using GRS80 as the chosen
reference field. The reason for this correction is the difference between the GM
value estimated for earth and the GM value for GRS80 elipsoid. Therefore,
the “zero-degree” term based on different GM values needs to be considered
in geoid height computation (Smith 1998). In addition, while the shape of the
geoid depends on the permanent tide system type (mean, zero and tide-free), the
values of true gravity potential do not change when one system transform another
system. Therefore, the tide-free geoid model is suggested to be used in conversion
of the GNSS heights (Smith 1998). Thus, correction term (zero degree term) has
been applied to all calculations within the context of this application, and tide-free
model is used as the tide system. In each of the GGM grid nets established, geoid
heights of project points are interpolated using a script.
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GGMs based on CHAMP

In this section, the results on GGMs for 110 points of the study area
produced based on CHAMP are addressed. Totally 17 CHAMP-based
global geopotential models are used. Names, production years, degrees
and the data used to produce them are given in Table 1. Geoid undulations
within study area are estimated using these models. The statistics of
the differences between the GNSS-based and the GGM-based geoid
undulations are given in Table 2 and Figure 2.
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Table 2 and Figure 2 show the standard deviation values range between
0.28 — 1.03 m with regard to geoid undulation differences. Moreover, the
best five models for CHAMP-based GGMs are aiub-champ03s, eigen-
cgllec, eigen-cg03c, eigen-champ05s and ulux_champ2013s, respectively.

GGMs based on GRACE

In this section, 24 global geopotential model evaluations have been
done using GRACE-based models. Information on GGMs is given in
Table 3. Performance of GGMs determined after evaluation of 110 points
within the project field is shown in Table 4. Moreover, the diagram displaying
the differences between geoid heights calculated by GGMs and the known
heights of GNSS/levelling points is given in Figure 3.

Model Year Degree  Data Referenoe

eigen=1 200 119 S{Champ) Beipber =t 2l 2003a
eigen-2 2003 1£D S{Champ) Tieigker orzl, 2003k
cigen-champ@dsp 2005 120 R{Champ) Reigher aral. 2004
ity champlle 2003 73 S{Chump) Ok el al, 2003

itg champOlk 2005 70 S{Champ) Ok et al. 2003

itg champils 200570 R{Chatp) M et al. 2003
fum-1s 003 &0 S{Chump) Gerlavh ezl 2003
fom=-2sp 2003 W S{Champ) Foldvary et al. 2005
deos champ=0lc 2004 70 S{Champ) Ditmar et al. 2008
cigen-champ3ds 2004 10 R{Champ) Reigher aral. 2004
fmm=2s 2ubd T S{Champ) Wermuth et al, 2004
eigen-cglle 2004 350 S{Champ,Crace),G,A Deigber crzl, 2006
cigen-eglie 200% 360 R{Champ,Graee) A Firate er al. 2005¢
aiub-chump01s 2007 80 3{Chuamp) Prange et al. 2009
giub-champl3s 2010 100 SiChamp) Prange 2011
eigen-champlss 2010 150 S{Champ) Flechmer et al. 2000
ulux_chump2d13s 2013 120 S{Chump) Weigell o al, 2013

Table 1. Global geopotential models based on CHAMP (S: Satellite, G:
Gravity, A: Altimetry)

AN= }vﬁﬂfﬁhr —\EEm AN= iv!.' NS ey —Nzem

Model Name Min,  Max. Mean Std.Dev. | ModelName | nyy o vy Mean  Std. Dev.
uiub-champ03s 1998 D716 1535 0279 | itg_champtle 4338 1205 3480 0769
eigen-cgllc 1,497 0407 0969 0299 | alub-champdls | 3786 0,507 2838 0818
eigen-cpll3c SL632 0406 1,047 0327 | eigen-champD3sp | 41,174 0964 3262 0,830
cigen-champ0Ss | 3038 0861 2467 0465 | itg champ0lk | 3620 0289 263 0830
ulux_champ2013s | -2,391 0,058 -1591 0,638 | elgen2 4168 0523 3056 0911
eigenl 0,158 2913 1,082 0706 | tumls 2529 1232 -1359 0,994
cigen-champ03s | 3,924 0961 3082 0720 | tumlsp 3,136 069 -1974 1,005
deos champ-0le | 3,927 0813 3,14 0724 | mmis 2066 0840 -1&77 1027
itg_champ01s 3620 0572 2750 0746

