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Abstract

The new gravity field model EGM2008 has been evaluated by comparisons with other, satellite-only
as well as combined global gravity field models. Our evaluation comprises orbit adjustment tests,
comparisons of the spectral behaviour, GPS/leveling tests and ocean geoid comparisons.

For the GPS/leveling tests and the ocean geoid comparisons the new EGM2008 model outperforms all
other tested models. Orbit adjustment tests for CHAMP, GRACE and other satellites show a very
good inner consistency for EGM2008 and its corresponding satellite-only model ITG-GRACEOQ3S. In
these tests EGM2008 shows no major performance differences to the other tested models.
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Introduction

The recently released new global gravity field model EGM2008 (Pavlis et al. 2008) with a resolution
of maximum degree and order of 2159 (including additional coefficients extending to degree
2190 and order 2159) represents a milestone in the development of global gravity field models. It is
of general interest to evaluate this new high resolution model by comparison with other recent global
gravity field models. In this paper we present results of the comparison of the new EGM2008 with
other satellite-only as well as combined models. Our evaluation of EGM2008 comprised orbit
computations, comparisons of the spectral behaviour, GPS/levelling tests and comparisons of the
ocean geoid.

The global gravity field models included in our evaluation of EGM2008 were the following satellite-
only and combined models:

- EGMO96 (Lemoine et al. 1998)
This is a combined gravity field model of maximum degree/order 360. This pre-CHAMP
model has been composed from various SLR and other satellite data and terrestrial gravity
data from gravimetry and altimetry. Since the launch of CHAMP and GRACE, EGM96 is no
longer state of the art. But since this model represented a standard during the last decade, we
included it in some of our evaluation tests.

- GGMO2C (Tapley et al. 2005),
This model is a combination of the coefficients of the GRACE-only model GGMO02S (Tapley
et al. 2005) with EGM96 and has a maximum degree/order of 200. It was computed by the
Center for Space Research (CSR) at the University of Texas at Austin.

- GGMO3S (Tapley et al. 2007)
This recently released GRACE satellite-only model has a maximum degree/order 180. It can
be considered as an upgrade of GGMO2S including the latest GRACE CSR processing
standards release 4 (Bettadpur 2007)

- ITG-GRACEOQ3 (Mayer-Gurr et al. 2007)
This is a GRACE satellite-only model of a maximum degree/order of 180, published by the
Institute for Theoretical Geodesy (ITG) of the University of Bonn. The coefficients of this
model including their variance/covariance matrix have been used as satellite-part in the
combination of terrestrial and satellite data for EGM2008.

- JEMO1-RLO3B (by courtesy of Mike Watkins and Dah-Ning Yuan, 2008)
This GRACE satellite-only model is of a maximum degree/order of 120. The originator of
this model is NASA/JPL in Pasadena. JEMO01-RL0O3B has been computed in accordance to the
JPL Level-2 Processing Standards (Watkins and Yuan 2007). The coefficients of this model
including their variance/covariance matrix have been used as satellite-part of PGM2007A, a
preliminary version of EGM2008.

- EIGEN-GLO04C (Forste et al. 2008a)
This combined gravity field model has been released in 2006. It is an outcome of the joint
gravity field processing between GRGS Toulouse and GFZ Potsdam. The satellite-part of
EIGEN-GLO04C is based on GRACE and LAGEOS data and the maximum degree/order of
this model is 360.

