
Introduction and Problem 

The advent of the GOCE and GRACE missions during the last decade have 
brought new insights and promising results both in the static and time-
variable representation of the 9ŀǊǘƘΩǎ gravity field.  

GRACE provided outstanding results and allowed for the first time the use of 
gravity field data for the determination of mass variations within the Earth 
system.  

On the other hand, the mission of GOCE, even with its limited time span of 2 
years now, has given high-accuracy results for the representation of the 
medium frequencies of the 9ŀǊǘƘΩǎ static gravity field.  

In most cases, gravity-field related satellite data become available in the form 
of spherical harmonics expansion of the 9ŀǊǘƘΩǎ disturbing potential or the so-
called Global Geopotential Models (GGMs).  

The focus of this work is directed to the evaluation of all available GGMs from 
GOCE and GRACE, both satellite only as well as combined ones. 

All available GOCE-only, GOCE/GRACE and combined models (R1, R2, & R3) 
are evaluated to investigate the influence that 6-months, 1yr and 2 yrs of 
GOCE data have on the representation of the gravity field spectrum. 
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Objectives 

The evaluation is performed in the spectral domain by evaluating the spectral power of each model as well the cumulative 
(formal) geoid error.   

First, a spectral analysis of all available models has been performed, in order to conclude on the spectral bands that will  be 
investigated and assess the cumulative geoid accuracy offered by each one.  

Then, the evaluation is carried out over an extensive network of collocated GPS/Levelling benchmarks which covers the entire 
part of continental Greece. In all cases, a local LSC-based gravimetric geoid model (NLSC) is used as ground-truth  

Finally, all available GGMs are evaluated with respect to the reduction they provide in existing gravity data in order to assess their 
performance in a scenario that a remove-compute-restore procedure would be followed for geoid determination.  

Based on the results, the improvement offered by the latest releases of the TIM, DIR & GOCO models is outlined, while all results 
are compared against a local gravimetric geoid model and EGM2008. The latter serve as the nominal baseline geoid models giving 
the most rigorous results in terms of the std of the comparisons with GPS/Levelling BMs. 

Adjustment of collocated GPS/Leveling geoid heights ς Parametric fit 

Models n max Data Reference 
EGM2008 2190 S(GRACE), G, A Pavlis et al., 2008 

EIGEN-51c 359 
S(GRACE, CHAMP), G, 

A 
Bruinsma et al, 2010 

GOCO01S 224 S(GOCE, GRACE) Pail et al., 2010 

GOCO02S 250 
S(GOCE, GRACE, 

CHAMP, SLR) 
Goiginger et al., 2011 

GOCO03S 250 
S(GOCE, GRACE, 

CHAMP, SLR) 
Mayer-DǸǊǊΣ Ŝǘ ŀƭΦ нлмн 

ITG-
GRACE2010S 

180 S(GRACE) Mayer-DǸǊǊ Ŝǘ ŀƭΦΣ нлмл 

DIR_R1 240 
S(GOCE + background 

model EIGEN-) 
Bruinsma et al., 2010 

DIR_R2 240 
S(GOCE+ background 

model ITG-
GRACE2010S ) 

Bruinsma et al., 2010 

DIR_R3 240 
S(GOCE, GRACE, 

LAGEOS) 
Bruinsma et al., 2010 

TIM_R1 224 S(GOCE) Pail et al., 2010 
TIM_R2 250 S(GOCE) Pail et al., 2011 
TIM_R3 250 S(GOCE) Pail et al., 2011 

(Data: S = Satellite Tracking Data, G = Gravity Data, A = Altimetry Data 
GRACE (Gravity Recovery And Climate Experiment) 

CHAMP (CHAllenging Mini-satellite Payload) 
GOCE (Gravity ŬŜƭŘ and steady state Ocean Circulation Explorer) 

LAGEOS (Laser GEOdynamics Satellite) 
SLR (Satellite Laser Ranking) 

GGMs used for the evaluation over Greece, data employed for their 
development and maximum d/o of expansion 

Figure 1: Degree and error degree variances of the TIM, DIR and GOCO models (R1, R2, R3) (left) and the respective cumulative 
geoid errors (right) 

GOCE/GRACE GGMs and spectral evaluation 

GOCO03s provides the overall best results with smaller errors up to degree n~175 compared to the EGM08 and n~175 compared 
to EGM08. Its predecessors GOCO01S and GOCO02S were better than EGM08 to degree n~153 and n~166 respectively. 

