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ABSTRACT
The development of the Earth Gravitational ModeDEEGM2008) model is a
significant contribution for modeling the Earth’'sagity and geoid. Recently, it can
be confidently used versus geometric models folmwia simple refinement
procedure. Several studies show that, EGM2008 eachrthe accuracy of regional
or local geoid models after modeling the differendeetween the GPS-leveling
geoid heights and EGM2008 derived geoid heightdeaitified control points. The
study focuses on a corrector surface fitting (C&pfroach based on radial basis
functions (RBF) as improvement procedure for EGMR0® detailed mathematical
model and solution algorithm of the proposed madegiven, and it has been
applied in different test areas covering the cityders of Bursa, Konya, Denizli and
Gaziantep in Turkey. Accuracy of the improved modek evaluated in scattered
check points within test regions. The geoid heigtitall check points obtained by
GPS-leveling measurements were compared with tbel geeights obtained from
improved model. The discrepancies between the ledigrli and measured geoid
heights were analyzed and discussed.
Keywords: Geoid; GNSS; Leveling; GPS; EGM2008.

RESUMO
O desenvolvimento do modelo Earth Gravitational BId2D08 (EGM2008) € uma
contribuicdo significante para a modelagem do geaid gravidade da Terra.
Atualmente, ele pode ser utilizado com segurancacenjunto com modelos
geomeétricos, seguindo um procedimento simples fieareento. Varios estudos
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4 Inproving EGM2008 by GPS and leveling data at Iscalle.

mostram que o EGM2008 pode alcangar a acuracianddelos geoidais regionais
ou locais ap6s modelar as diferencas entre assalggoidais do GPS-nivelamento e
as alturas geoidais derivadas do EGM2008 em palgaontrole apropriadamente
selecionados. O estudo centra-se no ajuste de upwficie de correcdo (CSF-
Corrector Surface Fitting) baseada em funcdes de kadial (RBF - Radial Basis
Functions) como procedimento de melhoria para o E@M. Nesse artigo séo
apresentados 0 modelo matematico detalhado e ataigade solucdo do modelo
proposto, aplicados em diferentes areas de tebtangendo as fronteiras das
cidades de Bursa, Konya, Denizli e Gaziantep, nadia. A acuracia do modelo
melhorado foi avaliada em pontos de verificacdpetisos nas regides de teste. As
alturas do geoide de todos os pontos de verificag@idos por medi¢cdes de GPS-
nivelamento foram comparados com as alturas gevidatidas do modelo
melhorado. As discrepancias entre as alturas gsoidéculadas e medidas foram
analisadas e discutidas.

Palavras-Chave: Geoide; GNSS; Nivelamento; GPS; EGM2008.

1. INTRODUCTION

As geoid is a function of density and mass distidny data used in geoid
determination represents the mass-density distoibwtf the Earth (MORITZ, 1980;
TORGE 1980). The geoid surface can be defined usiiegdata obtained via
applying different measuring techniques to the Heamt general or to a specific
region. Geoid can be considered as a point, alerofi a surface. Users need for
precise local geoid to detect of short and ultr@rsiwavelength components.
Several approaches are used to establish such id gegractice. In recent
applications, approaches were adopted to deterrfing wavelength effects
utilizing the earth’s potential coefficients, mediuwave length effects utilizing
gravity, and short and ultra-short wavelength effadtilizing combined methods
(KIAMEHR, and SJOBERG 2005, BENAHMED DAHOA et al @8
FEATHERSTONE and SPROULE, 2006; KOTSAKIS and KATSBMLOS,
2010)

Particularly, following the improvements on GNSSIdal Navigation
Satellite Systems) technology, the researches ifogusn obtaining "cm" level
geoid accuracy attracts attention in the 2000'® geometric modeling with GPS-
leveling method come to the fore in studies fordb&ermination of short and ultra-
short wavelength components of geoid in those y@&G,1995; OLLIKAINEN,
1997; SOYCAN and SOYCAN, 2003; SOYCAN, 2006). Rdhera great attention
has been paid to the precise determination of Aagajional geoids, aiming at
replacing the GPS-leveling method with the improgeimof accurate geopotential
models. The new gravity satellite missions provigev global solutions that allow
modeling the long and medium wavelengths of théiEagravitational field. Such
models, as the EGM2008 (PAVLIS et al 2008; PAVLIS:E2012) solution (Earth
Gravitational Model released in 2008), represemhaor advance in the geodesy
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because they are incorporating the best quality dshilable for the whole Earth
(CORCHETE 2010). EGM2008 was published by the NuaiioGeospatial-