- EIGEN-5C and -5S (Forste et al. 2008b)
The combined gravity field model EIGEN-5C is an upgrade of EIGEN-GL04C and has a
maximum degree/order of 360. The model is again a combination of GRACE and LAGEOS
mission data of a maximum degree/order 150 (= EIGEN-5S) plus 0.5 x 0.5 degrees
gravimetry and altimetry surface data. The combination of the satellite and surface data has
been done by the combination of normal equations, which are obtained from observation
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equations for the spherical harmonic coefficients. The included satellite data have been
processed by GFZ Potsdam (GRACE for February 2003 - January 2007) and GRGS Toulouse
(GRACE for August 2002 - January 2007 and LAGEOQOS for January 2002 — December 2006).
The satellite data processing has been done in accordance to the GRACE GFZ Level-2
Processing Standards for Release 4 (Flechtner 2007). This comprises for instance arc lengths
of 1 day for GRACE and 10 days for LAGEOS including the usage of EIGEN-GLO04C as a-
priori gravity field.

The used surface data are identical to those included in EIGEN-GLO4C except of new gravity
anomaly data sets for Europe (H. Denker, IfE Hannover, 2007, personal communication), the
Arctic Gravity Project gravity anomaly data (Forsberg and Kenyon 2004) as updated in 2006
and newer Australian gravity anomalies (W. Featherstone, Curtin University of Technology,
personal communication, 2008)

Spectral behaviour

Figure 1 shows a comparison of the spectral behaviour of EGM2008 versus some other recent global
gravity field models. This plot displays the degree variance differences of the long-to-medium
wavelengths range up to degree and order 240 for EGM2008 in comparison to EIGEN-5C, EIGEN-5S,
GGMO03S and ITG-GRACEOQ3S.
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Figure 1: Degree variances in terms of geoid heights for EGM2008 in comparison
to other global gravity field models

When looking into the degree variance behaviour of EGM2008 (figure 1, blue and yellow lines), we
see noticeable differences to the other displayed gravity field models (green, red and purple lines):
Whereas the EIGEN-models, GGMO03S and ITG-GRACEO3S have a very similar spectral behaviour
up to degree/order 120, the EGM2008 degree variances show a remarkable different behaviour
between degree 70 and 100 (this is marked by the blue circle in figure 1). This “bump” should be
caused by the combination of the terrestrial data with GRACE data, since ITG-GRACEO03S doesn’t
show this behaviour (see the yellow line). It is remarkable that even the ITG-GRACEO03S model, on
which the EGM2008 is based, shows a behaviour which is very similar to the other models. Compared
with the combined model EIGEN-5C, we suspect that the “bump” in the degree variance spectrum of
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EGM2008 between degrees 70 and 100 is caused by a stronger weighing of the terrestrial data (which
exhibits more signal power in this frequency band) versus the satellite data.

Orbit adjustment tests

One measure of the long-to-medium wavelength accuracy of a gravity field model is the fit of
observations to the adjusted satellite orbit. In this study we calculated satellite laser ranging (SLR)
residuals for various satellites in two different manners:

- For CHAMP and GRACE after an orbit determination by using GPS-SST and accelerometer data
(CHAMP and GRACE) and K-Band Range-Rate data (GRACE), where the SLR measurements
were not included into the orbit adjustment.

- For a number of other satellites after on orbit determination by using SLR data (including PRARE
and DORIS observations for ERS-2 and ENVISAT, respectively).

The used satellites, the number of the included SLR observations and the measurement time periods
are given in table 1. Table 2 gives the parameterization of the adjusted orbits except of CHAMP and
GRACE. For CHAMP and GRACE the orbit fits were performed with the adjustment of the following
empirical parameters in addition to the orbital elements, GPS ambiguities and clocks:

- One scaling factor and one bias parameter per arc for each of the three acceleration components,

- Additionally for CHAMP: one thruster parameter per arc and thruster pair, one scaling factor per
component and arc for the Lorentz force on the accelerometer proof mass,

- Additionally for GRACE K-band: Range bias 1/rev per arc, range acceleration and range-rate bias
per revolution

