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ABSTRACT  
The dedicated satellite gravity missions have provided homogeneous and uniformly accurate information on the long and
medium wavelengths of the Earth’s gravity field. Since the launch of GOCE satellite gravimetry mission by the European 
Space Agency (ESA) in 2009, several global geopotential models (GGMs) have been published.  
This study evaluates the recent GOCE-based GGMs over the area of Poland. The evaluation has been performed with the use
of the EGM08 as well as high-precision GPS/levelling control traverse consisting of 184 stations. One GOCE-only GGM, 
four GOCE/GRACE satellite-only GGMs, and one GOCE/GRACE GGM combined with terrestrial gravity data have been
selected for the evaluation. The results of inter-comparison of the models as well as their accuracy assessment have been
discussed. 
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(European Improved Gravity Models of the Earth by 
New Techniques) solution, and DGM (Delft Gravity 
Model) solution, were also developed by other 
institutions. 

Several studies were performed by different 
research teams to assess the quality of GOCE-based 
GGMs in local gravity field modelling. They have 
been performed in different parts of the world using 
different processing procedure and different data sets, 
e.g. evaluations conducted by Ihde et al. (2010) in 
Germany, Janak and Pitonak (2011) in Central 
Europe, Hirt et al. (2011) worldwide, Šprlák et al. 
(2012) in Norway, Guimarães et al. (2012) in Brazil, 
etc. 

In Poland, the 1st, 2nd and part of 3rd release of 
GOCE GGMs were evaluated with the use of the 
EGM08 and high-precision GPS/levelling data 
(Godah and Krynski, 2012). The estimated standard 
deviations of the differences between the obtained 
from GOCE models and truncated EGM08 model 
height anomalies and gravity anomalies were within 
the range of 4–11 cm, and 1–3 mGal, respectively, and 
differences between height anomalies obtained from 
GOCE models and the corresponding ones at high-
precision GPS/levelling control traverse sites were 
within the range of 8–11 cm. The validation of 
GOCE-GGMs over Poland has shown their substantial 
improvement with the increasing period of GOCE 
observation used for the solutions. The main aim of 
this study is to pursue the evaluation of GOCE GGMs 
over Poland by including the recently developed 

1. INTRODUCTION 

The Gravity Field and Steady-state Ocean 
Circulation Explorer (GOCE) which is a core satellite 
mission of the European Space Agency (ESA) Living 
Planet Program (Drinkwater et al., 2003) was 
successfully launched on 17 March 2009 and started 
its operational measurements in September 2009. The 
objectives of the GOCE mission are to provide a high-
accuracy, high-resolution global model of the Earth's 
static gravity field and the geoid, i.e. gravity 
anomalies of 1 mGal accuracy and geoid of 1–2 cm 
accuracy,  with spatial resolution of approximately 
100 km  or  spherical  harmonic  expansion  up to 
200 degree and order (d/o). In order to achieve the 
mission  objectives,  GOCE satellite is equipped with 
a high-precision gravity gradiometer as well as a GPS 
receiver (ESA, 1999). 

Since the launch of the GOCE mission, ESA has 
started delivering GOCE Global Geopotential Models 
(GGMs) based on ~2 months (1st release), ~8 months 
(2nd release) and ~12 months (3rd release) of effective 
data volume. Three different strategies are applied by 
ESA’s GOCE High Level Processing Facility (HPF) 
for the determination of the Earth’s gravity field. They 
are denoted as direct (DIR) solution, time-wise (TIM) 
solution and space-wise (SPW) solution (Rummel et 
al., 2004; Pail et al., 2011). In addition to ESA’s 
solutions, combined models based on combination of 
GOCE data with the complementary gravity field 
from other satellite and terrestrial data, such as GOCO 
(Gravity Observation Combination) solution, EIGEN 
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Gravity Gradiometry (SGG) data (Fig. 1c). The 
TIM-R3 is a GOCE-only solution in a rigorous 
sense; no external gravity field information is 
used, neither as reference model, nor for 
constraining the solution (Pail et al., 2011). In the 
DIR-R3 (Bruinsma et al., 2010) and GOCO-03s 
solutions GRACE GPS-SST&K-band range-rate 
data were used together with the GOCE data 
(Mayer-Gürr et al., 2012).  