Table 2. Statistics of geoid height differences between GGM-derived (V&™)
and GNSS/levelling (N“*5%) data, units in meters (based on CHAMP)
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Fig. 2. The standard deviations of geoid undulation differences between
GNSS/levelling and GGMs (based on CHAMP)

Mudel Yeur Deprev  Dua Rufereney
cipen-praceldls 2003 140 S{Grac) Reigrber el al. 2003
wmills NG 1200 S rraoe) Taplew =t al. 2003
gemile 003 200 TEGH, 50 Gracs) UTEX CSR 2003
eiyen-graced2s 200< 150 Sraoe) Retgrber el al. 20052
gemills 2nne 1Rl S{irane) TITEX C5R 2004
gemille 2004 200 E(Crace), G UTEX CSR 2004
fig-gracell?s A0 170 Sl race) Mayer-Uim et al 2006
elzen-gll4s1 2006 150 S(Crooce. Lageas) Farete et al. 2006
vigen-gllde 2006 3460 BGrave Lageos)hG.A  Forete oo al, 2006
itg-gracelll 007 1RO R{liranc) Mager-Ciairr o al. Z007
aiub-graecdls 2008 120 S(Graoe) Jiget ercl. 2008
gl J00d 1HD S{lirace) Tapiey et al, 2007
ezm2008 2008 2190 S(Grace), G Pavlis ot al 2008
Eigen-55 uod 150 S{lirane, Lageos) Farste =t al. 2008
eigen-5¢ 2008 a0 S{Grane Tagens) (A Farste ot al. 2008
aiubgracills 008 150 o) Ty el wl, 2008

il e 200t Aol S{race), LA laplewv =t al. 2007
elgen-51¢ 2000 359 S(Groce, Champ).G.A  Broinsma 2 al, 2010
aiub-gracel3s LI | Lol S{lrace) sagmoetel 2011

gifdR W IR0 S(Girmne),G,A Rics cral. 2011
lungji-pracedl 2005 lad Sraoe) Shenelal 2013
ilsy-prucelllds 2012 200 S{Grac) Mayer-Gtir . al. 2014
fsg-gracellldk 2014 200 S{iirane) Mayer-Gii e al 2014
gemilss 2004 180 S(Grace) Taplevw etal, 2013

Table 3. Global geopotential models based on GRACE (S: Satellite, G:
Gravity, A: Altimetry)

AN= NUNESTev _ Nagna Aly= NSNS _ e
Mudel Nume Model Name

Min.  Max. Mean  Std. Dev. Min.  Max. Mean Std. Dev.
elpen-graeeis S 004 0340 0768 011 alub-gracedds | -1421 D343 0019 03nd
epmIOUE -LI1Z SZ -LAML 0,137 tongji-gracell -1¥33 0T -13E27 vaus
gif8 2306 0518 -060 0157 | eigen-prace02s | -1773 0888 1147 0315
aiub-gracellls Ll DB05 -L3ST 0,158 gemble =LUDS  OOSZ <0561 0,323
eigen-Sle S3d 0459 - 097 0,167 | itg-graceD2s -1,4D8  -D,275 D829 0325
eym2008uptod6l | -1433 0516 -L,177 0,173 guml3e -1,453  -0,268  -0,89T 0,331
zem02e 0953 0335 0722 0,175 eigen-5c -1,461  -D,037  -DBOB 0,339
gpmiis S04 0120 0787 0178 || gombSs S92 -DA26 -DRTR 0300
eigen-S5s - A8 0654 - 015 0,193 itg-graceD3 -1,824  -D,360 1018 0,397
aluh-gracen2s A6 0767 94 0202 | cigen-ginde S1,420 -D0AT  -DTAT NeRS
eigen-glidsl LT T4 LIS 025 eEml3s =114 2392 1184 L11¥
itsg-grace201dk | -113] 084 0679 0280 | itsg-geace20lds | 2428 1483 -0,14] 1235
rem(2s 3333 62 -Lo36 0,287

