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Three joint interdisciplinary projects were launched in March 2009 in the frame-
work of the R&D-programme GEOTECHNOLOGIEN. 
Significant advances in the scientific use of space based data were achieved through
a coordinated approach and prioritization in a joint programme of research centres
and universities. The satellite missions CHAMP, GRACE and GOCE led to a quantum
jump in research related to Earth’s gravity and the magnetic fields, and to mass trans-
port within the system Earth. The missions were and are instrumental to establish a
new segment of the Earth system science. The main topic »Observation of the Earth
system from Space« of the R&D programme GEOTECHNOLOGIEN allowed it to a
large number of German scientists to be involved in the missions in leading positions.
Germany is now an internationally recognized partner and leader in this field. 

The R&D programme GEOTECHNOLOGIEN has allowed the stabilisation at the
international global geodetic observing system. Based on the insight gained to the
exploration and monitoring of changes related to the Earth’s surface, the bounda-
ry layer between atmosphere and solid Earth, oceans and ice shields has been made
possible. This boundary layer is our habitat and therefore at the focus of our inter-
ests. The Earth’s surface is subject to anthropogenetic changes; changes driven by
Sun, Moon and planets, and by changes caused by processes in the Earth system.
These state parameters and their variability are best monitored from space. The
theme »Observation of the System Earth from Space« offers comprehensive insight
into a broad range of research topics relevant to society including geodesy, ocean-
ography, atmosphere science (from meteorology to climatology), hydrology and
glaciology. 

This volume summarizes the scientific results presented during the status seminar
at the Rheinische Friedrich Wilhelms University in Bonn, Germany in October 2010.
The articles reflect the interdisciplinary approach of the research topic.

The GEOTECHNOLOGIEN programme is funded by the Federal Ministry for 

Education and Research (BMBF) and the German Research Foundation (DFG)
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Observing the Earth from space has undergone a rapid development in recent years and today
holds a prominent position in geo-related scientific research today. Research satellites are indi-
spensable tools for studying processes on and inside the Earth system. The view from space
allows the observation of the entire planet uniformly in near-real-time. Also the resulting time
series of measurements allow the detection and monitoring of changes in this very complex
system.

Satellites like CHAMP (Challenging Mini-satellite Payload), GRACE (Gravity Recovery and Climate
Experiment) and GOCE (Gravity Field and steady state Ocean Circulation Explorer) measure the
gravity and magnetic fields of the Earth with an unprecedented accuracy and resolution (in time
and space) and provide the metrological basis for oceanography, climatology, glaciology, global
change and geophysics in general. 

The involvement of German scientists in these missions is strengthend by the R&D programme
GEOTECHNOLOGIEN. The topic »Observation of the System Earth from Space« has been funded
since 2001 by the Federal Ministry of Education and Research (BMBF) and the German Research
Foundation (DFG). This substantial support is fully confirmed by the scientific and social relevan-
ce of this field of research and the unique insights in the system Earth gained in recent years. 

Ute Münch Gerhard Beutler
(Head of the GEOTECHNOLOGIEN (Chair of the advisory committee)
coordination office)

Preface
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Rheinische Friedrich-Wilhelms-Universität Bonn

4. October 2010
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14:00 – 14:15 REAL-GOCE Statusbericht
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1. Introduction
Since end of 2006, GFZ as part of the GRACE
Science Data System is routinely processing
EIGEN-GRACE05S (or RL04 in the SDS nomen-
clature) monthly gravity field solutions (Flecht -
ner et al., 2010). Up to now, this time series
comprises nearly 8 years and allows for investi-
gation of various time-varying mass variation
sig nals in the system Earth such as the continen -
tal hydrological cycle, surface and deep ocean
currents, ice mass change in Ant arc tica and
Greenland or secular effects induced by GIA.

As a matter of fact, the error level of the RL04
time-series is still about a factor of 15 above
the pre-launch simulated baseline accuracy
caused by inaccurate background models,
instrument data or processing standards. Most
evidently, this becomes visible by spurious
striping artefacts in the monthly solutions,
which have to be filtered by the users before
further analysis. In the framework of the
GEOTECHNOLOGIEN Project »TOBACO CHAMP/
GRACE«, GFZ will reprocess the whole GRACE
mission to get a consistent and more precise
new EIGEN-GRACE06S (RL05) time series
using improved background models, repro ces -
sed Level-1B instrument data and upgraded
processing standards. An overview of these
upgrades is given in Chapter 2. Chapter 3 de -
scribes first results of one year (2008) of pre-
liminary RL05 solutions and their improve-
ments compared to RL04. Conclusions and an
outlook on the remaining issues to get a final
RL05 series for the complete GRACE mission
period are summarized in Chapter 4.

2. Models, Instrument Data and Proces s ing
Standards for Reprocessing of the EIGEN-
GRACE06S Time Series
In order to derive a consistently reprocessed
EIGEN-GRACE06S time series we have applied
improved observation and background models,
reprocessed instrument data and upgraded pro -
cessing standards which are described in the
following. 

2.1. Observation Models and Instrument
Data
For RL05 we have improved our GPS data pro-
cessing by adding GPS phase windup correc-
tions and absolute phase center variations and
derived our own GPS azimuth/elevation depen-
dent masks for both GRACE satellites. These
improvements, plus use of ITRF2008 instead of
ITRF2005 station coordinates, have also been
used to reprocess all GPS constellations (orbits
and clocks). In order to reduce geographically
correlated elimination for K-band range-rate
(KBRR) data (e.g. in the Amazon region due to
large mass variation signals) we have applied a
5-sigma (instead of 3-sigma) elimination crite-
rion and a time-variable part of the static back -
ground model (derived from the RL04 time
series, see below). Additionally we now analy-
ze more KBRR data as due to a previous misin-
terpretation of the L1B Product User Handbook
(Case et al., 2010) we eliminated in RL04 KBRR
data with low but valid signal-to-noise ratio.
Finally we used a preliminary version of recom-
puted Level-1B star camera and KBRR instru-
ment data (V.02), resulting in more precise
KBRR phase center corrections. 

Progress Towards The New GFZ EIGEN-
GRACE06S Gravity Field Time Series

Dahle Ch., Flechtner F., Neumayer K.H.

Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, 

Correspondence to: Ch. Dahle (dahle@gfz-potsdam.de) 
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2.2. Background Models
The static gravity model has been upgraded to
EIGEN-51C, a combination of CHAMP and
GRACE (Bruinsma et al., 2010). We have also
estimated trend and seasonal (annual, semi-
annual) signals from re-parameterized GRACE
RL04 normal equation systems. Here we used
only coefficients which passed a significance
test. This time-variable model has been added
to the static field during gravity field determi-
nation, but has been restored to the solved
monthly model in order to guarantee the same
model output philosophy than in previous
releases. One effect is that the number of eli-
minated KBRR residuals has been much redu-
ced (see Figure 1) by this approach. Finally, we
used the preliminary ocean tide model EOT10a,
which is an update of EOT08a (Savcenko and
Bosch, 2008). All other background models,
e.g. to de-alias non-tidal short-term mass vari-
ations or to correct for Solid Earth and pole
tides, remained unchanged.

2.3. EPOS Environment and Standards
Thanks to the various improvements to reduce
the computation time to calculate and solve
monthly GPS and GRACE normal equation
systems (see Neumayer, this issue) the proces-
sing of a monthly gravity field up to degree and
order 150 is now approximately a factor of two
faster than for RL04. We have tested the in flu -
ence of the arc length which was 24 hours for
RL04. The arc length is always a compromise
between »short« to avoid the accumulation of
data and modeling errors during numerical
integration and »long« to retain resonant lon-
ger-period gravitational perturbations. We

found a considerable improvement when using
6-hourly arcs which is mainly due to the fact
that we then use in principal a much denser
parameterization of accelerometer parameters
(biases and scales). Therefore we stayed with
24 hours arcs (in order not to increase compu-
tation time and disk space for four times more
normal equation systems), but introduced 6-
hourly accelerometer along-track scales and
biases for along-track, cross-track and radial
directions. The contribution of GPS observa-
tions to the gravity field solution was reduced
by limiting the maximum degree and order in
the combination of GPS and KRR normal equa-
tions to 80 for GPS.

3. Results of 1 Year of preliminary EIGEN-
GRACE06S Gravity Field Solutions
The positive effect of reprocessed GPS constel-
lations for the year 2008 becomes visible when
looking at the 3D RMS w.r.t. IGS which was
reduced from 7.2 to 5.1 cm and is now much
more homogeneous (without jumps and seaso-
nal signals, see Figure 2). 

As a result of the upgrades mentioned in Chap -
ter 2 the pre-fit GPS and KRR residuals for 2008
decreased from 7.4 to 6.2 mm and from 0.36
to 0.27 µm/s, respectively (not shown). Most
important, the formal and calibrated errors of
the RL05 monthly solutions could be signifi-
cantly improved (Figure 3). The overall level of
the calibrated errors is now only a factor of 11
above the GRACE baseline, which is an impro-
vement w.r.t. RL04 of approximately 25%.

Figure 1: Eliminated KBRR data in RL04 (left) and RL05 (right)
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The resulting RL05 monthly fields show redu-
ced horizontal (due to the improved L1B data
and better KBRR phase center corrections) and
meridional striping. As an example the RMS of
the unfiltered monthly solutions in terms of
geoid height w.r.t. the static EIGEN-GRGS.RL02
(Bruinsma et al., 2009) field up to degree and
order 120 for April 2008 reduced from 111 to
83 mm, an improvement of 33% which is typi-
cal for all other monthly models (Figure 4). Also
the scatter of these RMS values is now much
smaller. The filtered solutions using the Kusche
et al. (2009) approach still show an improve-
ment of some percent for small wavelengths
(240km, DDK3) over the oceans (not shown).
Finally, the RL05 mean static field for 2008
shows considerable improvement above de -
gree 90 when analyzing SLR residuals of low
Earth Orbiting Satellites (LEO) such as GFZ-1
and GOCE, which is a further indication of the
quality of our reprocessed time series.

4. Conclusions and Outlook
We have reprocessed a first version of RL05
(EIGEN-GRACE06S) monthly gravity field
models using improved background and obser-
vation models, instrument data and processing
standards for 2008. The overall calibrated error
could be reduced from a factor of 15 (RL04) to
11, showing that these new models are now
much closer to the GRACE baseline. These new
models have been preliminary validated and
show reduced horizontal and meridional stri-
ping, e.g. visible in reduced RMS when compa-
ring unfiltered RL04 and RL05 solutions to a
static gravity field. Also the static field for 2008
shows considerable improvements when com-
paring SLR residuals of various LEO satellites
such as GFZ-1 or GOCE.

Within the next few months we will test and
add several upgraded models (e.g. the final
EOT10a) and data (e.g. final L1B V.02) or the
influence of new IERS2010 processing standards.
Also the combination of GRACE with LAGEOS is
planned as some 2008 GRACE monthly solu-
tions still show degradation in the degree 2 co -

Figure 2: 3D position RMS of RL04 and RL05 constella-
tions [cm] w.r.t. IGS

Figure 3: Formal and calibrated errors of RL04 and RL05
monthly solutions of year 2008 w.r.t. the GRACE baseline.

Figure 4: RMS of unfiltered monthly gravity models w.r.t.
the static EIGEN-GRGS.RL02 in terms of geoid height
[mm] up to degree and order 120
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efficients. We are optimistic that we can gain
further improvements and that the full GRACE
mission will be reprocessed in spring 2011 and
provided to the user community.
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Gravity Field Generation Applying the
Integrated Approach

Introduction
The generation of gravity fields at GFZ based
on precise orbit determination using the L1B
instrument data of the GRACE mission is cur-
rently done applying the conventional two-
step method where GPS orbits and clock para-
meters are introduced as fixed being produced
in a preceding step. That way the real-world
scenario is split into two separate steps mea-
ning that important correlations between the
GPS ground stations, the GPS satellites and the
GRACE Low Earth Orbiters on the other hand
are neglected. In order to better describe the
real world it is strived for carrying out the gra-
vity field processing applying the integrated
approach (see Zhu et al., 2004) where all rele-
vant observations are processed within one
step thus considering all correlations. In parti-
cular, benefits for estimating gravity field coeffi-
cients following the integrated approach have
been demonstrated in König et al. (2005).
In a first attempt two solutions for gravity field
harmonic coefficients up to degree and order
10 are computed applying the integrated
approach, and, for comparison purposes, they
are as well computed applying the two-step
method following the routine GRACE gravity
field processing (Flechtner et al., 2010). The
solutions obtained are of daily resolution cove-
ring the period of April 2004 with two days
missing (2004/04/05 and 2004/04/26). By ac -
cu mulating the daily normal equations for
both cases two monthly solutions are derived.

Processing
The data comprise GPS observations of selec-
ted GPS ground stations (GPS/ground), GPS-
SST measurements (GPS/SST) taken on-board
each GRACE Low Earth Orbiter (LEO), and K-
band range-rate data (KBRR) measured bet-
ween the LEOs. The GPS measurements have
got a time spacing of 30s, and they are pro-
cessed as L3 ionosphere-free linear combina-
tions. The KBRR observations are provided as
preprocessed L1B data by JPL at intervals of
10s. Overall, the processing standards and
background models mainly follow the GRACE
release 04 standards (Flechtner et al., 2010). In
order to keep pace with recent developments
in modeling some updates are introduced: IGS
absolute phase center corrections are applied
to GPS/ground measurements, and a GFZ-deri-
ved correction mask is applied to GPS/SST
phase measurements.
As a basis for both the integrated approach as
well as the two-step method GPS constella-
tions, i.e. orbits and clock parameters of the
GPS satellites, are generated by means of pre-
cise orbit determination (POD) of the GPS
satellites using the GPS/ground data. In this
step also the GPS/ground data is cleaned from
outliers. The length of each arc is 24h with
about 50 ground stations involved.
In order to further prepare the integrated
approach the GPS/SST data as well as the KBRR
data are cleaned from outliers by means of
POD of the GRACE LEOs using the produced
GPS constellations as fixed. Independently, the
two-step method is carried out using the same
fixed GPS constellations. Here, as well, the
nominal arc length is 24h but can be shorter if
e.g. instrument data are missing or not usable.

König D., Dahle Ch. 
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In this investigation this is only the case for the
arc on day 2004/04/09 (length: 0.375d).
Finally, the integrated approach is performed
by simultaneous POD of the GPS satellites and
the GRACE LEOs using the cleaned GPS/
ground, GPS/SST, and KBRR data.

Results
The quality assessment is concentrated here on
the estimated gravity field coefficients (GFCs).
They are evaluated regarding their a posteriori
standard deviations, some difference degree
variances and the series of their daily estimates.

The a posteriori standard deviations, i.e. the
formal errors, are almost the same for both
solutions in C00 and the degree-one coeffi-
cients. There are significant differences for the
GFCs from degree two on with the coefficients
coming from the two-step method revealing
standard deviations surprisingly half an order
of magnitude smaller than those coming from
the integrated approach. On the other hand
both solutions show the same structure of a
posteriori sigmas: the higher the order the hig-
her the sigma. But there still remains the
question whether these differences in a poste-
riori sigmas are yet significant. Considering
e.g. that the calibrated release 04 errors result

from multiplying the original formal errors by a
factor of approximately 10 it is also possible
that the integrated approach gives more reali-
stic formal errors. Therefore no interpretation
is given at this early stage of investigation.

The degree variances are determined for the
difference between each solution with respect
to EIGEN-51C (Bruinsma et al., 2010) as well as
for the difference between both solutions. As
can be seen in Figure 1 the degree variances of
the difference between both solutions are
above the calibrated release 04 error meaning
that the differences are too high as to repre-
sent an improvement towards the GRACE
baseline. Forming the degree variances of the
differences of each solution with respect to
EIGEN-51C represents a comparison to an
external reference. Again, smaller difference
degree variances mean a greater significance
of the changes towards the GRACE baseline.
For the degrees equal to and larger than four
the degree variances of the differences to
EIGEN-51C are approximately the same for
both solutions. Regarding degree three these
degree variances are slightly smaller for the
integrated approach whereas they are smaller
for the two-step method at degree two. This is
most probably due to an outlier in the daily esti-
mates on day 2004/04/09 (year 2004.27049)

Figure 1: Difference degree variances
for various solutions.
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which is the day of the short arc: regarding the
degree-two terms the integrated approach is
affected, in case of the degree-three terms
there is at least an outlier in C30 for the two-
step method. On the other hand it is known
that in general estimating C20 from GRACE
data is not reliable. At degrees zero and one
there are significantly smaller difference de gree
variances for the integrated approach in dicating
a better quality of the solved-for parameters.

Estimating C00 is a good indicator for revea-
ling the reliability of a solution as there is no
physical reason for this parameter to deviate
from its expectation value of one. As visualized
by Figure 2 the scatter of each series is rough-
ly the same while the mean differs significant-
ly. In case of the integrated approach the time
series is nearer to its expectation with a mean
of 0.0862m whereas in case of the two-step
method the mean is -0.1768m. This means
that the integrated approach is more reliable
regarding the scale of the gravity field.

The dynamic geocenter which is the center of
mass of the Earth is represented by the GFCs
C11, S11, and C10 referring to the x-, the y-,
and the z-coordinate, respectively. Short-term
mass variations are modeled here using the
AOD1B product that does not contain hydro-

logy; but effects of hydrology on geocenter
variations are expected to be less than a milli-
meter. That way any larger bias as well as lar-
ger scatter of the series indicate reduced qua-
lity. The time series of the daily solutions reve-
al lower mean values and lower standard devi-
ations in all three components for the integra-
ted approach, see Figure 3. This is especially
pronounced in C10, the z-component. Thus, it
can be stated that applying the integrated
approach better daily estimates of the coordi-
nates of the dynamic geocenter are obtained
than applying the two-step method.

Regarding C20 there is much higher scatter in
case of the integrated approach but the trend
for both solutions is the same. On the other
hand C20 estimates derived by GRACE are cur-
rently not accepted to be trustful leading to
the GRACE Project recommendation to ex -
change GRACE-derived estimates of C20 by
SLR-derived values provided in the GRACE
Tech nical Note #05 (see GRACE Project Do cu -
ment). As C20 is a geophysically interesting
parameter future research will certainly focus
on improving the integrated approach for esti-
mating this parameter.

The series of the daily estimates of C21, S21,
and of S22, see Figure 5, reveal only a small

Figure 2: Daily estimates of C00-1.0,
rescaled to metric distance on the
Earth surface; mean±standard devia-
tion [m]: +0.0862±0.0579 m (inte-
grated), -0.1768±0.0467 (two-step).
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bias of less than a millimeter between both
approaches. Also the standard deviations differ
by less than a millimeter. Nonetheless the inte-
grated approach seems to be sensitive with
respect to outliers in the data and therefore
needs careful processing.

Concerning the zonal terms (order = 0) of
degree ≥ 3 there is only some detectable diffe-
rence between both approaches for C30 with
higher scatter in case of the integrated appro-

ach and a visible trend in case of the two-step
method. It is interesting to see that the outlier
on 2004/04/09 as well occurs more pronoun-
ced in the series of the two-step method.

Conclusions
In order to improve current GRACE-based gra-
vity fields it is investigated whether the inte-
grated approach leads to better results than
the currently followed two-step method. For

Figure 3: Daily estimates of dynamic
geocenter co ordinates, rescaled to
me tric distance; mean±standard
deviation [m]: 
C11: -0.0010±0.0050 (integrated), 
-0.0019±0.0071 (two-step), 
S11: -0.0027±0.0055 (integrated),
+0.0123±0.0099 (two-step), 
C10: +0.0100±0.0082 (integrated), 
-0.0331±0.0163 (two-step).

Figure 4: Daily estimates of C20.
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getting a first comparison of both approaches
gravity field coefficients up to degree and
order ten are estimated by either approach
with daily resolution covering one month of
data. The degree variances of the differences
between either monthly solution and EIGEN-
51C show better agreement of the integrated
approach with this EIGEN field for degrees
zero, one, three, and four.
Lower biases and lower scatter of the series of
the daily estimates show that the integrated

approach delivers better solutions of C00 and
the coordinates of the dynamic geocenter
(C11, S11, C10). Smaller degree variances of
the difference between the integrated solution
and EIGEN-51C as well indicate a better quali-
ty of those coefficients compared to the two-
step method. But there still remains the
question whether it is reasonable to estimate
these coefficients or to keep them fixed. While
the two-step method resolves C20 with much
lower day-to-day scatter, there is almost no dif-

Figure 6: Daily estimates of C30.