Intelligence Agency (NGA). It replaced the Eartha@tational Model 1996

(EGM96) (LEMOINE et al 1998) model which had be&e tefault global geoid

since its publication in 1996. The official Eartha@itational Model EGM2008 has
been publicly released by the NGA EGM developmeatrt. This gravitational

model is complete to spherical harmonic degree amttr 2159, and contains
additional coefficients extending to degree 2196 arder 2159. The model was
computed from a global 5 arc-minute grid of gravitgomalies from land and
satellite based sources. The model is provided m@o spherical harmonic
degree and order 2159, which equates to a grid cfizepproximately 6.5 km.

EGM2008 is available from the NGA website. It i©yided in terms of spherical
harmonic coefficients which generally need to bevested into a grid of geoid

undulations before they can be used (http://eafiviiga.mil/GandG/wgs84/

gravitymod/egm2008/). The geoid heights with respgecWGS 84 are computed
using the EGM2008 Tide Free Model and its assatiAight anomaly to geoid
heights correction model plus a zero-degree temthi® height anomaly equal to 41
cm. The zero degree term, which is due to the idiffee between the GM-values of
the EGM2008 and that of the reference elliposaidthis study, EGM2008 Tide

Free Model with zero-degree term correction wereduto achieve EGM2008

derived quantities by using a calculation servibattis provided by ICGEM

(International Centre of Global Earth Models at QE@mponent of IGFS)).

As a result of our previously investigation, thensistency of the EGM2008
geoid with GPS-leveling data is approximately 10inommany countries. Due to the
lack of Turkish proprietary gravity and GPS/levglirdata in the EGM2008
computations, direct use of EGM2008 does not gueeanan accurate
transformation of the ellipsoidal heights to the¢hometric heights in an absolute
form. In a study conducted by Kilicoglu et al (200he EGM2008-derived geoid
heights were compared with the GPS/leveling geo@ghts, and existing
GPS/leveling fitted regional quasi-geoid model dAJRKEY (TGO03), The mean
value and standard deviation (STD) of the diffeemnbetween EGMO08 derived and
observed quantities are found to be -0.888 m aBd20m for GPS/leveling height
anomalies, 0.271 m and 0.753 m for TGO03 quasi-gd@dyhts. It is easily
recognized that, there is an inconsistency betwtden geoid heights of the
EGM2008 model and the GPS/leveling geoid height§®63. The discrepancies
resulting from the bias, tilt and shift, have todmrected for the use of EGM2008
in practice for TURKEY and surrounding areas if ttanstructed geoid model is
mainly used for GPS leveling.

Several studies have carried out by researcherhéimprovement of global
geoids using GPS and leveling data in technicalditire and the successful results
obtained (KIAMEHR, and SJOBERG 2005, BENAHMED DAHO# al 2006;
FEATHERSTONE and SPROULE, 2006; KOTSAKIS and KATSBALOS,
2010; EROL et al 2008; ABBAK et al 2012 can be concluded from these
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6 Inproving EGM2008 by GPS and leveling data at Iscalle.

studies; there are several methods available, asiddast squares adjustment with a
four, five or seven parameter transformation modefst squares or robust
estimations with polynomial models, least squarefiocation, finite element
method (FEM), the Fourier series, the continuouvature splines in tension and
other interpolation method# number of simpler interpolation algorithms, sweh
inverse distance weighting, bilinear interpolatiopolynomial regression,
triangulation, RBF and nearest-neighbor interpotatiwere already well known
methods. The diversity of methods leads to the losien that no method is better
or worse than another. However they may differ fremeh other when considering
the application area, surface features, data, acgwand ease of calculation.

