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ABSTRACT

In the framework of the GOCE-Italy project a solution
to improve at local level a global model using the
delivered GOCE data has been studied and tested.
The combination is based on a collocation procedure
considering as observations the spherical harmonic
coefficients with their predicted error variances and a
local grid of the second radial derivative of the
gravitational potential; this grid is estimated from GOCE
observations at satellite level by using the space-wise
approach. The use of local data, instead of the available
global grids, gives the possibility to consider the
full error covariance matrix of the gridded data into
the collocation combination; this covariance matrix is
computed by Montecarlo simulations.

The method has been applied for the update of the
Mediterranean geoid computed from the EGM08 model
at a resolution of 5’x5’ in the area between 28°N - 46°N
and 10°E - 37°W. The geoid corrections have an rms of
less than 1 cm, that increases to some cm over specific
areas (e.g. Alps, Aegean plate, Cyprus). Regarding the
corrections of the global model coefficients, they are
concentrated in the degrees from 70 to 220.

These corrections are quite small, probably due to
the very good quality of the EGMO08 model in Europe
and to the fact that only the first two months of GOCE
data have been used. A more significant impact is
expected when considering a longer data period and
when the method is applied in areas where only poor or
inadequate ground gravity data are available.

1. INTRODUCTION

The Earth global gravity field model EGMO08 [18] is
basically a combination of a satellite only GRACE
model [7] at low degrees and a 5’x5° grid of gravity
data at ground level. This model has been assessed [1]
with independent data showing a comparable accuracy
with respect to local geoid models. This implies that the
global EGMO08 spherical harmonic coefficients (together
with a topographic correction) can be directly used to
generate a high resolution local geoid (see e.g. [6]).

In this work we investigate whether data from the
GOCE mission [4] can contribute to improve a local
geoid derived from EGMO8.
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The most straightforward solution to this problem
would probably be to combine the spherical harmonic
coefficients of a GOCE-only global gravity field model
with those of EGMOS, and then use this new model to
derive the local geoid of the area under study. However,
in order to get an optimal combination of these two sets
of coefficients some theoretical and numerical problems
have to be faced (see e.g. [20]).

Here we follow a simpler combination strategy, i.c. a
subset of GOCE data over the area under study is first
selected and then used to update EGMOS8 coefficients.
In this way we aim at improving the accuracy of the
functionals of the gravitational potential derived by
these updated coefficients (e.g. geoid undulation, gravity
anomalies, etc.) only in the considered area.

The main advantages of this approach are to reduce the
computational burden and, hopefully, better exploit the
local characteristics of the GOCE data that could be
"averaged" in a GOCE-only global gravity field model.
Since the gridded data provided by the space-wise
approach are used as input for the local update of
EGMO0S, in the next section a brief overview of this
approach is presented. In Section 3 the method to
combine a set of spherical harmonic coefficients with
local data at satellite altitude is described in general
terms. Then this method is applied to update the EGMO0S
Mediterranean geoid and the results are presented in
Section 4. On the basis of these results some conclusions
are drawn in Section 5.

2. THE SPACE-WISE APPROACH

The space-wise approach [8] is one of the three different
strategies that have been implemented in the framework
of the High-level Processing Facility (HPF) [21] for the
estimation of an Earth global gravity field model from
GOCE data. In particular the solution is based both on
the satellite-to-satellite tracking (SST) data derived from
the on-board GPS receiver and on the satellite gravity
gradients (SGG) observed by the on-board electrostatic
gradiometer.

The low frequency part of the gravity field is estimated
from kinematic orbits [11][25] by means of the energy
conservation approach [5][24]. The high frequency part
is derived by combining the estimated potential with the



observed gravity gradients. In particular a multi-step
collocation procedure [19] is implemented, basically
consisting of a Wiener filter along the orbit [17] to
reduce the time correlated noise of the gradiometer, a
data gridding by collocation [9] and finally a harmonic
analysis by integration [3] to estimate the geo-potential
spherical harmonic coefficients. The whole procedure is
iterated till convergence, as shown in Figure 1.
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Figure 1. The scheme of the space-wise approach

The complexity of the resulting strategy does not allow
for an exact error covariance propagation and therefore
the error covariance matrix at each step of the iterative
scheme is computed by Montecarlo simulations [10].
Note that one of the intermediate results of the space-
wise approach is a spherical grid of the second radial
derivative 7,. of the anomalous potential at mean
satellite altitude (about 250 km). This grid is here used
as input for the local update of the EGM08 geoid model.
A grid of the anomalous potential 7 is also available but
it is not useful for the purpose of this work. In fact this
grid is necessary for the computation of the low degrees
of the GOCE-only gravity field model, but cannot
improve the accuracy of the corresponding coefficients
of EGMO8, which are based on GRACE [23].