Number of included SLR observations /
Satellite Data period /

Tested arcs: Number and lengths
GFZ-1 2029 / October 1995/ 5 x 3 days
STELLA 1528 / October 1997 / 5 x 3 days
STARLETTE 1815/ October 1997 / 5 x 3 days
AJISAI 6760 / October 1997 / 5 x 3 days
LAGEOS-1 3140/ October 1997 / 3 x 6 days
LAGEQOS-2 2591 / October 1997 / 3 x 6 days
ERS-2* 7944 | September — October 1997 / 6 x 6 days
ENVISAT** 10176 / July 2002 / 7 x 4...8 days
WESTPAC 1587 / July — August 1998 / 5 x 6 days
JASON 20003 / Nov ... Dec 2004 / 6 x 10 days
CHAMP 358 / October 2001 / 4 x 1.5 days
GRACE 592 / September 2002 / 4 x 1.5 days

Additionally included other observations for ERS-2 resp. ENVISAT:
* 24837 PRARE-Range and 24435 PRARE-Doppler observations
** 130404 DORIS observations

Table 1: SLR data and test arcs of the orbit computation tests

The orbit fit results for CHAMP and GRACE are given in table 3. We carried out our orbit
computations for these two satellites with different maximum degrees of the spherical harmonic
coefficients to investigate possible degree-related differences between the tested gravity field models.
First of all, the obtained best orbit fit residuals of all tested models are of the same order of magnitude
of about 5 cm. This finding indicates that EGM2008 has no major performance differences with the
other tested models for the investigated degree range up to 150. But when looking in detail we see
noticeable differences between the tested models:
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The residuals for EGM2008 and ITG-GRACEOQ3S decrease continuously for CHAMP as well as
for GRACE when increasing the maximum used degree from 70 up to 150. This finding indicates
a good inner consistency of both gravity field models with respect to CHAMP and GRACE and is
in contrast to all the other tested models, which show a different behaviour for GRACE. Here with
the other models the best orbit adjustment results were already reached around degree 90, but the
residuals rise again by a few millimetres higher maximum degrees are used.

The best orbit fit results are obtained with GGMO02C in the case of CHAMP and with the EIGEN
models and GGMO3S in the case of GRACE.

Satellite Cd* and Cr** Empirical accelerations

GFZ-1 Cd: 1/6h 1/rev per arc for along- and cross-track

STELLA Cd: 1l/day 1/rev per arc for along- and cross-track

STARLETTE Cd: 1l/day 1/rev per arc for along- and cross-track

AJISAI Cd: 1/day 1/rev per arc for along- and cross-track

LAGEOS-1 _ 1/rev per arc for along- and cross-track
+

1/day for along-track

LAGEQOS-2 _ 1/rev per arc for along- and cross-track
+
1/day for along-track
ERS-2 Cd: 1l/day 1/rev per arc for along- and cross-track
ENVISAT Cd: 1/6h 1/rev per arc for along- and cross-track
Cr: 1/arc
WESTPAC Cd: 1l/day 1/rev per arc for along- and cross-track
JASON Cd: 1/6h 1/rev per arc for along- and cross-track
Cr: 1/arc

*Cd = Scaling factor for the atmospheric drag
**Cr = Scaling factor for the solar radiation pressure

Table 2: Parameterization (in addition to the solved-for orbital elements) of the adjusted orbits,
except of CHAMP and GRACE

It should be of interest to compare the results between combined models and their corresponding
satellite-only models:

In the case of CHAMP, EGM2008 gives noticeable larger residuals for all tested maximum
degrees than ITG-GRACEOQ3S. The differences between the residuals of both models are larger
than one millimetre. For GRACE, EGM2008 shows a better performance than ITG-GRACEO03S
between degree 70 and 110, but ITG-GRACEOQ3S gives again smaller residuals for degrees 120
and 150. From our point of view, these results for CHAMP and those of the degrees 120 and 150
for GRACE indicate a slight degradation of EGM2008 versus ITG-GRACEOQ3S for the tested
degree range which could be due to a not-optimum combination of the terrestrial data with the
satellite components.

