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Introduction 
 
The GGM05 model suite consists of three mean Earth gravity field models: 1) GGM05S based only on 
GRACE data, 2) GGM05G based on the combination of GRACE and GOCE, and 3) GGM05C based on 
the combination of GGM05G and surface gravity data. GGM05S and GGM05G are not conditioned by 
any apriori constraint, and so generally should be truncated or smoothed for most applications. GGM05C 
is essentially the same as GGM05G but with the higher degrees controlled by the introduction of surface 
gravity information. The details of each model are given in the following. 
 
GRACE-only model GGM05S 
 
The GGM05S gravity model was estimated to spherical harmonic degree 180, using approximately ten 
years (spanning March 2003 through May 2013) of GRACE K-band range-rate, attitude, accelerometer 
and GPS tracking data. No ‘Kaula’ constraint or other gravity information was applied in generating 
this solution. The only exception is that C20 has been replaced with the satellite laser ranging value 
given by the quadratic fit described in Cheng et al. (2013) evaluated at 2008.0 (the approximate mid-
point of the GRACE data span). The parameters estimated along with the coefficients of GGM05S in 
the CSR Release-05 solution were: i) initial conditions for daily arcs, ii) accelerometer biases and scale 
factors, and iii) KBR biases, GPS ambiguities and zenith delays. See Bettadpur (2012) for more detail 
on the GRACE data processing for RL05, including the background gravity field models used. 
 
The degree signal and error statistics of the GGM05S gravity field model are shown in Figure 1, in 
units of geoid height. The model appears to retain the correct signal power spectrum up to about degree 
150. The assigned GGM05S errors should be considered, like all such error estimates, only an estimate 
of the true error of the individual coefficients, but they are consistent with comparisons of various 
subset and independent solutions, and are therefore denoted as ‘calibrated’ errors.  
 
In the case of GGM05S, an order-dependent calibration was invoked. The errors for the spherical 
harmonic orders close to orbital resonance (orbital period is approximately 15.3 revolutions per day) 
tend to be more susceptible to the long-period dynamical modeling errors, which the covariance cannot 
reflect (as the error covariance is calculated based on white-noise assumptions). This leads to overly 
optimistic errors for the resonant orders while the non-resonant orders are overly conservative, since the 
total degree error variance is calibrated for all orders combined. To obtain an empirical estimate of the 
order-dependent calibration, the GGM05S field was compared to several other models, including GIF48 
(Ries et al., 2011) and the recent GOCO03S (Mayer-Gürr et al., 2012). GOCO03S is a satellite-only 
model based on GRACE, GOCE and LAGEOS, whereas GIF48 is a variance-only combination of a 66-
month mean gravity field based on CSR Release-04 and the DTU10 global gravity anomalies 
(Andersen, 2010), complete to degree and order 360. The difference between GIF48 and GGM05S at 
the lower degrees is thus primarily the improvements in Release 05 and the addition of a few more 
years of GRACE data. Where the coefficient difference between these two fields is large, compared to 
the estimated error, we can conclude that the error estimate is probably too small and needs to be 
increased.  
 
We calculated a calibration factor for each order by computing the mean and RMS of the ratio between 
the difference between GGM05S and the other fields for all degrees for a given order. The result is 
illustrated in Figure 2, where we see that for the resonant orders, the errors are clearly being 
underestimated. Since the degree-dependent error calibration that is typically applied will affect all 
orders uniformly, the non-resonant orders have errors that are too conservative (unnecessarily large). 
This is corrected with the order-dependent calibration factors illustrated in Figure 2. Ideally, the ratio 
should be approximately 1 for a well-calibrated covariance. Where the ratio is significantly greater than 
1, the error estimate is likely too optimistic for that order and should be increased. For orders less than 
61, the scale factor is based on the mean of the ratio of the coefficient difference between GIF48 and 
GGM05S and the estimated error for GGM05S (the differences with GOCO03S were judged to be too 
large at the lower orders). Above order 61, the scale factor is based on the differences with GOCO03S, 



to remove the contribution of the surface gravity information in GIF48. Except at the very lowest 
orders, the RMS of the ratio looks similar, but the mean value was adopted for the calibration. The error 
calibration at the fourth and fifth resonance (order 61 and 76) was increased manually, since the 
resulting degree variance plot suggested that those orders should probably be increased further.  
 