Note also that the use of gridded data instead of the
original observations has the advantage of reducing the
noise level and at the same time makes the functional
relation between global model coefficients and local
GOCE observables much simpler (think e.g. to the fact
that the original gradiometric observations are taken in
the instrumental reference frame which is in general not
oriented in the radial direction).

The first release of the space-wise model [12], based on
the first two months of GOCE data, has been delivered
during the ESA Living Planet Symposium in Bergen in
July 2010, together with the models computed by time-
wise approach [15] and the direct approach [2]. See also
[16] for details on these delivered models.

From the comparison between the error degree variances
of the space-wise solution computed with respect to
EGMO08 and predicted from the Montecarlo simulations
(see Figure 2), it comes out that there are significant

differences only from degree 70 to about degree 180,
where it is reasonable to expect that GOCE can globally
improve the accuracy of EGMO08.

On the other hand we hope that locally the information
coming from the GOCE data grids could be at higher
resolution, e.g. depending on the local data density.
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Figure 2. Error degree variances computed with
respect to EGMO0S (in black) and predicted
from Monte Carlo simulations (in magenta),
EGMO08 reference degree variances in red

The T,, grid at satellite altitude estimated from GOCE
data by the space-wise approach and its predicted error
standard deviations are displayed in Figures 3 and 4,
respectively.
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Figure 3. GOCE space-wise T,, grid at satellite altitude
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Figure 4. Predicted error standard deviations of the
GOCE space-wise T,, grid at satellite altitude



Finally the differences between the GOCE space-wise
T,. grid and the one computed from EGMO08 are shown
in Figure 5, clearly indicating the areas where EGMO0S8
could benefit more from GOCE data, i.e. part of South
America, Central Africa, Himalayas, etc. The same
differences for the Mediterranean area are shown in
Figure 6. These differences are partly GOCE error and
partly residual signal; the goal of the method described
in the next section is to discriminate between these two
components so to compute corrections for the EGMO0S
spherical harmonic coefficients.
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Figure 5. Differences between GOCE space-wise
T,, grid and EGMO08 T,, grid
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Figure 6. Differences between GOCE space-wise
T,, grid and EGMO08 T,, grid in the Mediterranean area

3. THE UPDATING METHOD

The method here described faces the general problem
of updating a set of spherical harmonic coefficients
by using additional local observations. It is based on
least-squares collocation [13][22] and it is described in
general terms in [14]. Here it is applied to the specific
problem of "locally" adapting EGMO0S8 coefficients to
GOCE T,, observations.

In particular, defining s as the finite vector of spherical
harmonic coefficients up to a maximum degree L, the
input data to be combined are:

- the EGMOS coefficients s, up to degree L = 360:
sp=s+e Q)

where e is the coefficient estimation error;

- the GOCE T, local grid ¢, as computed by the space-

wise approach:
Ly=Ll+v=As+V )

where v is the grid error and A4 is the linear operator
transforming coefficients into second radial derivatives
at satellite altitude.
Note that GOCE observations are practically insensitive
to coefficients of degree higher than 360; this means
that these coefficients cannot be "corrected" by GOCE
data and therefore can be reasonably neglected in the
problem modeling.
From the stochastic point of view, the signal and error
covariance matrices of the coefficients are both diagonal,
Le:
C,, =diag(c?,,)=diaglc?,). C, =diaglc?,,) @)

s,nm s,n e,nm

where n and m are respectively the degree and order of
the single coefficient. While modeling the signal in
terms of degree variances is standard in geodesy [13],
the use of error variances to model coefficient errors is a
strong approximation. However this is the only public
information on the EGMOS coefficient error.

On the other hand the error covariance matrix C,, of the
T,. grid is full and it is computed from the available 400
Montecarlo samples.

The updating procedure is schematized in Figure 7 and
it is based on three steps. First of all the original
coefficients sy have to be filtered according to their error
variances. Defining the Wiener filter as

2
W = CSS (CSS + C(.’é’ )_l = diag{%J 2 (4)

the filtered coefficients result
§w = W£0 N (5)

However, since the EGMOS8 error variances for the
considered degrees are much smaller than the signal
variances, practically W=I and no filtering is applied to
the original coefficients.

The second step consists in computing the residual
signal r by removing the contribution of the filtered
coefficients from GOCE data:

r=ly—As, =0~ 4s, . (6)

The covariance matrix of r and the cross-covariance
matrix between r and s are given by:

Crr = ACeeAT + va > Crs = Acee ° (7)
Once the residual signal is obtained, the last step is to

compute by collocation the updated coefficients & :

§=s,+0s, 65=C,C)'r ®)

sr s
and the covariance matrix of the estimation error & :

A A

£=8-5, Css = Cee - CsrC;r] Crs . (9)



