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1 Introduction

The GRACE gravity mission currently provides data whereby the geoid map
is represented with the unprecedented precision of about 2 cm for spherical
harmonics up to degree and order 120, see also [13]. The accuracy of the
gravity field is expected to improve when more GRACE data become avail-
able from this unique gravity mapping project. The outlook is that GRACE
will be able to recover temporal changes in the gravity field in order to de-
tect geophysical signals caused by mass variations as a result of continental
hydrology or oceanic processes, for more details see [1].

During the reduction of data from GRACE it will be necessary to apply
a number of instrumental and geophysical corrections, of which two are
reviewed here. We focus on the quality of the air pressure and the ocean
tide corrections which both determine the accuracy of the monthly geoid
maps recovered from GRACE. For both cases we simulate geoid errors as
a result of the differences between existing ocean tide models enhanced by
TOPEX/POSEIDON altimetry and air pressure fields of the ECMWF and
NCEP reanalysis data. From the characteristics of both error signals we
conclude that significant geoid effects remain. The consequences of these
simulated errors in view of the GRACE mission objectives are the central
scope of this paper.

A part of the material in this paper was presented at the ISSI workshop
in Bern, see also [12].



2 Decade of the geopotentials

GRACE is a low-low satellite to satellite tracking mission launched on March
17, 2002 from Plesetsk Cosmodrome in Northern Russia using the ROCKOT
launch vehicle. The principle of GRACE is to observe range variations
between two low Earth orbiters to within approximately 1 gm/s while both
satellites are adjusted by small thrusts about every 2 minutes to maintain a
baseline orbit. The accelerometers on both GRACE spacecrafts are intended
for mapping the drag experienced by both satellites including those caused
by small thrusts. The GRACE mission is the second in a series of three
missions that will continue to improve our knowledge of the Earth’s gravity
field. GRACE was preceeded by CHAMP launched in the summer of 2000.
In order to map the gravity field CHAMP contains as primary instruments
a spaceborn GPS receiver and an accelerometer similar to that on GRACE,
see also [9]. Another future experiment is that of GOCE, see also [2] which
is based upon a pair of accelerometers forming a gradiometer in a 270 km
orbit. The latter mission is expected to complement GRACE by observing
the gravity field out till spherical harmonic degree and order 240.

The expected sensitivity of GRACE and GOCE with respect the spheri-
cal harmonic coefficients are shown in figure 1 and 2. In figure 1 we show the
cumulative geoid errors of EGM-96 (see [6]), GOCE and GRACE under the
assumption that a continuous stream of observation data is collected over a
period of 1 year. Specifications with regard to the instrument accuracy and
sampling rate etc. can be found in [1] and [2]. From figure 1 it can be seen
that the EGM-96 geoid error largely exceeds the projected geoid errors that
follow from GOCE and GRACE. In figure 2 we have introduced worst-best
case scenarios for both missions. The worst case scenario for GOCE assumes
a gradiometer only solution that is not improved by the GPS tracking data
information that is contained in our best case. The worst case scenario of
GRACE refers to a 30 day solution, the best case refers to a 5 year solution.

For CHAMP there exists an EIGEN-1S / GRIM5 combination solution
that was recently computed by [9]. This is a noticable improvement com-
pared to the EGM-96 solution. The error degree variances (not shown in
figures 1 and 2) for this gravity solution suggest a cumulative geoid error of
1,5 cm at [ = 20 which is more than factor 2 better.

A caveat emptor on the projections of the GRACE and GOCE geoid
errors and degree rms values shown in figure 1 and 2 is that we have never
inverted a system of normal equations built from real observation data. In-
stead we rely on semi-analytical techniques such as described in [10] whereby
the data are assumed on a specified nominal orbit and sampled at a regu-
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Figure 1: Cumulative geoid errors inferred from the EGM-96 model, worst
and best case scenarios for GOCE and GRACE, Units: spherical harmonic
degree and meters
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Figure 2: The rms by coefficient by degree for GOCE (dash-dotted line) and
GRACE (solid line), mean signal rms according to Kaula’s rule of thumb
(dashed line) and the air pressure loading signal (thick line). Units: spherical
harmonic degree against dimensionless coefficients.



lar interval and an observation noise power density spectrum according to
instrument specification. In the real world one will face the problem of ob-
servation outages (not polar gaps due to sun synchrous orbit etc) or datasets
that are shorter than planned etc.