Figure 5: Daily estimates of degree-
two terms, rescaled to metric distan-
ce on the Earth surface; mean±stan-
dard deviation [m] (without outlier
on 2004/04/09): 
C21: -0.0015±0.0006 (integrated), 
-0.0022±0.0004 (two-step), 
S21: +0.0114±0.0009 (integrated),
+0.0117±0.0003 (two-step), 
S22: -5.7653±0.0001 (integrated), 
-5.7650±0.0002 (two-step).
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ference in C21, S21, and S22. Concerning the
zonal terms from degree three on there is only
significant difference in C30.
It should be emphasized that the work present-
ed here is only a first step towards generating
satellite gravity fields applying the integrated
approach. The integrated approach has got the
potential to deliver better qualities, however
some open issues still need to be resolved.
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Faster Reprocessing

1. Introduction
Reprocessing a gravity field involves a lot of
experimenting. Background models have to be
evaluated and tested, data pre-processing
methods have to be analysed, different proces-
sing strategies have to be weighted against
each other.  Applying a method to one day or
one week of test data does often not show if
it works or not. In order to obtain a meaning-
ful static gravity field it is necessary to process
consecutive data of one month at least, often
more. Annual time variability shows on a time
scale of years, not of months. Thus when a
reprocessed gravity field is finally offered to the
community then it has, in fact, not been repro-
cessed once but many times. It is therefore vital
that the technical part of the processing is reli-
able and fast. Hardware has to be chosen in a
manner that it helps the task, and developed
software has to exhaust all the possibilities of
existing hardware. Software development
must include all possible tools of parallelization
and efficient computation. The design and
management of processing chains has to be
optimized. Modularity is a necessity if several
persons are involved in the development pro-
cess. In the following we present what has
been achieved here so far.

2. Established Processing Strategy 
Gravity fields are adjusted from normal equa-
tions obtained from batches of consecutive
measurement data. The typical time horizon
for a gravity field that is considered to be a sta-
tic one is one month (at least what concerns
GRACE processing). Data that go into the
adjustment are, in the case of GRACE, GPS
code and phase measurements as well as inter-

satellite tracking data in the form of microwa-
ve range rate. Furthermore, on-board acceler-
ometer measurements and star-tracker attitu-
de quaternions give non-conservative accelera-
tions and satellite body orientation. The para-
meters that are adjusted are - apart from the
Stokes coefficients of the gravity field and
(optionally) the expansion coefficients of the
ocean tides - daily initial positions and veloci-
ties of all satellites, calibration factors and bia-
ses of the measured surface accelerations and
empirical parameters that model errors in the
inter-satellite tracking link. Finally, there are
GPS phase ambiguities and offsets of the GPS
on-board receiver clock.
The comprehensive normal equation is not
computed in one sweep from the entire data
set, but the original time interval is chopped
into batches of (typically) one day length. Nor -
mal equations are computed for those smaller
data batches, they are then added up to one
global equation, which is finally solved for all
parameters. The processing along these lines is
done in several consecutive steps.
In the first step, the gravity field we start from,
and also the ocean tides, if present, are not esti-
mated. For every day of the month, the satellite
orbits are adjusted as good as possible to the
measurement data by varying the rest of the
parameters. This is commonly called screening.
In the second step, the expansion coefficients
of the gravity field (and possibly those of the
ocean tides) are added to the set of solve-for
parameters, and for all one-day sub-arcs, the
design equations are computed and stored.
In the third step, normal equations are compu-
ted from the design equations.
Those normal equations are then added up
and solved. Depending on the problem at
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hand, a parameter reduction is applied. 
Ex per i ence has shown that the above-mentio-
ned third step, which essentially amounts to the
ap parently trivial task of multiplying large matri-
ces, is the most time-consuming of all. As a rule,
it makes almost no sense to attempt a speedup
of the rest if that bottleneck is not widened.
The screening part is done on a Linux cluster.
The daily jobs of one month are simultane-
ously started on different nodes of the net-
work, so the amount of time the screening of
all arcs takes is effectively the time to do the
screening for one day only. Steps two and
three are performed on interconnected sha-
red memory work stations that run the Unix
operating system.
To accelerate processing in step two, the de -
sign equation is not created in one piece. A
tech nique is applied that is called parameter
chun king: Not one, but several instances of the
satellite integration and adjustment program
are started in parallel at the same time. Their
controlling input files are almost identical. The
difference between them is the flagging of pa -
ra meters as free or as solve-for. Typically, de pen -
ding on the capacity of the underlying hard-
ware, 20-40 such processes are started in paral-
lel, having mutually disjoint sets of free parame-
ters, and the union of the free parameters over
all jobs give the set of desired parameters that
are to be adjusted altogether. In technical terms,
this amounts to partitioning the design equa-
tion matrix into 20-40 column blocks. The for-
mat of the output files gives a well-defined in -
ter face for subsequent processing. Experience
shows that a considerable speedup is achieved
by this fragmenting policy, and it is more
straight  forward and much simpler than to
spend time on parallelizing the orbit adjustment
program proper. Speedup may also be due to
effects in the operating system having to do
with memory management and array addres-
sing which seem to favour processes that occu-
py small portions of the RAM.
The largest part of the third step, creating nor-
mal equations from design equations, is the
com putation of normal equation matrices
from design matrices. This is achieved, at the
level of the underlying fortran programs, with

MPI (message passing interface).  
The subsequent adding, parameter reduction
and solution of the normal equations is done
with the in-house TOTSOL processing environ-
ment. It features tools that look like Unix/Linux
commands, with command line parameters
and option switches. To the user they are
essentially black boxes.
The orbit integration and adjustment program
that is used for steps one and two bears the
name EPOS-OC, and this abbreviation will be
used in the following.

3. Parallelization from the Viewpoint of
Hardware and Software
The acceleration of processing, for our pur-
poses, is mainly achieved by parallelization.
There are two essentially different approaches
de pen ding on the underlying computational
hardware. 
A cluster environment with physically distribu-
ted memory hardware features a large number
(up to several thousands) of computation no -
des, where the resources of the individual no -
de, like number of processors or RAM (random
access memory) size, are small. Effectiveness is
achieved by breaking down the task into a very
large number of subtasks that are distributed
over the nodes to be run in parallel. That distri-
bution can be done by hand with commands
like rsh (remote shell) or ssh (secure shell), but
in most cases it involves a queuing system. A
typical tool for parallel programming at source
code level is MPI (message-passing interface).
Shared-memory optimization, like OpenMP 
(o  pen multi-processing), is a concept that ap -
plies to a different type of hardware, featuring
CPU arrays (typical 16, 24) that share one and
the same large RAM (up to 128 GB). It is activa-
ted by inserting dedicated directives into the
source code of programs that are written in
computer languages like fortran or C adopted
for numerical high-performance computing.
Distributed memory parallelization at the level
of program source code is much more difficult
to implement. The MPI communication proto-
col e.g. basically amounts to calling a collec-
tion of subroutines from the respective high-
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level language, and the distribution of data to
computation nodes and their collection has to
be programmed by hand. An easier, brute
force alternative is to do the distribution at the
level of the shell. Programs that are treated as
»black boxes« for dedicated tasks are invoked
on the computation nodes via the queuing sys -
tem, and they communicate with the help of
files. Those data files are either copied to and
from the local disks of the nodes, or they are
read from and written to a storage location
that is visible from all nodes.
The limiting factor of distributed memory
computation is the transport of data between
the nodes and, as a consequence, the net-
work load. 
In shared memory-machines, by contrast, the
data is already »in place« for all CPUs and
needs not to be transported or written. The
limiting factor here is the number of CPUs on
the machine.
At the GFZ in Potsdam, we have a distributed
memory cluster with a central RAID (redundant
array of independent disks) system with a total
capacity of some 90 TB of disk space. The cur-
rent usage is such that some 20-25 TB are per-
manently free. The controlling central access
node has 12 CPUs with 800 MHz each, sharing
16 GB RAM. At the moment (September 2010)
202 computation nodes are accessible via a
load sharing facility (LSF). The individual com-
putation nodes are such that there are 33 with
2 CPUs, 114 with 4 CPUs and 42 with 8 CPUs.
In theory there are 858 processors accessible
altogether. The binding of the users to dedica-
ted processing queues as well as frequently
occurring hardware problems restrict the num-
ber of CPUs available to the gravity field pro-
cessing group to about 90 at most. The indivi-
dual nodes are »small« according to the stan-
dards of today, we have 2-8 GB RAM per node
with the understanding that »GB RAM equals
number of processors«, i.e. if we have 8GB
RAM on a node then 8 processors have to share
it. The tact frequency of the individual proces-
sors ranges between 1 GHz and 2.8 GHz. The
cluster is continuously updated and expanded,
thus the number of nodes changes.
Interesting for the shared-memory approach,

on the other hand, is the recent acquisition of
two Linux workstations with 24 GB RAM each,
having 16 and 24 processors respectively with
2.4 and 2.6 GHz tact frequency. 

4. A Description of some File Interfaces
Design equation files are produced by EPOS-
OC in the above-mentioned second processing
step. Some remarks on the structure of those
files are in order. Let npar be the number of
solve-for parameters, and let mobs be the num-
ber of observations. Then the ensuing file has
a size of 8·(mobs+2)·(npar+10) bytes. The file for-
mat is binary and direct access. The individual
file record length is 8·(npar+10).
Record numbers 3 to mobs + 2 are used for the
design equation proper. In the first record,
three integers npar, mobs and lamb are stored,
where the first two have already been explai-
ned and the third one is, in the case of GPS
me asurements present, the number of GPS
phase ambiguities. The second data record
con tains intelligence on a-priori parameter sig-
mas and is not of interest here. 
The entries from record number three onward
we symbolically write as

ctyp, kep, j1, j2, res(1:4), pois(1:4), pard(1:nobs)

with the following meaning: ctyp is a 4-cha-
racter string, with the fourth character always
a space, the first three designating the obser-
vation type, like GPS, KRR, POS, VEL, … for
GPS code/phase, k-band range rate, satellite
positions, satellite velocities, and so forth. The
4-byte integer kep is the epoch number in case
of GPS measurements; it is typical for GPS that
we have more than one observation per
epoch, and the epoch counter shows which
measurements belong to the same epoch. In
case of non-GPS measurements this entry eit-
her has no meaning, or it is used as an auxilia-
ry parameter e.g. for data filtering. The inte-
gers j1, j2 are the indices of the sender and
receiver clock parameter for GPS, otherwise
they are dummies. The following 8-byte real
numbers res(1:4) are measurement residuals.
In case of GPS measurements, res(1:2) are
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code and phase residuals, for non-GPS measu-
rements, only res(1) is used; res(3:4) are dum -
my entries reserved for future measurement
types. The same philosophy applies to the ob -
servation weights pois(1:4), with pois(1:2) be -
ing used for the GPS case, and pois(1) for all
others. The 8-byte real numbers in the vector
pard(1:nobs) are the partial derivatives of the
observation with respect to the parameters,
where the simultaneous treatment of code/
phase observation pairs in case of GPS (which
will not be explained here) demands that the
last  lamb parameters are the phase ambiguities.
It should be remembered that, due to parame-
ter chunking, EPOS-OC started in parallel pro-
duces not one but between 20 – 40 such design
equation files, thus realising a block-column
partitioning of the design equation matrix.
Normal equations are produced hereof in the
above-mentioned third step. The adopted way
to store them is a pair of two files, a HEADER
and a BINARY body. 
The HEADER contains intelligence on the types
of measurements processed for the normal
equation, the number of solve-for parameter,
the number of observations and the number of
reduced parameters. Furthermore, the lTPl
(sum of the weighted squares of the residuals)
per measurement type is stored. The starting
values for the parameters reside here as well as
a mapping of the parameter numbers to the
parameter names. 
The BINARY body file contains the system
matrix of the normal equation, its right-hand
side vector and the sum of the weighted
squares of the observation residuals (lTPl). As
with the design equations, the file format is
binary and direct access. If we have npar solve-
for parameters, then the record length of that
direct-access file is 8·(npar + 2) bytes: The first
8-byte real in every record is the respective ent -
ry of the normal equation right-hand side vec-
tor, followed by the npar elements of the nor-
mal equation matrix row. The last 8 bytes are
dummies. This structure applies to records 1 to
npar. Record number npar+1 is essentially empty,
only the first 8-byte real is the target functional
lTPl. Consequently, the size of the BINARY file
is 8·(npar+1)·(npar+2).

5. Re-ordering of the Parameters
In a typical scenario most of the parameters
are Stokes coefficients of the gravity field. Thus
the parameter chunking explained above tradi-
tionally means a chunking of the gravity field
parameters alone. Let us explain this with an
example. Imagine we had a day for which we
want to generate the design equations, and
we make 30 chunks of free parameters. Then
chunk numbers 1 to 29 contain gravity field
parameters. Chunk number 30 however con-
tains a problematic mixture of parameters that
are specific to the arc, like orbit elements,
accelerometer calibration factors and k-band
parameters, but also global parameters like the
ocean tides and those gravity field coefficients
that are not contained in chunks 1 to 29. A
considerable performance improvement was
achieved by slightly changing the chunking
policy: Not only the gravity field parameter
vector now is chopped up into handy pieces,
but also the vector of ocean tide coefficients,
and the last chunk contains no global, but only
arc-specific parameters. To make an example,
chunks 1 to 30 contain the gravity field, chunk
31 and 32 the ocean tides and chunk 33 the
parameters that describe the satellite orbits of
the specific day and data calibration factors,
and nothing else. The performance improve-
ment has to do with the logistics of operations
that follow later like the reduction of arc-spe-
cific parameters and the adding of normal
equations, which were traditionally taken care
of by commands of the TOTSOL chain that
assume no structure of the normal equation
matrices whatsoever and therefore perform a
lot of now redundant operations like permu-
ting the parameter vector before a reduction
and re-mapping of initial parameter values
before an adding and a re-sizing of the matrix
and vector dimensions. In the novel form, the
global parameters (gravity and ocean tides)
are already sorted to the front of the parame-
ter vector, therefore reduction and adding
becomes almost trivial. The saving in the pro-
cessing time is around four hours for that
processing step.
Furthermore, a consequent migration of the
second processing step to the distributed-
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memory cluster environment allows an
almost unlimited number of chunks per arc
and a processing of several arcs at the same
time in a batch.
As an example, the accumulation of the design
equations of a test model problem with a gra-
vity field of degree and order 90 took 2 hours
47 minutes with the new method, compared
to 7 hours when it is done the traditional way.
On the Linux cluster, the processing time
essentially scales with the number of computa-
tion nodes available.

6. Novel Methods for the computation of
Normal Equations

6.1. Fragmented Normal Equations on the
Distributed Memory Cluster
A first attempt to port the traditional MPI
approach more or less unchanged to the Linux
cluster was not satisfactory. On the one hand
there were spurious errors of the MPI subsy-
stem on the connected Linux machines. On the
other hand, a scaling of the performance with
the number of computation nodes was not
achieved. A possible reason is the »small-
ness«of the individual cluster node, with
respect to the number of CPUs (2,4 and 8) and
the limited size of the RAM (2 to 8 GB).
Despite the fact that MPI seems to be tailored
for applications with distributed memory, the
physical distribution of the latter causes a lot of
overhead in process communication, and a
considerable part of the whole time MPI is run-
ning it is occupied with copying data from one
processor node to the other. 

It was therefore decided to

– Dispense with MPI for the time being
– Maintain the concept of computing the nor-

mal equation as lower block-triangular ma -
trix, in a chess-board pattern, but to do this
by fragmenting the BINARY body into files

– Not to re-assemble the BINARY file from
the fragments for subsequent processing,
but to re-implement the operations like ad -
ding of normal equations and reduction of

arc-specific parameters for the normal
equation in fragmented form.

How this approach has been realized is best
explained by making an example.
GRACE gravity fields are typically computed
from one or more months of data. The sub-
arcs of such a campaign have a length of one
day. It has been established to designate an
arc, and its derived normal equation by begin
and end date in civilian notation, e.g. 

20040301.000000__20040302.000000

or, with symbolic parameters 

yyyymmdd.hhnnss__yyyymmdd.hhnnss

where yyyyy/mm/dd are the dates of begin and
end, and hh:nn:ss is the time of the day at a
granularity of seconds. Furthermore, it makes
sense to accumulate normal equations for dif-
ferent data types separately, identifying the
kind of measurements used by a three-charac-
ter string like GPS, KRR, SLR, POS, VEL etc. for
GPS code/phase, k-band range rate, satellite
laser ranging, satellite positions, satellite velo-
cities etc.. Thus, for every type of measure-
ment, there is a pair of HEADER/BINARY files

20040301.000000__20040302.000000.GPS.h,

20040301.000000__20040302.000000.GPS.b,

20040301.000000__20040302.000000.KRR.h,

20040301.000000__20040302.000000.KRR.b,

and so forth that, when obtained, is fed into
subsequent processing. 
In our new approach, the BINARY parts, i.e.
the files with the extension *.b for the indivi-
dual measurement type, do no longer exist.
They have been replaced with a directory 

20040301.000000__20040302.000000.d

that contains binary direct-access files
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GPS_001_001.b

GPS_002_001.b GPS_002_002.b

GPS_003_001.b GPS_003_002.b GPS_003_003.b

….

KRR_001_001.b

KRR_002_001.b KRR_002_002.b

KRR_003_001.b KRR_003_002.b KRR_003_003.b

….

where the meaning of  GPS, KRR (as an exam-
ple) has already been explained, and the three-
digit indices like …_003_002 etc. are the num-
bers of block-row and block-column of the
fragmentation.
If n1, n2, n3, …. are the number of parameters
in block 1, 2, 3, etc. then the off-diagonal blok-
ks, like e.g. (5,3), se to GPS_005_003.b,
KRR_005_003.b etc. contain the n5·n3 normal
equation matrix elements and nothing else.
The size of such a binary file is therefore
8·n5·n3 bytes. 
However, the diagonal blocks, like 
GPS_001_001.b, GPS_002_002.b, GPS_003_003.b, …

KRR_001_001.b, KRR_002_002.b, KRR_003_003.b, …

have the same internal structure as the BINA-
RY file explained in section 4, i.e. for the block
number (e.g.) 5, GPS_005_005.b contains not
only the elements of the sub-matrix of dimen-
sion n5, but also the respective sub-section of
the right-hand side vector as well as the lTPl
(which is the same for all blocks). Thus, the
files GPS_005_005.b, KRR_005_005.b etc are
all of the same size 8·(n5+1)·(n5+2) bytes.
As the structure of the diagonal blocks is the
same as the one of the original, complete nor-
mal equation, all the well-established tools of
the TOTSOL chain may be applied, a fact that
considerably facilitates operations with such
normal equation fragments.
The development of faster processing chains is
not a task that is achieved by one person
alone. It does not only involve the numerical
programming part, but also experiments to
determine the optimal sequence of operations
like adding of normal equations, reduction and
solving. It is therefore vital that the software is
modular and easy-to-use even for the non-
expert. Therefore, the purely numerical part of

the individual processing steps has been
encapsulated in a hierarchy of shell scripts that
are reminiscent of ordinary Unix/Linux com-
mands. For example, the fortran programs 

sub_verbgl_2_ngl_gps

sub_verbgl_2_ngl_ngp

f90_verbgl_2_ngl_gps_two_inputs

f90_verbgl_2_ngl_ngp_two_inputs

that realize the computation of the normal
equation fragments from one (diagonal block)
or two (non-diagonal block) of design equa-
tion files are in turn called by a shell script

submit_neq_block_350.sh

that submits the computation of dedicated
normal equation fragments  to the processing
queue. That command, in turn, is called by

distributed_verbgl_2_ngl_350.sh

that establishes the normal equation fragments
of all measurement types for a given arc, and
the latter command is repeatedly called by

distributed_verbgl_2_ngl_4_arc_list_on_cluster.sh

that computes the arc-wise normal equations
for the whole campaign.