 The GFZ/GRGS satellite-only and combined 
gravity  models EIGEN-06s and EIGEN-06c, 
were developed with the use of approximately 
6.7 months of GOCE SGG data (Fig. 1b). 
EIGEN-06s  is  a  satellite-based  model  up to 
240 d/o, while EIGEN-06c is a combined high 
resolution model up to 1420 d/o that contains 
terrestrial gravity data from DTU10 global 
gravity anomaly grid (Andersen, 2010). The first 

GOCE GGMs as well as to evaluate the contribution 
of satellite gravity gradient data provided by GOCE 
mission  to  GGMs  in spectral range from 100 to 
~250 d/o. 

 
2. GOCE GLOBAL GEOPOTENTIAL MODELS 

EVALUATED  

Six GOCE-based GGMs have been used in this 
study (Table 1). These models were released for 
public use via the International Centre for Global 
Earth Models (ICGEM) http://icgem.gfz-
potsdam.de/ICGEM/ICGEM.html. The basic and 
most important information on these GGMs is 
provided on the header information of the GGMs files 
from ICGEM. It can be summarized as follows:  
 The satellite-only DIR-R3, TIM-R3 and GOCO-

03s GGMs were developed with the use of 
approximately 12 months of GOCE Satellite 

Table 1 An overview information on GOCE GGMs evaluated. 

Model DIR-R3 TIM-R3 GOCO-03s DGM-1s EIGEN-06s EIGEN-06c 
Maximum d/o 240 250 250 250 240 1420 
Semi-major axis a 6378136.46 6378136.30 6378136.30 6378136.60 6378136.46 6378136.46 

GOCE GPS-SST data 
d/o 100 

12 months 
d/o 100 

12 months 
d/o 110 

12 months 
- 

14 months 
- - 

GOCE Gradiometry data 
d/o 240 

12 months 
d/o 250 

12 months 
d/o 250 

12 months 
d/o 250 

10 months 
d/o 240 

6.7 months 
d/o 240 

6.7 months 
GRACE K-Band 
Ranging 

d/o 160 
7 years 

- 
d/o 180 

7.5 years 
- 

7 years 
d/o 130 

6.5 years 
d/o 130 

6.5 years 

GRACE GPS-SST data 
d/o 160 
7 years 

- 
d/o 180 

7.5 years 
d/o 180 
4 years 

d/o 130 
6.5 years 

d/o 130 
6.5 years 

CHAMP GPS-SST data -  
d/o 120 
5 years 

- - - 

LAGEOS-1/2 SLR data 
d/o 3 

7 years 
- 

d/o 5 
5 years 

- 
d/o 30 

6.5 years 
d/o 30 

6.5 years 
Kaula regularization 
constraints beyond d/o 

200 180 180 179 - - 

Terrestrial gravity data - - - - - 
d/o 1420 
DTU10 

Time of releasing Nov 2011 Nov 2011 Jul 2012 Sep 2012 Jun 2011 Jun 2011 

 

Fig. 1 GOCE satellite tracks over the evaluation area: period Nov 2009 – June 2010 (a), period Nov 2009 –
Dec 2010 (b), and period Nov 2009 – Apr 2011 (c) which correspond to effective data volume used in 
EIGEN-06 solution: ~6.7 months (a), DGM-1s solution: ~10 months (b), and DIR-R3, TIM-R3 and 
GOCO-03s solutions: ~12 months (c). 
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Fig. 2 Standard deviation of the differences between the EGM08 and GOCE-based 
GGMs in height anomalies (a), and gravity anomalies (b) (Nmax = 100, 110, 
120, …, 250). 

from the high-precision GPS/levelling control traverse 
(Fig. 3) (Section 3.2). For this purpose, gravity 
anomalies Δg(r,φ,λ) and height anomalies ζ(r,φ,λ) were 
calculated using the following equations (Torge, 
1991): 
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with Ynm(φ, λ) – the spherical harmonic function given 
by 

 

)(sin)cossin(),(  nmnmnmnm PmSmCY            (4)
 

where GM is the geocentric gravitational constant, a is 
the semi-major axis of the reference ellipsoid, 

)(sinnmP are fully normalized associated Legendre 

functions of degree n and order m, (Cnm, Snm) are the 
Stokes’ coefficients, (r, φ, λ) are the geocentric 
coordinates of the computation point, Nmax is the 
applied maximum degree of geopotential model, and γ
is the normal gravity on the reference ellipsoid at 
latitude φ. 
 