After being applied, the degree-dependent calibration required some adjustment for the lowest degrees, 
as it was felt that the error estimates (though possibly justified) were perhaps unrealistically small. The 
uncertainties at the lowest degrees are less about the ability to recover these coefficients and more about 
the temporal variability at these degrees limiting the ability to define a ‘mean value’. The final error 
calibration is illustrated in Figure 1, where we see that the degree error variance naturally reflects the 
larger uncertainty associated with the resonant orders. 
 
The improved error calibration was tested by combining GGM05S with the same surface information 
(DTU10) used for GIF48. The ‘striations’ that appeared in the GIF48 were significantly reduced. This 
would provide a more reliable combination with the GOCE data, which should further reduce the 
appearance of striations in the satellite-only geoid model. 
 
 

 
Figure 1. Square root of the degree variance and degree error variance for GGM05S and GIF48 shown 
in geoid height units. Also shown is the square-root of the degree difference variance between GIF48 
and GGM05S. 
 



 
Figure 2. Order-dependent error scale factor applied to the GGM05S error covariance.  
 
 
GGM05S should not be used beyond approximately degree 150 without smoothing. Rapidly increasing 
errors make the coefficients unreliable at the higher degrees. Depending on the application, the 
GGM05S field coefficients should be truncated or smoothed to an appropriate level. Figure 3 shows the 
gravity anomalies computed from GGM05S to degree/order 150, with no smoothing. Figure 4 shows 
the gravity anomalies to degree/order 180 with 100 km Gaussian smoothing. Figures 3 and 4 appear to 
reveal roughly the same features, though the Gaussian smoothed 180x180 may provide a more realistic 
result. Figure 5 illustrates why the smoothing is necessary when taken to degree/order 180, where there 
are clearly ‘striation’ artifacts. 
 
 



 
 
Figure 3. Gravity anomalies computed from GGM05S to degree and order 150, with no smoothing 
applied. Color table taken from the International Gravimetric Bureau (http://bgi.omp.obs-
mip.fr/content/download/1305/8531/file/WGM_2012_explanatory_leaflet.pdf).  
 



 
 
Figure 4. Gravity anomalies computed from GGM05S to degree and order 180, with 100 km Gaussian 
smoothing applied. While the amplitudes are attenuated somewhat, the appearance of striation-type 
artifacts seen in Figure 3 are visibly reduced. 
 



 
 
Figure 5. Gravity anomalies computed from GGM05S to degree and order 180, with no smoothing 
applied. 

 
 

GRACE/GOCE Combination GGM05G 
 
The GGM05G gravity model was estimated to spherical harmonic degree 240 from a combination of 
GRACE (based on GGM05S) with GOCE gradiometer data spanning November 2009 to the end of the 
GOCE mission in October 2013. Four of the six available gravity gradients were selected for use and 
weighted following an optimal-weighting strategy; the number of days and the relative weights are 
given in Table 1. Each gravity gradient component was band-pass filtered (10-50 mHz); this filter was 
the same for the whole mission. As Table 1 indicates, the XX and YY components were less noisy than 
ZZ and ZX and received a higher weighting. The results were not particularly worse using uniform 
relative weighting, but ocean circulation tests indicated a slightly better result with the optimal 
weighting. The polar gap was addressed with synthetic gravity gradients computed from GGM05S (up 
to degree and order 150) at 200 km altitude. No ‘Kaula’ constraint or other gravity information was 
applied in generating this solution. The only exception is that, as for GGM05S, C20 has been replaced 
with the satellite laser ranging value given by the quadratic fit described in Cheng et al. (2013) 
evaluated at 2008.0 (the approximate mid-point of GGM05S). The partials were computed for each 
gradient at the position indicated by the precise orbits provided with the GOCE data. Internal 
comparisons with precise orbits computed at CSR indicated that the orbits provided with the data were 
sufficiently accurate, and no dynamic orbit modeling was required. The only parameters estimated for 
the GOCE data was a bias and bias drift each day. The background gravity modeling was the same as 
for GRACE Release-05. See Bettadpur (2012) for more details on the GRACE data processing for 
RL05. 
 