In contrast to EGM2008/ITG-GRACEOQ3S, the differences between the corresponding orbit fit
residuals for the pair EIGEN-5S/C are significantly smaller (only a few tenths of millimetres
except of degree 70 for CHAMP)

The orbit adjustment results for the other tested satellites are given in table 4. Again we used different
maximum degrees for the gravitational spherical harmonic coefficients to investigate possible degree-
related differences between the tested gravity field models. For most of the satellites we tested
maximum degrees of 70 and 120 while for GFZ-1 the orbit adjustment tests has been carried out for a
wider range comprising maximum degrees between 50 and up to 150.
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max.
satelite | "G | comozc | GGMO3S | fibs | loac | s | sc | crActoss | EGM2008
CHAMP 70 17.62 16.71 | 19.66 | 17.94 | 17.68 | 17.86 15.97 16.74
80 9.39 9.51 9.48 9.50 9.66 9.69 8.69 9.34
90 6.12 6.10 6.15 6.12 6.14 6.14 5.96 6.02
100 5.89 5.96 5.95 5.97 6.01 6.03 5.58 5.97
110 5.48 5.53 5.51 5.61 5.60 5.59 5.39 5.57
120 5.32 5.45 5.35 5.44 5.55 5.51 5.38 5.51
150 5.19 5.44 -- 5.41 5.56 5.49 5.30 5.46
GRACE 70 14.11 15.00 | 14.03 | 14.93 | 14.92 | 14.93 16.06 15.49
80 7.39 6.54 7.35 6.51 6.43 6.44 8.24 7.27
90 5.76 5.05 5.75 5.03 4.92 4.93 6.30 5.57
100 5.40 5.20 541 5.20 5.09 5.09 6.12 5.54
110 5.61 5.31 5.64 5.31 5.20 5.19 5.84 5.45
120 5.50 5.28 5.55 5.25 5.17 5.15 5.39 5.46
150 5.54 5.27 -- 5.24 5.19 5.14 5.38 5.43

Table 3: SLR residuals (cm) after an orbit determination based on GPS-SST and accelerometer
data (CHAMP, GRACE) and K-Band Range-Rate data (GRACE). The SLR data were
not included in the orbit adjustment.

For all satellites except of GFZ-1 there is practically no change of the orbit adjustment residuals for
EGM2008 as well as for the other tested models when the maximum used degree is decreased from 70
to 120. The differences between the results for degrees 70 and 120 are less than about half a millimetre
for all gravity field models, which does not indicate any significant degree dependence. This is not a
big surprise, since all these satellites orbit at higher altitudes than CHAMP, GRACE and GFZ-1,
resulting in a lesser sensitivity to the gravity field (i.e., the effect of model differences is attenuated).

For GFZ-1 the orbit adjustment results are different. This satellite has a low altitude of about 400 km
and is sensitive for spherical harmonic coefficients beyond degree 70 (Kénig et al 1999). Therefore we
started with a maximum degree of already 50 and increased it up to 150. First of all, the orbit
adjustment residuals for GFZ-1 rise for all tested models including EGM2008 when increasing the
maximum used degree up to 150. But this is not a surprise, since all tested models are based on
GRACE data which means that these models are “tailored” for GRACE-like, near polar satellite orbits.
It is therefore not unusual to find a worse inner consistency for other orbit types like GFZ-1 with its
inclination of 51.6°. On the other hand, it’s remarkable that the orbit adjustment residuals are nearly
identical up to degree 90 for all tested gravity field models. Up to degree 90 the differences between
all models are on the scale of a few tenths of millimetres only, which is insignificantly small. But
when increasing the maximum degree up to 120 and 150 the differences between the tested models
rise up to about 1 cm and EGM2008 gives the worst results. Like our orbit test results for CHAMP and
partially for GRACE (see table 3) ITG-GRACEOQ3S performs again better than EGM2008. The best
orbit fit results for GFZ-1 at the maximum used degree of 150 were obtained for EIGEN-models and
GGMO03S.