The strong V-shape in both the GOCE-DIR and GOCE-DIR-R2 models is due to GRACE-GOCE combination. This is not shown in the 
rel. 3 DIR model, which has smaller formal errors, compared to the earlier releases, by 2-3 orders of magnitude. GOCE-DIR-R3 is 
better than EGM08 to degree n~188. 

The R1 and R2 GOCE-only GGMs are better than GRACE-based ones  above n~140 due to the few GOCE observations used. Note 
that most models are based on a few months of GOCE data contrary to ~7 years of GRACE observations. This situation changes 
completely with the R3 models which incorporate about 1.5 yrs of GOCE data. The DIR-R3 error spectrum is improved by ~4 order 
of magnitude compared to R1 and R2, while the TIM-R3 one by about 1-2 order of magnitude. 

With more GOCE observations used, their influence is significant especially when combined with GRACE data. This is evident 
when comparing the ITG-GRACE2010s model and GOCO02s, where GOCE data in the latter boost its error degree variances to be 
smaller than those of EGM08 up to degree n=175 contrary to n=142 for the former.  

From the GOCE-only GGMs, it is concluded that the R3 versions of GOCE-TIM, GOCE-DIR and GOCO are better than the first and 
second releases, since they have smaller errors to higher degrees. This is due to the use of more GOCE data (~1.5 yrs) in the R3 
releases and as far as the DIR models are concerned, the use of ITG-GRACE2010s as a reference for the R3 model contrary to 
EIGEN-51c for the R1 one.  

In terms of the cumulative geoid errors,  the improvement of the rel. 3 models is evident. Comparing GOCO-01S, 02S, and 03S, 
each reaches the 1 cm geoid error to d/o 143, 159 and 190 respectively.  It is clear that the inclusion of more GOCE data in the rel. 
3 models, offers a significant boost to the reduction of the formal geoid errors. On the other hand, this improvement by 3 orders 
in the total cumulative geoid error of the GGMs to their maximum d/o of expansion, e.g., from 15.6 cm 5.4 cm between GOCO01S 
and GOCO03S, is not depicted in their evaluation below.  

Local data used for the validation 

The validation of the GOCE/GRACE GGMs has been based on comparison 
with GPS/Levelling observations (1542 BMs) covering the entire part of 
continental Greece (See Figure 2). This set of collocated GPS and Levelling 
data is based on historical orthometric heights from the HMGS and ellipsoidal 
heights within the HEPOS project.  

Moreover, evaluation w.r.t. the reduction that the GGMs offer in available 
gravity data is performed using  a local gravity database that has been 
compiled in the frame of the determination of a new Greek geoid model. This 
set comprises of 294777 irregular point gravity observations (see Figure 3) 
covering the entire Hellenic territory  (islands included) as well as parts of the 
neighbouring Balkan countries.  

As far the evaluation of the GGMs with GPS/Lev BMs is concerned, all 
computations have been carried out in the TF system for all height 
components using GRS80 as the reference ellipsoid. All gravity data refer to 
the GRS80 ellipsoid and the IGSN71/GRS80 gravity reference system.  