Some numerical problems could arise when applying
the described procedure, so an additional regularization
is required. More specifically, two problems have to
be overcome. First of all, one has to verify that the
number of grid observations is smaller than the number
of Montecarlo samples used to compute C,,, otherwise
this matrix is not invertible. The second problem is
related to the inversion of C,,. The standard approach
of adding a diagonal regularization matrix is too
simplistic and leads to a result which is too much or
too less regularized according to the number of grid
observations.
To overcome this problem the following strategy is
implemented. A strongly regularized solution based
on a diagonal regularization matrix is computed
obtaining some corrections 65, ; the variances of these
corrections are simply estimated as &5, . Then a
diagonal covariance matrix

Cyp = diag(652, ), (10)

nm

is built and the regularization matrix R to be added to
C,, is finally computed as:

R=a ACy A" (11)

where « is an empirical parameter which is fixed to 0.1.
The chosen value of « is the minimum value that permits
an easy inversion of the regularized C,,. By the way, the
addition of R changes the diagonal terms of 1.2% in the
average.

Note that using this procedure the regularization does
not consist in a blind increase of the grid error variances,
but it is "calibrated" according to the power of each
coefficient correction.
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Figure 7. Logical scheme of the updating method

4. RESULTS IN THE MEDITERRANEAN AREA

The method described in the previous section has been
here applied for the update of the EGMO08 model (up to
degree and order 360) in the Mediterranean region.

In particular the considered area covered by GOCE data
extents from 28°N to 46°N and from 10°E to 37°W.
The grid resolution of the 7,. GOCE data is 0.5°x0.5°,
corresponding to a total amount of about 2000 grid
points.

We recall that all the computations presented in this
paper are based on the first two months of GOCE data.
An improvement is obviously expected when a longer
data period will be analysed.

The results of the updating procedure can be seen at two
different levels. One is the global level, i.e. the impact
of the local GOCE data on the set of spherical harmonic
coefficients; the other is the local level, i.e. the impact
in terms of the geoid corrections in the Mediterranean
region.

The corrections to the EGMO8 coefficients are shown in
Figure 8 and, for the sake of readability, are added
degree by degree over all orders in Figure 9. It can be
seen that these corrections are concentrated in the
degrees from 70 to 220. In particular, low-degree and
low-order coefficients are very slightly updated, because
for these coefficients GOCE is known to be weaker
than GRACE. The same holds for the highest degree
coefficients that cannot be corrected by GOCE because
of the signal damping with the satellite altitude. Note
also that sectorial and almost-sectorial coefficients are
practically unchanged above degree 150.

Since the global model is combined with a local dataset,
the corrections in terms of geoid are concentrated over
the considered area (see Figure 10).

The geoid differences over the Mediterranean region
(see Figure 11) have a standard deviation of 0.7 cm with
a maximum value of 27 cm over Cyprus. Some statistics
of these corrections are reported in Table 1.
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Figure 8: Corrections to each EGMO08 coefficient
using GOCE data over the Mediterranean region
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Figure 9: Degree corrections to EGMOS coefficients
using GOCE data over the Mediterranean region
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Figure 11: Geoid corrections in the Mediterranean area

Table 1: Statistics on the geoid corrections
in the Mediterranean area

mean std min max

8.5:10% cm 0.7 cm -23.5 cm 27.5cm

Moreover it can be seen that the zones where the geoid
corrections are higher approximately correspond to the
zones where the predicted error of EGMOS is higher too
(see Figure 12). This geoid predicted error is available
on the EGMO08 website [18], however it is not consistent
with the error variances of the spherical harmonic
coefficients, that basically give rise to geoid error
variances depending on the latitude only.
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Figure 12: Predicted error standard deviations of
EGMO08 geoid in the Mediterranean area

5. DISCUSSION AND CONCLUSIONS

In this work GOCE data in the form of grids at satellite
altitude are used to locally update EGMO08 geoid. These
grids are computed as a by-product of the space-wise
approach and they are easier to handle than the original
track-wise data. Local patches of these global grids can
be used as "observations" together with their full error
covariance matrix which is much smaller than the non-
localized error covariance matrix of the GOCE spherical
harmonic coefficients.

A GOCE-EGMO08 combined model, adapted to the
Mediterranean area, has been computed. Altogether the
correction of EGMO8 is not very significant (standard
deviation of 0.7 cm), probably due to the very good
quality of the model in Europe and to the short time
span of GOCE data used in this study (2 months).
However the corrections seem to be somehow correlated
with the EGMO8 predicted geoid errors and they are
more significant over delimited area like the Alps, the
Aegean plate and Cyprus.

Spectrally speaking the correction is concentrated in the
degree interval 70-220, so at a higher resolution than
the one expected from the global error degree variances.
This justifies the choice of using local GOCE data
instead of a global GOCE gravity field model.

To conclude it has to be underline that the method is
quite general and could be useful especially where only
poor or inadequate ground gravity data are available.
Furthermore it could benefit from the knowledge of the
block diagonal error covariance matrix of the EGM08
coefficients, since a modeling based on error variances
only is quite approximated.
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