3.1. COMPARISONS OF GOCE GGMS WITH EGM08 

The state-of-the-art combined global geopo-
tential model EGM08 (Pavlis et al., 2012) has been 
used in this study as a reference model to evaluate the 
GOCE-based GGMs. This model was extensively 
evaluated over the area of Poland with the use of over 

spherical harmonic coefficients SH up to 50 d/o 
are expressed as time variables in both models. 
The values of these coefficients can be 
determined at a certain epoch (t) as follows 
(Förste et al., 2011): 
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where T is the drift parameter, SH0 is the spherical 
harmonic at the reference epoch t0 = 2005, C1A, 
S1A, C2A and S2A are coefficients of periodic
terms corresponding to two periods P1 = 1 
(annual) and P2 = 0.5 (semi-annual) . 

 The DGM-1s is a satellite-only GGM developed 
with the use of approximately 
10 months’ GOCE SGG data (Fig. 1a) in
combination with the GRACE GPS-SST&K-band 
range-rate data in optimal sense (Hashemi et al., 
2012).  

 
3. NUMERICAL TESTS 

Two kinds of numerical tests were conducted to 
evaluate gravity anomalies and height anomalies from 
GOCE GGMs. First, GOCE-derived functionals were 
compared with the corresponding ones calculated 
from the EGM08 (Section 3.1). Secondly, they were 
compared with the ground truth height anomalies 
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anomalies, and 1.04–1.80 mGal for gravity anomalies. 
The means in Table 2 suggest that the bias values are 
obviously related to semi-major axis a of reference 
ellipsoid which is not the same in the examined 
models (Table 1). 

 
3.2. COMPARISONS OF THE GOCE GGMS WITH 

THE GPS/LEVELLING DATA  

The traverse of 868 km crossing Poland from NE 
to SW (Fig. 3) was established in 2003–2004 for 
verification and accuracy estimation of quasigeoid 
models in Poland as well as for evaluation of the 
interpolation algorithms used for application of 
GPS/levelling quasigeoid models. The control traverse 
consists of 184 stations at the benchmarks of the 
vertical control; the accuracy of height anomalies at 
these sites is at the level of 1–2 cm (Krynski and
Lyszkowicz, 2006). 

The height anomalies ζGOCE were calculated from 
the GOCE GGMs up to 200 d/o at the GPS/levelling 
control traverse sites. To ensure the consistency of 
comparison,  high  frequency components (beyond 

1000 height anomalies on GPS/levelling sites as well 
as regional precise quasigeoid models. Since the high-
quality gravity data from Poland were provided for 
developing the EGM08, the model has shown an 
excellent performance. The fit of the height anomalies 
ζEGM08 derived from the EGM08 to the corresponding 
ones ζGPS/levelling obtained from GPS/levelling heights 
in Poland is almost as good as the height anomalies 
from best quasigeoid models available (Krynski and 
Kloch, 2009; Lyszkowicz, 2009). 

Due to the new observable provided by the 
GOCE gradiometer instrument (Rummel, 2010) the 
significant contribution of GOCE to the development 
of GGMs is expected in the spectral range of 100 to 
250 d/o. In this study, gravity anomalies and height 
anomalies were calculated over the area of Poland 
(48° < latitude < 56°, 13° < longitude < 24°) using the 
GOCE  GGMs  and  the  EGM08  in the spectral 
range of 100 to 250 d/o with 10 d/o step, on the grid 
of 108' × 108' to 43.2' × 43.2', depending on the 
resolution of the model. The standard deviations σdζ

and σdΔg of the differences between the GOCE GGMs 
and the EGM08 height anomalies and gravity 
anomalies, respectively, are shown in Figure 2. The 
statistics of those differences for the models truncated 
to 200 d/o (100 km half wavelength) are presented in 
Table 2. 

All GOCE GGMs have provided quite similar 
results up to ~175 d/o (Fig. 2), which reflects the 
consistency of GOCE-only (as TIM-R3) solution and 
GOCE/GRACE solutions in this spectral range. 
Figure 2 shows also that adding more GOCE data has 
increased the accuracy of the GOCE GGMs solution 
beyond 175 d/o. From 200 d/o onward the standard 
deviations have increased rapidly for all the GOCE 
GGMs solutions. This might be since the Stokes’ 
coefficients are constrained with the use of Kaula’s 
rule, however, adding more GOCE data have also 
enhanced the GOCE GGMs solutions. The EIGEN-
06c combined GGM generally gives better fit to the 
EGM08 beyond 200 d/o, which can be expected 
because of the terrestrial gravity data included in that 
model. 

Standard deviations of differences shown in 
Table 2 are within the range of 4.2–6.6 cm for height 

Table 2 Differences between obtained from GOCE GGMs height anomalies and gravity anomalies and the 
corresponding ones calculated from the EGM08 (Nmax = 200). 