In a likewise manner, all following processing
steps have been implemented. For example,

add_mtyps_of_fragmented_NEQ_350.sh

realizes the addition of the individual measure-
ment types (GPS, KRR etc.) for a given arc, and 

reduce_mtyp_of_fragmented_NEQ_350.sh

reduces the arc-specific parameters for the frag -
mented normal equation, like satellite orbit
elements, accelerometer calibration factors,
ambiguities etc., so that only the global para-
meters – gravity field and ocean tides – remain.
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6.2. Shared Memory Processing speedup
with OpenMP
OpenMP (open multi-processing) is a tool for
parallel operations on machines with a large
number of processor cores that use one and
the same large RAM. It is activated by placing
a standardized set of dedicated compiler direc-
tives directly into the source code of the nume-
rical computation part at places that are time-
critical, like matrix-matrix and matrix-vector
multiplication. As already mentioned, the most
time-consuming part in our processing chain is
the computation of normal equations from
design equations, which basically amounts to
matrix multiplications. The computer language
our numerical computations are implemented
in is fortran 95, here the OpenMP directives
look like comments. An example of such a
directive would be

!$OMP PARALLEL DO FIRSTPRIVATE(K) PRIVATE(l,f,z) 

SHARED(N) SCHEDULE(dynamic)

DO l = 1,k

DO f = l,k

…..

…..

!$OMP END PARALLEL DO

This instrument is obviously simple to use, the
distribution of the work to the processors is
not the concern of the program developer, as
it is in the distributed memory case. It is entire-
ly taken care of by the compiler and the run-
time environment. This, however, is also a res -
triction; OpenMP cannot be used in a mean-
ingful way on a computation cluster with ma -
ny physically separated nodes where each no -
de has only limited resources of memory and
processors.
Thus both approaches, the one with fragmen-
ted normal equations and the one with
OpenMP, do not exclude, but rather comple-
ment each other.
Normal equation computation goes in two
steps; first design equations are to be compu-
ted, then normal equations from the design
equations. In the shared-memory environment,
the first of the two steps is implemented, just
as in the distributed-memory case, by parame-

ter chunking and starting as many EPOS-OC
integrator runs as there are nodes on the
respective shared-memory machine. It is just as
in the distributed memory case, but the EPOS-
OC runs are not sent to individual computation
nodes with a queuing system, but started on
one and the same machine in parallel. No
OpenMP is involved here.
The following step – computation of the nor-
mal equations – is encapsulated with several
hierarchies, just as in the distributed-memory
case. The command the user has to issue is

shared_memory_verbgl_2_ngl_350.sh

and the OpenMP functionality is activated with
the optional switch –omp. Control is passed to
two fortran programs featuring OpenMP

f90_verbgl_2_ngl_gps_omp

f90_verbgl_2_ngl_ngp_omp

where the first one computes GPS normal
equations from the design equation files, and
the second one does the same for the non-GPS
case. If the optional switch –omp is omitted,
shared_memory_verbgl_2_ngl_350.sh queries
for an usable MPI system on the local machine
and uses that if it exists, thus we have bak-
kward compatability.
The shell script looks and behaves like a stan-
dard Linux/Unix command. The behaviour is
controlled by dedicated switches like –omp, 
--omp_stack_size etc., hiding cumbersome
details entirely from the user, thus enhancing
modularity and facilitating the development of
processing chains if several people work toget-
her.

7. The Speedup Achieved in Figures
A model problem, for a GRACE-like scenario
was used as a test case. A relatively small gra-
vity field of degree and order 90 was adjusted.
28 days of GPS code/phase as well as inter-
satellite tracking data were used. Processing
was done in data batches of one day length,
yielding 2·28 normal equation matrices (for
every day, there is one for GPS and one for the
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inter-satellite link) that were added up and sol-
ved. In the following table we have the results
for the processing time bottlenecks described
above:

The first line is the time spent for the compu-
tation of the design equations for the whole
28 days using parameter chunking and simul-
taneous EPOS-OC runs, the second line is the
time for computing all 2·28 = 56 normal equa-
tions from the design equations. The column
»conventional« refers to the established
method described in section 2 above, namely
MPI on a shared-memory Unix workstation
with 128 GB RAM and 16 CPUs of 1.8 GHz
tact frequency each. The columns »distributed
memory« stands for the strategy with the frag-
mented normal equations described in section
6.1, realised on the Linux cluster described in
section 3. Finally, the last column gives the
results for the OpenMP parallelization of sec-
tion 6.2, realized on one of the Linux shared
memory workstations mentioned at the end of
section 3. Both the novel methods need, in
sum, some 7 hours compared to the 12.5
hours of the older method. It has to be kept in
mind that the results of the first row grow line-
ar with the number of parameters, the ones in
the second row grow with the square of that
number. Furthermore, to allow an interleaving
style of processing, it was necessary in the
»distributed memory« case to keep the design
equation files for the whole four weeks on
mass storage. For our example, we had npar =
9345 solve-for parameters and some mobs =
1.57 million observations for 28 days, which
amounts to about 100 GB of storage space
according to the formula

storage space/GB = 8 · ( npar + 10 ) · (mobs + 2 ) / 10243

explained at the begin of section 4. Fortu na tely
this is easy to handle on the 90 TB RAID system

of the Linux cluster. It should be noted that the
number of parameters of the adjustment pro-
blem grows approximately with the square of
the maximal degree and order of the adjusted
gravity field, thus degree and order 150 instead
of 90 transform those 100 to almost 300 GB.

8. Conclusions
Various methods have been combined to signi-
ficantly reduce the computation time for the
gravity field processing of GRACE-like satellites.
A re-ordering of the parameter vector facilita-
tes the adding of normal equations and reduc-
tion of arc-specific parameters, thereby saving
up to four hours of processing time for a
monthly gravity field.
Parameter chunking not only for the gravity
field expansion coefficients, but also for the
ocean tides accelerates the computation of
design equations.
In the distributed memory environment, frag-
mentation of normal equations in a lower tri-
angular-block wise manner, and for the subse-
quent processing keep the normal equations
fragmented. No high-level protocol mecha-
nism like MPI was used.
All programming was kept modular, the indivi-
dual tasks are called in the same manner as
Unix commands with a parameter list and
various options, so that for the experimenter
and the designer of a processing environment
or a processing chain, the implemented short-
cuts are employed automatically (i.e. the user
activates OpenMP by throwing the –omp
switch, he has not to fiddle with parameters). 
Layered encapsulation, the task distribution
and process management is achieved by a

Conventional Distributed memory OpenMP

Design equations 7 hours 2.5 hours 3.8 hours
Normal equations 5.2 hours 4.5 hours 3.3 hours
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hierarchy of shell scripts, the purely numerical
work is done with specialized f95 programs
that are very simple in most cases.
For the model problem presented, the compu-
tation of design equations and, subsequently,
the normal equations, can be accelerated by a
factor of two at least.
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Reprocessing of CHAMP and GRACE
Observations for the Determination of 
Improved Static and Temporal Gravity Field
Models with Regional Refinements (GREST-
CHAMP/GRACE)

1. Abstract
The analysis of the GRACE (Gravity Recovery
And Climate Experiment) gravity field observa-
tions has already proved the feasibility to de -
termine mass variations especially with respect
to continental hydrology in different geogra-
phical regions. Daily and monthly solutions of
the gravity field have been determined, sho-
wing clearly temporal gravity field variations
closely correlated to the hydrological water
cycle and other time dependent processes in
the Earth system. In the following, the GRACE
gravity field model ITG-Grace2010 will be
presented. It has been determined using the
short arc method and consists of three parts:
ITG-Grace2010s as static Earth’s gravity field
solution up to degree 180, unconstrained
monthly GRACE solution up to degree 120
and daily snapshots based on Kalman smoot-
her up to degree 40.

2. Precise Orbit Determination (POD)
Technique
The interest in a Precise Orbit Determination
(POD) of Low Earth Orbiters (LEOs) especially in
pure geometrical mode using GNSS observa-
tions has grown rapidly. Conventional GNSS-
based strategies rely on the GNSS observations
from a terrestrial network of ground receivers
(IGS network) as well as the GNSS receiver on -

board the LEO in double difference (DD) or in
triple difference (TD) data processing modes.
With the advent of precise orbit and clock pro-
ducts at centimeter level accuracy provided by
the IGS (International GNSS Service) centers,
the two errors associated with broadcast orbits
and clocks can be significantly reduced. There -
fore, higher positioning accuracy can be expec-
ted even when only a single GNSS receiver is
used in a zero difference (ZD) procedure (Sha -
banloui, 2008). Along with improvements in
the International GNSS Services (IGS) products
in terms of GPS satellite orbits and clock off-
sets, the Precise Point Positioning (PPP) techni-
que based on zero differenced carrier pha se
observations has been developed in recent
years. In this paper, the zero difference proce-
dure has been applied to the GRACE high-low
Satellite to Satellite Tracking (hl-SST) observa-
tions, then the solution has been denoted as
Geometrical Precise Orbit Determination
(GPOD). The estimated GPOD GRACE results
are comparable with results of other groups
e.g. A. Jäggi at Bern (Jäggi, 2009); but becau-
se of different outliers detection and data pro-
cessing strategies, the GPOD results presented
here are more or less different than the other
groups' results. It should be mentioned that
the estimated geometrical orbit of the twin
satellite mission GRACE is point-wise and its
accuracy relies on the geometrical status of the
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GNSS satellites and on the number of the trak-
ked GNSS satellites as well as on the GNSS
measurement accuracy in the data processing.
The position accuracy of 2-3 cm of twin
GRACE satellites based on high-low GPS car-
rier phase observations with zero difference
procedure has been achieved. These point-
wise absolute positions can be used to estima-
te kinematical orbit of the LEOs. Nowadays,
limiting factor for LEO POD is mainly encoun-
tered with the modeling of the carrier phase
SST observations, where a precise knowledge
of the phase center location of the GNSS
antennas in a pre-requisite for a precise orbit
determination. Since GPS week 1400, the
absolute phase center location instead of rela-
tive values are adopted for GNSS transmitter
and receiver antennas. Based on robot calibra-
tion, the absolute phase center for a number
of GNSS receiver antennas is determined. For
the GNSS transmitter antennas, the absolute
phase center are estimated based on GNSS da -
ta processing. However, consistent GNSS recei-
ver antenna models for twin satellite GRACE,
which are equipped with non-geodetic recei-
ver antenna, are available since a short time
from robot calibration method. Therefore, the
GPS SST data of twin GRACE satellite are used
to estimate empirical antenna phase center
variations (PCV). It should be mentioned that
near field multipath and cross talk with active
GPS occultation antennas are main sources for

systematic carrier phase observation errors
which are encountered in the actual GRACE
environments. Based on independent K-band
low-low SST (ll-SST) observations and estima-
ted empirical an tenna phase center variations
(PCVs) with residual approach, the GRACE
orbits are improved with the zero differenced
high-low SST observations. Fig. 1 shows the
estimated phase center variation patterns for
twin GRACE satellites based on residual ana -
lysis pattern.

3. Representation of Earth’s gravity field
The innovative character of GRACE is due to
the highly precise line of sight (LOS) range and
range-rate K-band measurements between the
twin satellites. In addition, the surface forces
acting on the twin GRACE satellites are mea-
sured by a 3D accelerometer and can be remo-
ved properly during the recovery procedure.
The classical approach of satellite geodesy in
gravity field recovery consists basically in deri-
ving the spherical harmonic coefficients repre-
senting the gravitational potential from an
analysis of accumulated orbit perturbations of
the satellites. In this approach, it is an indi-
spensable requirement to analyze medium
long satellite arcs covering at least one day or
more in order to cover the characteristic peri-
odic and secular disturbances caused by the
small corrections to the approximate force

Figure 1: Phase
center variations
(PCV) for GRACE
A (left) and
GRACE B (right)
GPS antennas.
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func tion. In the short arc approach, this requi-
rement is not necessary anymore for the new
generation of dedicated gravity satellites like
GRACE (IIk. et. al. 2006). The principal charac-
teristic of the method presented in this paper
based on the use of short arcs of the satellite
orbits in order to avoid the accumulation of
modeling errors and a rigorous consideration
of correlations between the range observa-
tions in the sub-sequent adjustment procedu-
re. Further details to the physical model of the
gravity field recovery technique based on
GRACE observations can be found in Mayer-
Gürr 2010 and Kurtenbach et.al. 2009. As a
result of the dedicated spaceborne gravity field
mission GRACE, ITG-Grace2010 has been deri-
ved which consists of three parts: daily solu-
tions estimated using Kalman filter smoothing,
un constrained monthly solutions and a high
resolution long-time mean. 

4. Daily solutions with Kalman filtering  
For more than 7 years, the twin GRACE satelli-
tes have measured the Earth’s gravity field and
its temporal variations. The official product of
the GRACE project to describe these temporal
variations is a series of monthly mean Earth’s
gravity field solutions. This concept has the
disadvantage that these monthly gravity fields
are not able to represent the Earth’s gravity
field variations within a monthly time span.
This leads to aliasing errors due to unmodeled
high frequency gravity field changes resulting
in the wellknown error strip pattern. Fur ther -
more, these aliasing errors are accepted to be
one of the reasons that the predicted accuracy
of the GRACE mission (baseline) has not been
achieved yet. Several analysis centers try to
overcome this drawback by reducing the time
span to 10-daily (Lemoine et al. 2007) or even
weekly (Flechtner et al. 2009) batches. An
increase in temporal resolution results in less
observations per time span and therefore a re -
duced redundancy in the Earth’s gravity field
representation parameters. This leads to a de -
crea sing accuracy of the estimated unknown
parameters with decreasing time span. When
processing individual batches, no further infor-

mation about temporal behavior of the Earth’s
gravity field is exploited. However, it can be
assumed that the gravity field does not change
arbitrarily from one epoch to the next one.
Therefore, the Earth’s gravity field variations
can be considered as a dynamic process. Based
on this knowledge, the temporal resolution can
be enhanced without losing spatial information
with the goal to calculate daily solutions.

The processing of GRACE measurements e. g.
hl-SST, K-band and acceleration observations,
for one day can be formulated in a Gauss-
Markov model as,

(1)

where lt ,xt are the GRACE observation and
the Earth’s gravity field representation vectors,
and  At ,vt are the design matrix and the obser-
vation residual vector for each day t, respecti-
vely. To obtain a reasonable gravity field model
from one day of GRACE data, additional infor-
mation is required. Up to now, no temporal
correlations have been introduced into the
processing strategy. But it can be safely pres-
cribed that the estimate of the gravity field will
not change arbitrarily from one day to the
next, therefore a simple constraint can be
introduced by stating  

(2)

This represents a prediction of the gravity field
coefficients from day t-1 to the current day t.
The prediction is characterized by the matrix of
the process dynamic B. The normally distribu-
ted noise vector w(w ∼ N(0,Q)) with the cova-
riance matrix Q represents the accuracy of the
prediction. Here a stationary, unbiased and first
order Markov process in time is assumed. In
the following section a process model expres-
sed by B and Q is derived . 

In Kurtenbach et al. (2009) the simple assump-
tion, that there are no changes between two
states (B=I) with a covariance matrix Q derived
from the hydrological model WGHM (Döll et
al., 2003; Hunger and Döll, 2008), was intro du -
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ced. Hereby a stationary, homogeneous and
iso tropic process on the sphere was assumed.
In this section an improved version will be pres-
ented which takes into account the full corre-
lation structure between two subsequent days,
represented by the covariance matrix  

(3)

Let Eq. (2) be a stationary, unbiased first order
Markov process in time with the auto-covari-
ance matrix  

(4)

and the cross-covariance matrix 

(5)

Then a linear predictor  

(6)

can be found, such that the prediction error   
, has minimum variance. According to

Moritz (1980) this predictor can be obtained
by  

(7)

with the covariance matrix of the prediction er -
ror w,  

(8)

In practice, the matrices (4) and (5) of the
Earth’s gravity field are unknown and therefo-
re an empirical version of these matrices has to
be derived, which can be calculated using the
output of geophysical models. 
The Kalman smoother approach described
above was applied to calculate daily gravity
field solutions from GRACE level-1B data, co -
vering the time span 2002-08 to 2009-08. For
each day a set of spherical harmonic coeffi-
cients was derived for degrees n=2...40 as dif-
ferences to the static gravity field ITG-
Grace2010s, using the standard background

models described in Mayer-Gürr et al. (2010).
The models used to build the process model
are the Water GAP Hydrology Model (Döll et
al. ,2003; Hung er and Döll, 2008), the ocean
circulation model OMCT (Dobslaw and
Thomas 2007), and the atmospheric data pro-
vided by the Eu ropean Centre for Medium-
Range Weather Fore casts (Research
Department ECMWF, 2008). In order to gua-
rantee that the GRACE solutions are not bia-
sed towards the model values themselves but
that only the stochastic behavior is exploited,
the model output from the years 1976-2000
(i.e. outside the GRACE time span) was used.
These daily solutions are part of the GRACE
gravity field model ITG-Grace2010 (Mayer-
Gürr et al., 2010) and can be downloaded at
h t t p : / / w w w. i g g . u n i - b o n n . d e / a p m g /
index.php?id=itg-grace2010. To evaluate the
information content of the daily GRACE
models, they were compared to independent
data sets as described below. 

5. Comparison with ocean bottom pressu-
re (OBP) data  
Ocean bottom pressure recorders represent an
independent type of measurement for the in -
te grated mass column of oceanic and atmos-
pheric variations. Therefore, they can be used
as a validation tool for the mass variations deri-
ved from GRACE. 

In Fig. 2 the black line shows the temporal evo-
lution of the data observed by an OBP recorder
located in the northern Atlantic provided by
Macrander et al. (2010). These in-situ measure -
 ments are compared to the atmosphere and
ocean de-aliasing product (AOD1B, gray line)
used in the GRACE L1B data analysis (Flecht -
ner, 2007) and to the daily GRACE models
obtained by the Kalman smoother approach
(dark-gray line) described here. The AOD1B
model represents the knowledge of the tem-
poral high-frequent mass variations on a global
scale without the use of GRACE. It can be seen
that the daily GRACE solutions show better
agreement to the independent OBP data set
than the modeled atmospheric and oceanic
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variations of AOD1B. Further investigations will
include a larger number of OBP recorders. 

6. Comparison with GPS station move-
ments
Mass variations at the Earth’s surface result in
geometrical deformations of the Earth’s crust
which can be measured by GPS receivers.
There fore, the global network of permanent
GPS stations delivers a further set of indepen-
dent observations which can be used as com-
parison for GRACE gravity field models. The
vertical station displacements of the reproces-
sed time series of the International GNSS
Service, see Steigenberger et al. (2006), were
com pared to the GRACE Kalman solutions on
a daily basis.

The results are displayed in Fig. 3. The large
figure shows the percentage of the signal of
each of the stations that can be explained by
the GRACE observations, i.e. it illustrates the
reduction of the RMS values of the GPS obser-
vations when the GRACE solutions are sub-
tracted. The smaller figures on top show the
time series for two exemplary GPS stations.
The in-situ GPS observations are given by the
black curve, the GRACE time series by the
dark-gray curve and as a comparison the
AOD1B model is plotted in the gray line as
well. The right figure represents an example
for a station with very good agreement (NRIL,
Norilsk). It is situated in northern Siberia,
where the data coverage by GRACE is very

good and the daily signal of the radial displa-
cements is large due to strong atmospheric
mass variations. In contrast to this, the correla-
tion of the time series is very poor in the left
figure (both for the Kalman solutions and for
the AOD1B product) which shows a station
near the equator in the Pacific ocean (GLPS,
Puerto Ayora). Here the signal itself is very
small and the data coverage by GRACE is less
dense. 