In the previous section we reported a remarkably different spectral behaviour in the degree range from
70 to 100 for EGM2008 compared to all other tested models, i.e. the “bump” for EGM2008 in figure
1. If such a “bump” has an impact on the quality of EGM2008, this should be visible in the degree
dependence of the orbit tests, in particular in comparison with ITG-GRACEQ3S, whose spectrum
looks very similar to the other tested models. But the results for CHAMP and GRACE indicate no
rising degradation of EGM2008 with respect to ITG-GRACEO3S when increasing the maximum used
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Max.

Satellite degree JEM1- EIGEN- EIGEN- EIGEN- ITG-
used GGMO2C | GGMO3S RLO3B GL0O4C 5S 5C GRACEO3S EGM2008
150 14.49 14.14 — 13.81 | 13.62 | 14.23 14.34 15.00
120 14.34 13.86 | 14.05 | 13.78 | 13.78 | 14.10 14.14 14.70
110 13.16 12.68 | 12.76 | 12.62 | 12.71 | 12.86 12.99 13.55
100 14.75 1410 | 1418 | 13.93 | 14.14 | 14.43 14.55 14.93
GFZ-1 90 8.09 8.04 8.05 8.08 8.05 8.05 8.04 8.11
80 10.81 10.72 | 10.73 | 10.76 | 10.72 | 10.72 10.70 10.65
70 12.07 12.03 | 12.05 | 12.01 | 12.01 | 12.01 12.01 12.02
60 20.28 20.28 | 20.24 | 20.23 | 20.22 | 20.22 20.21 20.22
50 31.79 31.77 | 31.76 | 31.76 | 31.74 | 31.74 31.73 31.75
120 3.22 291 3.10 2.93 2.92 2.92 2.96 2.92
STELLA
70 3.25 291 3.13 2.92 291 291 2.94 2.89
120 2.44 281 2.49 2.54 2.53 2.53 2.55 2.54
STARLETTE
70 2.43 2.78 2.49 2.54 2.54 2.54 2.56 2.53
AJISAI 120 3.17 3.37 3.18 3.16 3.15 3.15 3.17 3.18
70 3.17 3.37 3.18 3.16 3.15 3.15 3.17 3.18
120 1.02 1.03 1.02 1.01 1.01 1.01 1.01 1.02
LAGEOS-1
70 1.02 1.038 1.02 1.01 1.01 1.01 1.01 1.02
120 1.01 1.02 1.01 1.02 1.02 1.02 1.02 1.01
LAGEQOS-2
70 1.01 1.02 1.01 1.02 1.02 1.02 1.02 1.01
ERS.2 120 5.83 5.34 5.59 531 5.29 5.29 5.30 531
70 5.85 5.36 5.61 5.32 5.30 5.30 5.32 5.32
120 4.37 4.27 4.35 4.47 4.48 4.49 4.28 4.27
ENVISAT
70 4.38 4.28 4.37 4.50 4.52 452 4.29 4.29
120 4.33 4.09 4.21 4.12 412 412 412 4.10
WESTPAC
70 4.37 4.10 4.20 411 411 411 412 4.09
120 1.84 1.83 1.84 1.83 1.82 1.82 1.81 1.89
JASON-1
70 1.84 1.83 1.84 1.83 1.82 1.82 1.81 1.84

Table 4: SLR residuals (cm) after orbit determination for various satellites for different maximum
used degrees of the spherical harmonic coefficients.

degree from 70 up to 100. In the case of GFZ-1 all tested models differ significantly only beyond
degree 100 which is almost outside the questionable degree range. All this confirms that the degree
dependencies of the orbit adjustment residuals for EGM2008 show no detectable correlation with the

“bump” in the degree variance spectrum for all tested satellites.