RBFs are the popular approach, with their widegpraaplications in many
areas. One of the advantages of the model isdgibflity within the single RBF.
The RBF methods are modern ways to approximateivartitite functions. RBF
method has also been used to interpolate irreguigrhced data, which computes
the signed distance function prior to generatireg RBF interpolant. Different type
functions can be used as the depending on thecsudiad data characteristic.The
most useful RBF, which provides good accurate apprations, is multiquadrics
(MQ). The MQ is an effective tool for scatteredaatterpolation problems. Many
scientific researches show that the MQ function lsarapplied confidently in most
cases (HARDY AND GOFERT 1975; POTTMANN AND ECK, 1®9FOGEL
AND TINNEY,1996; LAZZARO AND MONTEFUSCO, 2002; SOYAN and
SOYCAN, 2003; SOYCAN and SOYCAN, 2009; SOYCAN, 2p10he MQ has
been applied in the prediction of gravity anomal@éstortion modeling. It seems to
be a very powerful tool for the improvement of aNEZD08 geoid with GPS and
leveling data to reduce the large systematic ertorggh wavelenght effects of the
global model and other effects. In this study, webe into RBF with MQs versus
parametric models namely single bias parameter avitbnstant offset (SBP), four-
parameter model (FPM) and seven-parameter mod&l\SP

2. AN IMPROVEMENT PROCEDURE FOR EGM 2008

CSF technique based on RBF with MQs was workedutiiras improvement
procedure for EGM2008. A short review of the mathéoal background of
proposed model is given, in following section. A®ntioned previously, the
differences between the GPS-leveling geoid heightds EGM2008 geoid heights
reflect datum inconsistencies between the availakight data, long wavelength
geoid errors and GPS and leveling errors includetie ellipsoidal and orthometric
heights.The improvement of EGM2008 with GPS-lewglidata is based on
modeling and interpolation of the differences betwehe GPS-leveling geoid
heights and EGM2008 geoid heights at identifiectimdpoints.

ANi — NiGPS—LEV. _ NiEGMOB (1)
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The CSF algorithm with RBF’s defined below with ttelowing equilibrium
constraints as (FOGEL and TINNEY 1996, SOYCAN an@Y&AN 2009,
SOYCAN, 2010);

f((p, )\) = AN = NiGPS_LEV' - NiEGMOB =4 + ag. @; + az.li + Z?:l Cj. Di =
al.x +v )

i=1Ci = Xit1 G- @5 = Xiz1 €. A =0 (3

In equation 2, the first three terms indicate adresurface with the simple
planar surface,q@y,a are the coefficients of the planar trend surfage; are the
elipsoidal geographic coordinates of control pgint is the differences between
the GPS-leveling geoid height and EGM2008 geoidghiteic is the surface
coefficients. Dis anisotropically rescaled, relative distancerfra control point;,
i) to the other control pointf, &) for all i and j (i, j=1, 2,..., n).iais the transpose
of the design matrix, x is the unknown parametat aris the residual vector for
matrix solution for Eq(2). A generelized solutiolyaithm of the method used in
study can be illustrated in Figure 1 and givencdisws:

I. Firstly, a trend surface is fitted to the applioatiof method by
using control points. Trend surface may be fittgdoblynomial, harmonic
series or trigonometric functions. According to quevious experiences,
usage of the first or second degree polynomialtians can be sufficient
in practice. Determination of the improved modebkwearried out through
3 parameter trend solution according to the firdeo polynomial.

Ti=a0+a1.(pi+a2.)ti+--- (4)

[I. The trend values calculated for each point thenvdNies were
calculated by subtracting the geoid height differsn

dNi = ANl - Ti (5)

1. Subsequently, dN values were modeled by least egufiting
with a suitable surface. For this purposes, the RRerithm with MQs
were used. Thus, dN values were calculated forctimaers of the defined
grid.

IV. Finally, the improved geoid height value at anynpotan be
calculated by adding the trend value (T), and tifferénce value (dN) to
known EGM2008 geoid height as follows.

N{MP = NFSMO® 4+ T, + dN; (6)
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Figure 1 - Representation of improvement procedure.

TREND SURFACE

- ”y 04
3y v_ 0
37 - =
g
EGM2008 GEOID n® N o
(N_EGMO8)
-7 @ c il ©
-~
- e pr
U1 | biFFerences . 4 ’_\y
(dN) 3 -
0 3 %{
%Y~ " -
kY
IMPROVED GEOID o
- -y (N_I‘I\;'IPI
o ©
Al
e = -5 <

3. THE NUMERICAL STUDY ON REAL DATA SET

In this section, the accuracy of EGM2008 model tested at regional and
local level in terms of performance of each impbweodel. For this purpose,
several test regions with sufficiently and homogesty distributed GPS-leveling
check points were considered on the different plafurkey (Figure 2).