7. Monthly Earth gravity field represen-
tation
The daily GRACE snapshots as described in
Sec. (4) guarantee an optimal extraction of in -
formation in time and space. However, they
are difficult to interpret due to the implicit spa-
tial and temporal filtering that is applied du -
ring the Kalman smoother process. There fore,
it is convenient to publish additional mon thly
solutions as they represent the standard pro-
duct of temporal gravity variations. The pro-
blem with calculating monthly mean solutions,
however, is given by the fact that variations
within the monthly span are not modeled. This
leads to aliasing effects resulting in the well-
known error stripe pattern. Therefore, the tem -
poral high-frequent variations are ge nerally
subtracted during the analysis process using
geophysical models. In general these models
comprise the tidal effects caused by the sun
and the moon, the Earth and ocean tides, non-
tidal atmospheric and ocean variations. But
nevertheless there are still model errors cau-

Figure 2:  Left: OBP recorder observations in the northern Atlantic ocean (black), daily GRACE solutions (dark-gray) and
AOD1B model (gray). Right: zoom-in on a smaller time span.
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sing aliasing and there are geophysical pheno-
mena such as hydrology, that have so far not
been considered in the de-aliasing products.
There are two different possibilities that can
be applied. The first one is to include the
hydrological model in addition to the atmos-
pheric and oceanic variations into the de-alia-
sing procedure. The second idea uses the
daily Kalman solutions as improved de-alia-
sing product.

De-aliasing using the total water storage
output of the WGHM model
In order to investigate the possibility to apply
the total water storage as provided by the
WGHM as an additional de-aliasing product
for GRACE, the daily WGHM model values are
reduced from the observations. This is an addi-
tion to the standard de-aliasing procedure,
which takes into account the oceanic, atmos-
pheric, and tidal variations. Monthly global
GRACE solutions were then calculated and
com pared to monthly solutions determined
without using the WGHM as dealiasing mo del.
The results were evaluated by comparison with
the long-term mean GRACE solution which
serves as pseudo-real comparison due to the

larger amount of data included. There are a
few months were the approach does not lead
to any improvements, but in the majority of
the solutions the de-aliasing using the WGHM
model helped to improve the solution. These
results were presented by Eicker et al. (2009-
04, talk at EGU General Assembly). Never -
theless, the use of temporal high-resolution
(daily) GRACE mo dels calculated with hydrologi-
cal prior information for the de-aliasing of lon-
ger temporal means (monthly) has shown to
have a significantly larger impact. Therefore, the
direct use of the hydrology model itself has
been abandoned.

ITG-Grace2010 unconstrained monthly
solutions:
Improved de-aliasing using daily GRACE solu-
tion. The daily Kalman solutions are very well
suited to model the temporal high-frequency
signals provided by GRACE. But besides being
used as individual product, they can also be
applied to significantly improve the calculation
of monthly GRACE solutions. In this context,
the daily time series was used as additional de-
aliasing model to reduce the high-frequent
temporal variations before calculating monthly

Figure 3:  Comparison
daily GRACE solutions
with radial GPS station
movements. Large figure:
amount of the GPS signal
that can be explained by
GRACE- Top figures:
Comparison of time series
for individual stations for
GPS (black), GRACE (dark-
gray) and AOD1B (gray), 
left: GLPS (Puerto Ayora),
right: NRIL (Norilsk).

SR17_Weltraum_V8_Abstract_InfosysII.qxd  10.12.10  10:38  Seite 27



28

mean fields. Afterwards the monthly mean of
the daily solutions is restored to receive the
complete monthly signal. This procedure was
applied in the reprocessing of the complete
GRACE data, leading to the monthly solutions
of the ITG-Grace2010 time series, as described
in Mayer-Gürr et al. (2010). Fig.  4 shows the
improvements that were possible to achieve
with this approach. The dark-gray lines show
the differences in terms of degree variances of
each monthly GFZ-RL04 solution (Flecht ner et
al., 2010) for the year 2008 compared to the
static field ITG-Grace2010s. This long-term
mean serves as pseudo-real comparison due to
the larger amount of data included. The diffe-
rences represent the quality that was achieved
in the current releases before the reprocessing.
Without the improved de-aliasing using the
daily Kalman solutions, the ITG monthly errors
are in the same range as the GFZ-RL04. But the
application of the daily solutions as improved
de-aliasing product has led to an improvement
by a factor of three, the errors being illustrated
by the gray lines. Especially in the higher de -
grees the errors are reduced, which corresponds

to an increase in spatial resolution. These solu-
tions are published in Mayer-Gürr et al. (2010).

8. Static Earth gravity field representation
The ITG-Grace2010 is a long term mean gravi-
ty field model covering the time span 2002-08
to 2009-08 calculated from GRACE data only
up to degree and order 180. The solution is
based on integral equation approach using
short arcs with a maximum length of 60 min
(Mayer-Gürr, 2010), the K-band range rates
with a sampling rates of 5 s and kinematical
orbits with a sampling rate of 30 s were used
as (pseudo) observations. It should be mentio-
ned that some background models e.g. IERS
2003 for Earth rotation and EOT08a for ocean
tide etc. were used during GRACE data pro-
cessing. For more details re fer to Mayer-Gürr
(2010). In addition to the background models,
the daily Kalman solutions were used as impro-
ved de-aliasing product. The mean of the
AOD1B product and of the daily solutions was
restored afterwards. Therefore, ITG-Grace2010s
contains the complete gravity field signal inclu-

Figure 4: Errors of different monthly gravity field solutions compared to static field ITG-Grace2010s. The impact of the
improved de-aliasing using the daily Kalman solutions leads to an improvement of the GRACE monthly solutions (gray)
compared to the GFZ-RL04 solutions (dark-gray).
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ding atmosphere and ocean masses. The refe-
rence epoch of this mean gravity field model is
1 January 2005. A full variance-covariance ma -
trix is provided for the static solution. During
the estimation process of the monthly gravity
fields 32760 unknown gravity field parameters
were estimated. The full variance-covariance
matrix has a size of about 8 GB memory. To
simplicity, the matrix is split up into smaller files
and only the upper triangle of the matrix is sto-
red. Further information is provided in Mayer-
Gürr (2010). Fig. 5(a) illustrates the static part
of ITG-Grace2010s in terms of geoid undula-
tions up to degree 180 resulting in 32760 un -
known gravity field parameters. Fig. 5(b) shows
the differences of ITG-Grace2010 to the other
static GRACE solutions (solid lines) and formal
errors (dotted lines). 

9. Conclusions
In this paper, the Earth’s gravity field model
ITG-Grace2010s with its three parts, static high
resolution model up to degree 180, monthly
Grace solution up to degree 120 and daily
solution based on Kalman smoother up to
degree 40 with full variance-covariance matrix
was presented. These models have been esti-
mated using an house developed software
GROOPS.
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Improved Acceleration Modelling and Level 1
Processing Alternative for GRACE

1. Introduction 
GRACE is a dual satellite mission for measuring
the gravity field of the earth and its temporal
changes. The spacecrafts follow each other
about 220 km apart on a near circular and
polar orbit. The satellites are interconnected by
a K-band microwave link measuring the exact
separation distance and its rate of change to
an accuracy of about 1µm/s. In order to take
into account all non-gravitational forces, both
spacecrafts are equipped with accelerometers.
The accuracy of these sensors is 2 magnitudes
better then in the previous mission CHAMP.
How ever, maybe because of the sensitivity of
these sensors, the observed signal contain
several effects which are not sufficiently under-
stood. Some of them are related to switching
events in electric circuits, like heater switching
and current changes in magnetic torquers.
Other signatures, so called »twangs«, could up
to date not be clearly resolved or correlated with
any switching process. However, investigation
and discussions are ongoing whether clanks or
vibrations are the cause for these signatures.

2. Modelling of accelerometer spikes due
to current changes in the magnetic tor-
quers
If a source of a signature is identified, the spi-
kes on the accelerometer can be modelled by
superimposing the 10Hz accelerometer signal
of many of these events and fitting the signal

waveform. This procedure is allowed because
the timing of the original signal is known and
the 10 Hz measuring rate matches to the trans-
fer function. This approach has already been
used for heater switching events and is now
translated to the current changes in the magne-
tic torquer coils. 

The magnetic torquers are used for attitude
control and maintenance of the satellite. In
combination with the cold-gas thrusters and a
processing unit onboard of the satellite the
Attitude and Orbit Control System (AOCS) is
formed. By changing the amplitude of the cur-
rent through the magnetic coil of the magnetic
torquer the magnetic moment evoked by the
torquer is changed and the torsional moment
acting upon the spacecraft in combination with
earth magnetic field is varied.

With a significant quantity of both accelerome-
ter and magnetic torquer data the spikes in the
accelerometer data evoked by current changes
in the torquer can be empirically modelled. For
each current step a model needs to be determi-
ned – in our case we chose to round the currents
given before and after the current change to the
nearest integer milliampére in order to keep the
number of models manageable. With these mo -
dels a time-series of spikes evoked by magnetic
torquer current changes can be computed. The
computed time-series can be used to reduce
these spikes in accelerometer (cf. section 4).
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Figure 1 shows an accelerometer signal of
GRACE A concerning to a typical current step
in magnetic torquer 1 (oriented along track)
from 0 to 48 mA. The red dots are the super-
imposed accelerometer data referenced to the
integer switching epoch given in the magnetic
torquer data. A spike typically consists of two
peaks, whereas the order is reversed for nega-
tive current changes.

3. Characterisation of twangs
As the cause for the occurrence of twangs is
not known up to now, we began our study of
these accelerometer spikes by a characterisa-
tion of their signal form and their spatial and
temporal occurrence.

We identify a twang in accelerometer data by
computing the ration of the RMS of a 10s
interval in accelerometer data with the RMS of
the following 10s interval. If the ratio exceeds
a set threshold, which is 1.4 in our case, we
assume that there must be a twang in acceler-
ometer data. We proceeded with this appro-
ach in 1s steps. Any data that could be affec-
ted by thruster activation was not considered
as twang.

If a significant time-span of accelerometer data
is considered, geographical correlation become

obvious (cf. figure 2). Furthermore either the
season, the local time, the orbit, or all have a
significant impact onto the distribution of
twangs. In figure 2, the twangs as occurring in
the winter months of 2008 (January, February,
November and December) at GRACE B are
shown. Geographical correlations, and some
correlation with earth magnetic field in the nor-
thern hemisphere, are obvious. The red dots are
twangs where the first peak is negative, the
white dots are twangs where the first peak is
positive. Some signatures, with respect to the
orientation of the first peak of the spike, appe-
ar to be distinct and clearly separated from each
other. Here it is already obvious that there are
different types of twangs involved, which can
be correlated to the spatial occurrence.

Investigation concerning the correlation, distri-
bution and origin of twangs are still ongoing.

4. Level 1 processing alternative
In this part of the project, we want to answer
the questions which amplitudes and frequen-
cies of these effects mentioned in the pre-
vious sections remain after the pre-processing
and filtering applied in the Level 1 accelero-
meter processing (Wu et al. 2006), and whet-
her the remaining amplitudes affect the gra-
vity field results.

Figure 1: Spike in along track accel-
erometer data due to current chan-
ge from 0 to 48 mA in magnetic tor-
quer 1 (Peterseim 2010).
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The general method is the following (see Fig. 3):
we take effects for which empirical modeling at
the epochs of 10 Hz Level 1a accelerometer da -
ta is available. The modeling results are subtrac-
ted from a time-tag corrected intermediate Le -
vel 1A product named ACT1A (Kruizinga 2010).
Then, Level 1 processing is applied to the redu-
ced data using software described in Fromm -
knecht et al. (2006), see also Fromm knecht and
Schlicht (2010). The resulting alternative Level
1b accelerometer data are examined, and intro-
duced in the gravity field estimation process.

To date, the procedure has been applied to
compute Level 1b accelerometer data reduced
for heater switching spikes for a period of 4
months (January to April 2008). Results are
named ACH1B data. An example of a short
time series is shown in Fig. 4. 

5. Conclusion
We are now able to provide an alternative
accelerometer level 1B dataset were the heater
spikes are eliminated. As soon as the model-
ling of the accelerometer signals due to current
changes in the magnetic torquer on GRACE B
is done a dataset with reduced magnetic tor-
quer spikes can be prepared.

Furthermore, we showed that the spatial distri-
bution of twangs appear to follow significant
patterns, which vary with respect to the local
time and season or orbit. Once the cause for
some or all twangs is known, depending on
how many types of twangs can be clearly iden-
tified and associated, it might be possible to
model some twangs. The models can then be
used like the models in accelerometer data for
spikes due to heater and magnetic torquer swit-
ching events.
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GRIMM-2: The parent magnetic field model 
for an IGRF candidate model

Abstract
The International Geomagnetic Reference Field
(IGRF) is a very frequently used model of the
Earth’s main magnetic field by both the scien-
ce community and the industry. This model is
updated every five years. We present here the
second generation of the GRIMM magnetic
field model that was derived to contribute to
the IGRF-11. The model has been developed
from a newly, reprocessed CHAMP satellite
data set covering nearly 10 years. It has a tem-
poral and spatial resolution significantly impro-
ved compared to previous models.

1. Introduction
The CHAMP satellite has provided very high
quality vector measurements of the Earth's
magnetic field, which have led into numerous
studies about its external and internal sources.
In 2009, the satellite has been orbiting at very
low altitude (around 320km), and, because the
external magnetic field perturbations have been
small due to a very long period of low solar acti-
vity, this has been particularly beneficial for stu-
dies of internal fields. Furthermore, fully proces-
sed CHAMP vector data have been made avail -
able up to 2009.5, in order to provide the best
possible data set for the preparation of the 11th
version of the International Geo magnetic
Reference Field, IGRF (Finlay et al., 2010).

The IGRF is a model of the main Earth’s mag-
netic field that is made of a series of single
epoch snapshot models, five years apart, and a
predictive Secular Variation (SV) model. For the
preparation of the new version of the IGRF, dif-
ferent institutes over the world have been pro-

posing candidates to the 2005 and 2010 snap -
shot field models and for the SV predictive
model covering the epochs 2010-2015. In our
case, these candidates have been derived from
a parent model: the second version of the GFZ
reference internal magnetic model --GRIMM-2
(Lesur et al., 2010).  

The Earth’s core magnetic field is the most sig-
nificant source of the Earth’s main field. The
contribution from the large-scale lithospheric
field, although it cannot be separated from
the core field contribution by analyzing mag-
netic data alone, is generally assumed to be
negligible for the largest wavelength of the
observed field. In the following we will there-
fore not distinguish between »core« and
»main« magnetic fields.

We present in this manuscript some aspects of
the second generation of the GRIMM model
and the associated candidates to the IGRF. The
main difficulty in building models of the Earth’s
main magnetic field is to deal with the other
source contributions to the data. For main field
modeling, these contributions are mainly those
of the large-scale external field of magneto -
spheric origin, and the field generated at high
latitudes in the polar ionosphere. The fields
generated at mid latitudes in the dayside
ionosphere are vanishing at night time (their
induced internal counterparts are however
persisting during the night). These mid-latitude
ionospheric fields can therefore being ignored
if night time data are used. To avoid as much
as possible the leakage of other ionospheric
and magnetospheric contributions into core
magnetic field models, the only solution lies in
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a careful data selection and appropriate mod -
eling techniques. The GRIMM magnetic field
mo del is based on a new approach of the data
se lection that has proved to lead to robust
model of the Earth’s main magnetic field. 

We start in the next section in presenting some
aspects of the data processing and its recent
developments. Then, in the third section, ele-
ments of the GRIMM-2 model are presented.
Finally, the fourth section is dedicated to the
derivation of the IGRF candidates. We conclu-
de in the last section. 

2. Developments in the CHAMP magnetic
field data processing
The main developments in terms of data pro-
cessing have been made to improve the algo-
rithm for the precise attitude determination of
the magnetometers. In order to take full ad -
van tage of the fluxgate resolution, attitude
knowledge with an arc-second precision is re -
quired. The scheme can be divided into three
parts: First, the initial In-flight-Calibration pro-
cedure and the Star Camera (ASC) standard
processing have been partly recoded, migrated
to a new operating system, and upgraded by
correlating irregularities with satellite house-
keeping readings and other recorded external
events. Second, the transformation routine
from satellite into the Earth-Centered-Earth-
Fixed (ECEF) NEC (North-East-Center) system
has been improved, and validated. Last, the
time series describing the observed bending
of the optical bench (i.e. variation of the Euler
Angles between magnetometer and ASC
reference frame) has been validated by an
independent modeling approach that co-esti-
mates the time dependent Euler Angels and
magnetic model coefficients. Further details
are given below.

The original standard version of the ASC pro-
cessing is leading to the CH-ME-2-ASC-BOOM
products. The improvement of this ASC pro-
cessing is still ongoing, but re-coding and mi -
gration to a new platform is finished. Ad di -
tionally, considering data from the second pair

of ASC sensors in CHAMP's body, during this
ASC processing, permits most of the time to
control the results, but sometimes also filling
the data gaps. 

A validation of the initial transformation from
the ASC-sensor to the ECEF coordinate system
by an alternative computing path using an
external astronomical library -- the »SOFA«
library (IAU SOFA Center, 2010) -- was suc-
cessfully done. Another step towards a robust
processing to hold the precision of the attitude
information was to overcome the discontinua-
tion of the Bulletin B of the International Earth
Rotation and Reference Systems Service (IERS
Message 144). The integration of slightly differ -
ent earth rotation parameters from the Bulletin
B into the processing was done and was adop-
ted as new standards.

For the validation of the time dependent Euler
Angle a new, quaternion based, approach
where a magnetic field model and the angles
are co-estimated, was developed, coded, and
tested on synthetic data. The approach has
been also tested on real CHAMP data products
and compared with solutions from other
modeling groups. The new approach has pro-
ved to converge faster than an algorithm
directly based on the angles. The quaternion-
based algorithm benefits from the fairly simple
form of the Hessian matrix. The field-modeling
algorithm, on which this approach was devel -
oped, is the GRIMM inversion family algorithm.

Figure-1 shows that the GRIMM based Euler
Angle estimation provide consistent results for
various evaluation window lengths and data
sets (i.e. either complete data set or selected
data set). These results are also inside the
expected deviation from the Euler Angle refer -
ence. This agreement is somewhat weakened
for the early, more disturbed periods (see left
frame in Figure-1 where a phase shift appears.
This phase shift in not yet well understood and
is under further investigation). 

The determination of Euler Angle rotations in
the framework of the CHAMP data processing
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is a decisive step towards the challenging data
processing of the multi-satellite ESA mission
Swarm. The implementation can take data
from other sources than CHAMP readings into
account, either observatory data, as already
tested, or other satellites (as required option
for the multi-satellite Swarm project ahead). 

The end of the active mission of CHAMP in
September 19, 2010 triggered the prepara-
tions for the first full reprocessing of the vector
magnetic field data with the currently available
stage of the processing functionality.

3. The GRIMM-2 model
The model GRIMM-2 has been built from
CHAMP satellite magnetic vector data only,
and observatory hourly mean vector data. The
version 51 Level-2 CHAMP satellite data set
has been used. It spans the epochs 2001.0 to
2009.58 and includes improved time depen-
dent FGM-ASC orientation corrections (i.e.
orientation of the fluxgate magnetometers
relative to the reference frame defined by the
star cameras). The observatory hourly mean
data have been used only up to 2009.0. 

The data selection process differs depending
on the data latitude. At mid and low latitudes,
data are selected for magnetically quite times
as characterized by magnetic indices, night
times, and X,Y components only in the Solar-
Magnetic (SM) system of coordinates. At high

latitudes, the magnetic data are selected also
for magnetically quiet periods, but at all local
times, and for all three components in the
usual North, East, Down (NEC) system of coor-
dinates.  It has been shown that such a selec-
tion technique leads to robust models of the
core magnetic field. The underlying ideas are:

1) Not to use, at mid latitudes, data along
the magnetic dipole axis (Z-SM axis) in
order to avoid the magnetospheric domi-
nant contributions generally attributed to
the ring current.

2) Using all local time data at high latitudes to
avoid large data gaps associated with the 6
month long summer day-light periods over
the auroral regions.

The model parameterization includes a large-
scale field of internal origin – i.e. the core field,
the lithospheric field up wavelengths around
800km, and a large-scale external field with its
associated induced counterpart. The core field
is parameterized in time using B-splines of
order six. The lithospheric field is assumed con-
stant in time whereas the external field is pa -
ram eterized in time by piece-wise linear poly-
nomials, with knots three months apart. This is
completed, for the rapid temporal variations of
the external field and their induced counter-
parts, by a parameterization based on the
VMD index (Thomson and Lesur, 2007).