The GOCE data were used to derive spherical harmonic coefficient corrections to a new intermediate 
apriori model (GIF59c) derived using only GGM05S and terrestrial gravity data. The GIF59c model 
was derived by a dramatically increased weighting of surface information relative GRACE, in a manner 
similar to that used for EGM2008 (Pavlis et al., 2012), trading some of the long-wavelength benefits to 
eliminate the short wavelength artifacts. This was necessitated by the band-pass filtering strategy, due 
to which the ‘striations’ prominent in the GIF48 apriori gravity model (Ries et al., 2011, which is the 
background model for GGM05S) were passed through to the GOCE solution unchanged. The 



harmonics (dominantly resonance orders) causing the striations in GRACE are outside the GOCE data 
band-pass frequency range, and thus could not be improved by the GOCE data. 
 

Table 1. GOCE gradiometer data used for GGM05G 
 

Component Number of days  Relative 
weighting 

ZZ 902 8.4 
XX 936 23.5 
YY 941 24.4 
XZ 916 5.1 

 
The GRACE contribution to the GGM05G solution is the calibrated GGM05S covariance. The GOCE 
information equations, because of the filter bandwidth, had to be scaled so that its contribution to the 
lower degrees was insignificant. The result was that GRACE dominated the solution up to 
approximately degree 105, and GOCE dominated above approximately degree 120. This is apparent in 
Figure 6, where the degree error statistics of the GGM05G gravity field model are shown in units of 
geoid height. The model appears to retain the correct signal power spectrum up to about degree 210. 
The assigned GGM05G errors should be considered, like all such error estimates, only an estimate of 
the true error of the individual coefficients, but they are consistent with comparisons of various subset 
and independent solutions, and are therefore denoted as ‘calibrated’ errors. It is noted that GGM05G 
appears to be closer to EIGEN6C3 (Förste et al., 2012) than the more recent EIGEN6C4 (Förste et al., 
2015) in the mid-degrees, likely the result of the upweighting of GOCE relative to GRACE adopted for 
GGM05G.  
 

 
Figure 6. Square root of the degree error variance for GGM05S and GGM05G compared to the square 
root of the degree difference variance with EIGEN6C3 and EIGEN6C4, shown in terms of geoid 
height.  
 
The contribution of GOCE to the gravity field model accuracy is illustrated in Figure 7, were various 
gravity models are compared to the band-limited GPS leveling data in Canada. While the ZZ and YY 
components contribute a major part of the gravity information for GOCE, it is clear that the XX and XZ 
components help to better resolve the higher degree terms. The results from GGM05G compare 
reasonably well with GOCO05S (Mayer-Guerr et al., 2015) and EIGEN6C4 below degree 210. Note 



that GOCO05S included Kaula regularization above degree 150, while EIGEN6C4 included surface 
gravity information. 
 

 
Figure 7. Comparison with band-limited GPS leveling data over Canada. 
 

 
 
Figure 8. Gravity anomalies computed from GGM05G to degree and order 240, with 50-km smoothing 
applied. Color table taken from the International Gravimetric Bureau (http://bgi.omp.obs-
mip.fr/content/download/1305/8531/file/WGM_2012_explanatory_leaflet.pdf). 
 
GGM05G should not be used beyond approximately degree 210 without smoothing. It is apparent in 
Figures 1 and 2 that the degree variance of GGM05G starts to deviate away from the true geoid at 
approximately degree 210, since no regularization was applied. Depending on the application, the 
GGM05G field coefficients should be truncated or smoothed to an appropriate level. Figure 8 illustrates 



the gravity anomaly map from GGM05G computed to degree/order 240 with 50 km smoothing. This 
represents a factor of two improvement in the resolution over GGM05S. 
 
Figure 9 illustrates the geoid height differences between GGM05G and EGM2008. As expected, the 
largest changes occur over land where there was inadequate surface gravity information for the 
EGM2008 solution. 
 