GPS/leveling comparison

An independent comparison with external data can be made using geoid heights determined point-wise
by GPS positioning and leveling (“GPS/leveling”). Table 5 shows the results for several gravity field
models in comparison with EGM2008 using GPS/leveling points of the USA (Milbert, 1998), Canada
(M. Véronneau, Natural Resources Canada, personal communication 2003), Germany (lhde et al.
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2002), Europe (lhde, personal communication, 2008) and Australia (G. Johnston, Geoscience
Australia and W. Featherstone, Curtin University of Technology, personal communication 2007). For
this comparison, height anomalies were calculated from the spherical harmonic coefficient data sets
and reduced to geoid heights (c.f. Rapp 1997). The topographic correction was done by using the
DTM2006.0 model, which is available in spherical harmonic coefficients (Pavlis et al. 2007). For the
comparison with the other gravity field models, the EGM2008 coefficients were used only till
degree/order 360 (blue column). It is obvious that EGM2008 fits best in comparison with all other
tested models. Only for Australia the EIGEN-5C model reaches the same level of the fit. To show the
excellent performance of EGM2008 when the full resolution is applied, we additionally computed the
GPS/leveling residuals for the maximum degree 2190 of this model (last column).

Dataset EGM96 | GGM02C/ | EIGEN- | EIGEN- | EIGEN-5C | EGM2008 EGM2008
EGM96* CGo01C GL04C Max. degree | Max. degree
360 2190
Europe (1234) 48 32 37 34 30 27 21
Germany (675) 29 17 22 18 15 14 4
Canada (1930) 36 26 27 25 25 23 13
USA (6169) 38 33 35 34 34 32 25
Australia (201) 30 25 26 24 24 24 22

Table 5: Root mean square (cm) about mean of GPS-Levelling minus model-derived geoid heights
(number of points in brackets)
*GGMO02C has been filled up to degree/order 360 with EGM96 coefficients

As a further example of the GPS/leveling results we show in figure 3 the plots of the fit of the
individual GPS/leveling points for the European data set (Ihde, personal communication, 2008) to the
EGM2008 geoid (computed till degree and order 360) in comparison to EIGEN-5C. At first view, the
colour patterns of the two plots look similar. But a closer inspection reveals, that noticeable
differences can be seen, for instance over Denmark, the Alps, South France or Sardinia. We assume
that these differences are mainly caused by the different ground data sets used in EGM2008 and
EIGEN-5C. These differences will be a subject for further investigations.

EIGEN-5C (rms = 0.30 m) EGM2008 (rms = 0.27 m)

0" Mo T— — - ) a0 :
350 0 10 20 30 350" 0 10 20" 30"

Figure 3: Geoid height differences (m) in Europe between GPS/levelling data and
EIGEN-5C (left) resp. EGM2008 (right) up to degree/order 360
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Geoid residuals over the oceans

We also computed geoid residuals over the oceans. These residuals are the differences between the
geoid of the tested gravity field model and geoid undulations over the oceans derived from GFZ mean
sea surface heights (MSSH, T. Schone and S. Esselborn, 2005, GFZ, personal communication) minus
ECCO sea surface topography (Stammer et al. 2002). This ocean geoid undulation data set is the same
as used in the computation of EIGEN-GL04C and EIGEN-5C.

GGMO02C/EGMY6 vs. MSSH/ECCO 4 | ] I [ ] 3

£, 0.5°x0.5° -08 -06 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
wrms about mean / min / max = 0.213 / -2.088 / 3.046 meter

EIGEN-GL04C vs. MSSH/ECCO A | T [ | D
(,0.5°x0.5° -08 -06 04 -0.2 0.0 02 04 06 0.8
wrms about mean / min / max = 0.2277 / -2.012 / 2.706 meter

Figure 4: Ocean geoid residuals for GGM02C/EGM96 (top) in comparison

to EIGEN-GLO04C (bottom)
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EGM2008 vs. MSSH/ECCO
£, 0.5°x 0.5°
wrms about mean / min / max = 0.1787 / -2.179 / 3.718 meter