Figure 1: Late period of CHAMP mission period with SCA (POMME family based, personal communication with Stefan
Maus) Euler Angle estimation (Gray, 2009 and 2010 version) compared with the newly developed, GRIMM based
approach with various window sizes.
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The model inversion process has been regular -
ized by minimizing a measure of the model
third temporal derivative. This is compatible
with the order six B-spline representation used.
In order to improve the robustness of the
model near the end of the data time span, the
second temporal derivative has been mini -
mized at the model end points. These cons-
traints have been applied at the core-mantle
boundary such that the derived model is opti-
mized there. This point is one of the significant
differences with the first version of the GRIMM
model. With these constraints the GRIMM-2
model presents a relative smooth temporal
behavior.

Overall, the data set represents more than 7
millions data values, and the model itself con-
sists of around 6300 parameters. To solve this
problem, a code has been developed over se -
veral years in a parallel computing environ-
ment, nonetheless several days are required to
derive a model using the iterative re-weighted
least squares approach.

Figures 2 presents the magnetic field energy of
the static core field, its SV and acceleration, as
a function of the Spherical Harmonic (SH) de -
gree, all calculated at the Earth reference ra -
dius (6371.2 km). All present the expected con -
verging spectra. Above SH degree 13, the SV is
very small and cannot be resolved. The static

field spectra flatten because of the contribu-
tion of the lithospheric field. Although the
magnetic field and its SV are not changing
too rapidly with time, it has been observed
that the acceleration evolved rapidly on annu-
al time scales. This causes significant difficul-
ties for predicting the SV evolution for the
coming five years.

Figure 3 present the vertical down component
of the core magnetic field, out of the GRIMM-2
model, calculated at the Earth surface for year
2010. In Figure 3 the magnetic equator where
the vertical component vanishes is clearly visible.
Also visible is the weakness of the field in the
Southern part of the Atlantic Ocean and South
America. This feature is associated at the core-
mantle boundary with a patch of reverse flux. In
Figure 4, one can see that the SV is the largest
at mid latitudes. The strength of the vertical
down component decreases rapidly in the
eastern part of the Atlantic Ocean, while it
increases in the north of the Indian Ocean. The
SV is weak over the Pacific Ocean.

3. IGRF candidates
Three contributions were required for the IGRF
candidates:

1) a snapshot of the field for year 2005,
2) a snapshot of the field for year 2010,

Figure 2: Power spectra of the
GRIMM-2 magnetic field calculated
at the Earth’s reference radius for
year 2010. Presented are  the spec-
tra of the core field snapshot, its SV
and acceleration.
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3) a predictive SV variation for 2010-2015.
Because the data set used in the GRIMM-2
model extend only up to 2009.5, it has been
necessary to extrapolate the model in order to
derive the 2010 snapshot and the 2010-2015
SV models. A short description is given below.

A candidate for the Definitive Geomagnetic
Reference Field (DGRF) model for epoch
2005.0 has been derived by averaging the
GRIMM-2 model between 2004.5 and 2005.5.
This was done in order to improve the robust-
ness of the Gauss coefficient estimates. The

resulting model has been truncated to SH
degree 13. Compared with the GRIMM-2 mo d -
el at epoch 2005, the DGRF candidate does
not differ by more than 0.25nT for any of the
Gauss coefficients. The maximum difference is
reached for the coefficient g1

1.

A candidate model for the IGRF for epoch 2010
has been derived by extrapolating the GRIMM-
2 Gauss coefficients for year 2009 using the SV
values at the same epoch – i.e. the acceleration
between 2009 and 2010 has been simply igno-
red. This approach was used because the

Figure 3: Vertical down component of the main magnetic field estimated using GRIMM-2 model, for
the year 2010 and at the Earth’s surface.

Figure 4: Vertical down component of the main magnetic field secular variation estimated using
GRIMM-2 model, for the year 2010 and at the Earth’s surface.
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GRIMM-2 acceleration model after 2009 is not
robust due to the lack of data after 2009.5.
Compared with the model directly es timated
from GRIMM-2, the IGRF candidate differs by
1.5 nT for the Gauss coefficient h1

1. The differ -
ences stay below 1nT for any other coefficients.

Regarding the SV predictive model, SV Gauss
coefficients variation estimates were derived
by linearly interpolating the individual Gauss
SV coefficients given by GRIMM-2 over the
2001, 2009.5 periods. These linear interpola-
tions were used to extrapolate the SV coeffi-
cients from 2009 to epoch 2012.5. 

Figure 5 illustrates the difficulties in predicting
the SV over a five-year period. Although the SV
is robustly estimated when data are available,
the error-bars on GRIMM-2 Gauss coefficients
show large uncertainties in these estimates as
soon as they are associated with an extrapola-
tion process. The Maximum Entropy Prediction
technique (MEP) is often considered as the
most reliable extrapolation technique, but
when compared with true estimates coming
from another model – here the OSVM model
(Lowes, 2004) – it is clear from the Figure 5,
that the MEP technique may fail. The candi -
date models, numbered from A to H, differ sig-
nificantly from each other. Our candidate de -
rived from GRIMM-2 is the G model. 

Information about candidate models submit-
ted to DGRF (2005), IGRF (2010) and predicti-
ve-SV (2010 to 2015) can be downloaded from
the websites:

http://www.ngdc.noaa.gov/IAGA/vmod/candi-
datemodels.html

http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html

4. Conclusion
We have briefly presented some of the devel -
opments associated with the processing of the
CHAMP magnetic vector data. The main pro-
gresses have been made in improving the pro-
cessing of the ASC data. The re-estimation of
the Euler Angles using a new independent al -
go  rithm shows a good agreement between
the different estimates of these angles. The
remaining differences are only minor and well
inside the expected accuracy of the angles.

We have also presented the second generation
of the GFZ Reference Internal Magnetic Model
(GRIMM-2). As for the first generation, the
model has been derived to provide an accu rate
description of the core field, its temporal beha-
vior and in particular of the secular accelera-
tion. The GRIMM-2 model has been compared
and tested again a direct concurrent – CHAOS-
2 (Olsen et al., 2009) — and proves to be
robust. The model is accurate over the data

Figure 5: SV coefficients g1
0 and h1

1 as estimated by various field models, candidates and extrapolation processes where:
GRIMM are the estimated coefficients with error-bars as obtained by the »GRIMM-2« parent model, »M.E.P« are the
estimates obtained by applying the maximum entropy method, »O.SV.M« are the coefficients as obtained from a 50
years field model derived from monthly mean observatory data. The candidate estimates are labeled from »A« to »H«.
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time span, but may not be an accurate repre-
sentation of the Earth’s main field outside this
time period.  The GRIMM-2 model was used as
a parent model to derive the GFZ candidate to
the IGRF-11.
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Wavelet Correlation Analysis of CHAMP
Magnetic Field Models – WACO CHAMP Results

Introduction 
The purpose of the project »Wavelet Cor re la -
tion Analysis of CHAMP magnetic Field Models
(WACO-CHAMP)« is the calculation of the cor-
relations for magnetic field models obtained
from CHAMP magnetic field data. In a first
step we developed a family of directional wave -
lets on the sphere that are suitable for direc-
tional analysis of geomagnetic field compo-
nents (WP240). With the help of these wave-
lets we calculate a covariance matrix for a sa -
tellite data based geomagnetic field model to
show the correlations between the data
(WP250). The third task is to improve geomag-
netic field modeling by using the knowledge
about the correlations and filter artifacts from
satellite tracks, thereby reducing the noise level
of the model (WP260).

Spherical Directional Poisson Wavelets
The basic idea of Spherical Directional Poisson
Wavelets (SDPWs) is to take a horizontal deri-
vative of a symmetric function on the sphere
(for details see Hayn & Holschneider, 2009).
The function chosen here is the Poisson kernel.

Figure 1 shows the principle in 2D. On the left
panel is the Poisson kernel on the sphere. The
right panel shows the horizontal derivative. 

On the Sphere the derivative direction deter-
mines the direction that can be analyzed with
the resulting wavelet; it is perpendicular to
the di rec tion of the derivation. The wavelet is
then rotated on the sphere to the location
that is to be analyzed using Euler rotations. It
is defined as

where a is the scale, n is the order of the wave-
let, θ is the direction of the derivative, ρ is the
axis of rotation for the Euler-rotation of the
wavelet to the point of analysis, and Pint is the
Poisson kernel defined as

with

With the help of the SDPWs the wavelet trans-
form of a signal can be calculated as

.

The directional wavelet transform delivers in -
for mation about the alignment of structures of
an investigated field for a certain scale, i.e. the
part of the signal that is aligned in a certain
direction at the investigated scale. The inverse
transform is defined as

Schachtschneider R., Hayn M., Holschneider M.

University of Potsdam

Figure 1: Simplified idea of the wavelet construction. The
wavlets are lateral derivatives of a symmetric kernel on
the sphere.
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where r are the wavelet coefficients and SO(3)
is the group of rotations in R3.

Directional Wavelet Decomposition
With the help of the newly developed directio-
nal Poisson wavelets we performed a decom-
position of the radial component of a prelimi-
nary HIREMAG lithospheric model of the geo-
magnetic field (Figure 2). We chose scales bet-
ween 0.005 and 0.1 and decomposed the mo -
del for directions between 0 and 170 degree at
10 degrees steps. Figure 3 shows three exam-
ples of wavelet transforms at different scales
and directions: scale 0.1 and direction 0 de -
grees (top panel), scale 0.02 and direction 90
degrees (middle), and scale 0.02 and direction
50 degrees (bottom panel). Especially the
north- south striking field components (90
degrees wavelet transform) is contaminated by
satellite track artifacts. In the southern regions
at the transition between different data types
the model is very noisy.

This wavelet decomposition is the basis for the
design of a filter module on the one hand and
the calculation of the full covariance matrix on
the other hand. These steps are described in
the following sections.

Design of a filter module
When modeling the lithospheric field up to a
high spherical harmonic degree the noise in
the satellite data becomes a serious problem.
The amplitude of the amplified noise eventual-
ly reaches magnitudes of the signal itself and
there is a well known patterns of stripes along
the satellite tracks. They result from unmode-
led ionospheric sources. Especially field aligned
currents near the poles produce noise that is
problematic in inversion. In order to improve
high resolution lithospheric field modeling
these artifacts have to be removed. As they
appear along satellite tracks and thus are alig-
ned in a certain direction they can be separa-
ted from the signal by extracting the according
direction in the wavelet transform. As the
wavelet transform is a local analysis tool it is
also possible to filter only those regions that
are contaminated by noise. This is useful since
the noise contamination is different in different
areas of the globe and different data sets are
used in mid latitudes and near the poles.

The Covariance Matrix for a Field Model
It is the aim of this work to analyze correlations
in a field model that was computed from
CHAMP geomagnetic satellite data. Therefore
we chose the MF4 model for our calculations.
This model represents the visible part of the

Figure 2: Preliminary HIRE-
MAG lithospheric field
model of spherical harmo-
nic degree 16-75 used for
wavelet decomposition.
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crustal magnetic field. It is derived from
CHAMP measurements of the period August
9th, 2000 to April, 2005 and is given as sphe-
rical harmonic coefficients ranging from
degree 16 to 90. The coefficients 1-15 are set
to zero since the crustal field is masked by the
core field for those degrees.

When trying to obtain the covariance matrix
for a field model one faces the obstacle that

there is only one realization of the investigated
random process. From that limited data no
covariances can be calculated. One advantage
of the wavelet transform is its finite correlation
length. Wavelet coefficients with a distance gre-
ater than the correlation length are statistically
independent. Therefore we can divide the
wavelet transform into independent subdo-
mains (Figure 4). These subdomains are taken as
surrogates for independent realizations of the

Figure 3: Examples of the
wavelet decomposition for
different scales and direc-
tions. For details see the
text.
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stochastic process with which we can calculate
covariances for the geomagnetic field model.

For each scale and direction a separate covari-
ance matrix is obtained. These are combined
to a comprehensive covariance matrix Cw in
wavelet space. That comprehensive matrix in
wavelet space has to be transformed back to
physical space by

,

where Mg is the discretized inverse directional
wavelet transform operator and superscript T
denotes the transposed matrix.

High-resolution modeling
The covariance matrix obtained in WP250 con-
tains information about the correlation of the
geomagnetic data in the lithospheric field mo -
del. These informations can be used as Bay e -
sian priors for inversions of the geomagnetic
field. Instead of assuming isotropic data the
covariance matrix can introduce the obtained
information about the anisotropy of the field.
Therefore in the inversion scheme with Tik ho -
nov regularization (Engl ea, 1996)

the Tikhonov matrix Γ is replaced by the cova-
riance matrix Cp thus introducing the obtained
a priori information.

Conclusions and Outlook
We have constructed a family of functions on
the sphere that are admissible as wavelets and
have directional properties. With these direc-
tional Poisson wavelets we have decomposed
a preliminary geomagnetic lithospheric field
mo del of the HIREMAG work package. We
have demonstrated that noise contamination
along satellite tracks can be extracted with this
decomposition. We have shown a possibility to
calculate the covariance matrix of the data in
wavelet space for a single realization of the
stochastic process by taking advantage of the

finite correlation length of the reproducing
kernel of the wavelet transform. With these
results we can calculate the covariance matrix
in physical space and design a filter that helps
to improve geomagnetic li thos pheric field
modeling by reducing the artifacts of the satel-
lite tracks.
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Analysis and application of atmospheric data
from CHAMP and GRACE

Abstract
The German geoscience satellite CHAMP
(CHAllenging Minisatellite Payload) has collec-
ted the currently longest available time series
of GPS radio occultation (RO) data comprising
nearly eight years. Around 570,000 occulta-
tion measurements were performed between
Feb. 2001 and Oct. 2008. This time series is
continued by the U.S./German GRACE (Gravity
Recovery And Climate Experiment) mission. To
generate a homogeneous and high quality
long-term set of GPS-RO data for climatologi-
cal applications and trend analyses, a consi-
stent reprocessing is needed. Major objectives
of the GEOTECHNOLOGIEN research project
ATMO-CHAMP/GRACE therefore are: a) im -
prove ment of the scientific GPS RO processing
software, b) consistent reprocessing of the
CHAMP/GRACE GPS-RO long-term data set ap -
plying this improved software and c) the de -
mons tration of climatological applications for
the long-term data set. In this paper the status
of the CHAMP/GRACE processing is overvie-
wed and climatological applications regarding

global temperature and tropopause trends and
irregularities of the ionospheric E-region are
demonstrated.

1. Introduction
The GPS radio occultation (RO) remote sensing
technique (e.g., Kursinski et al., 1997, Yunck
et al., 2000) exploits atmospheric (neutral at -
mos phere and ionosphere) refraction and de -
lay of GPS signals observed aboard Low Earth
Orbiting (LEO) satellites (Fig.1). Observed pha -
se path delays can be inverted to vertical profi-
les of bending angle, refractivity and meteoro-
logical quantities (temperature, humidity, e.g.
Heise et al., 2008). Main properties of the cali-
bration-free RO technique are insensitivity to
clouds and rain, global coverage and high ver-
tical resolution. Currently, CHAMP provides the
longest available consistent time series of GPS
RO measurements comprising nearly eight
years (e.g., Wickert et al., 2009). This data set
allows for the first climatological investigations
based on GPS radio occultation measurements

Heise S., Wickert J., Arras C., Beyerle G., Haser A., Schmidt T., Zus F. 

GFZ German Research Centre for Geosciences, Potsdam, Germany

Figure 1: GPS
radio occulta-
tion principle.

SR17_Weltraum_V8_Abstract_InfosysII.qxd  10.12.10  10:38  Seite 46



47

and is continued by GRACE-A and several follo-
wing GPS RO missions (FORMOSAT-3/COSMIC,
Metop, TerraSAR-X, TanDEM-X). The reproces-
sing activities and climatological investigations
presented here are funded within the research
project »Analysis of atmospheric data from
CHAMP/GRACE and application for climatologi-
cal investigations« (ATMO-CHAMP/GRACE) of
the GEOTECHNOLOGIEN programme of the
German Ministry for Education and Research.

2. Status of CHAMP and GRACE radio
occultation processing
While the CHAMP mission came to its fiery end
on September 19, 2010, last occultation mea-
surements were recorded on October 4, 2008.
About 570,000 GPS occultations were obser-
ved since February 2001 (see Fig.2). GRACE-A
occultations are continuously activated since
2006 and are provided in near-real time to
several weather services (e.g., UK MetOffice,
ECMWF, NCEP, DWD) to improve their global
forecasts. These activities were started within
the GEOTECHNOLOGIEN research project
Near-Real Time Radio Occultation (NRT-RO,
Wickert, 2010). In preparation of the reproces-
sing of the large CHAMP/GRACE data set, the
computation time has been reduced signifi-
cantly by adaption of the GFZ RO analyses soft-

ware for application on Linux platforms. As a
precondition for the improvement of the GPS
RO processing software comprehensive inter-
comparisons with analyses results from other
RO processing centres (e.g. UCAR, JPL) and
with independent meteorological data (e.g.
ECMWF analyses or radiosonde observations)
were performed. In this context, GFZ was in -
volved in an intercomparison study of several
CHAMP RO data processing centres (Ho et al.,
2009; see Fig. 3 left). While the GFZ atmos-
pheric products from CHAMP are in excellent
agreement with other processing results (e.g.
UCAR) especially in the altitude range between
10 and 25 km, a positive refractivity bias is
observed above 25 km (Fig. 3). This bias will be
investigated in more detail in the further cour-
se of the ATMO-CHAMP/GRACE project. Re -
sults will flow in the improved GFZ RO analyses
software. Since a software change related in -
homogeneity in the GFZ CHAMP atmospheric
data set could be detected, a preliminary re -
processing was performed to provide a consi-
stent CHAMP RO data set for further climato-
logical investigations of atmospheric parame-
ters (e.g. temperature, tropopause altitude).

Figure 2: GFZ CHAMP/GRACE-A occultation data proces-
sing statistics 2001-2010.

Figure 3: Left: Mean zonal refractivity difference between
2006 CHAMP results from GFZ and UCAR, from Ho et
al., 2009; Right: Mean global difference and standard
deviation between CHAMP refractivity results from GFZ
and UCAR for January/February 2006.
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3. Applications of atmospheric data from
CHAMP and GRACE

3.1. Global temperature and tropopause
trends
The upper troposphere and lower stratosphere
(UTLS) is one of the key regions of the atmos-
phere with significant  importance for the stra-
tosphere-troposphere exchange as well as cli-
mate research. The determination of UTLS tem -
perature and tropopause height trends are cru-
cial for the monitoring of climate change pro-
cesses. Global high-resolution temperature ob -
ser vations are only available from GPS radio oc -
cultation (RO) data, whereas the CHAMP mis-
sion has generated the first long-term RO da ta -
set (2001-2008) that is continued from GRACE
since 2006.
De-seasonalized global monthly anomalies of
tropopause heights from CHAMP/GRACE are
the basis for linear trend analyses considering
also Quasi Biennial Oszillation (QBO) effects
and El Niño-Southern Oscillation (ENSO) signals.
An increase of the global tropopause height of
about 60 m over the time period 2001-2010 is
observed (Fig. 4, solid line), see also Schmidt et
al. (2008). The associated temperature trend
pattern is shown in Fig. 5. There is an overall
slightly warming in the upper troposphere
(from 5 km to the tropopause) with strongest
signals in the subtropical region of both hemis-

pheres. In the lower stratosphere from the tro-
popause up to 25 km predominant negative
temperature trends (cooling) are detected.

