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Abstract

Since ESA released to the public domain the firsb& Geopotential Model (GGM) based on GOCE
satellite mission data, an extensive validatior{eton of those models has been conducted worklwid
to assess their accuracy. The paper provides amamycassessment of' &+ 5" release GOCE-based

GGMs developed with the use of the direct solutiad the time-wise solution strategies over the afea

Poland.

Free-air gravity anomalies and height anomaliesprded from those GGMs have been compared with
the corresponding ones obtained from EGMO08. Moreadveight anomalies determined from GOCE-
based GGMs were compared with the corresponding obtained from three different GNSS/levelling
data sets with the use of the spectral enhancemethtod. The results obtained reveal clear improveme
for the consecutive releases of GOCE-based GGMsstigated The 8" release GOCE-based GGM
developed with the use of time-wise strategy shibvsbest performance. Its fit over the area of fbla

the terrestrial data in terms of the standard diewias 0.84 mGal for gravity anomalies and in thage

of 2.8 — 3.4 cm for height anomalies.

Keywords. Free-air gravity anomaly, global geopotential mMpd8NSS/levelling, GOCE, height
anomaly.

1 Introduction

Since the launch of the Gravity Field and SteadteStOcean Circulation Explorer (GOCE) satellite
mission dedicated Earth gravity field modelling el Global Geopotential Models (GGMs) based on
GOCE data were developed. So far, five consecutileases of GOCE-based GGMs have been made
available for scientific use by the European Spegency (ESA). They are provided in the form of & se
of dimensionless coefficients of a spherical harim@eries up to a specified degree and order (d/o).
These coefficients are the result of the gravigydfimodelling process using level 0 and level Mupcts

of ~2 months (1 release), ~8 months"f2elease), ~12 months'{3elease), ~27 months'{4elease), and
~42 months (8 release) GOCE satellite mission observation dsgta Pail et al., 2011; Bruinsma et al.,
2013; Brockmann et al., 2014). Three differenttetyies were applied for modelling the Earth gravity
field within the ESA GOCE high-level processingifidg (Rummel et al., 2004). They are denoted as th
direct solution, the time-wise solution and thecgpwise solution. The last one was implemented only
1% and 2° release GOCE-based GGMs. The main characteristitsose solutions have been briefly
described in Rummel et al. (2004) as well as in &aal. (2011). Moreover, different GGMs based on
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GOCE satellite mission observation data have beseldped by other research institutions, e.g. Delft
University, German Research Centre for GeosciefeEZ), and Graz University.

In order to ensure the quality of GOCE-based GGdfiddcal gravity field modelling it is important to
validate them using an optimum evaluation methogleying independent, possibly high quality gravity
field functionals. Thus, since the ESA releasedfitls¢ GOCE-based GGM to the public domain, several
studies have instantly been undertaken by numeesgarch groups to validate those models. They were
performed in different parts of the world usingfeliént validation procedure and different data,sets

the validation conducted by Ihde et al. (2010) Er@any, Janak and Pitonak (2011) in Central Europe,
Hirt et al. (2011) and Yi and Rummel (2014) worldej Sprlak et al. (2012) in Norway, Guimaraes et al
(2012) and Ferreira et al. (2013) in Brazil, Inteak (2012) in Canada, Amjadiparvar et al. (2018B)
North America, Vergos et al. (2014) in Greece, Ainan et al. (2014) in Saudi Arabia, Godah and
Krynski (2015) in Sudan, Tocho et al. (2014) in &ngina, and Rexer et al. (2014) in Australia. HFar t
area of Poland, 1 — 4" release GOCE-based GGMs have been evaluated UEBI08 and
GNSS/levelling data (Godah and Krynski, 2012, 2@8¢ah et al., 2014; Godah, 2014). The aim of this
paper is to assess the accuracy of GOCE-based G@&she area of Poland, including those developed
with the use of whole set of GOCE mission data. The 5" release of GOCE-based GGMs developed
with the use of the direct solution and the timeengolution strategies have been evaluated usidgOBG
and GNSS/levelling data.