Figure 2 - The location of test regions in Turkey.
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In principle, test regions were selected in coastter, corners and edges of
the Turkey due to fact that, the accuracy of thprowed geoid model depends on
the size, topographic variations and changes igéugd height and the geometry of
the control points. In the test regions, hundreflspoints with GPS derived
ellipsoidal heights and orthometric heights detasadi by geometrical leveling can
be available. The GPS networks were created basedTwkey's National
Fundamental GPS Network (TUTGA) and it was cal@adah ITRF96 datum, 2005
epoch. The final positions were obtained as lagifuidngitude, and ellipsoidal
height components by GPS Network adjustment. Thelillg network was created
based on Turkey's National Vertical Control Netw¢fkJDKA). The orthometric
heights were determined as the result of the adpists to the leveling network by
similar way (TUTGA-99A, 1999).

Consequently, the geographical locations, ellipsloahd orthometric heights
of all the geoid reference points, which were di&hbd and calculated, using GPS
and leveling networks separately, were accuratelgwin in the borders of test
regions. The number of the GPS-leveling controlntmiand their distribution is
excellent and that can correct the inconsistentiesveen GPS-leveling and
EGM2008 geoid heights. A limited number of them evehosen as control point.
The control points were selected as homogeneopessible in adequate frequency
and proper distribution. The improved geoids weztedmined with the help of 34,
21, 21 and 11 control points (shown as triangleFigure 3) in Bursa, Konya,
Denizli and GaziAntep cities respectively. The rexdar points (shown as dot in
Figure 3) were considered as check points to clieekesults of calculations. A
great number of check points (Table 1) were uskdeation over the test regions.
The fitting were performed by using SBP, FPM, SPiM &SF methods. Then, the
EGM2008 geoid surface of the four test areas wmpsformed into the GPS-
leveling datum.

Table 1- Some useful statistics for control andckhmoint data and test regions.

BURSA- 4129km? KONYA -1237km?
REGION 34 controal points 21 controal points
1217 check points 1146 check points
Statistics Min. Max. Mean STD Min. Max. Mear STD
Latitudé 28.39 29.38 28.94 0.27 32.3p 32.78 32.54 0.1
Longitudé 39.9 40.5 40.2 0.16 37.7 38.13 37.91 0.11

Elevation (m) 0.05 2255.98 416.5 42544 98528 21BD| 1083.49] 134.67

N

Geoid Height (m)|  37.18 39.11 38.14 0.48 35.52 36.03 35.84 0.09

DENIZLI -727km? G.ANTEP -362km?
REGION 21 control points 11 control points

876 check points 207 check points
Statistics Min. Max. Mean STD Min. Max. Mean STD
Latitud€ 28.89 29.35 29.13 0.11 37.28 37.48 37.36 0.07
Longitudé 37.64 37.98 37.82 0.08 36.98 37.21L 37.09 0.06

%)

Elevation (m) 129.55 1725.0 438.89 27106 742.2931107| 903.36| 74.25

Geoid Height (m)|  34.41 35.75 34.80 0.28 27.10 28.y727.70 0.29
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10 Inproving EGM2008 by GPS and leveling data at |scalle.

Figure 3 - Distributions of control and check pdiata in test regions.
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4. ANALYSISOF RESULTS

In order to determine the quality of applied modélswas examined the
behaviors of models according to independent chmmkts (FEATHERSTONE,
2001; BENAHMED DAHOA and FAIRHEAD, 2007). The disgrancies in geoid
heights were calculated for CSF model. The achieesdlts are given in Table 2
and Figure 4 as the classed post maps. It seewietogood results of improved
EGM2008 geoid model thanks to local improvementmégue by GPS-leveling
geoid heights. For a better measurement of theracguwf the model, a more
comprehensive statistical analysis was performextef@l statistical information
such as, maximum, minimum, STD, root mean squatdSR median absolute
deviation, avarage deviation of discrepancies \egeduated.
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Figure 4 - Post maps of CSF discrepancies for cheaks in test regions.
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Table 2 - Classification of CSF discrepancies.
I nter val(m) BURSA KONYA DENIZLI GAZIANTEP
M ax. Min % # % # % # % #
-0.3 -0.2 0.2 3 0 0 0.1 1 0 0
-0.2 0.1 2.3 28 0 0 6.4 56 0 0
-0.1 0. 35 426 53.3 611 53 464 54.6 113
0. 0.1 50.6 615 46.7 535 39.1 343 4514 94
0.1 0.2 11.6 141 0 0 0.9 8 0 0
0.2 0.3 0.3 4 0 0 0.5 4 0 0