It is therefor not surprising that the most recent GRACE derived geoid
model errors are still a factor 10 larger than the monthly geoid solutions
shown in figure 2. In addition the formal error characteristics of either
mission should formally be specified by a full covariance matrix or a repre-
sentation as geoid error grids.

3 Observation of temporal gravity

The observation of temporal changes in the gravity field is one of the exit-
ing new ideas that can hopefully be realized by the GRACE mission. This
mission should be able to perform this task thanks to its extreme sensitiv-
ity below degree and order 50, see figure 2 and [16]. The term ”temporal
gravity” should be interpreted as the gravitational effect of mass changes
due to geophysical processes. Several candidates are mentioned in [1], the
list includes mass changes as a result of ocean tides, atmospheric effects,
continental hydrology, ice volume changes, sea level changes unrelated to
temperature, post glacial rebound, earthquakes, mantle convection, tectonic
processes, and processes in the Earth’s core and mantle.

In order to observe the mentioned effects it will be necessary to correct
the observed inter-satellite range rates for known geophysical effects which
are not in the direct scientific interest of the GRACE project. Such cor-
rections are made with existing models which each come with their own
inherent accuracy label. It is expected that GRACE temporal geoid maps
are affected by the quality of both corrections. Here we will try to address
this question by considering simulated errors of existing ocean tide mod-
els and atmospheric pressure models which are two large contributors in the
GRACE data reduction scheme. (ie. modelling activities before the monthly
geoid maps are provided to the scientific community).

3.1 Ocean tides errors in GRACE geoid maps

In order to compute the geoid effect caused by an ocean tide signal during
the GRACE data reduction we consider recent ocean tide models which are
enhanced by TOPEX/Poseidon altimetry data, see also [3]. To simulate
a geoid model error as a result of still remaining ocean tide model errors
we have assumed that the mass layer input function becomes the difference



between the GOT99.2 and the FES99 model developed by [7] and [5] respec-
tively. By means of convolution operators that contain a Newtonian and an
elastic loading term and that operate on the thin mass layer we obtain the
simulated geoid error as a result of GOT99.2 relative to FES99. The ampli-
tude maps of the simulated geoid effect are shown in figure 3 for the tidal
constituents My So O and K. It can be seen that the simulated geoid error
is less than 0.5 mm in the open oceans. In polar regions and on continental
shelf areas there are more significant differences that reach the 3 mm level.
These geoid errors are caused by the fact that the T/P inclination of 66
degrees limits the altimeter mapping range. Moreover in shallow water the
altimeter track spacing is too coarse to map the finer details of the shallow
water tides.

Figure 3: Simulated geoid errors as a result of the difference between the
ocean tide models GOT99.2 and FES99, the range of the color scale goes
from 0 to 3 mm. Upper left My, upper right S, lower left O1, lower right
K.

Attempts to design methods for assessing the tide model error contami-
nation are discussed by [4] [8] and [11]. The aliasing problem for a gravity
mission is far more difficult to comprehend than the way tidal modelling
errors map along repeating T /P altimeter ground tracks. According to [8]
an important factor is the rate of change of the orbital plane of GRACE



compared to the rate of change of the tide generating potential at a spec-
ified constituent. The tidal aliasing periods mentioned in [8] are that K
maps at 7.48 years while Sy maps at 161 days. Tidal aliasing justifies fur-
ther research on the propagation of the simulated tide model errors in the
adopted data reduction procedures implemented for GRACE.

3.2 Air pressure errors in GRACE geoid maps

The motivation for studying the self attraction geoid effect that follows
from the air pressure signal is provided in figure 2. In this case the thick
line is representing the total contribution of the air pressure correction of
the NCEP (National Centers for Environmental Prediction) reanalysis data
in 1992. Interestingly enough, the magnitude of this correction is up to
a factor 100 larger than the best GRACE curve and the natural question
arises whether air pressure can be modelled with sufficient accuracy to fully
exploit the GRACE sensitivity at lower degrees.