ζGOCE - ζEGM08 [m] ΔgGOCE - ΔgEGM08 [mGal] 
Model 

min max mean std min max mean std 

DIR-R3 -0.281 -0.006 -0.159 0.051 -3.433 4.215   0.076 1.381 

TIM-R3 -0.114   0.123   0.005 0.046 -3.011 3.356   0.033 1.225 

GOCO-03S -0.100   0.109   0.000 0.044 -2.897 3.057 -0.004 1.184 

DGM-1s -0.441 -0.111 -0.300 0.066 -3.836 5.143   0.036 1.794 

EIGEN-06s -0.384   0.017 -0.159 0.064 -5.994 4.813   0.098 1.780 

EIGEN-06c -0.299 -0.034 -0.162 0.042 -3.504 3.212   0.017 1.041 

Fig. 3 The GPS/levelling control traverse crossing 
Poland form NE to SW; black dots – 1st order 
(44 stations), grey dots – 2nd order (140 
stations). 
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Fig. 4 Distribution of the differences δ between height anomalies from GOCE GGMs and the corresponding
ones from the GPS/levelling control traverse showing the periodic pattern along the control traverse’s
chord. 

corresponding ones ζGPS/levelling at GPS/levelling 
control traverse sites were thus obtained as follows: 

 

GOCEingGPS/levell }{   o                       (6)
 

Figure 4 shows the distribution of differences δ
along the GPS/levelling control traverse. These 
differences display clearly a periodic pattern along the 
GPS/levelling control traverse chord. The parameters 
of this pattern were estimated with the use of the least 
squares method by approximating them with the sine 
function  




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xABxf
2

sin)(                                 (7)

 

where B – bias, A – amplitude, λ – wavelength, and Φ 
– phase.  

The periodic patterns of differences δ along the 
GPS/levelling control traverse have also been depicted 
in Figure 4. Statistics of those differences and the 

200 d/o) should be removed from height anomalies 
ζGPS/levelling of the GPS/levelling control traverse. They 
can be represented by omission error o from 201 to 
2190 d/o, estimated from the EGM08 (Gruber, 2009) 

 

2190
20108EGM

max

max


 N

No                                           (5)

 

It should be emphasized that, the EGM08-
derived height anomalies exhibit standard deviation at 
the level of ±2 cm at the GPS/levelling control 
traverse sites (Krynski and Kloch, 2009; Lyszkowicz, 
2009), which almost satisfies the nowadays precision 
requirements of geoid/quasigeoid determination. 
However, the omission errors o at the GPS/leveling 
sites estimated using the EGM08 from 201 to 2190 
d/o were within the range from –33.0 to +40.6 cm. 
The differences δ between height anomalies ζGOCE

obtained from the GOCE GGMs and the 

Table 3 Statistics and estimated periodic pattern parameters of the differences δ between height anomalies 
obtained using GOCE GGMs (Nmax = 200) extended with EGM08 (Nmax = 201–2190) and the 
corresponding ones from the GPS/levelling control traverse. 

Statistics [m] Estimated parameters of periodic pattern 
Model 

min max mean std B [m] A [m] Φ [radian] λ [km] 
DIR-R3 -0.161 0.256 0.057 0.105 0.05901 -0.1310  0.8282 219 
TIM-R3 -0.150 0.277 0.054 0.107 0.05525 -0.1309  1.0960 226 
GOCO-03s -0.159 0.252 0.055 0.101 0.05613 -0.1246  0.8526 220 
DGM-1s -0.181 0.243 0.052 0.102 0.05161 -0.1248  1.3940 235 
EIGEN-06s -0.180 0.207 0.030 0.096 0.03123 -0.1085 -0.0064 207 
EIGEN-06c -0.163 0.220 0.041 0.091 0.04205 -0.1119  0.2742 212 
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Fig. 5 Differences dζ between height anomalies from EIGEN-06c and truncated EGM08 (Nmax = 1420), and the 
corresponding ones at GPS/levelling control traverse sites. 

Fig. 6 Difference between height anomalies from EGM08 and EIGEN-06c at the GPS/levelling traverse sites
(Nmax = 1420) along the GPS/levelling traverse chord (a) and along the parallel (b). 

 

distances onto the parallel (Fig. 6). One should not be 
surprised since the first spherical harmonic 
coefficients up to 50 d/o of the EIGEN-06c were 
calculated   with  the  use  of  sine/cosine  function
(cf. Eq. 1). The periodic pattern of that difference has 
been  estimated  using  intuitive and simple model 
(Eq. 7). 