The description of the GGM and external data usegdiven in the section 2. In sections 3 and 4, the
evaluation methodologies are specified and thaiulte are analysed. In section 5, the conclusios a
recommendations concerning the accuracy of theesgigil GOCE-based GGMs over the area of Poland
are drawn.

2 Data used

The data sets used throughout this investigatimsisbof (1) i — 5" release GOCE-based GGMs as well
as EGMO08 (Pavlis et al., 2012), and (2) GNSS/lawglbata. The GOCE-based GGMs are analyzed in
section 2.1 and the external data in section Ad@be

2.1 Global Geopotential Models

The F'— 5" release GOCE-based GGMs developed with the uteedfme-wise (TIM) solution and the
direct (DIR) solution strategies have been validaterer the area of Poland. These models were
developed and released for the public use by E®&yare also available in the International Cefure
Global Earth Models (ICGEMshttp://icgem.gfzpotsdam.de /ICGEMIhe basic and most important
information on these GGMs can be found in the ES¥&b pagehttps://earth.esa.indnd on the header
information of the GGMs files and the associatéesfifrom the ICGEM. The characteristics of those
models are summarized in Tables 1a and 1b.

Moreover, beside GOCE-based GGMs, EGM08 has alsm hsed as a reference model for the
validation of the former as well as for estimathigher frequency components of the gravity sighal,
gravity signal beyond the applied maximum d/o of@based GGMs. EGMO08 was earlier extensively
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evaluated over the area of Poland using over 1068 kuality height anomalies obtained from
GNSS/levelling data as well as regional precisesipemid models. Since the high quality mean 5' x 5'
terrestrial free-air gravity anomalies from Polamere provided for developing EGMO08, the model shows
an excellent performance over the area of Polamtovides height anomalies with accuracy at thelle
of 2 cm (Krynski and Kloch, 2009; Lyszkowicz, 200@hich corresponds to the accuracy of the existing
gravimetric quasigeoid in Poland. It should be dotleat free-air gravity anomalies calculated from
EGMO08 can be considered equivalent to the teregstmes when validating GOCE-based GGMs in
Poland. Moreover, EGMO08 can be considered as ailusefl to detect outliers among GNSS/levelling
data available in Poland (c.f. Krynski and Klock09). In the validation of GOCE-based GGMs using
EGMO08 spectral consistency can easily be ensuesdggctions 3.1 and 4.1).

Table 1a: The main characteristics of GOCE-based GGMs deeelavith the use of time-wise solution

strategy.

GGM TIM-R1 TIM-R2 TIM-R3 TIM-R4 TIM-R5

Name in ICGEM GO _CONS G| GO _CONS_GC| GO CONS_GC| GO _CONS_GC| GO CONS_GC
CF2TIMRL| F2TMR2 | F2TIMR3 | F 2TIMR4 | F 2 TIMR5

Maximum d/o 224 250 250 250 280
Semi-major axig [m] 6378136.30 6378136.30 6378136.30 6378136.30 78636.46
GOCE data ~2 months ~8 months ~12 months ~26.5mont  ~42 months
Kaula’s regularization d/o 170 onward 180 onward 0 dBward 180 onward 200 onward
Time of releasing 2010 2011 Nov. 2011 Mar. 2013 . 2014
Reference Pf‘z”o‘itoi)"" Pail et al. (2011)|  Pail etal. (2011)  Pail et 8011) Broc‘((gg)alrx)‘ etal.

Table 1b: The main characteristics of GOCE-based GGMs deeelavith the use of direct solution

strategy.