The validity of the atmospheric pressure correction algorithm is ad-
dressed in [14] where it is stated that the pointwise accuracy of global models
is of the order of 1.0 to 1.5 mbar. They conclude this from a comparison
of ECMWF data (European Center for Medium Range Weather Forecasts),
NCEP reanalysis data and in-situ air pressure data. In [14] it is also sug-
gested that the accuracy of surface pressure corrections may be improved
after spatial and temporal smoothing of the input data. They show ex-
amples where the air pressure error is reduced to about 0.3 to 0.5 mbar (in
remote deserts) when the average field is computed over a period of a month.
The conclusion of [14] is that regional improvement by in-situ air pressure
measurements appears to be sufficient to remove the air pressure effect from
GRACE data.

In the following we simulate the air pressure model errors by the dif-
ference between the ECMWF and the NCEP reanalysis sea level pressure
data provided as daily grids in 1992. In figure 4 we show the mean geoid
error effect as a result of this model error; in this computation the sea level
pressure changes are converted to equivalent water height values over land
assuming a vertical air pressure gradient by an exponential decay law and
100% inverse barometric compensation over the oceans. Geoid error grids
are then computed on a daily basis and averaged over a period of 12 months.
The polar regions beyond 70 degrees latitudes were deliberately left out of
this analysis since it is assumed that the discrepancy between the ECMWF
and NCEP models is unrealistic, see also [15]. This computation shows that
the error is non-uniform and that it is mostly contained in the Himalayas,



Figure 4: Mean geoid effect as the result of ECMWF vs NCEP pressure
differences in the month of January 1992, the color scale runs from -3 to 3
mm.
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Figure 5: Wavenumber frequency difference spectrum of detrended air pres-
sure in mbar for ECMWF vs NCEP over 1992, the left diagonal axis repre-
sent spherical harmonic degrees [, the right diagonal axis frequency in steps
of cycles per year (cpy), the vertical axis represents mbar (formally mbar
per square root of the spatial frequency and per square root of the temporal
frequency).



in Africa and to a lesser extent in Australia. It is for this reason that we
expect that air pressure contamination is significant and that it may show
up as a systematic bias in a static gravity model.

A wavenumber frequency analysis of the simulated air pressure differ-
ences minus the average effect is shown in figure 5. This spectrum repre-
sents on one axis the spherical harmonic degree and on the other axis the
frequency in cycles per year (cpy). It shows that systematic long wavelength
spatial and temporal residuals between both meteorologic models exist. An
integration in the wavenumber frequency spectrum learns that the signal
contained at frequencies longer than two months (i.e. twice the monthly
mapping cycle by GRACE) and over spherical harmonic degrees up to 20
results in an air pressure rms of 0.16 mbar. The magnitude of this modelling
error appears to be significant in view of the anticipated accuracy of GRACE
which promises a geoid to be mapped to within 0.03 mm below degree and
order 20. Furthermore it should be mentioned that air pressure changes will
occur within the GRACE mapping cycle. Also these signals will alias (or
fold) into the monthly geoid maps. So far integration in the wavenumber
frequency spectrum suggests that such effects are far smaller than the above
mentioned effects. This analysis does not account for atmospheric tides, see
also [8], due to the daily sampling rate of our input maps.

4 Conclusions

In this paper we focus on the problem of the error characteristics of gravity
fields from CHAMP, GRACE and GOCE including the EGM-96 solution.
The scientific interest in GRACE is in the recovery of gravity signals such
as variations in the continental water balance. To accomplish this task re-
ductions should be made for the variations caused by tides and air pressure
variations. In order to quantify this problem we discuss the results of sim-
ulated errors as a result of tide model differences and air pressure model
differences. Our conclusion is that tidal modelling errors occur with a mag-
nitude up to 3 mm where the K; constituent is likely to map at a frequency
that exceeds the planned 5 year length of the GRACE mission. From the
air pressure error simulation we conclude that tides appear to be more sig-
nificant than the errors introduced by the air pressure correction algorithm.
The expected signal error in the simulated air pressure signal is estimated
at 0.16 mbar for periods longer than 2 months and for spherical harmonic
degrees less than 20. Such pressure errors appear to be significant in view
of the anticipated GRACE sensitivity of 0.03 mm in the geoid below degree



20. Both issues justify future research with regard to the implementation
of algorithms for separation of signal and noise from monthly GRACE so-
lutions.
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