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Abstract

The GOCE satellite mission has significantly imgd\the results obtained with the previous
satellite missions CHAMP and GRACE. Using GOCE dsaiellite Global Geopotential
Models were developed using three different apgrescnamely the direct, the time-wise
and the space-wise approaches. The last releaskeesef models are complete to degree and
order 300 (direct approach) and 280 (time-wisespate-wise approaches). In this paper, the
different releases of the three estimation methmgles are compared with observed gravity
and GPS/levelling data in the Mediterranean areh ianparticular, the Italian and Greek
databases are considered. Comparisons are alssdoaut with respect to EGM2008 in order
to check for possible improvements in the mediuvegdiencies. For the validation of GOCE
and GOCE/GRACE models, the spectral enhancemenbagphas been used, during which
the models are augmented with EGM2008, up to ilisdegree of expansion, and terrain
effects. These enhanced GOCE/GRACE geoid heightls gravity anomalies are then
compared with the local data and statistics of ib&duals have been computed. These
comparisons show that significant improvements ab#ained when Greek data are
considered while the same doesn’t occur with takalt data.
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1 Introduction

The Gravity field and Ocean Circulation ExplorerQGE, ESA 1999) Earth Explorer
mission of the European Space Agency (ESA) statearch 17, 2009 when the GOCE
satellite was launched from the Plesetsk cosmodianRassia. It was launched on a quasi-
circular, quasi-polar orbit (having an inclinatios 96.7°) at an altitude of about 250 km. As
it is well known, this mission was devoted to tiséireation of the Earth’s gravity field based
on the principle of gradiometric measurements (Etghagen et al. 2011). The GOCE
spacecraft carried an array of three pairs of Xidlaelectrostatic accelerometers arranged
along three orthogonal axes, constituting a gradiemallowing the estimation of the second
derivatives of the gravitational potential. The sm® ended on November %,12013 after
more than four and a half years (much more thamtt@al schedule which was planned on
a two years lifetime).

The observations collected during the GOCE miskere been treated according to different
data analysis strategies. Three methods were afficdevised for handling the data and
estimating satellite only global geopotential madehe direct approach (DIR; Bruinsma et
al., 2013), the time-wise approach (TIM; Pail et @&011) and the space-wise approach
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(SPW; Migliaccio et al., 2004). In addition to tkesfficial approaches, others have been
proposed, e.g. those by Yi (2012) and Schall g2al14). In recent years, several releases of
these GOCE models have been computed. The firstEs@y model was computed in July
2010 (to degree and order 224; Pail et al. 2010)ewthe latest models (released in July
2014) extend up to harmonic degree and order 28@ @hd SPW) and 300 (DIR). The
mission objectives of GOCE were aiming at an acguiaf 1 cm and 1 mGal for spatial
wavelengths of 100 km (Floberhagen et al. 2011e Hitest, release 5 models, reach a
cumulative geoid error of 1 cm at d/o 207 (DIR-RB) d/o 145 (TIM-R5). It should be
noted that these numbers refer to the formal ialeancuracy of the models as derived from
the error degree variances of their spherical harmooefficients. Improvements from the
first to the last releases are mainly based onnitreasing number of processed data and, in
the case of the last releases, also on the lowstsoof the GOCE satellite. Up to now
(beginning of 2015), five releases of the time-wimed direct approaches have been
computed (Brockmann et al., 2014; Bruinsma eR8l14). The estimated space-wise releases
are three and the last one is described in Gadli ¢2014).

In this paper, these GOCE based global geopotemiimlels are compared with observed
gravity data and GPS/levelling derived undulatiarsing the spectral enhancement method,
as previously done by, e.g. Gruber et al. (201pyJaR et al. (2012), Tocho et al. (2014),
Vergos et al. (2014) and Yi and Rummel (2014).hese studies, it was found that the main
contribution from GOCE, as far as the Release 2Reldase 3 models are concerned, is up
to d/o 180-190 and 195-220, respectively. Withie tresent study, data in the central
Mediterranean area, covering Italy and the surrowndreas, and Greece are considered in
these comparisons and checked against the EGM2008I ggeopotential model (Pavlis et
al., 2012).