3.2. Irregularities of the ionospheric E-
region
Sporadic E layers (Es) are defined as thin sheets
of enhanced electron density that form in the
ionospheric E region, preferably in the midlati-
tudes of the summer hemisphere between 80
and 120 km altitude. Fig. 6 gives an overview
on the global distribution of sporadic E layers
during the seasons of the year 2008. Highest
Es rates are found in the midlatitudes on the
respective summer hemisphere. During winter
and in polar regions Es rates are generally low.
Moderate Es activity is observed during equi-
nox seasons in lower latitudes. In equatorial
regions, a slim line of nearly no observed Es
events appear during all seasons. This line fol-
lows exactly the magnetic equator. Also the
minimum in Es occurrence rates in the South
Atlantic region that correlates well with the
minimum in the Earth’s magnetic field’s inten-
sity suggests a close connection of both para-
meters.
Currently, CHAMP provides the longest availa-
ble consistent time series of GPS RO measure-
ments comprising nearly eight years. Figure 7
shows the time series of latitude dependent
monthly Es rates measured by CHAMP bet-

Figure 4: Global tropopause height trend (solid line) based on CHAMP and GRACE (2001-2010).
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ween January 2002 and October 2008. The
expected summer maximum alternating bet-
ween the northern and southern hemisphere is
clearly visible. The individual summer maxima
are interrupted by very low Es rates in spring
and autumn. Weak secondary maxima are
found at low latitudes on the winter hemis-
phere. In general, the Es rates in the southern
hemisphere are apparently reduced by 25%
compared to the northern hemisphere. The
summer maxima vary in intensity, duration and
dimension. But usually values around 40%
(30%) in Es occurrence frequency are observed
in the northern (southern) hemisphere. For
more comprehensive results of Es investiga-

tions with GPS radio occultation data from
CHAMP, GRACE and FORMOSAT-3/COSMIC
see Arras (2010).

4. GPS radio occultation with TerraSAR-X
and TanDEM-X
The German TerraSAR-X satellite was launched
on June 15, 2007 and since June 21, 2010 its
twin satellite TanDEM-X is in orbit. Main pur-
pose of the two-satellite-mission is the genera-
tion of a high resolution Earth surface eleva-
tion model using a new generation X-band
radar. The occultation instrumentation consists
of two occultation antennas (forward- and aft-

Figure 5: Global temperature trends
in the upper troposphere and lower
stratosphere based on CHAMP and
GRACE (2001-2010), see Schmidt et
al., 2010. The solid white line deno-
tes the tropopause height.

Figure 6: Seasonal global distribution
of sporadic E occurrence rates in
2008 derived from CHAMP, GRACE
and COSMIC GPS RO data. Each
plot contains measurements collec-
ted during three months; winter
(December 2007, January and
February 2008), spring (March, April,
May 2008), summer (June, July, Au -
gust 2008) and autumn (Sep tem ber,
October, November 2008) in a 5° x
5° resolution.
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looking) and the Integrated GPS Occultation
Receiver (IGOR) providing dual frequency GPS
RO observations for atmospheric remote sen-
sing. GPS radio occultation measurements
onboard TerraSAR-X are continuously activated
since February 2009. On August 30 and 31 of
2010 the TanDEM-X occultation receiver was
successfully activated for the first time. The
operational GFZ orbit and occultation analysis
system has successfully been used for near-real
time processing of CHAMP RO data and is cur-
rently in use for processing of GRACE RO ob -
servations. In contrast to the BlackJack RO re -
ceivers aboard CHAMP and GRACE, the IGOR
receiver applies the open-loop tracking techni-
que to improve GPS signal tracking in the
lower troposphere. The operational GFZ RO
analysis system has been upgraded for proces-
sing of open-loop RO data. This also includes
the handling of navigation bit data (needed for
open-loop data correction) which are collected
by GFZ's global »NavBit« monitoring ground
network. Continuous provision of TerraSAR-X
near-real time atmospheric data for numerical
weather prediction is currently in preparation.
For more details on intial TerraSAR-X occulta-
tion results see Beyerle et al. (2010).

5. Summary and Outlook
In order to reduce computation time and im -
prove sustainability, the GFZ RO analysis soft-
ware has been adapted for application on LI -
NUX platforms. Comprehensive intercompari-

sons of GFZ analyses results with other proces-
sing centres (e.g. UCAR) have been accomplis-
hed revealing excellent agreement up to 25 km
altitude but a positive refractivity bias above.
This bias has to be solved in further course of
the ATMO-CHAMP/GRACE project. A prelimi-
nary consistent reprocessing of the CHAMP
long-term data set was already performed to
remove software change related inhomogenei-
ties. The CHAMP/GRACE long-term data set is
successfully used for several atmospheric appli-
cations such as temperature and tropopause
trends, gravity wave activity and occurrence of
sporadic E-layers. Currently GFZ operationally
provides GRACE-A data for numerical weather
prediction centres (e.g., UK MetOffice, ECMWF,
NCEP, DWD). It is planned to extend this 
near-real time activities by TerraSAR-X and
TanDEM-X data.
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Figure 7: Time series of monthly lati-
tude dependent (10° resolution) spo-
radic E rates between 2002 and
2008 derived from CHAMP GPS
radio occultation data.
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GOCE gravity gradients:
a new satellite observable

Introduction
The GOCE satellite was launched on March 17,
2009. It is the first mission of ESA's Living
Planet Programme and the first satellite with a
gravitational gradiometer. GOCE aims at the
determination of the stationary part of the
Earth's gravity field and geoid with maximum
accuracy and spatial resolution (ESA 1999).
The gradiometer data are essential to achieve
this aim. Thus, the first step in GOCE data ana-
lysis should be to look into the characteristics
of this new data type. Our goal therefore is to
obtain a comprehensive understanding of sig-
nal and error characteristics of the individual
measured gravitational gradients (GGs). This
should be the basis of their use in science and
application. 

In order to get a full understanding of the sig-
nal and error characteristics of the GOCE gra-
vity gradients they are studied at four different
levels. The first one is gradiometer internal cali-
bration as a pre-requisite in the further proces-
sing of the gradiometer data. Once calibrated
measurements are available they can be analy-
zed spectrally and gravity field analysis can be
performed. The second level is therefore analy-
sis of the gradiometer data. The GOCE gravity
gradients are given in the instrument frame.
The analysis of the gravity gradients may requi-
re rotation of the GOCE GG to other local refe-
rence frames, which represents the third level.
This is done with GOCE data only and - in
order to strengthen the long wavelength parts
- with a combination of recent GRACE gravity
models. The goal must be minimum loss of

accuracy due to the contribution from the
weaker gradient components. The fourth level
is gravity gradient validation with satellite alti-
metry. The high precision and high sample rate
of satellite altimeter data permits comparison
of gravity gradients derived from satellite alti-
metry and GOCE gravity gradients. 

Gradiometer internal calibration
Gravitational gradiometry based on the princi-
ple of differential accelerometry requires the
six three-axis accelerometers to have the same
scale and to be perfectly aligned. The real
instrument can approximate this ideal at most
up to a high level of accuracy. Thus, calibration
is the central condition for any correct use and
interpretation of the gradiometric measure-
ments. Calibration on ground is diffcult due to
the presence of g. Therefore calibration is car-
ried out using random shaking of the instru-
ment by a set of cold gas thrusters, (Cesare
and Catastini 2008), which is called in-flight or
internal calibration. Two algorithms have been
developed to retrieve the calibration parame-
ters, one by ALENIA and an alternative one by
engineers of ESA-ESTEC (Cesare and Catastini
2008, Lamarre 2008). Both algorithms deter-
mine the calibration parameters iteratively and
rely on semi-empirical processing steps that are
not fully understood (Bouman et al. 2008).

In the nominal processing, the inverse calibra-
tion matrices (ICMs) determined by the ESA-
ESTEC method from the previous shaking are
applied. It was found that some elements of

Bouman J. (1), Stummer C. (2), Murböck M. (2), Fuchs M. (1), Rummel R. (2), Pail R. (2), Gruber T. (2), Bosch

W. (1), Schmidt M. (1)
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SR17_Weltraum_V8_Abstract_InfosysII.qxd  10.12.10  10:38  Seite 52



53

the ICM from two consecutive shakings (e.g.
the shakings of October 2009 and of January
2010) show a significant variation with time. In
addition, one observes a slight degradation in
time (from October 2009 to January 2010) of
the gravity gradient performance when analy-
sing the GGT trace. 

To check whether it is possible to avoid this
degradation of the GGT trace performance
with time, four simulation scenarios have been
performed. Since in particular the differential
scale factor of accelerometer pair 25 in Y-direc-
tion (dSF25y) shows a significant variation with
time, the effect of linear interpolating the cor-
responding ICM element is investigated.
Moreover the impact an alternative method
for angular rate reconstruction (ARR, Stummer
et al. 2010) is analysed. For each of the four
scenarios, the GGs from 31 October to 31
December 2009 have been reprocessed, using
an autonomous implementation of the nomi-
nal EGG Level 1b processor:

1) As reference, the original GGs have been
reprocessed with the nominal method for
ARR and using the nominal (previous) ICM.

2) As 1) but with interpolation of the ICM ele-
ment corresponding to dSF25y.

3) Instead of the nominal method for ARR, the
Wiener ARR method was used. The nominal
ICMs have been applied.

4) Again, the Wiener method for ARR was
used, but this time with interpolation of the
ICM element corresponding to dSF25y

Figure 1 illustrates the trace performance of the
four sets of gravity gradients from scenarios 1)
to 4) at a day (27 December 2009) that is far
away in time from the October calibration and
thus the variation of dSF25y with respect to this
calibration is expected to be large.

One can notice that:
– When using the nominal ARR method, there

is only a small improvement of the GGT
trace performance due to ICM interpolation

Figure 1: PSD of GGT trace, effect of ICM interpolation (dSF25y) using nominal and Wiener method for ARR
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(upper black vs. grey curves) for frequencies
at the lower end of the MBW (5 mHz). 

– With the Wiener method for ARR (using
nominal ICM, lower black curve), the GGT
trace performance improves significantly with
res pect to the nominal ARR method (two
upper curves). The improvement is largest for
low frequencies and is to a smaller ex tent still
present for frequencies up to 7 mHz.

– The GGT trace performance is best when
the Wiener method for ARR is used and the
ICM element corresponding to dSF25y is
interpolated (lower grey curve). 

Thus, it is confirmed that a change of an accel-
erometer scale factor can have a significant im -
pact on the accuracy of the gravity gradients.
Moreover, it is possible to compensate for this
effect to some extent by linear interpolation of
the corresponding ICM element using the Wie -
ner method for ARR. When the nominal me -
thod for ARR is used this positive effect of ICM
interpolation cannot be achieved.

Analysis of the gradiometer data
Since GOCE is the first satellite mission ever
with a gradiometer on board, the analysis of
these data with noise is very important. The
spec tral characteristics of the gradiometer mea -
surements can be analyzed in several ways.
One option is to use the redundancy within the
accelerometers and the gradiometer as a whole,
to check the individual components a gainst
each other. Each of the 6 three-axis GOCE ac -
celerometers has two ultra-sensitive (US) axes
and one less sensitive (LS) axis. The two US
axes measure the Control Voltages (needed to
keep the accelerometers proof mass stable)
with 2 electrode pairs, the LS axes have 4 elec-
trode pairs. Therefore, in total there are 6*8 =
48 electrode-pairs.

To check the performance of each of these
electrode pairs, the nominal GOCE Level 1b
processing has been rerun, replacing the mea-
surements of one specific electrode pair with
the measurements of the corresponding pair
along the same axis. In Figure 2 the impact of

the replacement on the GGT trace is shown.
For a better visualisation, always the PSD of the
difference between the specific new GGT trace
and the nominal one (using all measurements)
has been computed. One can notice two things.
First, the replacement of measurements along
one specific axis always causes a similar impact
on the GGT trace. Therefore, it can be exclu-
ded that there is one electrode with a particu-
lar bad performance. Second, the impact on
the GGT trace depends on the axis on which
the replacement is done. E.g. the replacement
of a Z-electrode (in the Accelerometer Elec tro -
de System Reference Frame (AESRF), red cur-
ves) has a significant impact on the GGT trace
throughout the complete gradiometer measu-
rement band width (MBW).  Table 1 gives a de -
tai led overview of the impact of electrode
replacements on the individual gradients.

Figure 2: Impact on GGT trace due to the replacement of
individual Control Voltages of accelerometer 1 (top) and
of accelerometer 2 (bottom)

SR17_Weltraum_V8_Abstract_InfosysII.qxd  10.12.10  10:38  Seite 54



55

Additionally, 6 sets of GGs have been compu-
ted, replacing one accelerometer by a virtual
accelerometer, which is formed by the com-
mon-mode accelerations of the corresponding
remaining accelerometers. In Figure 3 the PSDs
of the GGT trace for all six cases of accelero-
meter replacement are shown. Again, one can
notice two things. First, the impact on the GGT
trace is similar for the accelerometers on the
same gradiometer arm. Second, the impact is
depending on the axis on which the replace-
ment is done. The GGT trace degrades most, if

an accelerometer on the Y-axis, accelerometer
2 or 5 (two upper curves), is replaced, because
these accelerometers are the only ones with US
axes in Y direction, which is the main measu-
rement direction in this case. Therefore, the Y-
direction of the corresponding virtual accelero-
meter can only be built from LS measurements.

Spectral characteristics of the diagonal
gradiometer components
Theoretically the gravity gradients individually

Table 1: Impact on gradients due to replacement of Control Voltages

Figure 3: Impact on GGT
trace due to replacement
of complete accelerometers
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as well as certain well defined combinations
show typical spectral characteristics, see e.g.
(Rum mel and van Gelderen 1992, Rummel
1997). In reality these theoretical properties
will only be met to a certain extent. This is due
to measurement noise, imperfect calibration,
less sensitive accelerometer components and
to rotational effects. Thus, these spectral cha-
racteristics are an important tool for the assess-
ment of the quality of measured gradients.
Further insight in the GOCE gravity gradient
characteristics is obtained by their global beha-
viour in terms of spherical harmonic coeffi-
cients by the semi-analytic method (Sneeuw
2000, Pail and Plank 2002, Wermuth et al.
2006, Pail et al. 2007). It is feasible to use sin-
gle gravity gradient components as well as
various combinations of gravity gradient com-
ponents for global spectral analysis, for the
first time using real data.

Each individual gradiometer component has its
own spectral strength and weakness. The actu-
al spectral characteristics are analyzed, em ploy -
ing spherical harmonic (SH) analysis on the
three diagonal components. The observations
used are GOCE data from November and De -
cember 2009. A semi-analytical approach leads
iteratively to a consistent adjustment resulting
in SH coefficients and a Block-Diagonal Va ri -
ance-Covariance matrix. The estimated stan-
dard deviations of this solution can be seen in
Figure 4 (top) in the spherical harmonic (SH)
domain. Typical SH error characteristics of
GOCE GG can be seen. The inclined orbit,
which provides no observations over the poles,
leads to large errors around the zonal coeffi-
cients. The sensitivity for lower degrees is quite
low and a near isotropic behaviour can be ob -
served in the higher degrees (i.e. main depen-
dency of the errors of the SH degree and not
of the SH order). Bright stripes around multi-
ples of the SH order 16 for low degrees are
noticeable as well, which are characteristic for
high noise at multiples of the orbit frequency.
It is useful to compare the estimated standard
deviations with the differences of the estima-
ted SH coefficients and the coefficients of an
existing gravity field model (here EIGEN-5C)

(Fig. 4 middle). These coefficient differences
lead to comparable SH structures. A different
look at this comparison is provided by the
median per SH degree of these two SH spectra
(Fig. 4 bottom). The median is used because it
is not sensitive to the very high errors around
the zonals affected by the polar gap. As
EIGEN-5C is a combined model from five years
GRACE and LAGEOS data we assume it to be
better in the lower degrees than GOCE.
Therefore the differences in these degrees can

be assumed to be mainly errors. As the medi-
an of the estimated standard deviations is
quite close to the median of the coefficient dif-
ferences it can be assumed that the observa-
tions are processed consistently and lead to
realistic errors for GOCE’s GGs.

Figure 4: Top: estimated standard deviations of a semi-
analytical gravity field estimation of GOCE’s GGs of No -
vember and December 2009 (log10). Middle: Differences
between the estimated SH coefficients and the coeffi-
cients of EIGEN-5C Bottom: SH degree median of the
two upper SH coefficients
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This analysis provides the estimates of the
observation residuals as well. A spectral repre-
sentation of these residuals shown in Figure 5
as PSDs. Derived from a consistent processing
of the combination of the three diagonal com-
ponents of GOCE’s GGs to SH coefficients,
these PSDs gives a realistic error characteristic
of each of the 3 components in the frequency

domain. One can notice two things. All 3 com-
ponents show similar noise behaviour with fre-
quency. Large peaks occur at multiples of the
orbit frequency. The noise level for frequencies
above 10 mHz is nearly constant (white noise)
and around 10 mE/Hz0.5. Nevertheless some
differences can be observed. The noise level of
VZZ in the upper frequency range is nearly two
times larger than the other two components.
At around 10 mHz the VXX component seems
to have a lower noise level than the others.

By propagating this noise PSDs in a semi-ana-
lytical way onto the SH spectrum one gets the
noise behaviour in the SH domain (Figure 6).
The peaks in the PSDs are mapped on multi-
ples of the SH order 16 and are visible in bright
stripes as in the combined solution. The theo-
retical characteristics remain in this realistic
case. These are the large errors around the
zonals (polar gap) and the typical sensitivities
for VXX (around the zonals), VYY (sectorials) and
VZZ (near isotropic). Dividing these errors by the
SH coefficients of the estimated signal a signal
to noise ratio in the SH domain arises. Its medi-
an per SH degree can be seen in the right
Figure 7. The VZZ-component has the highest
S/N ratio for all SH degrees, the VXX-compo-
nent the smallest.

Rotation of the gravity gradient tensor
The calibrated gravity gradients, as derived
from the GOCE gradiometer, are given in the
GRF, the Gradiometer Reference Frame, which

Figure 5: PSD of the estimated residuals of the three dia-
gonal components

Figure 7: SH degree median of the signal to noise ratio of
the three diagonal components

Figure 6: SH error spectra of the three diagonal compo-
nents (top: XX, middle: YY, bottom: ZZ) (log10)
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co-rotates with the satellite in its orbit. The
GRF is approximately oriented in the radial,
along-track, cross-track direction and is gover-
ned by the attitude control system. While the
location of the measurements is determined
using GPS orbit determination, the orientation
in inertial space relies on the star sensors. In
principle it is therefore possible to rotate the
measurements to a local geographical frame.
Such a representation would allow a more ge -
neral analysis and interpretation of the measu-
rements independent of satellite orbit and
satellite position.

There are, however, two problems in the trans-
formation of the gravity gradients from the
GRF to other frames. First, the rotation of the
gravitational tensor from one orthonormal
frame to another requires the pre- and post-
multiplication of the tensor with a correspon-
ding rotation matrix. Consequently, the tensor
components in the rotated system are linear
combinations of the components in the origi-
nal system. Because two of the non-diagonal
tensor components are much less accurate
than the other components, a rotation to
another frame will also make the diagonal
components in the transformed frame less
accurate (Müller 2003). Secondly, the accurate
gravity gradients do have high accuracy in the
MBW (Measurement Bandwidth), but the error
increases for low frequencies. This error tends
to leak into the MBW while transforming from
GRF to other local frames (Bouman 2007).

An algorithm has been developed and imple-
mented to prevent gravity gradient deteriora-
tion in the frame transformation. The GOCE
gravity gradient signal below the MBW is repla-
ced by signal from a global model to prevent
leakage, for example a GRACE or a GOCE
quick-look model (Foerste et al. 2007, Pail and
Wermuth 2003). In addition, the two less accu-
rate gravity gradients in the GRF are replaced by
gravity gradients which have been computed
from a quick-look GOCE gravity field model. 

Dependent on the gradiometer performance
the spectral limit of model information and

measured GGs has been evaluated using a
trade off between signal bandwidth, signal e -
ner gy and measurement noise. This limit,
which is assigned by the filter cut-off frequen-
cies, is important because it gives a value for
the long wavelength quality of GOCE data.
Due to the impact of rotational effects on the
rotated GGs, the cut-off frequency is being de -
rived in the rotated reference frame by an ana-
lysis aiming for an optimal ratio between signal
and noise energy of the derived GGs. With this
analysis the low frequency spectral gradiome-
ter performance can be tested and evaluated.