 

 
Figure 9. Geoid height differences between GGM05G and EGM2008, computed to degree and order 
240 and using a spherical distance of 360 km six-sigma for smoothing. 
 
To evaluate the geoid accuracy over the oceans, it is useful to compare the mean dynamic typography 
implied by the mean sea surface (in this case the mean sea surface is CLS01 [Hernandez and Schaeffer, 
2001]) minus the geoid to some estimate of the mean dynamic topography (in this case CLS09 MDT 
[Rio et al., 2012]). This lets us look at the shorter wavelengths and explore for artifacts in the geoid 
model. Figure 10 shows such a comparison for EGM2008 and GGM05G. No surface information is 
used in GGM05G but the features are similar, indicating that the residuals are driven largely by 
imperfections in the mean dynamic topography model rather than the geoid model. Figure 11 illustrates 
the nature of the contribution from each of the gravity gradients used for GGM05G. The comparison is 
the same as for Figure 10. It is apparent that the information from XX and XZ is similar to that from 
ZZ, while YY has a distinctly different character. However, as seen in Figure 7, all 4 components are 
essential for the best results.  
 
 



 

 
 
 

Figure 10. Residual mean dynamic topography = CLS09–(CLS01-geoid) for geoid models EGM2008 
(top) and GGM05G (bottom), computed to degree and order 240 and using a spherical distance of 360 
km six-sigma for smoothing. EGM2008 was used to remove signal between degree 241 and 1080. 
 



 
Figure 11. Residual mean dynamic topography comparisons for each component of the GOCE gravity 
gradients used in GGM05G, computed to degree and order 240 and using a spherical distance of 360 
km six-sigma for smoothing. EGM2008 used to remove signal between degree 241 and 1080. 
 
The geostrophic currents implied by the geodetic mean dynamic topography (MSS – geoid) can be 
compared to a climatological model of the ocean circulation. Table 2 indicates the correlation between 
the implied geostrophic currents and the circulation from Argo data (Roemmich and Gilson, 2009; via 
Kosempa and Chambers, 2012). This test was limited to degree/order 180 with 300 km smoothing. The 
test appears to be at the limit of usefulness given the accuracy of the GRACE/GOCE models. The 
slightly poorer performance of GGM05G is a consequence of the downweighting of GRACE relative to 
GOCE; weighting GRACE higher improved the meridional correlation but also introduced an 
unacceptable level of striations. 
 
Table 2. Correlation of zonal and meridional geostrophic currents computed from various geoid models 
with the circulation from ARGO data, relative to 2000 m (courtesy of D. Chambers). 
 

Gravity solution Zonal Meridional 
GGM05S (GRACE only) 0.83 0.37 
EGM2008 0.86 0.44 
GOCE only (XX+YY+ZZ+XZ) 0.88 0.49 
GGM05G (GRACE+GOCE) 0.88 0.51 
GOCO05S (GRACE+GOCE+regularization) 0.88 0.55 
EIGEN6C4 (GRACE+GOCE+surface gravity) 0.88 0.55 

 
Using gravity data from the National Geospatial-Intelligence Agency (NGA, 2014), GGM05G is 
compared to several other global gravity models in Table 3. The areas selected for testing were chosen 
because gravity data in these regions were not available for EGM2008. No solution is best everywhere, 
but all show improvement over EGM2008. Similar comparisons using GRAV-D data from NOAA’s 
National Geodetic Survey showed little discrimination between the models.  
 
 
 



Table 3. Comparison of NGA gravity data, in terms of difference variance (mgal2). A 0.5 degree radius 
Hanning filter has been applied (courtesy of T. Richter). 
 