Figure 2: Distribution of the 1542 
GPS/Lev BMs for the validation 

Figure 3: Distribution of the 294777 
gravity observations for the 
validation  

GOCE/GRACE GGMs effects on local gravity data [mGal] 
max min mean rms std   

269.927 -236.099 -22.731 77.522 74.114 ɲgf (original) 
213.982 -236.870 -22.451 77.582 74.263 EGM08 (2159) 
92.084 -147.407 -0.280 5.871 5.864 ɲg red EGM2008 

117.056 -192.911 -18.461 73.346 70.985 EGM08 (250) 
210.259 -138.388 -4.270 27.074 26.735 ɲg red EGM2008 
117.929 -189.708 -18.594 73.385 70.991 EIGEN-51C (250) 
210.370 -139.195 -4.136 27.054 26.736 ɲg red EIGEN51c 
98.953 -180.089 -17.373 71.843 69.710 ITG-GRACE2010S (180) 

251.906 -147.804 -5.358 30.889 30.421 ɲg red ITG-GRACE2010s 
97.867 -190.283 -17.821 72.728 70.511 GOCO01S (224) 

228.526 -137.327 -4.909 29.146 28.730 ɲg red GOCO01s 
107.419 -193.351 -18.314 72.979 70.644 GOCO02S (250) 
223.161 -132.429 -4.416 27.869 27.517 ɲg red GOCO02s 
107.499 -191.915 -18.312 73.027 70.694 GOCO03S (250) 
224.651 -132.057 -4.419 27.779 27.425 ɲg red GOCO03s 
113.186 -196.837 -18.479 73.373 71.008 GO-DIR (240) 
216.119 -136.974 -4.251 27.601 27.217 ɲg red GO-DIR 
104.643 -193.634 -18.088 73.104 70.831 GO-DIR-R2 (220) 
226.427 -132.401 -4.463 28.755 28.378 ɲg red GO-DIR-R2 
106.050 -190.976 -18.387 73.143 70.795 GO-DIR-R3 (240) 
223.690 -129.921 -4.344 28.096 27.758 ɲg red GO-DIR-R3 
98.634 -190.849 -17.815 72.792 70.579 GO-TIM (224) 

227.824 -138.574 -4.915 29.148 28.731 ɲg red GO-TIM 
107.867 -193.859 -18.333 73.032 70.694 GO-TIM-R2 (250) 
222.635 -132.988 -4.937 27.831 27.482 ɲg red GO-TIM-R2 
109.486 -192.800 -18.385 73.158 70.810 GO-TIM-R3 (250) 
223.574 -133.430 -4.346 27.680 27.337 ɲg red GO-TIM-R3 

Statistics of the original free-air gravity anomalies over Greece, contribution of 
the various GGMs (normal lettering) and reduced fields (italics). Unit [mGal] 

Before adjustment 
max min mean rms std   
0.119 -1.033 -0.392 ҕ0.416 ҕ0.140 N(LSC) 
1.218 -1.746 -0.343 ҕ0.584 ҕ0.472 EGM08 (250) 
0.168 -0.810 -0.374 ҕ0.400 ҕ0.141 EGM08 (2160) 
1.341 -1.242 -0.309 ҕ0.507 ҕ0.403 EIGEN-51C (359) 
1.747 -2.183 -0.299 ҕ0.752 ҕ0.690 ITG-GRACE2010S (180) 
1.580 -1.969 -0.340 ҕ0.644 ҕ0.547 GOCO01S (224) 
1.483 -1.687 -0.358 ҕ0.616 ҕ0.501 GOCO02S (250) 
1.415 -1.795 -0.353 ҕ0.609 ҕ0.496 GOCO03S (250) 
1.488 -1.801 -0.344 ҕ0.613 ҕ0.507 GO-DIR (240) 
1.603 -1.650 -0.347 ҕ0.613 ҕ0.505 GO-DIR-R2 (220) 
1.406 -1.703 -0.352 ҕ0.597 ҕ0.482 GO-DIR-R3 (240) 
1.607 -1.948 -0.348 ҕ0.646 ҕ0.544 GO-TIM (224) 
1.505 -1.659 -0.360 ҕ0.618 ҕ0.502 GO-TIM-R2 (250) 
1.386 -1.804 -0.356 ҕ0.609 ҕ0.494 GO-TIM-R3 (250) 

GPS/Leveling geoid height differences at the network of 
1542 BMs over Greece for the various GGMs. Unit [m]. 