To evaluate the accuracy of the fitted model, thdSRof geoid height
discrepancies were examined individually for eachdet. RMS indicates how
closely model predicts the measured values. Thellamthis error, the better
predictions could be performed. CSF approach iseragcurate than the parametric
models for all test regions according to statis$tao@alysis. This is also clearly seen
in Figure 3. The second accurate technique is SR&third is FPM, followed by
the SBP. RMS of the discrepancies complied from @Sklts are 0.090m, 0.031m,
0.070m, 0.027m for Bursa, Konya, Denizli and Gatdpnregions respectively.
FPM and SPM models for Konya and Gaziantep regijiwves us greater accuracy as
they do with Bursa and Denizli, but they could meach the expected accuracy
level for all cases. The magnitude of geoid heijetrepancies and the high RMS
values show that the elimination of distortioneett is not possible for Bursa and
Denizli regions by using parametric models. Accogdio the results illustrated in
Figure 5, there is a significant improvement whea use CSF for Bursa and

Bol. Ciénc. Geod., sec. Artigos, Curitiba, v. 801, p.3-18, jan-mar, 2014.



12 Inproving EGM2008 by GPS and leveling data at Iscalle.

Denizli. The discrepancies varied between -0.318cth-8.439m, the mean is 0.027,
the STD is 0.087m and the RMS is 0.090m for BuFsa.the Denizli test regions
the RMS error obtained as 0.070 in the range o#®.® -0.283 maximum and
minimum values with 0.069 STD and -0.014m mean.

It is clear that, the systematic biases and unswtie deviations in the
differences between global geoid models deriveddgkeight from a geopotential
model and GPS/levelling data cause some inconsis®for fitting. CSF with MQ
produces a smooth surface, the resulting surfass paactly through the data
points. Thus, the used reference points do notagominy residuals after modeling.
This is an important advantage. It is understoed @S5F method is more consistent
than the others in terms of standard deviation RS in Table 3. Because, the
high frequency distortions were extracted by CSFehothus the major part of
inconsistencies can be minimized. The absoluteracgwf EGM2008 (direct use)
cannot yet satisfy mm or cm level accuracy requénets but it provides an option
for determination of orthometric height differencleg GPS leveling in relative
sense. The use of improved model (SBP, FPM, SPKISF) provides significant
improvement over the all test regions (Table 3).

Table 3 - Comparison of the statistical informationall methods.

ABSOLUTE ANALYSIS (units are meter) | JE-ATIVE A’;gn';;(s IS (average
2 23| 8 | B | 5| 8 |28 8|& 5|8
[h4 o [a)
Max. | -0.356| 0.389] 0.364 0425  0.318
& ["Min. | 2.025| -1.279] -1.104 -0.821 -0.439
© [Mean| -0.678] 0067 0074 0028 0047215 | 215 200 162 1.6
@ | STD | 0187 0.187] 0.67 0160  0.087
RMS | 0.703| 0.199] 0.181 0.162 _ 0.090
Max. | -0.364| 0.218] 0.163 _ 0.12§ _ 0.110
<[ Min. | -0.963| -0.381] -0.11d -0.113 -0.094
> [Mean| -0.586] -0.004 0012 -0.00L _ 0.0412.97 | 2.97| 181 1.07 0.77
O[STD [ 0116] 0116] 0044 0039 0031
RMS | 0598 | 0.116] 0.048  0.03) _ 0.031
Max. | 0.266 | 0504 -0.185 0.400 _ 0.340
3 [Min. | 0.434] -0.196] 0478 -0.206 -0.283
S [Mean| -0.265] -0.027 -0.01§ -0.004 -0.0§42.92 | 2.92| 1.8 125 1.00
W ["STD | 0098 | 0.098] 0094 0.08f _ 0.069
RMS | 0.282| 0.02] 0.095 0.081 _ 0.070
o | Max. | -0186| 0.146] 0.07 0.10  0.096
W [Min. | 0481 -0.149] -0.054 -0.05] -0.085
Z [Mean| -0.327] 0.05 0004 000 00422.62 | 2.62| 1.45 127 1.19
& [STD | 0.059| 0.059] 0030 0020  0.027
RMS | 0.332| 0.059] 0.030 0.029 _ 0.027
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In terms of relative geoid accuracy, the improv&dM22008 models showed
suitable results for relative accuracy over alldhiag classes that were considered in
this study. Although large relative errors wereeasled in short baselines (up to 10
km), ppm (parts per million) values decreases tgdat baselines ranging from 10
km to 50 km. It provides an average of 1 ppm (Casdline range were omitted)
accuracy for all selected baselines (Table 4).