2 The Italian and the Greek databases
2.1 The Italian gravity, GPS/leveling data and the DTM used for the validation

The Italian gravity data set is based on a cobbecbf data coming from different sources.
Data have been collected on a long time span (ynbstiveen the fifties and the seventies)
and have thus different precisions and accurahgtscannot be properly assessed due to lack
of metadata (in a very loose way, it can be stdtatithe mean precision is around 0.5 mgal).
They are also referred to different horizontal ticat and gravimetric reference systems. In
the framework of the Italian geoid computation ytteve been homogenized for coordinate
and gravimetric reference systems and checkeddssiple outliers (Barzaghi et al., 2007).
This gravity database covers the area 3°< 20°, 35°< ¢ < 49° and contains 450,336 values
which implies a mean spatial density between gyayibints of 20”. The horizontal
coordinates are referred to the ETRS89 referenstesywhile orthometric heights are given
in the Italian height system originating, for thenmsular part of Italy, at the Genova tide
gauge (Sicily and Sardinia height networks arerreteto Catania and Cagliari tide gauges,
respectively). Gravity data are framed to the IGSKMRS80 system. The plot of the Italian
gravity data is shown in Figure 1 while Mean, StmddDeviation (St. Dev.), Minimum and
Maximum of the gravity anomalies are listed in Tall It must be also mentioned that the
Italian gravity database has been included (to aknown extent) in the database for
EGM2008 computation.

GPS/levelling data have been surveyed by IGM (fitGeografico Militare) in the
framework of the Italian GNSS reference network @aM(Surace, 1997). This network
consists of more than 2000 points having a medardis between points that was originally
of about 20 km. In the past decade, the networkbleas densified to reach a mean distance
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between points of about 7.5 km. The last adjustroéihe network has been computed by
IGM at the beginning of 2009 in the ETRF2000(200&:@me. The mean precision in each
of the three coordinates is around 5 cra)(1n the peninsular part of Italy, 977 benchmarks
of this network have been levelled with high prexisspirit levelling thus allowing the
estimation of geoid undulations. The distributidntttese GPS/levelling points is plotted in
Figure 2 and the statistics are shown in Table Hes& values will be considered in the
comparisons. GPS/levelling points over Sicily aratdshia will not be considered to avoid
in-homogeneities among the data (as mentioned,riéfeyto different tide gauges).
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Figure 2: The GPS/leveling points over the Italian area (riaaid)
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Table 1: Statistics of the original free-air gravity anoiealand GPS/Levelling geoid heights in the Itahaga

M ean St. Dev. Min M ax
Agop(mGal) 10.660 60.601 -163.200 269.710
NP5V (m) 46.635 3.431 36.378 54.805

The DTM compiled for estimating the last ItaliarogeITALGEOOQS (Barzaghi et al., 2007)
has been considered for the GOCE models validaiibws DTM is mainly based on the
SRTM3 (Shuttle Radar Topography Mission, http://ddasgs.gov/srtm/) at the spatial
resolution of 3" 3”. Other considered sources of information are:

= the Italian DTM (based on map digitalization) thas been used to fill the gaps
in the Italian land region and for a strip of batietry near the coasts, where
high resolution digitalised bathymetry is availgble

= the 1' x 1’ NOAA bathymetry (https://128.160.23.42/dbdbwdbery.html)
that has been used in deep seas areas;

= the GTOPO30 DTM Http://edc.usgs.gov/products/elevation/gtopo30/gsdphtm)
that has been considered for the remaining aregsnweidata.

The area covered by this DTM/bathymetry model is 3°< 22°, 33°< ¢ < 50° and, on each
side, is at least 1° larger than the area contgignavity data and GPS/levelling data. The
resulting grid has a regular geographical mesh of 3’ (Borghi et al., 2007).