Table 4. Statistics of geoid height differences between GGM-derived (NV#")
and GNSS/levelling (N°¥$%) data, units in meters (based on GRACE)
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Fig. 3. The standard deviations of geoid undulation differences between
GNSS/levelling and GGMs (based on GRACE)

Table 4 and Figure 3 show the standard deviation values range
between 0.13 — 1.24 m according to geoid undulation differences. Lower
standard deviation values are reached compared to CHAMP-based models.
In addition, the best first five models for GRACE-based GGMs are eigen-

AN NS Neew AN= NTNGE#  Ncew

Model Name Madel Name

Min.  Max.  Mean  Srd Dev. Min.  Maxr  Mean  Std Dev.
cigen-Ged 10% 0613 0838 0,112 goenilds LA81 0231 0368 1312
cigen-bedstat L8 U006 -UyIl 0,137 | go cons gef 2 tim ¥3 | -LE23 4239 au9 U31s
cigen-fied A2 NAE N9 0044 | jyy_gneends -1276 0042 07RS 0357
cigen-ie SLIS8 569 -U94l 0,129 | gogralds 0045 0P US4
go_coms_gef 2 rim ¢S | 1425 0580 0274 | dgm-ls 037 0325
go_vome gl 2 dir r§ | -1410 D412 0208 Ilg-puee2 D312 0557
go coms gof 2 Gim kd | 1418 0475 0,233 | go cons gef 2 spw 2 0276 014
zo_coms_gcf_3_dir_rl 1425 0,484 0,239 zo_cans_gef_2_spw_rl 0412 1087
cigen-is? AlAGl U438 08I0 0200 | eigen-bs 0142 4521
go_vons_gef 3 dir_r4 L4l 0439 0952 020 20_cans_gef_2_dir 2 J4 0212 0597
go coms gef 2 spw nd [ <1481 07 3 0,250 | goeoll2s ST T R
pa_coms_pei 3 die ¥l | <1340 0367 0279 | oa_eans_gef 2_tim ¥2 | -1,744 0,268
woprabls -1218 D227 0250 woerlle 367 D25 0559
¥y Rocell?s 21214 U219 717 0291 | o cons gef 2 tim xl SI2 23 sHy

Table 6. Statistics of geoid height differences between GGM-derived (V")
and GNSS/levelling (N°¥5") data, units in meters (based on GOCE)

grace01s, egm2008, gif48, aiub-grace01s and eigen-51c, respectively.

GGMs based on GOCE

In this section, 28 global geopotential models are evaluated based on
the GOCE satellite. Information on GOCE-based GGMs is given in Table
5. Performance of GGMs within the study area is shown in Table 6. Moreover,
the diagram displaying the standard deviation of differences between geoid
heights calculated by GGMs, and the known heights of GNSS/levelling points

is given in Figure 4.

Model Year Degree  Dute Referenes
go_cons_gef 2_dir 1 2010 290 S(Goce) Bruizsrraer al 2010
po_wons_pel 2 spw rl 20100 210 S Goue) Mipliaceiv el ul 2010
ga_enms_pef 2_tim_rl a0 224 S{Gace) Tail ot al. 201 0a
soecdls 2010 221 EiGoce, Graea) Pail z1al. 20100

go coms get 2 dir 12 201 240 S|ijoce) Bruzsma et al 2010
ga_enma_gef 2 spw #2201 24 SGace) Wigliacein eta’ 2011
wo wons_pel 2 dim f2 2000 250 Si{Goce) Pail «1al. 2011
ga_enma_gef 2 tim_ed 201 2850 SGace) Tail 2tal 2011
zoeclds 2011 230 E{Goce,Graca...) Goizinger etal 2011
pigen-fis 201 24 S{Gace Gracs ] apros ) Faranz etal. 2011
zo_coms_gef 2_dir_rd 240 EiGoce, Gracz.Lagaos) Bruizsma et al. 2010
eigen-be &4 S|ijoce, Lirace Lageos). G A Lirst=etal 2011
fgm-1a 2850 S{Gace Graes) Fararani otal 2017
yueuild 2012 250 SiGoue Grace,..) Mayer-Giirr e 1l 2012
eigen-bel 2012 EEL] S|ijoce, Lirace Lageos) UG A Lidrstz etal 2012
go_cons_gef 2 tim_yd 2013 230 EiGoce) Pail z1al. 2011
lg-gueel2 2013 2e0 S{Goue) Schallelal. 2014
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go_cons_gef 2 tim_r®: 2014 28D EiGoce) Brockmann =i al. 2014
yo_vons_pel 2 dir ©5 2004 300 S{Goue Orace, Lapeos) Bruizsma el al. 2013
jyy_gneends 2014 230 SiGnce) Yictal 2003
gogralds 2014 230 EiGoce, Graca) Yietal 2003
cigen-bs 2014 60 S{loce, Lirace, Lageos) Buodenco et al 214
rigen-Feiatat 2014 1049 S{iTeceGrace,] ageos) (A Farsoe eral 2012