0.0 0.2 0.4 0.6 0.8

Figure 5: Ocean geoid residuals for EGM2008 (bottom) in comparison to EIGEN-5C (top)

Although the MSSH model is not error-free, our experience is that the calculation of such kind of
residuals is an appropriate method to probe a gravity field model for artefacts like stripes and rings
over the oceans. Figure 4 and 5 shows gridded maps of corresponding residuals with a resolution of
0.5° x 0.5° for GGMO02C, EIGEN-GLO04C, EIGEN-5C and EGM2008. Whereas GGM02C and
EIGEN-GLO04C show the well known unrealistic stripe and ring patterns (see figure 4), EIGEN-5C
gives a significant improved picture with only some remaining weak striping patterns, for instance
south of Alaska and east of the Philippines (see figure 5). Lastly EGM2008 is obviously free of stripes
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and other artefacts such as ringing. This improvement of EGM2008 compared to EIGEN-5C
corresponds to a smaller corresponding wrms value of the geoid residuals (see the numbers just below
the individual plots in figure 5: 0.1787 m vs. 0.2054 m).

Summary

In our investigation EGM2008 shows the best performance concerning the ocean geoid and
comparisons with external GPS/levelling geoid information compared to other tested combined
gravity field models. We also carried out orbit adjustment computations for EGM2008 in comparison
to other combined and satellite-only gravity field models. In these tests EGM2008 shows no major
performance differences to the other tested models. Furthermore, EGM2008 and its corresponding
satellite-only model ITG-GRACEQ3S show a better inner consistency with respect to CHAMP and
GRACE than the other gravity field models. We also did not find a correlation with the remarkable
“bump” in the degree variance spectrum between degree 70 and 100.

References

Bettadpur S. (2007), UTCSR Level-2 Processing Standards Document, For GRACE Level-2 Product
Release 0004, Center for Space Research, CSR-GR-03-03, The University of Texas at Austin,
February 27, 2007, online available at http://isdc.gfz-potsdam.de

Flechtner F. (2007) GFZ Level-2 Processing Standards document - Release 0004, GFZ Potsdam, GR-
GFZ-STD-001, February 19, 2007, online available at http://isdc.gfz-potsdam.de

Forste C., Schmidt R., Stubenvoll R., Flechtner F., Meyer U., Konig R., Neumayer H., Biancale R.,
Lemoine J.-M., Bruinsma S., Loyer S., Barthelmes F. and Esselborn S., (2008a), The GeoForschungs-
Zentrum Potsdam/Groupe de Recherche de Geodesie Spatiale satellite-only and combined gravity
field models: EIGEN-GLO04S1 and EIGEN-GL04C. Journal of Geodesy, 82: 331 - 346,
doi:10.1007/s0019000701838

Forste C., Flechtner F., Schmidt R., Stubenvoll R., Rothacher M., Kusche J., Neumayer K.-H.,
Biancale R., Lemoine J.-M., Barthelmes F., Bruinsma S., Koenig R., Meyer U. (2008b), EIGEN-
GLO5C - A new global combined high-resolution GRACE-based gravity field model of the GFZ-
GRGS cooperation, General Assembly European Geosciences Union (Vienna, Austria 2008),
Geophysical Research Abstracts, Vol. 10, Abstract No. EGU2008-A-06944, 2008

Forsberg R, Kenyon S (2004) Gravity and geoid in the Arctic region - the northern gap now filled. In:
Proceedings of 2nd GOCE user workshop (on CD-ROM), ESASP-569.ESA Publication Division,
Noordwijk, The Netherlands

Ihde J., Adam J., Gurtner W., Harsson B. G., Sacher M., Schluter W., Wéppelmann G. (2002) The
Height Solution of the European Vertical Reference Network (EUVN). Mitteilungen des BKG, Bd.
25, EUREF Publication No. 11/I, Frankfurt a. M., pp 53-79