2.2 The Greek gravity, GPS/leveling data and the DTM used for the validation

The local data used over the Greek territory, refggravity anomaly data and GPS/Levelling
observations covering the entire part of contineGtaece and the surrounding marine areas.
As far as the gravity anomaly data are concerrtegl; tome from a local gravity database
that has been compiled in the frame of the detaatiun of a new Greek geoid model
(Tziavos et al., 2012; 2013). This set comprisesimber of 294,777 irregular point free-air
gravity anomalies (cf. Tziavos et al., 2010) covgrihe entire Hellenic territory (islands
included) as well as parts of the neighbouring Balkountries. Their accuracy (estimated
through least-squares prediction) is at the +2.28ammlevel, and they are framed to
IGSN71/GRS80 with a mean density of ~2” . It shibe noted that this is not the formal
accuracy of the data, which is largely unknown, thet standard deviation of the differences
after least-squares prediction. The formal accuracthe Greek gravity data is unknown,
since they have been collected over the past dgdaoi® the early ‘50s to late ‘80s, with
different instrumentation and measurement procedarel from different research groups.
Therefore, their real accuracy cannot be accegpeel that in most cases no metadata are
available. On the other hand, it should be witthie 0.5 mGal level, given that the relative
gravity surveys carried out were performed, in neastes, by forming loops, where the first
and the last points of these loops belonged toGheek gravity network. The available
gravity data over Greece are presented in Figure 3.
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Figure 3: The Greek gravity database (294,777 irregular ppint

The set of collocated GPS and Levelling data oncBerarks (BMs) (1542 BMSs) is based on
historical orthometric heights from the HMGS (Heile Military Geographic Service)
measured during the establishment of the Hellerectival Datum (HVD) and ellipsoidal
heights collected within the HEPOS (Hellenic Pasiing System) project (Gianniou, 2008).
The HVD in principle models the physical heights Haslmert orthometric heights, while
their tie is to the tide-gauge station situatedPmaeus harbour, so that the HVD origin is
relative to a MSL determined with sea level meanams for the period 1933-1978. Today,
the true accuracy of the HVD is unknown, sincet ajas not uniformly adjusted, b) it is not
maintained by HMGS, and c) the formal errors predidhy HMGS are ambiguous and over
optimistic (Kotsakis and Katsampalos, 2010; Tziagbsl., 2012; Vergos et al., 2014). The
ellipsoidal heights were determined in ITRFOO (¢pte2007.236) with their horizontal and
vertical accuracy being estimated from the analgsithe original GPS observatiots 1-4
cm (Io) and 2-5 cm (&), respectively (Gianniou, 2008; Kotsakis and Katgalos, 2010).
The available GPS/Leveling BMs are evenly dist@outvithin 22x28 km blocks over the
entire country, so that in each block there aleasgt eight BMs (implying a mean distance of
8.8 km), where both orthometric heights are avéladnd ellipsoidal heights have been
measured. It should be noted that the orthomegights refer to the mean-tide (MT) system,
so their conversion to the TF system has been qmeeit according to Ekman (1989). The
distribution of the available GPS/Leveling data row&reece is shown in Figure 4. The
statistics of these values are collected in Table 2

Table 2: Statistics of the original free-air gravity anoiealand GPS/Leveling geoid heights over Greece.