GGM DIR-R1 DIR-R2 DIR-R3 DIR-R4 DIR-R5

Name in ICGEM GO_CONS_GC| GO_CONS_GC| GO_CONS_GC| GO_CONS_GCF GO_CONS_GC
F2DRRL| F2DIRR2| F2DIRR3 _2 DIR_R4 F 2 DIR_R5

Maximum d/o 240 240 240 260 300
Semi-major axig [m] 6378136.46 6378136.46 6378136.46 6378136.46 78636.46
GOCE data ~2 months ~8 months ~12 months ~28 months ~42 months
GRACE data 7.5 years 7.5 years 7 years ~7 years yed8
LAGEOS-1/2 SLR data 7 years 7 years 7 years ~268yea 25 years
Kaula’s regularization d/g - 150 onward 200 onward 200 onward -
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Time of releasing 2010 2011 Nov. 2011 Mar. 2013 . 2014

Bruinsma et al. | Bruinsma etal.| Bruinsmaetal.| Bruinsmaetal. | Bruinsma et al.
(2010) (2010) (2010) (2013) (2013)

Reference

2.2 GNSS/levelling data

The height anomalies obtained from GNSS/levelliatadFig. 1) at 184 GNSS/levelling control traverse
sites, 315 POLREF (GNSS/levelling network usedxasresion of ETRF, established in 1994-1996) sites,
and 58 EUVN (densification of the European VertiRaference Network, established in 1999) sites were
used for the validation of GOCE-based GGMs. The B®8long GNSS/levelling control traverse was
established in 2003—-2004 for the verification ahd tccuracy estimation of gravimetric quasigeoid
models in Poland as well as for the evaluationntérpolation algorithms used for the application of
GNSS/levelling quasigeoid models. The accuracyeaflit anomalies for GNSS/levelling control traverse
sites is estimated to be 1-2 cm (Krynski and Lyws#d&n, 2006; Krynski, 2007) while the accuracy of
height anomalies for the sites of POLREF and EU\&@Ywmorks is estimated to be 3 — 4 cm, and 2 cm,
respectively (e.g. Krynski, 2007).

§ [ ]
[ ]
RS Rhed % o ®
500 | e "< le ° ® %0 g0

* EUVN sites T’.. . Ce o o
® POLREF sites = o Jo G- 20
l ° Contr. Trav. sitesf\f s ey

e 16° 18° 20° 22

Figure 1: The location of the POLREF, EUVN and the GNSS/liivglcontrol traverse sites.

3  Methodology

During the last years, numerous procedures werelolged and implemented to evaluate gravity
functionals determined from GOCE-based GGMs, faneple, the spectral enhancement method (SEM)
(Gruber, 2009; Hirt et al., 2011), Gauss’ based-pass filter (Voigt et al., 2010), low-pass filteyi
based on Fast Fourier Transform (Sprlak et al.1p0fverse distance weight low-pass filter (Godakl
Krynski, 2015), and a method by means of orbitcesis and geoid comparisons (Gruber et al., 20d.1).
this work, two gravity functionals, i.e. height analies and free-air gravity anomalies, obtaineanfro
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GOCE-based GGMs have been evaluated using EGM08etisas GNSS/levelling data. The height
anomalieg and gravity anomaliesg at pointP(¢,4,r) are obtained from GGMs as follows

_GM " -
C(¢ ATy T Z( j Z anYnm(¢ ,/1) (1)
ry m=0
GM &
MGy =a 21| 7 Z Run Y (@ ,7) @
n=2
with
_ AC i m=0
Rnm = . (3)
Asn\m\ m<0
and
B Pm(cosg)cosmi mz= 0
Yom = IC
Prm(cosg)sin |m| A m<0

where r is the distance to the geocentge,and A are the spherical latitude and longitude of the
computation poinP, respectivelyGM is the product of the Newtonian gravitational ¢ansG and the

Earth’s mas3V, a is the semi-major axis of the reference ellips@gl, is the fully normalised associated
Legendre function of degree and orderm, AC and Aén‘m‘ are fully normalised spherical harmonic

coefficients of the disturbing gravity potentiakibg defined as differences between the actualtlaad
normal gravity potential (Torge and Mdller, 2018hdy is the normal gravity referred to the poihat
the physical surface of the Earth.