Gravity solution Chile Indonesia Nepal 
EGM2008 122 63.3 324 
GOCE only (XX+YY+ZZ+XZ) 114 60.7 242 
GGM05G (GRACE+GOCE) 112 60.3 224 
GOCO05S (GRACE+GOCE+regularization) 113 57.2 235 
EIGEN6C4 (GRACE+GOCE+surface gravity) 102 58.3 250 

 
 

GGM05G was computed from a rigorous combination of the GGM05S and GOCE information, so a 
covariance complete to degree/order 240 is available. As noted previously, the gravity estimates 
become unreliable above approximately degree 210, so in Figure 12, we show the total (accumulated) 
geoid error predicted from the covariance only up to that degree. The estimated error is generally in the 
range of 2-5 cm, consistent with other estimates for GOCE-based gravity models (see for example 
Gruber et al., 2013). The error has a largely latitudinal variation, with a slight north-south asymmetry. 
The large errors over the poles reflect the polar gap fill of GGM05S to degree/order 150, where there 
would be considerable error of omission for the degrees between 150 and 210. This may be overly 
pessimistic, but we choose to be conservative in the error prediction in this region. 
 
 

 
 

Figure 12. Total geoid height error predicted for GGM05G up to degree/order 210. 



 
Figure 13 indicates the total (accumulated) geoid error as a function of resolution for GGM05S and 
GGM05G. This value represents a global RMS error, which appears to reach a level of just over 3 cm at 
100 km resolution. The improvement over GGM05S due to the GOCE contribution is clear. 
Considering the uncertainty in estimating gravity model errors and the contribution of the large 
assigned errors over the poles, this is reasonably close to Bruinsma et al. [2015], which predicts an error 
just under 2 cm for the GOCE-DIR-R5 model. 
 

 
 
Figure 13. Accumulated geoid error as a function of resolution for GGM05S and GGM05G. 

 
Combination model GGM05C 

 
The GGM05C gravity model was estimated to spherical harmonic degree and order 360 from a 
combination of GRACE and GOCE gravity information (based on GGM05G) and surface gravity 
anomalies from DTU13 (Andersen et al., 2014). The 2 minute resolution anomalies were used, 
assuming that they were classical gravity anomalies (i.e., defined on the ellipsoid). The first step was a 
low pass filter applied to the DTU13 global anomaly field using the Driscoll and Healy algorithm 
(Driscoll and Healy, 1994). This was followed by a spherical harmonic analysis of the gravity anomaly 
set on the ellipsoid, where the coefficients were analytically transformed following the approach 
described in Claessens (2005). This was taken to degree 540, but only the coefficients up to degree 360 
were used. Rather than reprocess the surface gravity data, the full covariance from GGM03C (Tapley et 
al., 2007) was adopted as apriori. The covariance was then modified so that, below degree 240, the 
terrestrial information was severely downweighted in order to preserve the accuracy of the GRACE and 
GOCE gravity contribution. This artificial covariance was used to combine the surface gravity 
information with GGM05G to obtain the GGM05C solution. 
 
Figure 14 illustrates the degree error statistics of the GGM05C gravity field model in units of geoid 
height. The estimated errors, by degree and accumulated, are also compared to the degree difference 
variance with EIGEN6C4 (Förste et al., 2015). There is a significant difference in the mid-degrees, 
which is likely the result of the up-weighting of GOCE relative to GRACE adopted for GGM05G. 
Above degree 240, the differences are smaller than the estimated error, which is likely due to both 
models using very similar terrestrial gravity information. Figure 15 illustrates the gravity anomaly map 
from GGM05C computed to degree/order 360 with no smoothing. 
 



 
Figure 14. Square root of the degree error variance for GGM05C compared to the square root of the 
degree difference variance with EIGEN6C4, shown in terms of geoid height.  
 

 
 
Figure 15. Gravity anomalies computed from GGM05c to degree and order 360 (no smoothing is required 
for GGM05C). Color table taken from the International Gravimetric Bureau (http://bgi.omp.obs-
mip.fr/content/download/1305/8531/file/WGM_2012_explanatory_leaflet.pdf). 



To evaluate the geoid accuracy over the oceans, it is useful to compare the mean dynamic typography 
implied by the mean sea surface (in this case the mean sea surface is CLS01 [Hernandez and Schaeffer, 
2001]) minus the geoid to some estimate of the mean dynamic topography (in this case CLS09 MDT 
[Rio et al., 2012]). This lets us look at the shorter wavelengths and explore for artifacts in the geoid 
model. Figure 16 shows such a comparison for GGM05C and EIGEN6C4. The features are similar, 
indicating that the residuals are driven largely by imperfections in the mean dynamic topography model 
rather than the geoid model. An artifact common to GRACE-based gravity models is the appearance of 
north-south ‘striations’ that are the result of increased errors in the resonant and near-sectorial 
harmonics. These terms are more susceptible to long-wavelength dynamical modeling errors, which 
may not be accurately reflected by the error covariance matrix. As described in the construction of 
GGM05G, the GOCE data was deliberately up-weighted with respect to GRACE, reducing the 
appearance of these striations in the MDT residuals. 
 