M ean St. Dev. Min M ax
Agop(mGal) -22.731 74.118 -236.099 269.927
NC°SY(m) 35.605 5.762 19.485 43.883
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Figure 4: The GPS/leveling points in Greece (1542 BMs)

The topography and bathymetry model used for theCEOnodels validation has been
estimated for the entire Greek territory aimingtta determination of a new gravimetric
geoid model for Greece (Tziavos et al., 2010).al$ been based on théx3" SRTM data
over continental Greece, while voids have beeerdilvith data from available local DTMs
from the HMGS. Over other countries, bicubic splinrpolation has been used due to the
unavailability of local DTMs in order to fill-in \ds in the original SRTM database. This
resulted in the estimation of a new SRTM DTM model over all land areas in Greece
(SRTMGr) within the region bounded between 3658 < 44.5° and 16.5% A < 33.0°. In
order to estimate terrain effects for marine aragsswell, the SRTMGr model has been
augmented with the latest bathymetry models by @amish National Space Agency-
DTU2010 (Andersen, 2010) and the Scripps Institdit®ceanography-SIOv11.1 (Smith and
Sandwell 1997). Note that the DBMs (Digital BathymieModels) have a spatial resolution
of 1' only, so they have been re-gridded to agree with 3 spatial resolution of the
SRTMGr model on land. A careful editing has beerigpgmed across the land-sea boundary
in order to avoid double entries from the DTM anBNIs and using the coastline provided
by the Generic Mapping Tools (Wessel and Smith 1998

3 Validation of GOCE models

The accuracy of the GOCE global models has beelnatea considering the statistics of the
residual data. In performing these comparisonsduatdata have been computed according
to the following scheme

GOCE "‘ _ AqEsM 2008 2159

g

Agres = Agobs - Ag - AgRTE (1)

k+1

2159

k
_ _ NJGOCE[® _ nEGM 2008
Nr% - Nobs N ‘2 N

Nire (2)

k+1
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The residualsAg,,, and N, data are computed from the observld,. and N . by

removing the medium wavelength components using E@©dels up to different degré&e
and the high frequencies using the EGM2008 glolkealpgtential model fronk+1 to 2159
(where it is available at full degree and orderluthkermore, the very high frequency
components, mainly related to the terrain effealyenbeen accounted for Residual Terrain
Effect (RTE) computation (Forsberg, 1984). The addpeduction scheme is set up in order
to enhance the GOCE model contribution up to tihectsd degrek.

Also, the EGM2008 reduced data

2159

Agres = Agobs - AgEGM 2008‘2 AgRTE (3)

‘2159

— _ N|EGM 2008
Nres_ Nobs N 2

Nere (4)

have been calculated and used as reference vailudse Italian area, the RTE effect has
been computed using the DTM described in sectidn Phe reference DTM used in RTE
evaluation has been obtained by filtering the tedaDTM with a moving average window
having a 3’ radius (this window size has been @efibased on a statistical analysis on the
residuals for different smoothing versions of thetaled DTM). The RTE has been
computed with the TC program of the GRAVSOFT paekéfscherning et al., 1994), with
an integration radius of 80 km for gravity and 1&@@ for undulation, with the standard
density value of 2.67 g/cin

In the Greek area, the same computation for the Bfldets has been carried out. The RTE
effects on geoid heights and gravity anomalies emtémated from a 3” resolution digital
terrain and bathymetry model (Tziavos et al., 2000)e, smooth but varying, reference
surface needed for the RTE effect is constructedvgyaging the fine resolution topography
grid (described in section 2.2) and then low-pakerihg the average grid generated by
taking moving averages of an appropriate numbexdgdcent blocks (Tziavos et al., 2010).
The statistics of the gravity anomaly and undufatiesiduals obtained using models at full
resolutions are summarized in Table 3 and Tablar 4he Italian database. The statistics for
the Greek database are presented in Table 5 arld Galbhe residuals have been computed
for each considered model, i.e. for five DIRs, fiMds and three SPWs releases.