Konig R., Chen Z., Reigber C., Schwintzer P. (1999), Improvement in global gravity field recovery
usinf GFZ-1, Journal of Geodesy, 73: 389 — 406, doi: 10.1007/s001900050259

Lemoine, F. G., S. C. Kenyon, J. K. Factor, R.G. Trimmer, N. K. Pavlis, D. S. Chinn, C. M. Cox, S.
M. Klosko, S. B. Luthcke, M. H. Torrence, Y. M. Wang, R. G. Williamson, E. C. Pavlis, R. H. Rapp
and T. R. Olson, 1998. The Development of the Joint NASA GSFC and NIMA Geopotential Model
EGM96, NASA/TP-1998-206861, NASA Goddard Space Flight Center, Greenbelt, Maryland, 20771
USA, July 1998.

36


http://isdc.gfz-potsdam.de/
http://isdc.gfz-potsdam.de/

Mayer-Gurr T., Eicker A., Ik K.-H. 2007, ITG-Grace03 Gravity Field Model, online available at:
http://www.geod.uni-bonn.de/itg-grace03.html or http://icgem.gfz-potsdam.de

Milbert D. G. (1998) Documentation for the GPS Benchmark Data Set of 23-July-1998. 1GeS
International Geoid Service, Bulletin 8, pp 29-42

Pavlis N. K., Factor J. K. and Holmes S. A. (2007): Terrain-related gravimetric quantities computed
for the next EGM, in: Proceedings of the 1st International Symposium of the International Gravity
Field Service “Gravity field of the Earth” (Istanbul 2006), Harita Dergisi, year 73, special issue 18, pp
318 — 323, General Command of Mapping, Ankara/Turkey, ISSN 1300 - 5790

Pavlis N. K., Holmes S. A., Kenyon S. C., and Factor J. K. (2008), An Earth Gravitational Model to
Degree 2160: EGMZ2008, presented at the 2008 General Assembly of the European Geosciences
Union, Vienna, Austria, April 13-18, 2008.

Rapp R. H. (1997) Use of potential coefficient models for geoid undulation determinations using a
spherical harmonic representation of the height anomaly/geoid undulation difference. J Geod 71: 282-
289

Ries J., Chambers D., Cheng M. (2007) PGM2007A Geoid Evaluation, Report to the IAG Inter-
Commision Working Group (IC-WGZ2), The University of Texas at Austin / Center for Space
Research December 2007

Stammer D., Wunsch C., Giering R., Eckert C., Heinbach P., Marotzke J., Adcraft A., Hill C. N.,
Marshall J. (2002) Global ocean circulation during 1992-1997 estimation from ocean observations and
a general circulation model. J Geophys Res 107 (C9): 3118, DOI: 10.1029/2001JC000888

Tapley B., Ries J., Bettadpur S., Chambers D., Cheng M., Condi F., Gunter B., Kang Z., Nagel P.,
Pastor R., Pekker T., Poole S., and Wang F., 2005. GGMO02 — An Improved Earth Gravity Field Model
from GRACE, Journal of Geodesy, 79: 467-478 doi:10.1007/s00190-005-0480-z.

Tapley B., Ries J., Bettadpur S., Chambers D., Cheng M., Condi F., and Poole S. (2007), The GGMO03
Mean Earth Gravity Model from GRACE, Eos Trans. AGU 88(52), Fall Meet. Suppl. Abstract G42A-
03, 2007.

M. Watkins and Y. Dah Ning (2007), JPL Level-2 Processing Standards Document, GRACE 327-744
(v 4.0), Jet Propulsion Laboratory Pasadena, February 20, 2007, online available at http://isdc.gfz-

potsdam.de

37


http://www.geod.uni-bonn.de/itg-grace03.html
http://icgem.gfz-potsdam.de/
http://isdc.gfz-potsdam.de/
http://isdc.gfz-potsdam.de/