The tensor rotation of GOCE GGs mixes com-
ponents derived from model information and
measurements which depends on the rotatio-
nal angle, the spectral signal strength, the gra-
dient axes and the orbit height. The amount of
GOCE information in the rotated gradients is
an important quantity for local analysis. Two
frames are of special interest: the local orbital
reference frame (LORF) and the local north
oriented frame (LNOF). The LORF X-axis is alig-
ned with the velocity vector of the satellite, the
Z-axis is in almost radial direction in the orbital
plane and Y-axis complements the right-handed
frame. The X-axis of the LNOF points North, the
Y-axis West and the Z-axis radial outward.

The ratio of model and GOCE GGs has been
used to evaluate the model content present in
the rotated gravity gradients in different refe-
rence frames. The amount of model information
in the rotated gradients is shown in Figure 8 for
VYY (LNOF & LORF). As the GRF is aligned within
a few degrees with the LORF, the rotations from
GRF to LORF are small, whereas the rotation
about the yaw axis can be large going from GRF
to LNOF. The mean model content in the rota-
ted gradients is summarized in Table 2.

The rotated gravity gradients can be used to
validate and evaluate global gravity field mo -
dels at the GOCE orbit in the LNOF. Es pe  cia l  ly
for the fine scale structures in common global
gravity field models such as e.g. the EGM2008
or the EIGEN5C differences are seen globally
and particular in regions such as  South America, 
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Africa or South Asia, see Fi gu re 9.  The measu-
rement anomalies in VYY south of Australia and
Northern Canada are a non gravity related
GOCE feature, which is probably related to a
drift in the gradiometer differential scale fac-
tors (see section on gradiometer internal cali-
bration).

Gravity gradient validation with satellite
altimetry
Since many years satellite altimetry provides
measurements of mean sea level (MSL). MSL
nearly coincides with an equipotential surface
of the Earth gravity field, the geoid. Deviations
between mean sea level and geoid, known as
dynamic ocean topography (DOT) are caused
by external forcing and remain below ± 1-2 m.
The mean curvature of the geoid is proportio-
nal to the radial gravity gradient of the distur-

bing potential (Heiskanen and Moritz 1967). It
can be shown that the mean curvature of the
mean sea level is a very precise measure of the
curvature of the geoid (Bosch 2003, Bouman
et al. 2010). Thus, from the geometry of the
mean sea level one can infer the second radial
derivative of the disturbing potential. This
opens the possibility to use satellite altimetry
for the validation of gradients.

GGs may be transformed to any arbitrary refe-
rence frame and therefore also to a reference
frame aligned with satellite altimeter ground
tracks. This opens the possibility to use the sin-
gle gravity gradient components for modelling
and comparison with along track gravity gra-
dient profiles as derived from satellite altimetry,
cf. (Rummel and Haagmans 1991, Khafid
1993). In addition, at crossover points of alti-
meter ground tracks the second radial derivati-
ve of the gravitational potential can be deter-
mined using the along track gravity gradient
profiles of as cen ding and descending tracks
(Rummel and Haagmans 1991). At crossover
points altimetric gravity gradients (radial com-
ponent) may therefore be used to validate the
GOCE radial gravity gradients.

Figure 8: Relative model content in VYY LNOF (top) and
LORF (bottom)

Figure 9: VYY binned averaged differences 31 October
2009 – 11 January 2010: GOCE - EIGEN5C (top), GOCE -
EGM2008 (bottom)

Table 2: Mean relative model content in rotated 
gravity gradients in LNOF and LORF)
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We assessed how large the influence is of
neglecting the DOT and thus assuming that
MSL is an equipotential surface. The DOT mo -
del DOT2008A has been expanded in spherical
harmonics (Pavlis et al. 2008) and the coeffi-
cients have been used to compute the vertical
GG with respect to a reference ellipsoid, This
DOT TZZ signal is shown in Figure 10 where the
colour bar has been set to ±150 mE. For refe-
rence: the error in the accurate GOCE gravity
gradients is 10 – 20 mE for medium resolutions.
The DOT can therefore not be neglected.

Because the DOT cannot be neglected it must
either be modeled or estimated simultaneous-
ly with, for example, a regional gravity field
when satellite altimeter data and GOCE gravi-
ty gradients are combined. Different models
for the DOT exist and we computed the diffe-
rences between 4 models. The RMS of these
differences, in terms of vertical gravity gra-
dient, is shown in Figure 11. Clearly, the diffe-
rences between the DOT models are large in
regions with the major currents. There are
however also regions, such as the Pacific,
where the differences between the DOT
models are small. Satellite altimeter data in
these regions could be used for GOCE valida-
tion if the altimeter data are corrected for DOT.
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GOCE gravity field determination by means 
of rotational invariants: first experiences

1. Introduction
Launched on 17 March 2009, ESA's Gravity
field and steady-state Ocean Circulation Ex-
plorer (GOCE) will revolutionize our under-
standing of one of Earth's most fundamental
forces – gravity. Commonly, GOCE gradiome-
try analysis relates the single gravitational
gradi-ents to the unknown gravity field para-
meters. For its application, the orientation of
the gravita-tional tensor relative to the referen-
ce frame of gravity field modeling is of prime
importance. Hence, the orientation informa-
tion quality strongly influences the accuracy of
the entire analysis procedure. Gravity field
recovery based on the rotational invariants of
the gravitational tensor avoids any orientation
concerns. For this reason, the invariants repre-
sentation constitutes an alternative and inde-
pendent procedure for GOCE data analysis.
Within the support programs GOCE-GRAND I
and II [12], the methodological fundamentals
were established to apply the invariants appro-
ach to gradiometer data. Most notably, in this
context, the algorithms have been implemen-
ted on high performance computing platforms
and have been tested successfully within the
framework of comprehensive numerical simu-
lation studies. The major objective of this work
package is the application of the existing rou-
tines to GOCE real data. The final outcome is
an Earth’s gravity field solution based on the
invariants representation. 

In case of full tensor gradiometry all second-
order derivatives of the geopotential, denoted
as gravitational gradients (GGs) Vij, i, j =1, 2, 3
can be derived. They are summarized in the
symmetric gravitational tensor, or Eötvös ten-

sor [3]. Due to technical reasons (ground cali-
bration), for GOCE two of the off-diagonal ele-
ments V12 and V23 are reduced in accuracy by
several orders of magnitude, hence can be
considered as unobserved.

Typically, gradiometer data analysis is per-for-
med at the level of individual GGs, in particu-
lar the main diagonal elements of the gravita-
tional tensor. This approach embraces a variety
of methods commonly attributed to the space-
wise or time-wise methods [10]. Here we pres-
ent an alternative analysis concept. It is based
on gravitational tensor rotational invariants [1]. 

As invariants are composed of gravitational
gradients products, the alternative representa-
tion yields a non-linear least-squares minimiza-
tion problem requiring iterative model param-
eter estimation. Moreover, invariants are com-
posed of all individual GGs. Thus, GGs accura-
cies must be compatible, which is only ensured
by full tensor gradiometry.

In brief, the pros and cons of the invariants
representation can be summarized as follows:

Pros of the invariants representation: 
– scalar-valued gravity field functionals 
– independent of the gradiometer orientation

in space 
– independent of the orientation accuracy 
– independent of reference frame rotations /

parameterization 

Cons of the invariants representation: 
– non-linear observables 
– gravitational gradients required with com-

Cai J., Baur O.  and Sneeuw N. 

Stuttgart University
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patible accuracy (full tensor gradiometry) 
– more complex stochastic model handling 
– iterative parameter estimation, huge com-

putational costs 

In this contribution, we present strategies to
overcome the difficulties of the invariants re -
presentation in the context of GOCE data ana-
lysis and first experiences incorporating GOCE
real data. The proposed methods are a tailored
combination of (i) linearization in terms of a
perturbation theory approach, (ii) synthesis of
GGs for full tensor gradiometry reconstruction,
(iii) error propagation in order to derive the sto-
chastic model of invariants, and (iv) implemen-
tation of the algorithms on high performance
computing platforms. 

2. Invariants representation
The basic observation equation in satellite gra-
diometry reads [9] 

(1) 

The observation tensor Γ is the sum of the gra-
vitational tensor V and rotational parts, i.e.,
the Euler tensor Ω and the centrifugal tensor
Ω

2. The rotational parts occur due to the rota-
tion of the gradiometer reference frame relati-
ve to inertial space; they have to be reduced
from the observation tensor prior to data ana-
lysis. For GOCE the separation is achieved by
gradiometer observations (splitting the obser-
vation tensor into its symmetric and antisym-
metric part) in combination with star tracker
measurements. We denote the coefficient
matrix of V as V=[Vij]. The properties
V11+V22+V33 =0  and Vij = Vji hold true, i.e., V is
a trace-free symmetric matrix.

A tensor itself is independent of orthogonal
transformations. This does not hold for its coe-
fficient matrix. The individual components vary
according to their projection on the base coor-
dinate axes. Scalar-valued tensor invariants,
however, are independent of frame rotations
and thus independent of the reference base. A

second order tensor in three-dimensional Eu cli -
dean space (such as the Eötvös tensor) is cha-
racterized by three independent invariants [6],
constituting a so-called complete invariants
system. Invariants systems can be defined in
various ways; transformation relations allow to
transfer them to each other [5, 4]. 

The two most prominent invariants systems
result from the eigenspace representation of V,
i.e., from the solution of the general eigenva-
lue problem of the tensor coefficient matrix.
The characteristic equation det(V–λI3) yields
the cubic polynomial

(2)

The roots of the characteristic equation are well-
known as the eigenvalues λi, i =1, 2, 3 of V.
They constitute the complete invariants system
{λ1, λ2, λ3}. As the eigenvalues are invariants,
according to Eq. (2) the polynomial coefficients
Ii, i =1, 2, 3 form an invariants system too, de-
noted as {I1, I2, I3}. As a function of the eigenva-
lues it reads

(3)

In terms of GGs (symmetric and trace-free
coefficient matrix V) the Ii, become [9]

(4a)

(4b)

(4c)

The invariant I1 equals the trace and I3 the
determinant of the tensor coefficient matrix. I2,
is the sum of the coefficient matrix principal
minor determinants by deleting one row and
column.
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In case of a nadir-pointing gradiometer of
GOCE type the invariants system {I1, I2, I3} is
par ticularly suited for gravity field recovery.
Within this contribution we restrict ourselves
on the invariant I2. The results and conclusions
hold for I3 accordingly. Analysis of the invariant
I1, yields the trivial solution, however, might be
used as constraint within the parameter esti-
mation process. The superiority of the system
{I1, I2, I3} is due to the minor effect of the (un -
observed) off-diagonal tensor elements on the
overall invariants computation, as will be dis-
cussed in Sect. 4. 

3. Linearization
We achieved efficient linearization of the func-
tional model (4b) by the calculation of pertur-
bations relative to an a priori known reference
solution according to

(5)

where l2
ref indicate synthesized invariants from

reference GGs Uij, i, j = 1, 2, 3. The Uij are
approximations to the real GGs and thus Vij =
Uij + δVij holds true with δVij the (incremental)
corrections to the a priori values. Neglecting all
non-linear incremental correction terms, the
linearized perturbation of l2 becomes

(6)

Linearization induces an iterative processing
scheme. To start the iterative potential param-
eter estimation process, external information
in terms of reference gradients Uij is necessary.
From the second iteration on, the actual result
is used to set up the linearized functional
model. The synthesis of the Uij is done within
the initialization phase of each iteration.
In order to demonstrate the performance of
the proposed procedure we conducted a series
of (error-free) closed-loop simulation studies.
The GOCE-like synthetic test data set consists
of 518400 samples using the EGM96 gravity
field model [7] up to degree and order 300.
Figure 1 highlights results adopting the gravity
field model OSU86F [8] as initial a priori infor-
mation. In Figure 1, the invariants estimates
are displayed relative to the V33 reference solu-
tion (deviation of invariants analysis from V33

analysis, hence a relative measure), i.e., the V33

degree-error RMS curve serves as baseline
accuracy.

The iterative process can be terminated after
only two iterations, demonstrating the lineari-
zation error to be small. Moreover, further ex -
periments showed that the linearization per-

Figure 1: Invariant I2, linea-
rization performance in
terms of degree-error RMS
values. Closed-loop simula-
tion with initial lineariza-
tion model OSU86F. The
invariants solutions are
relative to the V33 base-line
accuracy.
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formance is insensitive towards the a priori
linearization field.

4. Full tensor gradiometry reconstruction
Exemplary for an arbitrary day of GOCE data
registration, Figures 2 and 3 present the invari-
ant l2 on November 2, 2009. The comparison
of forward modeled invariants (based on GGs
derived from an a priori reference gravity field)
with real data clearly reveals the destructive
impact of the inaccurate GGs V12 and V23 on
invariants computation. Neglecting the off-dia-
gonal elements in Eq. (4b) yields values that
are close to the reference invariants. Conse-
quently, V12 and V23 have a minor effect on the
overall invariants computation.

The same conclusion is also supported by the
power spectral densities in Figures 4 and 5.
Considering the off-diagonal GGs provided by
GOCE results in a noise level well above the
reference invariants signal (noise is defined
here as the difference between the real and re -
ference signal). Neglecting V12 and V23, on the
other hand, decreases the noise level below
the reference signal.

For the invariant l3, the similar conclusion can
be drawn from Figures 6, 7, 8 and 9, i.e., V12

and V23 have a minor effect on the overall in-
variants computation and neglecting V12 and
V23, decreases the noise level below the refer-
ence signal.

The geographical distribution of the invariant l2
derived from the main diagonal GGs along the
GOCE ground tracks for November and De -
cem ber 2009 is shown in Figure 10.

For GOCE data analysis, we propose to replace
the elements V12 and V23 by forward modeled
GGs. In each iteration step the actual estimate
is used for the evaluation of V12 and V23. Based
on these values, invariants computation is
straightforward and thus the solution of the
linearized observation model. To start the itera-
tive process, initial values have to be provided
in terms of external information. Since the con -

Figure 2: Invariant I2, 2. November 2009: real data, all
GGs (black line); forward modeled reference invari-ants,
all GGs (gray line).

Figure 3: Invariant I2, 2. November 2009: real data, main
diagonal GGs only (black line); forward modeled referen-
ce invariants, all GGs (gray dashed line).

Figure 4: Invariant I2, 2. November 2009: real data, all
GGs (black dashed line); forward modeled reference 
invariants, all GGs (black solid line); noise (gray solid line).
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Figure 5: Invariant I2, 2. November 2009: real data, main
diagonal GGs only (black dashed line); forward modeled
reference invariants, all GGs (gray solid line); noise (black
solid line).

Figure 6: Invariant I3, 2. November 2009: real data, all
GGs (black line); forward modeled reference invariants, all
GGs (gray line).

Figure 7: Invariant I3, 2. November 2009: real data, main
diagonal GGs only (black line); forward modeled referen-
ce invariants, all GGs (gray dashed line).

Figure 8: Invariant I3, 2. November 2009: real data, all
GGs (black dashed line); forward modeled reference inva-
riants, all GGs (black solid line); noise (gray solid line).

Figure 9. Invariant I3, 2. November 2009: real data, main
diagonal GGs only (black dashed line); forward modeled
reference invariants, all GGs (gray solid line); noise (black
solid line).

Figure 10: Global map of the Invariant I2 from 02-Nov-
2009 to 31-Dec-2009, in E2.
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tributions of V12 and V23 on invariants compu-
tation are small compared to the main diago-
nal components, the iterative process turned
out to be insensitive towards the initial values
for GGs synthesis. According to Figure 11, the
elements can even be neglected in the first ite-
ration without decisive influence on the con-
vergence behavior and final results.

5. Stochastic model
Following the formalism in [11], temporal cor-
relations of GGs can be modeled by means of
an auto-regressive moving-average (ARMA)
process. It is characterized by the filters FV sub-
ject to                     , with D(Vij) the variance-
covariance matrix of element Vij. Here we
make use of these filters in order to derive a fil-
ter for the invariants by error propagation.

According to Eq.(4b), the linearized invariant I2
can be expressed by

(7)

The linear factors ck, k=1,..,6 are subject to the
reference gradients Uij, i, j = 1, 2, 3. Error pro-
pagation yields

(8)

Therein, J denotes the matrix of linear factors
(Jacobian matrix), D(V) the total GGs variance-
covariance matrix, and D(I2) the invariants vari-
ance-covariance matrix. Neglecting correlations
between different types of GGs results in a
block- diagonal structure of D(V). Conse quent -
ly, D(I2) simplifies to

(9)

Inserting                         in Eq.(9) finally yields

(10)

As a result, the invariants variance-covariance
matrix is characterized by products between
the (diagonal) matrices of linear factors and
the inverse GGs filter matrices.

Figure 11: Invariant I2, GGs synthesis performance in
terms of degree-error RMS values. Closed-loop simulation
with initial linearization model OSU86F and additional
synthesis of V12 and V23 with the trivial solution for the
first iteration. The invariants solutions are relative to the
V33 baseline accuracy.

Figure 12: Implementation of normal equations system
assembly and inversion on shard memory systems.
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6. High Performance Computing
GOCE real data analysis requires the estima-
tion of tens of thousands of unknown gravity
field parameters from tens of millions of obser-
vations. The computational burden can only be
tackled by a tailored parallel processing sche-
me. We implemented our analysis algorithms
on high-performance computing platforms
adopting OpenMP and MPI for parallelization.
Here we present our parallelization strategies
for the normal equations system inversion ap-
proach. A more comprehensive overview on
least-squares solvers in the context of gravity
field determination is provided in [2].

Figure 12 outlines our parallel processing sche-
me on shared memory systems. The de-sign
matrix is assembled block-wise (in order to re -
duce memory requirements) by the individual
processors. Standard BLAS routines perform
the necessary algebraic operations and sum up
the block-wise normal equations systems. As all
CPUs have access to all memory units of the
system, data accessability has not to be organi -
zed. After the assembling of the overall normal
equations system, we solve it by inversion (Cho -
lesky decomposition) using LAPACK routines.

On distributed memory systems, data accessa-
bility has to be organized in detail, cf. Figure
13. CPU-specific data sets are inter-changed
between the processors by block-cyclic distri-
bution. PBLAS and ScaLAPACK routines allow
for the assembly and inversion of the normal
equations system.

Exemplary for the parallelization performance
of our implementations, Table 1 summarizes
achieved runtime results using up to 8~CPUs in
parallel. Ranging from 88.8% to 93.8% of the
total wall time, the NES computation is by far
the most time-consuming part of the algo-
rithm. With increasing number of CPUs, the
NES inversion requires higher relative runtime
costs. The computational effort for the design
matrix assembly is less than 1%. The paralleli-
zation is performed successfully with very
good speed-up results.

CPUs 1 4 8
total runtime (h) 64.46 17.06 9.06
design matrix (%) 0.8 0.8 0.8
NES assembly (%) 93.8 92.1 88.8
NES inversion (%) 1.5 3.4 6.8
Speed-up 1 3.84 7.22

Table 1: Runtime results of normal equations system (NES)
inversion, achieved with an SGI Altix 3700 system (sha-
red-memory), 518400 observations, 40398 unknown
parameters

Figure 13. Implementation of normal equations system
assembly and inversion on distributed memory systems.
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7. Conclusions
We demonstrated the gravitational tensor in-
variants approach to be a viable alternative for
GOCE gravity field recovery to more conven-
tional analysis methods based on individual
GGs. The alternative strategy is motivated by
its independence of the gradiometer instru-
ment orientation in space. Although rotation
information in terms of angular velocities and
accelerations is required to reduce the centri-
fugal and Euler effects, the orientation para-
meters them-selves have not to be known.

The combination of linearization by means of
perturbation theory, synthesis of unobserved
GGs, error propagation for the modeling of the
invariants variance-covariance information, and
the parallelization of the analysis software pre-
pare the approach for GOCE real data analysis.
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Stochastic model refinements for GOCE 
gradiometry data

Abstract
In our approach to gravity field determination,
the GOCE data are processed sequentially on a
parallel computer system, iteratively via appli-
cation of the method of preconditioned conju-
gate gradient multiple adjustment (PCGMA),
and in situ via development of the functionals
at the actual location and orientation of the gra-
diometer. GOCE gradiometry (SGG) data are
auto-correlated  in their three components Vxx,
Vyy and Vzz so that one purpose of PCGMA is
the adjustment of the unknown stochastic
model of the gradiometer observations, descri-
bed by decorrelation filters. A sequence of Au -
to Regressive-Moving Average (ARMA) filters is
adjusted to the actual measurement noise to
remove these correlations from the observa-
tions. This adjustment is refined iteratively, as it
is embedded in the estimation of the gravity
field parameters. In this contribution we show
the effects of various filter complexities on the
final gravity field solution and the correspon-
ding error estimates based on two months of
GOCE data.