IDifferent integration radii have been adopted basedome tests that have been done in the contakeo
Italian geoid estimation. These tests prove thainbreasing the integration radius, asymptotic R/kues for
gravity and undulation are reached to r=80 km a&i®0 km respectively.
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Table 3: The statistics of the gravity anomaly residudis: ltalian database (450336 points)

MODEL | Max.degree | Mean(mgal) | St.Dev.(mgal) | Min(mgal) | Max(mgal)
DIR rl 240 -0.730 8.162 -94.883 68.129
DIR r2 240 -1.042 10.044 -93.916 74.628
DIR_r3 240 -0.800 9.809 -101.644 65.813
DIR_r4 260 -0.888 9.894 -102.047 67.320
DIR_r5 300 -0.508 12.909 -105.167 80.974
TIM_rl 224 -0.952 10.692 -102.385% 66.108
TIM r2 250 -0.912 11.505 -98.406 73.525
TIM_r3 250 -0.833 10.419 -102.638 66.069
TIM r4 250 -0.927 9.354 -99.996 66.537
TIM_r5 280 -0.295 10.362 -105.448 66.532
SPW rl 210 -0.935 9.752 -08.841 71.103
SPW r2 240 -0.648 13.807 -100.069 68.723
SPW _r4 280 -0.390 13.125 -103.595 70.727

EGM2008 2159 -1.107 7.717 -95.467 69.501

Table 4: The statistics of the undulation residuals: thdéidh database (977 points)

MODEL | Max. degree Mean(m) St. Dev.(m) | Min(m) | Max(m)
DIR rl 240 -0.776 0.178 -1.294 -0.366
DIR r2 240 -0.784 0.208 -1.396 -0.127
DIR_r3 240 -0.760 0.222 -1.343 -0.010
DIR r4 260 -0.774 0.221 -1.396 -0.251
DIR_r5 300 -0.750 0.306 -1.637 0.205
TIM rl 224 -0.763 0.274 -1.764 -0.090
TIM_r2 250 -0.756 0.271 -1.474 0.060
TIM r3 250 -0.757 0.232 -1.360 -0.053
TIM r4 250 -0.774 0.204 -1.355 -0.252
TIM_r5 280 -0.757 0.242 -1.467 -0.067
SPW rl 210 -0.751 0.251 -1.664 -0.148
SPW_r2 240 -0.721 0.410 -1.974 0.421
SPW r4 280 -0.749 0.323 -1.716 0.067

EGM2008 2159 -1.577 0.264 -2.20( -1.064
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Table 5: The statistics of the gravity anomaly residudis: Greek database (294777 points)

MODEL | Max.degree | Mean(mgal) | St.Dev.(mgal) | Min(mgal) | Max(mgal)
DIR rl1 240 0.713 5.372 -83.079 100.626
DIR_r2 240 0.823 7.857 -76.673 101.588
DIR_r3 240 0.621 7.529 -84.445 101.879
DIR r4 260 0.525 8.046 -83.217 97.533
DIR_r5 300 0.326 9.326 -84.740 108.615
TIM_rl 224 0.307 8.671 -88.912 101.309
TIM r2 250 0.473 8.520 -85.038 102.942
TIM_r3 250 0.525 8.175 -85.082 99.831
TIM r4 250 0.617 6.878 -85.566 100.406
TIM_r5 280 0.417 7.751 -85.608 105.093
SPW _rl 210 0.413 8.143 -79.785 103.705
SPW _r2 240 0.203 10.511 -89.751 109.243
SPW _r4 280 0.498 8.777 -86.951 106.485

EGM2008 2159 0.568 5.316 -82.685 101.41(

Table 6: The statistics of the undulation residuals: thegRrdatabase (1542 points)

MODEL | Max.degree | Mean(m) | St.Dev.(m) | Min(m) | Max(m)
DIR rl1 240 -0.384 0.165 -0.973 0.206
DIR r2 240 -0.397 0.195 -1.005 0.259
DIR r3 240 -0.391 0.157 -0.882 0.144
DIR r4 260 -0.386 0.218 -1.063 0.321]
DIR 5 300 -0.394 0.259 -1.291 0.532
TIM rl 224 -0.406 0.276 -1.148 0.372
TIM r2 250 -0.385 0.222 -1.189 0.396
TIM r3 250 -0.385 0.204 -1.042 0.284
TIM r4 250 -0.381 0.180 -0.977 0.167
TIM 15 280 -0.395 0.226 -1.115 0.338
SPW rl 210 -0.420 0.257 -1.165 0.338
SPW _r2 240 -0.384 0.243 -1.039 0.364
SPW r4 280 -0.402 0.215 -1.146 0.211