3.1 The use of EGMO0S for validation of GOCE-based GGMs

With the use of Egs. (1) and (2), free-air gradtyomalies\gcoce) aNdAgesmosy and height anomalies
{coce)@nd(ecmos) Were calculated over the area of Poland from G@&&ed GGMs (Table 1) and from
EGMO08, respectively. The contribution of GOCE SGsatéllite gravity gradiometer) data to the
development of GGMs is expected significant ingpectral band from d/o 100 k.« of the model. The
extremely high performance of gradiometer is caito the so-called measurement bandwidth (MBW),
while noise is increasing outside the measurememdwidth (c.f. Rummel, 2010). The gravity
functionals have been calculated from GOCE-baset&énd from EGMO08 truncated to the same d/o
(i.e. d/o from 100 tdN,,ax Of the model with d/o 10 step). They were deteadion grids from 1.8° x 1.8°
t0 (180Npa)° * (180N,,4)°, respectively, corresponding to the spatial It of truncated model. The
differences

d¢cam) = {eemos) — {(coce) (5)
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OAYcem) = AdEcmos) —AJ(cocE) (6)

were analysed.

3.2 The use of GNSS/levelling data for validation of GOCE-based GGMs

Theoretically, ground truth data, e.g. free-airviggaanomalies and height anomalies, obtained from
terrestrial measurements contain the full spedétfakmation on the Earth’s gravity field. On thehet
hand, the GGMs are presented by finite series bémspal harmonic expansion truncated at a specific
spectral band. Thus, in order to compare gravitgtionals obtained from GGMs with the corresponding
ones obtained from terrestrial data, the spectmabrisistency between the data being used in the
validation must be considered.

Herein, the SEM was applied to validate height aal@a obtained from GOCE-based GGMs. In this
method, height anomali€$coce) Were determined from GOCE-based GGMs, up to aiceepplied
maximum d/o Kmay), While the medium/short wavelength componentsigfht anomalieggcmos) Was
compensated using EGMO08 coefficients from N1 to d/o 2190. According to the SEM method,
differences between height anomalies obtained f@@CE-based GGMs and the corresponding ones
obtained from GNSS/levelling data were computefibbews

Nmax 2190
¢ = (onsstievaing) ~1%0 + Ccocn , +C(EGM08)‘N 41 )

where the terndgnssreveling Presents height anomalies obtained from GNSSllagetlata. The additive
term{ in Eq. (7) presents the so called zero-degree térime geoid height, which is equal to zero if the
reference ellipsoid has the same mass as the Badtlihe same potential as the geoid (Heiskanen and
Moritz, 1967). Otherwisé,, is determined as follows (ibid):

_GM -GM, W,-U,

Co
Ry Y

(8)

whereM;y is the mass of the reference ellipsdid,is the gravity potential of the ellipsoiR,is the mean

radius of the reference ellipsoid, aﬁdpresents the mean normal gravity at the surfadbeofeference

ellipsoid. The values of these parameters areeetltd the Geodetic Reference System 1980 (Moritz,
2000). On the other handly, is the gravity potential of the Earth which togattwith M are among
numerical standards of the International Earth fRwtaand Reference Systems Service Conventions
(McCarthy and Petit, 2004). The tegnplays an essential role for best fitting ellips¢iteiskanen and
Moritz, 1967) and thereby the realization of lodatum.