Table 5. Global geopotential models based on GOCE (S: Satellite, G:

Gravity, A: Altimetry)
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Fig. 4. The standard deviations of geoid undulation differences between
GNSS/levelling and GGMs (based on GOCE)

Table 6 and Figure 4 show the standard deviation values range between
0.12—0.49 m with regard to geoid undulation differences. These values might be
considered good compared to CHAMP and GRACE-based models. Moreover,
the best first five models for GOCE-based GGMs are eigen-6¢4, eigen-6¢3stat,
eigen-6c2, eigen-6¢ and go _cons_gef 2 tim r5, respectively.

Best GGMs in the study area

In order to summarize the results of all the implementations, five GGMs
obtained from implementations conducted in three classes are evaluated. Table
7 contains the best five GGMs according to geoid undulation differences within
every class. Figure 5 shows the performance of GGMs using the standard
deviation values calculated in Table 7.

AN= NGNSS/lev _Nggm AN= NGNSS/lev _ Niggm

Model Name Model Name

Min. Max. Mean Std. Dev. Min. Max. Mean Std. Dev.
eigen-6c4 41,094 0,613 -0936 0,122 | eigen-6c 41,158 0,569 -0,943 0,169
eigen-grace0ls | -1,004 -0,340 -0,768 0,131 go_cons_gef 2_tim_r5 | -1,423 0,580 -1,002 0,204
egm2008 -1,212 -0,652  -1,041 0,137 aiub-champ03s -1,998 0,716 -1,555 0,279
eigen-6c3stat | -1,108 -0,606 -0,931 0,137 | eigen-cg0lc -1,497 0,407 -0,969 0,299
eigen-6c2 -1,121 0,616 -0934 0,144 | eigen-cg03c -1,632 0,406 -1,047 0,327
gif48 -1,306 -0,518 -1,060 0,157 eigen-champ05s -3,038  -0,961 -2,467 0,465
aiub-grace0ls -1,614  -0905 -1,357 0,158 ulux_champ2013s -2,391  -0,058 -1,591 0,638
eigen-5lc -1,394  -0459 1,097 0,167

Table 7. Statistics of geoid height differences between GGM-derived (V&™)
and GNSS/levelling (N°¥%) data, units in meters.
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Fig. 5. The standard deviations of geoid undulation differences between
GNSS/levelling and GGMs

Table 7 and Figure 5 show the best GGM for the study area is eigen-
6¢4. This model is followed by eigen-graceOls, egm2008, eigen-6c3stat and
eigen-6¢2, respectively. Considering the performance of these models, there
is no large difference between them with regard to standard deviation values.
In addition to this, general characteristics of models show that all the models
except eigen-grace()ls have a considerable degree, and gravity and altimeter
data make positive contributions to the model (Table 8).

Differences between GNSS/levelling-based geoid heights and GGM-
based geoid heights are influenced by datum inconsistencies and systematic
errors. Therefore, different parametric models could be used in order to
minimize these values (bias and tilt) (Kotsakis and Katsambalos 2010; Yilmaz
et al. 2010). Generally, three, four, five and seven parametric models are used
for the least-squares adjustment of the geoid height differences in the literature.
Therefore, these parametric models were tested in this paper.