Table 4 - Statistics about relative accuracy foF@®del in different baseline

range.
BURSA KONYA
Baseline # PPM Baseline # PPM
(km) Basdine Max. | Min. | Mean (km) Basdine Max. | Min. | Mean
0-1 185 482.34 0.03| 23.05 0-1 931 364.79 0.00| 8.73
1-10 45878 43.28 0.0 2.71 1-10 123926| 35.31 0.0 2.47
10-20 111943| 16.33 0.00 1.61 10-20 240961 474 0.0 0.65
20-30 144086 7.01f 0.0p 0.96 20-30 195432 2.15| 0.0p 0.35
30-40 144996 495 0.00 0.69 30-40 81005 1.38| 0.00 0.21
40-50 125100 3.53| 0.0p 0.57 40-50 13830 1.02| 0.0p 0.17
50-100 | 168966 3.34 0.00 0.41 50-100 - - - -
Overall 1.16 Overall 0.77
DENIZLI G.ANTEP
Baseline # PPM Baseline # PPM
(km) Basaline Max. | Min. | Mean (km) Basaline Max. | Min. | Mean
0-1 1321 456.97 0.00| 11.57 0-1 76 227.29%0.675| 20.285
0-10 101451 59.3§ 0.0p 2.66 1-10 8806 35.28 0 2.05
10-20 168324 13.58 0.00 1.25 10-20 10417 5.98 0 1.07
20-30 90014 5.42| 0.0 0.92 20-30 2022 2.925 0 0.46
30-40 20898 4.84| 0.0 0.70 30-40 - - - -
40-50 1242 1.75| 0.00 0.48 40-50 - - - -
50-100 - - - - 50-100 - - - -
Overall | 383250 1.00 Overall 21321 1.19
Figure 5 - RMS values for all methods used in niica¢study.
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5. COMPARISON OF THE MODELSWITH NATIONAL GEOID

In this section, it was compared the proposed madkl the TGO03 national
model conducted by the General Command of Mappiithiwthe borders of
Turkey. TG03 was computed in 2003 with heterogeaatata (gravity, topography
and geoid heights) were used by Least Squares catittm (LSC) in a remove-
restore procedure. EGM96 was used as the referemo#el of the Earth’s
geopotential model. The data used consist of seifmavity anomalies (on ~ 65000
stations), gravity anomalies derived from ERS1, ER®d TOPEX/POSEIDON
altimetry data (on~ 20000 stations), gravity andesalderived from ship
observations (on ~ 10000 stations), GPS/levelingidg@eights (on 197 stations)
and topographic heights. The absolute accuracyG#3Tis given to be 0.088 m in
the national report of Turkish National Union of@gesy and Geophysics.

The geoid heights from improved EGM2008 and TGO3eweompared at
0.005%<0.005° grid nodes (Figure 6). Table 5 shows the stasisifdhe differences.

Table 5 - Summary of the statistical information domparison with TG03 and

CSF.
BURSA KONYA DENIZLI G.ANTEP
Number of Grid Points| 28767 7371 6555 2601
Grid Siz@ 0.005 0.005 0.005 0.005
Min. -0.909 -0.283 -0.429 0.005
Max. 0.278 0.259 0.345 0.128
Mean. 0.083 0.064 0.087 0.075
STD 0.144 0.101 0.093 0.022
RMS 0.166 0.119 0.127 0.078

*Units are meter

Figure 6 - The geoid heights differences betweeh &&1 TGO03.
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As a result of the investigation of the geoid heidiscrepancies; it is varying

between -0.909m and 0.345m, the mean is varyingdmat -0.083m to 0.087, the
STD is varying between 0.022m to 0.144m, and theSR¥tor is varying between
0.078m to 0.166m for all test regions. It is easdgognized that, there is a small
bias (approximately 0.08 m) between the geoid heighthe TG03 model and the
improved EGM2008 models. The consistency of ouallcnodels with TGO03 is
around +0.10m.