4  Results and analysis

4.1 Validation of GOCE-based GGMs using EGM08
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Based on the methodology specified in section GQCE-based GGMs (Table 1) have been validated
using EGMO08. Figure 2 shows standard deviationshef differences between EGMO08- and GOCE-
determined height anomalies and free-air gravignaalies for the same harmonic degrees of expansion.
Moreover, the statistics of those differences at20l0, which corresponds to the objective of theORO
mission in terms of spatial resolution, are giverTable 2. As an example, Figures 3 and 4 depét th
distribution of differences between free-air gravilnomalies and height anomalies determined using
EGMO08 and the corresponding ones obtained from GO&Ed GGMs developed with the use of time-

wise strategy at d/o 200.
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Figure 2. Standard deviations of differences between fieegeavity anomalies (left) and height
anomalies (right) obtained from EGM08 and GOCE-Has&Ms (the appliedNm.x = 100,
110, 120, ..., 280/300).
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Figure 3: Differences between free-air gravity anomalb@syccwy obtained from EGMO08 and TIM
GOCE-based GGMs (the applibig.x = 200).
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Figure 4: Differences between height anomali&gcwm) obtained from EGMO08 and TIM GOCE-based
GGMs (the appliedNmax = 200).

Table 2: Statistics of the differences between EGM08- a@C&-derived height anomalies and free-air
gravity anomalies (the appliéd.x = 200).

3Agcem) [MGal] 3cem) [M]
GGM

Min Max Mean STD Min Max Mean STD
TIM-R1 -9.07 9.64 0.07 3.47 —-0.328 0.348 -0.010 .1290
DIR-R1 -3.78 421 0.06 1.57 —0.153 0.168 0.004 0.062
TIM-R2 -4.78 5.71 0.02 1.85 —0.189 0.2085 -0.004 .06D
DIR-R2 -5.41 5.43 -0.03 2.09 -0.194 0.192 0.000 .07®
TIM-R3 -3.36 3.02 -0.02 1.23 —-0.123 0.114 -0.005 04D.
DIR-R3 -4.20 4.17 -0.01 1.43 -0.154 0.146 0.000 .05®
TIM-R4 -2.32 191 -0.05 1.00 —-0.084 0.079 -0.003 038.
DIR-R4 -2.76 2.29 —-0.06 1.01 —0.09¢ 0.092 -0.001 038®.
TIM-R5 -2.27 2.08 -0.03 0.84 —0.083 0.088 -0.001 038.
DIR-R5 —2.46 1.76 -0.04 0.86 —0.09(¢ 0.078 0.000 .0390

The results presented in Figures 2 together with those in Table 2 exhibit clear ioyement in terms of
both height anomalies and free-air gravity anorsadie the volume of GOCE data incorporated in the
various releases of GGMs is increasing. The onbeption is DIR-R1 that strongly relays on EGMO08,
since EIGEN5C has been used as a-priori informatiais development. At d/o 200, this improvement i
terms of the standard deviation of differences fisho 5" release is about 2.6 mGal and 9 cm in free-air
gravity anomalies and height anomalies, respegti@s#sides the contribution of added GOCE dats, thi
improvement might also be caused by the effecthefitmproved L1b-processing in the gradiometry
(Stummer et al., 2012) as well as the use of tleeggrintegral method (Badura, 2006) when developing
the TIM-R4 and TIM-R5 instead of using the short-arc method (Mayer@ual., 2006) for processing
the GOCE SST observations.

The results presented in Figure 2 and Table 2 ételithat GGMs based on the whole data set from the
GOCE satellite mission, i.e. thé" Belease solutions, are consistent up to d/o 2B may indicate that
GOCE data only, as in TIM solutions, are suitablerhodelling the spectral bands from d/o 100 onward
Their fit to EGMO08 in terms of the standard dewias of differences of free-air gravity anomaliesl an
height anomalies do not exceeds 1 mGal and 4 gpectively. At their maximum degree of expansion
the fit of GGMs investigated to EGMO08 in terms bktstandard deviation of differences of height
anomalies and free-air gravity anomalies reachesriand 6 mGal, respectively. Figure 2 also illaists
that for the higher coefficients, i.e. from d/o 26@ward, the standard deviations of the differerares
increasing significantly. It may indicate reasorabiie large commission error of those coefficients
because the signal noise is expected to becomerhigtspectral bands beyond d/o 200 (Rummel, 2010)
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as well as because they were estimated with theotig@ula regularization (see Table 1). However,
adding more data from the GOCE satellite missiog dlao essentially reduced the noise and therefore,
the commission error of the higher coefficientsisTihdicates that GOCE provides valuable infornratio
about the Earth gravity field beyond d/o 200. Itymaveal the ability of the GOCE-type satellite
gradiometry mission to increase the spatial regoiutf the Earth gravity field models, which canvesy
useful for planning or designing the future mission