The estimated wavelength values of the periodic 
pattern (Fig. 6) are 463 km and 385 km along the 
traverse chord and along the parallel, respectively. 
The latest one corresponds to the resolution of 50 d/o 
of the GGM, which is considered as time variable part 
of EIGEN-06c solution while it is static (fixed values) 
in the EGM08.  

 
4. SUMMARY AND CONCLUSIONS 

The performance of the latest developed GOCE 
GGMs has been examined with use of the EGM08 
and GPS/levelling control traverse data in Poland. The 
comparisons of corresponding height anomalies and 
gravity anomalies obtained from GOCE GGMs and 
from the EGM08 have revealed very good agreement 
for all GOCE GGMs solution up to ~175 d/o. The 
comparisons also illustrate that, adding more GOCE 
data have improved the accuracy of the GOCE GGMs 
beyond 175 d/o.  

For the models with Nmax = 200 the deviation of 
the height anomalies and the gravity anomalies 
obtained using GOCE GGMs from the corresponding 

estimated parameters of the observed periodic pattern 
are given in Table 3.  

In order to assess the accuracy of the EIGEN-06c 
against the EGM08, height anomalies ζEIGEN-06c have 
been calculated using all spherical coefficients of the 
EIGEN-06c model (Nmax = 1420) and likewise ζEGM08

using truncated EGM08 to 1420 d/o, at the 
GPS/levelling control traverse sites. Their differences 
dζ with respect to the height anomaly ζGPS/levelling at the 
GPS/levelling control traverse sites are presented in 
Figure 5 and Table 4. 

The differences between height anomalies 
obtained from EIGEN-06c model (Nmax = 1420) and 
truncated EGM08 to 1420 d/o at the GPS/levelling 
control traverse sites exhibit also a periodic pattern 
along the GPS/levelling traverse chord as well as 
along the parallel after projecting the traverse 

Table 4 Statistics of the differences dζ between 
height anomalies derived using EGM08 and 
EIGEN-06c (Nmax = 1420) and the 
corresponding ones at GPS/levelling traverse 
sites [m]. 

Model 
(Nmax = 1420) 

Min Max Mean Std 

EGM08 -0.082 0.041 -0.020 0.025 
EIGEN-06c -0.100 0.083 -0.013 0.045 
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ones obtained using the EGM08 are at the level of 
4.2–6.6 cm and 1.04–1.80 mGal, respectively. Among 
the satellite-only models, the GOCO-03s solution 
presents slightly best fit to the EGM08 solution.  

For all GGMs investigated, except the EIGEN-
06c, from Nmax = 200 onward, the noise contained in 
the GOCE observables dominates the signal in GGM 
solution. However, adding more GOCE data have 
successfully enhanced the GOCE GGMs solutions, 
which indicates that, in fact, with more GOCE data 
good solution can be obtained from the GOCE GGMs 
even below spatial resolution of 100 km (~200 d/o). 

Due to the terrestrial data included in the 
EIGEN-06c GGM the standard deviations of the 
height anomalies and the gravity anomalies are almost 
constant, exhibiting only very small increase when 
extending Nmax beyond 200. 

The comparisons of the GOCE GGMs with the 
GPS/levelling control traverse data show that the 
accuracy of the height anomalies from the GOCE 
GGMs in terms of their standard deviation at Nmax = 
200 is at the level of 10 cm. The differences obtained 
show a periodic pattern along the GPS/levelling 
control traverse chord. The estimated wavelengths of 
this pattern are within the range of 212–235 km. 
Moreover, the fit of height anomalies obtained from 
the high resolution EIGEN-06c combined GGM and 
truncated EGM08 (Nmax = 1420) at the GPS/levelling 
control traverse sites is of 4.2 cm and 2.5 cm, 
respectively. Furthermore, the distribution of 
differences between height anomalies from EIGEN-
06c and EGM08 (Nmax = 1420) at the GPS/levelling 
control traverse sites, show also a distinctive periodic 
pattern of 463 km and 385 km periods along the 
traverse chord and along the parallel, respectively. 
This pattern can be interpreted as the impact of the 
long wavelength bias between the EIGEN-06c and 
EGM08 solutions.  

The analyses performed demonstrate the 
potentiality of using high-precision and high-
resolution GPS/levelling control traverse for the 
evaluation of the GGMs. The availability of such 
GPS/levelling control traverse data across the country 
offers a unique possibility for further studies on the 
evaluation of the GGMs based on satellite data.  
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