 
 

Figure 16. Residual mean dynamic topography = CLS09–(CLS01-geoid) for geoid models GGM05C 
(top) and EIGEN6C4 (bottom), computed to degree and order 240 and using a spherical distance of 360 
km six-sigma for smoothing. EGM2008 was used to remove signal between degree 241 and 1080 to 
isolate the satellite contributions to the gravity models. 



 
Using gravity data from the National Geospatial-Intelligence Agency (NGA, 2014), GGM05C is 
compared to several other global gravity models in Table 4 (all fields limited to degree and order 240 to 
highlight the satellite contributions). The areas selected for testing were chosen because terrestrial 
gravity data in these regions were not available for EGM2008 (Pavlis et al., 2012). No solution is best 
everywhere, but all show improvement over EGM2008. GGM05C shows identical performance to 
GGM05G, indicating that the addition of the DTU13 gravity data has not degraded the performance in 
these areas. Similar comparisons using GRAV-D data from NOAA’s National Geodetic Survey showed 
little discrimination between the models.  
Table 4. Comparison of NGA gravity data, in terms difference variance (mgal2). A 0.5 degree radius 
Hanning filter has been applied (courtesy of T. Richter). 
 

Gravity solution Chile Indonesia Nepal 
EGM2008 122 63.3 324 
GGM05G (GRACE+GOCE) 112 60.3 224 
GGM05C (GRACE+GOCE+surface gravity) 112 60.3 224 
GOCO05S (GRACE+GOCE+regularization) 113 57.2 235 
EIGEN6C4 (GRACE+GOCE+surface gravity) 102 58.3 250 

 
 

Conclusions 
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Appendix 
 
The GGM05 models are provided as spherical harmonic coefficients. The coefficients are normalized 
according to the so-called “fully-normalized” convention, where the squared norm of a spherical 
harmonic over a unit sphere is 4π (see below). The standard deviations or ‘sigmas’ (approximately 
calibrated) are included with the coefficients. C00 is defined to be exactly 1, and the degree one terms 
are defined to be exactly 0. No rates were applied in the background processing nor were any 
earthquakes removed. The solution is intended as a simple mean of the gravity field during the 
GRACE/GOCE observation period. Changes in the gravity field, such as due to major earthquakes, are 
better observed by combining monthly GRACE solutions before and after the event of interest. 
 
C20 is a zero-tide value, i.e. it includes the zero-frequency (permanent) tide contribution; in order to 
convert to a tide-free system, add 4.200x10-9.  
 
Normalization convention 
 
If 

! 

"  denotes the geographical latitude of a field point (0° at equator, 90° at the North pole, and –90° at 
the South pole), and if u = sin! , then the un-normalized Legendre Polynomial of degree l is defined 
by 
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The definition of the un-normalized Associated Legendre Polynomial is then  
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If the normalization factor is defined such that 
 

! 

Nlm
2 =

(2 "#0m )(2l +1)(l "m)!
(l + m)!

 
 

and the Associated Legendre Polynomials are normalized by  
 

! 

P lm = NlmPlm  
 

then, over a unit sphere S 
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In this convention, the relationship of the spherical harmonic coefficients to the mass distribution 
becomes 
 

! 

C lm
S lm
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(
) r 

ae
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000
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dM  

 

where 

! 

" r , 

! 

" #  and 

! 

" #  are the coordinates of the mass element dM in the integrand.  The integration is 
carried out over the entire mass envelope of the Earth system, including its solid and fluid components. 
 
This convention is consistent with the definition of fully-normalized harmonics in NRC (1997), and 
textbooks such as Heiskanen and Moritz (1966) and Torge (1980). 
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