Model Year Degree Data Reference
eigen-6¢4 2014 2190 S(Goce,Grace,Lageos),G,A  Forste et al. 2014
eigen-grace0ls 2003 140 S(Grace) Reigber et al. 2003¢c
egm2008 2008 2190 S(Grace),G,A Pavlis et al. 2008
eigen-6c3stat 2014 1949 S(Goce,Grace,Lageos),G,A  Forste et al. 2012
eigen-6¢2 2012 1949 S(Goce,Grace,Lageos),G,A  Forste et al. 2012

Table 8. The best five global geopotential models in the study area (S:
Satellite, G: Gravity, A: Altimetry)

Geoid Heights Determination using Different Parametric Models

Systematic errors such as datum shifts and distortion among height
systems might be minimized using the Least Squares Adjustment (LSA) model.
If Eq. (3) is edited with this aim

hy—H;—N;=alx+v, 4

is obtained (Kotsakis and Sideris 1999; Kiamehr and Sjoberg
2005). Here a; stands for known coefficients vector, x unknown
parameters vector, and v; a residual random noise term. Four different
parametric models (3, 4, 5 and 7-parameters) are used within the context
of application. Mathematical statements for these models are as below,
respectively (Kotsakis and Katsambalos 2010).

Serkan Doganalp
12 - (Modell) | AN =cos@;cosA; ' x; +cos@;sini; - x; +sing;  x3 +v; s
E 10 1 (Model2) | AN =cos@;cosA; * x; +cos@;Sind; X, +sing; x3 +x, +v; 6
B
= 08 1
.§ ) AN = cos@;cosA; - x; +cos@;sinld; - x, +sing;  xy + sin? @, x4 + x5 7
06 1 (Model 3)
< + v
204
; 02 1 AN = cos@;cosA; *x; +cosg;sind; “x; + sing; " x5 +
" sssnsssfil s
0,0 - cos @; sin @; cos A; cos @ sin @; sin 4; sin? @; 8
I R S JRE- SR CI S I B Y + Xyt Xyt X+ X; +V;
g & 8§ £ & & § 5 & S & & 8 s g w; wi w;
s § &§ & s 85 s 8 S5 s EES
g & & £ 8 S L ¥ oL §F F & &
C 8 g 7 s A Y
-2 & > @ .3 g < . .
@ ° of @ & ¢ where x; transformation parameters between two datums, v; residual
i)
g random noise term, (;, 4;) geodetic coordinates of points, e first eccentricity of
the reference elipsoid, and w; = /1 — e? sin? ¢; . The matrix form is created as

follows for the equations

COS ; COS A; Xy
cos@; sin 4; x;
sin ¢; Xq
a;— |cos @; sin @; cos A;/w; |, x=|%s 9
cos @; sin @; sin A; /w; X5

sin? @i /w;
1

Where a; is the coefficients vector and x is unknown’s vector for Model
4. For other parametric models, coefficients and unknowns vector might be
formed as in Eq. (9). If the formed coefficients are expanded for each GNSS
point, A coefficients matrix (design matrix) would be obtained to be used in
LSA (Eq. 10). Afterwards, unknown parameters can be solved with LSA.

A=[a;, a; a;..a;] 10
x=(ATA)"1(ATAN) 11
v=Ax— AN 12

Table 9 and Figure 6 show the statistical values obtained with 3, 4, 5, and
7-parameter LSA implementation of the best five GGMs reached as a result of
application. Table 9 and Figure 6 also show the best results obtained from the
eigen-6¢2 model. Moreover, the 7-parameter transformation model gives results
that are the most compatible with minimum standard deviation values when
compared to other parametric models. Figures 7-11 show the geoid heights after
implementing transformation and geoid heights obtained from GGMs with
GNSS/levelling geoid heights.