6. RESULTS

The following results can be listed from the inigstions:

The absolute consistency (RMS) of the EGM2008 gédickct use) with
GPS/leveling data is not satisfactory for test @agj i.e., 0.703 m for
Bursa and 0.598 m for Konya, 0.332 m for Gaziardaed 0.282 m for
Denizli.

Although, the first version of improved EGM2008 gb(5BP) consistence
with GPS/leveling data for Gaziantep areas wittb9.th RMS, the other
regions still need improvement.

The consistencies are adequate and it also sifiotaFPM and SPM in
Konya, Denizli and Gaziantep. However, the conaisteof Bursa a little
bit larger than the previous ones, i.e., 0.162 mBarsa, 0.039 m for
Konya, and 0.081 m for Denizli and 0.029 m for Garep.

The consistency of the improved geoid model (CSiH) the GPS/leveling
data at the checkpoints is 0.090, 0.031, 0.0700a@7 m respectively for
Bursa, Konya, Denizli and Gaziantep.

The proposed refinement method improved the SPMistamcies from
0.199 m to 0.090 m by 55% for Bursa, from 0.1160n®1031 m by 73%
for Konya, from 0.102 m to 0.070 m by 31% for Ddirémd from 0.059 m
to 0.027 m by 53% for Gaziantep.

On the other hand, improvement of the relative mbescies is also
significant. The relative accuracies are improveanf~2.5 ppm to ~1 ppm
by 60% for overall.

These results indicate that the proposed metho#&)@8rks well and can
significantly improve the accuracy of EGM2008 glbgeoid for Turkey.
Based on the above information, one could say tthetimproved geoids
offer about £0.04-0.05 m accuracy.

As for relative accuracy, it may be obtained higtiean this value. The
mean ppm value shows that, our local model canvercorthometric
height differences with a precision of about ~1p2np(mm/km).

7. CONCLUSION

Improvement of EGM2008 at local scale is a simple effective approach for

the transformation GPS ellipsoidal heights to ogtrin heights within the range of

Bol. Ciénc. Geod., sec. Artigos, Curitiba, v. 801, p.3-18, jan-mar, 2014.



16 Inproving EGM2008 by GPS and leveling data at Iscalle.

acceptable accuracy. Successful improvement ofgtbleal geoid model at local
scales depends on the elemination of systematgedim the differences between
the geoid heights. The accuracy and the distrubitad the control points,
topographical changes and geoid height variatiores ieportant factors. All
examination and evaluations show that fitting a&f thifferences between the GPS-
leveling and EGM2008 geoid heights by using parametodels may not supply
accurate solutions. The magnitude of the discraparend the large RMS values
for the check points show that some factors caystemmatic effects and elimination
of this effects by using parametric models is nosgible for the large area with
topographic changes and variations in geoid heightsan be easily seen from the
evaluation and examination that the accuracy apdaty of parametric models are
not sufficient for Bursa and Denizli cities. In sucircumstances, a model that
minimizes inconsistency should be used insteadaprpetric models. However,
according to the results of evaluations made, gdaen that the CSF, one of the
alternative methods, yields rather suitable resnltheck points.

To use GPS in an effective manner in determininthaonetric heights,
EGM2008 should be calibrated using base points #8t20 km frequencies or with
more frequent spaces in mountainous, hilly and edggegion with GPS and
leveling data. As a rule, at least four points op200 km, in addition to this,
appropriate scattered points are determined forye2@0 km. Despite the fact that,
GPS-leveling geoids have great significance for enoaccurate height
transformation of GPS derived ellipsoidal heigliisgractical geodetic applications
until the late 2000s,today, also the improved gl@a regional geoid models can
be used for GPS-leveling in local level. In the miedwre, it is expected that global
geoid models will be improved as achievable acgufadew cm) via new satellite
gravity missions and other sources of Earth’s dydield.
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