4.2 Validation of GOCE-based GGMs using GNSS/levelling data

The accuracy of height anomalies determined fthenpreceding investigation of GOCE-based GGMs
has also been assessed using height anomaliemaibthiom POLREF, EUVN as well as from
GNSS/levelling control traverse sites. Figure Gsiltates standard deviationsdgfdifferences determined
with the use of Eq. (7). As already mentioned, G&l@Eed GGMs have been truncated at the spectral
bands from d/o 100 to d/o 300 and extended to 8&® 21sing EGMO08. The statistics of these differance
for GOCE-based GGMs truncated to d/o 200 and egtbmdth EGMO08 from d/o 201 to d/o 2190 are
presented in Table 3. It should be mentioned thatinfluence of the local topography effect hasnbee
neglected. This is because the estimated conwibuti high frequency gravity signal, i.e. from @b91
onward, to the determination of height anomaliedtie GNSS/levelling data used does not exceed 3 mm
in terms of standard deviation of differences (Godaal., 2014). Thus, height anomalies obtainechfr
GGMs (GOCE-based extended with EGMO08) could becrspitative at the GNSS/levelling points.
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Figure 5: Standard deviations of differences between heigbirelies obtained from GNSS/levelling
data and from TIM (left) and DIR (right) GOCE-baseGMs (the appliedNn.x = 100, 110,
120, ..., 280/300).

Table 3. Statistics of differences between height anomailgsined from GNSS/levelling data and the
corresponding ones obtained from GOCE-based GGknéad with EGMO08 (the appliédh,ax
of GOCE-based GGMs is d/o 200); unit [m].

58



POLREF EUVN GNSS/level. control traverse
cem Min Max | Mean STD Min Max Mean STD Min Max Mean STD
TIM-R1 | -0.322| 0.560[ 0.084 0.166 -0.254 0415 0.08D.174 | -0.175( 0.393 0.049 0.157
DIR-R1 | -0.048| 0.301 0.100 0.05f -0.013 0.2f0 0.099.062 | -0.018 0.194 0.080 0.049
TIM-R2 | -0.128| 0.356| 0.09( 0.092 -0.1p2 0.246 0.08®.090 | -0.190 0.261 0.029 0.1Q7
DIR-R2 | -0.145| 0.398 0.101 0.098 -0.185 0.2p0 0.100.095 | -0.148 0.247 0.074 0.099
TIM-R3 | -0.160| 0.352| 0.084 0.084 -0.0y1 0.256 0.08®.079 | -0.172| 0.284 0.090 0.101
DIR-R3 | -0.177| 0.329 0.090 0.091 -0.1p6 0.2f8 0.099.085 | -0.212| 0.282 0.088 0.105
TIM-R4 | -0.036| 0.207| 0.093 0.037 -0.007 0.168 0.08®.036 | —0.025( 0.122 0.055 0.030
DIR-R4 | -0.035| 0.209 0.095 0.039 0.0p5 0.1p1 0.090.039 | -0.023 0.13 0.05Y 0.036
TIM-R5 | -0.021| 0.210[ 0.094 0.034 -0.0p6 0.156 0.08®.032 0.005| 0.118 0.066 0.028
DIR-R5 | -0.013| 0.213 0.095 0.036 0.0p8 0.1p4 0.08D.035 | —-0.007, 0.1377 0.068 0.038

As in the case of the comparison of gravity funtis obtained from GOCE-based GGMs investigated
with the corresponding ones from EGMO08, the respitsented in Figure 5 and Table 3 exhibit clear
improvement in terms of standard deviations ofedéhces of height anomalies when adding more GOCE
data. The only exception is DIR-R1. The improvemegerved is about 14 cm front to 5" release.