From the GPS/Leveling geoid height 
differences with the available GGMs, the 
improvement offered by the R3 modes, 
w.r.t . the R1 and R2 versions is evident . 

For the GOCO models, the std of the 
differences drops by ~5 cm between R1 and 
R3, while the improvement is at the same 
level for the TIM models. The improvement 
for the DIR is marginal, at the 2 cm level, 
given that its R1 model provided an 
accuracy equal to that of the R2 for GOCO 
and TIM.  

For the GOCE/GRACE models, their 
performance is equivalent to that of 
EGM2008, when truncated to a d/o 250, 
being inferior by just 1-2 cm at their latest, 
R3, releases. This shows the great 
improvement offered by the inclusion of 
more GOCE data, especially in view of the 
fact that EGM2008 contains detailed local 
gravity data over Greece.  

It is interesting to notice the consistent 
mean offset between the available 
GPS/Leveling height data and all used 
GGMs as well as the local model. It is at the 

Model E 

Model D 

Model C 

Model B 

Model A 

Statistics of the differences between GPS/Leveling and geoid heights from 
the local LSC-based model (before and after fit of the residuals). [Unit: m] 

max min mean rms std 
0.119 -1.033 -0.392 ҕ0.416 ҕ0.140 before fit 
0.595 -0.566 0.000 ҕ0.133 ҕ0.133 MODEL A 
0.485 -0.480 0.000 ҕ0.125 ҕ0.125 MODEL B 
0.517 -0.594 0.000 ҕ0.129 ҕ0.129 MODEL C 
0.518 -0.661 0.000 ҕ0.139 ҕ0.139 MODEL D 
0.519 -0.567 0.000 ҕ0.130 ҕ0.130 MODEL E 

After adjustment 
max min mean rms std   
0.485 -0.48 0.000 ҕ0.125 0.125 N(LSC) 
1.481 -1.320 0.000 ҕ0.465 ҕ0.465 EGM08 (250) 
0.510 -0.458 0.000 ҕ0.133 ҕ0.133 EGM08 (2160) 
1.607 -0.968 0.000 ҕ0.393 ҕ0.393 EIGEN-51C (359) 
2.034 -1.951 0.000 ҕ0.679 ҕ0.679 ITG-GRACE2010S (180) 
1.869 -1.597 0.000 ҕ0.532 ҕ0.532 GOCO01S (224) 
1.753 -1.353 0.000 ҕ0.490 ҕ0.490 GOCO02S (250) 
1.684 -1.470 0.000 ҕ0.484 ҕ0.484 GOCO03S (250) 
1.764 -1.461 0.000 ҕ0.497 ҕ0.497 GO-DIR (240) 
1.664 -1.486 0.000 ҕ0.495 ҕ0.495 GO-DIR-R2 (220) 
1.669 -1.386 0.000 ҕ0.472 ҕ0.472 GO-DIR-R3 (240) 
1.891 -1.575 0.000 ҕ0.527 ҕ0.527 GO-TIM (224) 
1.772 -1.330 0.000 ҕ0.490 ҕ0.490 GO-TIM-R2 (250) 
1.652 -1.483 0.000 ҕ0.482 ҕ0.482 GO-TIM-R3 (250) 

GPS/Leveling geoid height differences at the network of 1542 BMs over 
Greece for the various GGMs after the fit with model B. Unit [m].  

~35 cm level, signaling an offset between the Greek LVD and a 
global vertical datum. More on that in the presentation S5-
175 (Wed. Oct. 10 �t 18:00) on the Wo in Greece. 

For the minimization of the differences, various parametric 
models have been tested.  Among those, the 5-parameter 
similarity transformation model has been selected, to model 
systematic and random differences between the GPS/Leveling 
and GGM geoid heights. The improvement for all models is of 
the order of 1-4 cm, providing a corrector surface that can be 
used to describe their variation over the Greek territory.  

Figure 4: Original and reduced to GOCO03s free-air gravity anomalies 