EGM2008 2159 -0.416 0.139 -0.894 0.06(

The plots of the gravity and undulation residuatsif k =100 to models full resolution (in
Ak =5 steps) are shown from Figure 5 to Figure 10 ferlthlian databases and from Figure
11 to Figure 16 for the Greek databases.
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Figure5: The r.m. s. of the residuals gravity data: thédtadatabase vs the DIR models
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Figure 6: The r.m.s. of the residuals gravity data: thedtatlatabase vs the TIM models
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Figure7: The r.m.s. of the residuals gravity data: thedtatatabase vs the SPW models
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Figure 11: The r.m.s. of the residuals gravity data: the G astabase vs the DIR models
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Figure 12: The r.m.s. of the residuals gravity data: the &Gdggabase vs the TIM models
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Figure 13: The r.m.s. of the residuals gravity data: the Gstabase vs the SPW models
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4 Comments and discussion

Over Italy, and as far as the evaluation of graulyta is concerned, no significant
improvements are clearly visible in the medium frexgcy band, up to degree 200-220 (see
Figures 5-7). As for the case of the Greek grad@yabase (see the discussion in the next
paragraphs), there is an improvement in the GOC#etsavhile moving from the first to the
last release. This is basically due to the datiuded in the solutions. However, in all the
tested models/releases, the r.m.s. are equivalentwprse) to those obtained using
EGM2008. Particularly, this holds also for the lesdeases of the models, up to degree 200
for the SPW-R4 solutions and 220 for the TIM-R5 &1&-R5 solutions (see Figure 17-left
panel). The only remarkable improvement is in theam(see Table 3). The mean of the
residuals for the last releases are remarkablylemélan the one obtained with EGM2008.
Particularly, the TIM-R5 residuals have a mean &alti-0,39 mGal that is nearly one fourth
of the EGM2008 value. This proves that low frequebiases are accounted for in the GOCE
GGMs. In comparing the different GOCE models, TIM-B the one having the lower
residuals St. Dev. as compared e.g. to those dfdtaeleases DIR-R5 and SPW-R4. Also,
as expected, the SPW-R4 model gives poorer rebaltause it doesn’t include the lower
orbit data.

From the evaluation of the gravity anomaly datametr Greece it was concluded that the
residual fields of the GOCE/GRACE models providglly better results than EGM2008,
in terms of the St. Dev., and the improvement ihat0.5 mGal level. It should be noted that
as in the evaluation with the GPS/Levelling dal, ¢ontribution of GOCE/GRACE GGMs
is filled with EGM2008 and RTE in order to redube omission error. TIM-R5 is better than
EGM2008 up to d/o 230 (see Figure 12) while theraVéest results are achieved at d/o 212,
where TIM-R5 provides both the smallest St. Dewd eange compared to EGM008 by 0.5
and 5 mGal, respectively. The mean reduction is aten and it drops from 0.57 to 0.45
mGal. This reduction might seem insignificant, the fact that the already small mean w.r.t.
EGM2008 reduces further, is a positive sign ash® teduction of long and medium
wavelength errors due to GOCE. With the inclusibmore GOCE data, the useful spectral
range increases from d/o 185 to 190, 195, 218 80d&@ TIM-R1, TIM-R2, TIM-R3, TIM-