The results show that the fit of th& Eelease GOCE-based GGMs to GNSS/levelling datarims of
standard deviations of the height anomaly diffeesndoes not exceed 4 cm up to d/o 200 and 15 cm at
maximum d/o of the models. Further analysis regardhe results presented in Table 3 reveals that
GGMs developed with the use of the whole set of G@@ta (4 release solutions) fit to GNSS/levelling
data within the range from 2.8 cm to 3.8 cm at 2000 in terms of standard deviations of differences,
which corresponds to the accuracy of GNSS/leveliiat (cf. section 2.2).

Taking into consideration the error resulting frdmre combination of the ellipsoidal heights obtaiifredn
GNSS observations with normal heights obtained feminit levelling as well as the correlation betwee
the coefficients of EGMO08 and the GOCE-based GGMsged in the SEM procedure applied, the
accuracy of 8 release GOCE-based GGMs could merely be estinate® cm.

The GOCE-based GGMs are completely independerteolocal terrestrial data and expected to provide
homogeneous and uniform information of the Eartiavity field. Thus, the Brelease of GOCE-based
GGMs could be expected to provide height anomaligls an accuracy of 1-2 cm at any place on the
Earth, except the poles and their adjacent areasvidre not flown over by the GOCE satellite. Likssy
when validating GOCE-based GGMs using EGMO08 (Fjgh® standard deviation of differences between
height anomalies obtained from GNSS/levelling datd from GOCE-based GGMs starts significantly
increasing beyond d/o 200. The results obtainea siiew clear improvement for the coefficients baon
d/o 200 for the consecutive releases of GOCE-b&gehls. This may verify that adding more data from
the GOCE satellite mission is remarkable enhanthiegfit of GOCE-based GGMs to GNSS/levelling
data.

5 Conclusions and recommendations
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In this paper, the accuracy of the consecutive G®&sed GGMs (1— 5" releases of TIM and DIR
solutions) has been estimated over the area oh&olaravity functionals determined from those GOCE-
based GGMs have been compared with the correspprdies obtained from EGMO08 as well as from
three different GNSS/levelling data sets.

Within the same release, the results of the corsparexhibit consistency for models developed with t
use of both TIM and DIR strategies. The resultsaimietd reveal a remarkable improvement for the
consecutive releases of GOCE-based GGMs, i.e. thase developed from only ~2 months GOCE data
(1% release) to the latest ones developed with theige whole set of GOCE mission dat (Blease).

At d/o 200, the observed improvements of the moitleterms of the standard deviation of differenices
free-air gravity anomalies and height anomaliesadreut 2.6 mGal and 9 to 14 cm, respectively. The
results also reveal an essential improvement fadatliog the Earth’s gravity field beyond d/o 20(hieh
could be very useful for designing future dedicatgdvity satellite missions. Regarding the result
obtained, the TIM-R5 shows the best performance t¢ive area of Poland. It provides the standard
deviation of differences of 2.8 — 3.4 cm in heighbmalies and 0.84 mGal in gravity anomalies.

Taking into the consideration the accuracy of EGM®8 GNSS/levelling data used, the evaluation of
gravity functionals determined from GOCE-based GGltid/o 200 indicates that the models developed
with the use of the whole set of GOCE mission diaga,the § release, could provide free-air gravity
anomalies and height anomalies with an accuradyrofal and 1 — 2 cm, respectively. It can leadh& t
conclusion that the goal of GOCE mission has beehiesed. Over all, the TIM-R5 could be
recommended for recovering the long wavelength aorapts (approx. up to d/o 200) of the geoid over
the area of Poland.
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