Description of GRACE Gravity 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 Release05 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, 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 nonresonant orders have errors that are too conservative (unnecessarily large). This is corrected with the orderdependent calibration factors illustrated in Figure 2. 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 now 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
should provide a more reliable combination with the GOCE data, which should further reduce the
appearance of striations in the satellite-only geoid model.
GGM05S is provided as spherical harmonic coefficients. The file contents and formats are provided below.
Until a more complete document is prepared, the provisional citation for GGM05S is Tapley et al., 2013
(given below). The coefficients can be obtained at ftp://ftp.csr.utexas.edu/pub/grace/GGM05/.

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. 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 (degrees below 10 were excluded as gravity fields
based on GOCE data can have issues with the ‘near-zonals’ due to the polar gap). 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.

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.obsmip.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.
Additional Notes on the GGM05S gravity field solution and background modeling:
C00 is defined to be exactly 1, and the degree one terms are defined to be exactly 0. These coefficients are
sometimes not explicitly included in the geopotential file.
The epoch of GGM05S is 2008.0, the approximate midpoint of the ten-year GRACE data span used. 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 observation period. Changes in the
gravity field, such as due to major earthquakes, are better observed by combining monthly 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. Rotational deformation (pole tide) was modeled using
IERS2010 conventions.
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Coefficient file description:
The coefficients for GGM05S 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, not the formal values) are included with the coefficients.
The Earth radius and GM to be used for scaling in the expression for the geopotential are included in the
coefficient file.
Format specification:
line 1: Format for next line
line 2: 20 character description, GM (km3/s2), Earth radius (m), Solution mean epoch
line 3: Format for following lines
line 4+: 6-character string, degree, order, C, S, C-sigma, S-sigma, normalization flag (-1 = normalized)
Normalization convention:
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In this convention, the relationship of the spherical harmonic coefficients to the mass distribution becomes
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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.
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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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Comments or Questions ? Please contact grace@csr.utexas.edu