R4 and TIM-RS5, respectively. DIR-R5 provides bettsults compared to EGM2008 up to
d/o 232 (see Figure 11), while the overall bestlissn terms of both the St. Dev. and range
of the differences are found at d/o 214, beingdame as those of TIM-R5. Between the
various versions, DIR-R1 and DIR-R2 show similarf@enance up to d/o ~180, while DIR-
R4 brings significant improvement boosting the ukepectral range from d/o 195 to d/o
210. The inclusion of the lower orbit GOCE data $isceven further the useful envelop up
d/o 232 for DIR-R5. SPW-R4 provides worse res(dee Figure 13), as expected due to the
fact that it does not include the lower orbit GO@#a, and is better than EGM2008 up to d/o
218. Such a behaviour is expected since the mantribbation of the lower orbit GOCE data
is expected in the higher degrees of the GOCE GQAMis. becomes more evident in Figure
17, where the results for TIM-R5, DIR-R5 and SPW-#&4d depicted. It is clear that these
GGMs have similar performance up to d/o 187, wabdeve that the contribution of the lower
orbit GOCE SGG data becomes evident in DIR-R5 aiM-R5, since they remain lower
than EGM2008 up to higher harmonic degrees. Negkss, even though SPW-R1 and
SPW-R2 show a more or less similar performanceeb#dtan EGM2008 up to d/o 178 and
183, respectively, SPW-R4 improves considerablyrthe of the residuals and reaches a
useful spectral range up to d/o 218. The cross-eoisgn of the Greek gravity data with the
ones over Italy seems to indicate that the pretisicthe latter is lower. The St. Dev. of the
residuals in the Italian area are always larger§A7Gal in the best case) than those obtained
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with the Greek data (~5.1 mGal). This can expl&ie behaviour at medium frequencies:
Italian data could be too noisy to reveal the meditequency improvements (below degree
200-220) w.r.t. EGM2008.

14 95

"dirrs
a L tim r5
spw r4
85 = P

"dir s
timrs
13 | SPW r4 —f

11 ¢

— /)

P B R+ B}

RMS of Dg residuals [moal]
RMS of Dg residuals [mgal]

™,
al
(5 I B

— EGM2008

s e

EGM2008

. . . 45 . . .
100 150 200 250 300 100 150 200 250 300

Harmonic Degree Harmonic Degree

Figure 17: The r.m.s. of gravity residuals vs last released s
(Italy — left panel; Greece — right panel)

When lItalian GPS/levelling observations are considethe same remarks given for the
gravity data hold. Also in this case, there aresmmificant improvements with respect to
EGM2008 (see Figures 8-10 and Table 4). The onharkable improvement is in the mean
values of the residuals that are half the valueithabtained using EGM2008. As it is for the
gravity data, the best model over lItaly, at fulakition, is TIM-R5, particularly if St.Dev. is
considered (the corresponding value is also skglmtter than the one referring to
EGM2008). This can be clearly seen in Figure 18t (@nel) in which the green line
corresponding to this solution is below the other turves at degree 280. On the other hand,
The SPW-R4 is better than the DIR-R5 and TIM-R3aidegree 220.