GGMs Modell Model2 Model3 Model 4
Min. -0,178 -0,068 -0,078 -0,094
eigen-6¢2 Max. 0,368 0,064 0,063 0,043
Std. Dev. 0,134 0,030 0,029 0,027
Min. -0,171 -0,071 -0,084 -0,086
eigen-6c3stat Max. 0,353 0,063 0,060 0,052
Std. Dev. 0,131 0,031 0,029 0,027
Min. -0,168 -0,074 -0,086 -0,095
egm2008 Max. 0,357 0,067 0,064 0,047
Std. Dev. 0,132 0,034 0,032 0,029
Min. -0,156 -0,075 -0,086 -0,097
eigen-6¢4 Max. 0,321 0,066 0,065 0,045
Std. Dev. 0,118 0,034 0,032 0,030
Min. -0,159 -0,145 -0,145 -0,170
eigen-grace0ls | Max. 0,178 0,164 0,164 0,171
Std. Dev. 0,084 0,083 0,083 0,075

Table 9. Statistics of the differences between geoid heights obtained from
GGMs and from GNSS/levelling data after applying the 3-, 4-, 5- and 7-parameter
transformation, units in meters
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When the Figures 7-11 were examined, it has seen that there were a
jump for the first geoid height values calculated from GGMs and the datum
shift. The reason for these effects is thought to be systematic errors. Therefore,
different parametric models could be used in order to minimize these effects. If
the Figures are reviewed, it can be seen that these effects are minimized when
the degree of parametric transformation is increased.

The parametric models describing the systematic errors and datum shifts
in the different height data sets are used in the study. When the application
results and the figures were examined, the 7-parameter transformation model
gave results that are the most compatible with minimum standard deviation
values when compared to other parametric models. Also, results show that
eigen-6¢2, eigen-6¢3stat, eigen-6¢4 and egm2008 global geopotential models
produce approximately =3 cm accuracy when compared to GNSS/levelling.
Especially, 7-parameter transformation of eigen-6¢2 and eigen-6¢3stat models
produces geoid height information with +2.7 cm accuracy for 110 points within
this test field. This accuracy obtained from GGMs can be seen adequate for
several engineering applications. When the contributions of the new satellites
going to be launched in the near future are considered, the accuracies obtained
from GGMs will increase with each passing day. Thus, the use of GGMs for
determining values such as the geoid height, the height anomaly, the gravity
field etc. will play an important role in the earth sciences.

4. Conclusion and Suggestions

The aim of this study is to investigate the performance of GGMs
produced by CHAMP, GRACE, and GOCE as well as comparing GGMs with
GNSS/levelling data, and eventually to determine the best model. Within the
scope of this study, the 210-km long Konya-Ankara high-speed train project
was selected in order to investigate GGMs performance. When the study area
is examined, it can be stated that the route has a flat ground and there is not
a sudden height-change structure. While the orthometric height values of the
points in the study area range between 696 and 1198 m, the ellipsoidal height
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733 - 1234 m. 110 GNSS/levelling (benchmarks) points were included in
the study area. Geoid heights of these points were calculated for all GGMs using
only latitude and longitude of the points. Then these values were compared to
true geoid heights and the performances of GGMs were examined.

According to results, the standard deviation was obtained as approximately
12 cm after comparing with true values of the geoid heights obtained from the
best match GGMs. The best GGMs are obtained eigen-6¢4, eigen-grace0ls,
egm2008, eigen-6¢3stat, and eigen-6¢2, respectively. High degrees of the GGM
of all the models except for eigen-grace01s along with its different data variety
(gravity and altimeter) contributed to improving geoid height information
obtained from the models.

Systematic errors in GGMs such as datum shifts and distortions can
be minimized using different parametric models. Therefore, these errors are
minimized using four different parametric (3, 4, 5, and 7-parametric) models
in the scope of the implementation. When were examined the results after
transformation, 7-parameter model compared to other models were produced
the better results. According to 7-parameter model results, the best five
GGMs are eigen-6¢2, eigen-6¢3stat, egm2008, eigen-6¢4 and eigen-grace0ls.
Standard deviation value obtained from GGMs is approximately 3 cm for the
first four models and 8 cm for the eigen-grace01s model. Standard deviation
value obtained from the eigen-grace(ls is significantly higher compared to the
other models. This is most probably related to the data, including only satellite
observations, and lower degree (n, = 140) of the model.

According to the application results, it may be possible to use 3 cm-geoid
height information for various engineering applications. It is obvious that geoid
heights obtained from GGMs will be improved through developing technology
and new satellite missions to be launched in the near future. It is also possible to
conclude that after reaching 1-2 cm geoid height accuracy, height of points will
be obtained with high accuracy using GGMs without the need for the levelling
process in many engineering applications.
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