With respect to the evaluation of the GPS/Levelldada over Greece, when satellite only
models are evaluated to their maximum degrees ufitlany spectral enhancement from
EGM2008 and RTE effects, then, as expected, th#erences are quite large (38.1 cm to
42.0 cm) due to the omission error (Vergos etZd14). When they are evaluated to their
maximum degrees and then spectrally enhanced fréM2b08 and RTE effects then their
differences reach the 15-27 cm level (see Table ). the other hand, when fill-in
information from EGM2008 along with the computedER@ffects are taken into account for
the intermediate degrees of expansion, then trexiiopnances are comparable and better
than that of EGM2008. This is evidenced from Figutd-16, which depict the variation of
the St. Dev. of the geoid height differences betwitbe enhanced GOCE/GRACE GGMs and
GPS/Levelling. The useful spectral range, i.e.hwitrors smaller than EGM2008 is up to d/o
225 for DIR-R5, while the smallest St. Dev. at 12m@ is achieved at d/o 169. For TIM-R5
this spectral band is similar to d/o 224, whilghe band between d/o 190 to 225 it provides
slightly worse St. Dev. compared to DIR-R5. Therallesmallest St. Dev. for TIM-R5 is
reached at d/o 166 being at the 12.1 cm level.tRerSPW-R4 model the useful spectral
range is up to d/o 216, given that it contains dfymonths of GOCE data, while the R5
version of DIR and TIM contain the lower orbit GO@GSG data. This is evidenced in the
spectral band between d/o 190-225, that SPW-R4ate=vifrom DIR-R5 and TIM-R5 (see
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Figure 18). It is interesting to notice that the 3¢v. of DIR-R4/R5, TIM-R4/R5 and SPW-
R4 is smaller and larger than that of EGM2008 ia lland between d/o 110 and 130 (see
Figure 18). This consistent behaviour is a matfefugher research and can be seen, to a
smaller extent, in the comparison with the Ital@RS/Leveling data (notice the peak around
110-120 in Figure 18). In comparing GPS/Levelingadaimilar results with the gravity data
can be drawn as far as the progress with the additi more GOCE data is concerned. The
increased amount of data in the latest releaseageai® boost the useful spectral range by
50 degrees for the DIR models, 60 degrees for tMe GGMs and 45 degrees for the SPW
ones, showing the improved representation of tlwetshscales of the Earth’s gravity field
with the addition of more GOCE and of the late-sthmyver orbit observations.
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5 Conclusions

The GOCE models, in their different releases, H@een compared in the Mediterranean area
with the Italian and the Greek gravity and GPSMlewg data. The two test areas include the
Central Mediterranean (the ltalian database) amdaiea of the Aegean Sea (the Greek
database). Both areas are characterized by strangtions of the gravity field related to
topography and/or geodynamical signals. Thus, dute roughness of the gravity field in
the two test areas, this can be considered asuahtal test for the evaluation of GOCE
models. EGM2008 has been considered as well, @ahehmark solution. In estimating the
residuals, EGM2008 has been used to account fohitite frequency components for both
gravity and geoid undulation to degree and ord®92Furthermore, RTE has been computed
to smooth the high frequencies related to the togggyy. The final residuals have been
compared to those obtained using EGM2008. RTE teil@e been computed also in this case.
When Greek data are considered, the results sh@rouwements w.r.t. EGM2008 up to d/o
230. This is a standard result that is frequentbfamed when using GOCE models.
Furthermore, clear improvements are visible whilevimg from the first to the last model
release: this is (again) an expected result. Birgspect, the best solution over the Greek area
is the DIR-R5 model. However, the TIM-R5 is verps® to this best fit model in terms of
statistics. The SPW-R4 is worse than these two tmdodgt it must be mentioned that it
doesn’t include the last GOCE data collected atloaltitudes.
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The comparisons in the Central Mediterranean ar@sed on the Italian gravity and
GPS/levelling data cannot be interpreted so clearhe GOCE models/releases residuals
have statistics that are always equivalent (or @)ois those obtained using EGM2008, either
considering gravity and GPS/levelling. So, nearyimprovements are obtained up to d/o
230 as it is for the Greek database. The DIR-R5 thedTIM-R5 models are practically
equivalent if gravity data are considered. SPW-R4aiso in this case, the poorest solution,
especially at full resolution. Same conclusions lbarstated in case of GPS/levelling Italian
data (but for the slightly better performance oM&R4 w.r.t. DIR-R5 and TIM-R4 around
degree 210). The only remarkable reduction is i tiean of the geoid undulation and
gravity residuals w.r.t. EGM2008 (e.g. in GPS/lénegl data, the GOCE model residuals
have mean values that are roughly half the EGM208lI8e.) These critical results are
possibly due to the quite poor quality of the Halidata (particularly of gravity data that have
been measured over a large time span and are gjdite However, in the whole, these
comparisons show how valuable the GOCE models ace leow effective they are in
properly reducing the ground based data by progidin reliable estimate of the low
frequency component of the gravity field of the thar
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