1. Introduction
The Tuning Machine, as part of ESA's High-
Level Processing Facility (HPF), was designed
with the purpose of tuning the stochastic
model of the gravity gradients observed by
GOCE's gradiometer and to obtain an inde-
pendent gravity field solution (cf. Pail et al.
2006, Brockmann et al. 2010, Schuh et al.
2010). Based on this gravity field model, the
final solution of the so-called time-wise appro-
ach (cf. Pail et al. 2006, Pail et al. 2010) is com-

puted at TU Graz. The gravity field solution is
determined by applying an iterative solver
based on the method of preconditioned conju-
gate gradients (cf. Schuh 1996, Boxhammer
2006) and the corresponding covariance ma -
trix by means of Monte-Carlo methods (cf. Al -
kha tib 2007).
In this paper we will demonstrate how the in -
formation content of the gravity gradient noise
is effectively taken into account with the time-
wise approach. In Sect. 2 we show the general
characteristics of the real-data noise, and in
Sect. 3 the effects of various approaches to
mo deling these characteristics by means of
digital filters on the gravity field solution and
its accuracies.

2. Characteristics of the gradiometer noise
To obtain a first impression of the gradiometer
noise characteristics we determined the diffe-
rence between mean- and GRS80-reduced
measured gravity gradients (light gray curve)
and mean- and GRS80-reduced gravity gra-
dients computed from an a priori gravity field
model (dark gray curve), see Fig. 1 This diffe-
rence (black curve) serves as a first estimation
of the unknown gradiometer noise (the three
diagonal components Vxx, Vyy and Vzz show a
very similar behavior, which is why only the
Vzz component is depicted here). This noise
estimate is seen to be of similar magnitude as
the measured gravity field signal and to have
low-frequency oscillations, indicating strong
autocorrelatedness. 
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These significant autocorrelations indicate that
the noise is generated by a colored noise pro-
cess, the details of which become more clearly
visible after transforming the autocorrelation
function of the noise time series into the spec-
tral domain (see dark gray curve in Fig. 2). 
Within the measurement bandwidth (MBW,
bet  ween 0.005 and 0.1 Hz), the power 
spectrum (PSD) is practically flat, i.e. white; bet -
ween 0 and 0.005 Hz the  spectrum is mainly
characterized by an inverse proportional de -
pendence (approx. 1/f) and a large number of

sharp peaks. This reflects exactly the expected
behavior, which was revealed by various case
studies carried out before the satellite's launch
(e.g. Schuh et al. 2006).

As the gravity field parameters are determined
via a rigorous least-squares adjustment, this
autocorrelation pattern must be taken into
account by including the known (or an estima-
ted approximation of the) data covariance
matrix. However, due to the huge number of
gradiometer data, this covariance matrix can-

Figure 1: Reduced (mean
and GRS80) measured
gravity field gradients of
GOCE for 3 hours and
computed gravity field
gradients from a gravity
field model and the diffe-
rence as a first estimation
for the gradiometer

Figure 2: Power spectrum
(PSD) of the gradiometer
noise for the Vzz compo-
nent, the gradient signal
and the measured gravity
gradients
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not be stored in light of memory requirements
of more than 20 PetaByte. An effective solu-
tion to this problem consists in a full decorrela-
tion (»whitening«) of the gradiometer data
before the adjustment is carried out. In the
next section we show how such a decorrela-
tion is performed through an application of di -
gital filters (cf. Schuh 1996, Siemes 2008 and
Kras butter 2009).

3. Modeling the gradiometer noise
The colored noise characteristics of the gradio-
meter is taken into account by filtering the
observations with a filter that has the inverse
spectral characteristics with regard to the esti-
mated noise charateristics as seen in the pre-
vious section. Such a filter acts as a decorrela-
tion filter and can be modeled by means of
cas cades of ARMA processes (Schuh 1995,
Schuh 1996 and Siemes 2008). As ARMA fil-
ters can be designed with an increasing num-

Figure 3: Coefficient statistics for all four presented gradiometer solutions with the four different filters. The shown
statistics are: differences to the ITG-Grace2010s model (left column) and estimated formal coefficient standard devia-
tions (right column)
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ber of free parameters to fit more and more
details of the power spectrum the question ari-
ses how much the gravity field solution gains
in accuracy when very detailed (and thus com-
putationally more demanding as well as nume-
rically more instable) ARMA filters are used in
comparison to simpler filters. This question is
investigated by fitting four types of ARMA fil-
ters to specific features of the spectrum.

3.1. Modeling of the MBW only
In the case that only the MBW is taken into
account within the decorrelation process, a
band-pass filter can be used (cf. Fig. 4), which
cuts out the entire information outside the
MBW. Gravity field determination with such a
kind of filter is possible, but has certain disad-
vantages, as demonstrated in the following. A
gradiometer-only gravity field solution compu-
ted with this filter is shown in terms of coeffi-
cient differences with respect to a GRACE-only
model based on seven years of data and resol-
ved up to degree and order (d/o) 180 ITG-
Grace2010s, cf. Mayer-Gürr et al. (2010). 
Fig. 3 (a) shows that these differences are very
large up to d/o 50 (the GRACE model is consi-
dered as a reference solution up to d/o 140, as
GRACE is more sensitive to the lower degrees
than GOCE gradiometry). In addition, large dif-

ferences occur for the sectorial coefficients
from d/o 50 up to d/o 100. This behavior of the
sec torial and near-sectorial coefficients is re flec -
ted by the estimated spherical harmonic coef-
ficient accuracies shown in Fig. 3 (b). For d/o
80 up to 140, the differences to the GRACE
model can be explained by the corresponding
GOCE accuracies.
Thus, using a band-pass filter as shown in Fig.
4 produces a useful gradiometer-only gravity
field and realistic estimates for the coefficient
variances, but has the disadvantage that gra-
diometer information in the lower frequencies
is ignored which affects the sectorial coeffi-
cients up to d/o 100.

3.2 Modeling the low-frequency part of
the spectrum
As the band-pass filter of Sect. 3.1 was seen to
produce systematic errors for the sectorial
coefficients, it is advisable to also model the
low-frequency noise characteristics. Such a fil-
ter should not completely filter out the low-fre-
quency part of the power spectrum, but reflect
its low accuracy when applied as a decorrela-
tion filter in gravity field determination. The
simplest filter of this kind is a differencing filter
(#1000) as shown in Fig. 5.

Figure 4: Noise power
spectrum and inverse
power spectrum of decor-
relation filter # 9295
(MBW band-pass filter)
w.r.t. the Vzz component
(the other components
show a similar behavior)
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A comparison of a gradiometer-only gravity
field solution using this filter with a GRACE
model is shown in Fig. 3 (c). It can be seen that
the lower degree differences (up to d/o 80) are
smaller than the corresponding degree diffe-
rences based on the solution with a band-pass
decorrelation filter (determined in  Sect. 3.1).
In addition,  Fig. 3 (d) shows that the sectorial
coefficients of d/o 20 and higher are determi-
ned more precisely in this case (compared to
Fig. 3(b)) which is a desirable consequence of

having taken into account the low-frequency
part of the power spectrum. However, as the
differencing filter does not reflect the MBW as
accurately as the band-pass filter, the variances
of the higher degrees and orders cannot be
estimated as realistically. To avoid the undesira-
ble features of the band-pass and the differen-
cing filter, both filter characteristics can be
combined as demonstrated in the following.

Figure 5: Noise power
spectrum and inverse
power spectrum of decor-
relation filter # 1000 (dif-
ferencing filter) w.r.t. the
Vzz component (the other
components show a simi-
lar behavior)

Figure 6: Noise power
spectrum and inverse
power spectrum of decor-
relation filter # 9024 w.r.t.
the Vzz component (the
other components show a
similar behavior)
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3.3. Simple modeling of the complete
spectrum
Combining the features of a band-pass and a
differencing filter yields a simple filter model
for the entire spectrum. Such a filter is repres-
ented by a sequence (cascade) of basic ARMA
filters. Fig. 6 (filter # 9024) shows the spectral
characteristics of a parsimonious cascade of
ARMA filters, which nevertheless represents an
apparently overall adequate fit to the noise
characteristics, but ignores the sharp peaks in
the low-frequency part of the spectrum.
The resulting gravity field solution (see Fig. 3
(e) and 3 (f)) combines the advantages of the
band-pass filter solution and the difference fil-
ter solution: both the low-degree and the sec-
torial coefficients are determined accurately
and the variances for the higher d/o coeffi-
cients are estimated more realistically than for
the filter models used in Sect. 3.1 and 3.2.

3.4. Detailed modeling of the complete
spectrum
Extending the ARMA filter cascade of the per-
vious Sect. 3.3 to also take into account the
sharp spectral peaks leads to a more complex
decorrelation filter as shown in Fig. 7. These
peaks are modeled by means of notch filters,
represented by 20 additional individual AR -
MA(2,2) filters.

Although such detailed modeling of the com-
plete spectrum does not lead to a significant
improvement of the solution (see Fig. 3 (g)), it
evidently leads to far more realistic accuracy
estimates (see Fig. 3 (h)). The error pattern
with stripes occuring for degrees 16, 32,...,
which is already clearly visible in the coefficient
differences with respect to the ITG-
Grace2010s solution (cf. Fig. 3 (g)), is now cor-
rectly mapped into the coefficients' covariance
matrix (cf. Fig. 3 (h)).

4. Summary and conclusions
Much effort has been put into the refinement
of the stochastic model of GOCE gradient
measurements and matching digital decorrela-
tion filters to obtain not only a realistic gravity
field solution but also a corresponding realistic
full covariance matrix. It must be stressed that
the estimated spherical harmonic coefficients
must be consistent with the corresponding
accuracy estimates in order to provide mean-
ingful GOCE-only gravity field information that
can be used in a multitude of applications e.g.
in geodesy, geophysics, and oceanography.
Filter # 9024, which represents a simple decor-
relation filter model for the entire gradiometer
noise power spectrum (as described in Sect.
3.3), was applied for the computation of the

Figure 7: Noise power
spectrum and inverse
power spectrum of decor-
relation filter # 9025 w.r.t.
the Vzz component (the
other components show a
similar behavior)
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global gravity field model GO_CONS_GCF_2_
TIM, which is based on the time-wise approach
and constitutes one of the first GOCE-only gra-
vity field models (Pail et al 2010).
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GLObal gravity field determination with
REgional refinements by the analysis of GOCE
level-1b data (GLOREGOCE)

1. Abstract
The Gravity Field and Steady-State Ocean Cir -
culation Explorer (GOCE) is characterized by
the fact that the GOCE satellite flies in an ex -
tre mely low near polar orbit of 260 km altitu-
de. The pure free fall motion is permanently
maintained by a feedback system for compen-
sating the surface forces acting on the GOCE.
Based on high-low Satellite to Satellite Trac -
king (hl-SST) observations, orbit of GOCE can
be estimated with an accuracy of 2-3 cm. The
global and regional Earth’s gravity field based
on the short arc concept can be determined. In
this paper, the GOCE precise orbit determina-
tion procedure is realized with an in-house
developed software. Global Earth’s gravity field
and some regional refinements are introduced. 

2. Introduction
GOCE, the first core explorer of the European
Space Agency (ESA) Living Planet Program
which was launched at 17 March 2009, is
equipped with a gradiometer to measure the
short wavelength of the Earth’s gravity field
(wavelength of 100-1500 km). In addition,
GOCE flies a high precision, dual frequency
GPS Lagrange receiver for precise orbit deter-
mination (POD) purpose and providing gravity
field information for the long wavelengths
(wavelength of 400-40000 km), which partial-
ly overlaps with the gradiometer sensitivity.
The attitude of the satellite precisely is obser-
ved by star tracking camera. In addition, a
drag- free control system compensates the re -

latively large atmospheric drag at the low alti-
tude (about 260 km) of GOCE. The objective
of GOCE is to model the mean Earth’s gravity
field with an accuracy of 1-2 cm and 1 mgal in
terms of geoid and gravity anomalies at the
wavelength of 100 km. In this paper, at first,
precise orbit determination strategy has been
introduced. Then, regional refinement strate-
gies as complement to global gravity field
recovery will be presented and applied to real
GOCE data. 

3. Precise Orbit Determination (POD)
Precise orbit determination of GOCE plays an
important role in order to recover the Earth's
gravity field based on hl-SST observations. More -
 over, precise orbit determination is required for
precise geo-locating the satellite gravity gra-
dient (SGG) observations derived from gradio-
meter measurements and providing time series
of point-wise precise satellite positions. 
In this paper, the zero differenced estimation
procedure has been applied to GOCE observa-
tions and the solution is denoted as Geo me tri -
cal Precise Orbit Determination (GPOD). The
geometrical POD solution is based on zero dif-
ference (un-differenced) hl-SST observations,
final IGS GPS ephemerides at the interval of 15
minutes and GPS clocks from CODE at the
interval of 30 sec. The final GPS ephemerides
and clocks are fixed during the geometrical
(point-wise) computation of the GOCE orbit.
The orientation of GOCE can be derived from
quaternion information which are observed by
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star tracker camera. In addition, precise mass
center position of GOCE can be determined
based on quaternion values. The process of
geometrical precise orbit determination is
purely based on the tracking of hl-SST obser-
vations in combination with solutions of the
GPS ephemerides and clocks and does not rely
on forces acting on satellite (Sha ban loui,
2008). In addition, it is possible to provide vari-
ance-covariance information between conse-
cutive geometrically determined positions to
improve kinematical velocities for use by gravi-
ty field retrieval methods e.g. energy balance
method. The geometrical precise orbit deter-
mination solutions are point-wise and can be
considered to be independent from a-priori
force models for the GOCE trajectory. There -
fore, they can be used for an independent con-
tribution to the retrieval of the low to medium
resolution part of the Earth’s gravity field. It
has to be noted that the geometrical solu-
tions might contain data gaps since position
estimates can be obtained only for those
epochs for which a sufficient number of GPS
satellites is in view. 
It should be mentioned that the clock of the
Lagrange GPS receiver on-board GOCE is a
free running clock, so that its behavior includes
occasional steering jumps of 20ms due to 50
Hz sampling rate. Therefore, the observation
epoch is not steered to integer second. The
jumps accumulate over time and can differ
from integer seconds by as much as 0.5 sec
(Visser et al. 2009). To handle hl-SST observa-
tions at non integer seconds, either the SST
observation should be interpolate to integer
seconds, or the GPS ephemerides and clock

solution should be interpolated to observed
epochs. Because of the high velocity of GOCE,
interpolation of SST observations to integer
second seems to be dangerous. To avoid inter-
polation of SST observation in zero differenced
estimation mode, it is recommended to inter-
polate the GPS ephemerides and clocks to the
observation (real) second. When use is made
of differences between observations from the
GPS receiver on-board GOCE and high quali-
ty IGS ground stations, interpolation in the
SST observation time is used for proper syn-
chronization.
The geometrical point-wise of GOCE has been
estimated based on an in-house developed
GNSS data processing software package
(Shabanloui, 2008). The estimated GPOD accu-
racy relies on the geometrical status of the GPS
configuration, the number of tracked GPS satel-
lites as well as on the GNSS measurements. The
three-dimensional accuracy of 2-3 cm for the
GOCE orbit is realized. Figures 1(a) and 1(b)
show the point-wise absolute position diffe-
rences between estimated GPOD of GOCE and
geometrical PSO (Precise Science Orbit) solution
based on hl-SST observations and correspon-
ding carrier phase observation residuals for a
short arc length of 30 minutes, respectively. It
should be mentioned that the proposed geo-
metrical precise orbit determination strategy
can be used to estimated long arcs (e.g. 1 day)
of the GOCE. 

4. Short Arc Approach
The very low orbit altitude of GOCE and the
observation concept of satellite gravity gradio-

Figure 1: (a) Point-wise absolute position differences between estimated GPOD and PSO solution (b) SST carrier phase
observation residuals.

a) b)
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metry which measures the second derivatives
of the gravitational potential allows the deter-
mintation of small gravity field details. The
large number of parameters that is needed for
the representation of such a high resolution
gravity field has to be derived from an even lar-
ger number of correlated observations. Esti ma -
ting the unknown gravity field parameters by a
standard least squares adjustment results in
very large equation systems, setting up of
which would ask more storage than generally
available. Also for runtime reasons it is reaso-
nable to reduce the problem. 
The analysis procedure applied here is dealing
with short arcs of the satellite orbit. Thus the
normal equations 

(1)

can be accumulated from the individual blocks
Ai, Pi and li of the design matrix, weight ma -
trix and the observation vector given for each
arc i, respectively. This procedure implies that
the weight matrix is block diagonal and neigh-
bouring arcs are independent. Variance covari-
ance information per short arc is derived by
estimating an empirical covariance function
from the residuals to a highly expanded refe-
rence model. Since the gravity gradients are
correlated over long periods of time the
assumption of uncorrelated short arcs is not
strictly valid. Therefore, further empirical para-
meters are introduced into the noise model.
These additional parameters account for the
long term error behaviour and should care for
the independence of orbit arcs. For the time
being, an unknown constant per arc and gra-
dient tensor element is implemented. 
The short arc approach provides numerous
advantages: Firstly, discontinuities and gaps in
the observation series can easily be dealt with
by starting a new arc after each data gap. By
arc-wise weighting of the observations the in -
fluence of outliers can be kept low, as explai-
ned in Mayer-Gürr (2006). In addition, an ana-
lysis procedure based on short arcs can be app-
lied for regional gravity field analysis as a
method of refining global solutions, as applied
in Eicker et al. (2010). For the regional applica-

tions only satellite information covering the
region of interest is used, which results in
many discontinuous short arcs. 

5. Regional Gravity Field Analysis
A spherical harmonic expansion is the classical
way of representing the gravity field. The dis -
advantage is that spherical harmonics are basis
functions with global support. The smoothness
of the gravity field varies for different geogra-
phical areas. However spherical harmonics rea-
lise a global uniform resolution, which can be
adapted neither to the local data density nor to
the local data variability. Even if the series is
expanded high enough to resolve local details,
coefficients of high degree and order would be
weakly determined and very noisy. By applying
global regularisation detailed gravity informa-
tion would finally get lost. Moreover a spheri-
cal harmonic model requires global, homoge-
neous distributed data or strong regularisation
in case of data gaps such as GOCE polar re -
gions. To overcome difficulties as mentioned a -
bove it makes sense to complement global gra -
vity field recovery by regional refinement me -
thods. For this purpose the observations are
reduced by a global spherical harmonic model
and the residuals are explained by alternative
modelling techniques which can individually be
adapted in resolution and regularisation. For
the GOCE mission this aspect is of particular
interest due to its strength in observing the
short wavelength variations in the static gravi-
ty field. Many alternative gravity field repre-
sentations based on space localising base func-
tions has been proposed, examples are mas -
cons (e.g. Rowlands et al. 2010), wavelets (e.g.
Panet et al. 2009) and slepian functions (e.g.
Simons et al. 2006). An overview of different
re gional modelling techniques applied to satel-
lite gravitydata can be found in Schmidt et al.
(2006). In our approach we will use radial basis
functions (RBFs), for a detailed description see
Eicker (2008). 

The observation equation connecting RBFs to
the gravity gradient tensor reads 
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. (2)

The function value at evaluation point   is pres-
ented by a linear combination of RBFs P (x, xi)
which are placed at nodal points xi and scaled
by the base function coefficients ai. The radial
basis function 

(3)

can be expressed by a finite sum of Legendre
polynomials Pn (x, xi)  depending only on the
spherical distance between evaluation and no -
dal point on the unit sphere. In this formula kn
controls the shape and smoothness of the fun -
ction, (R/r)n+1 is the continuation operator and
the multiplication by GM/R ensures small, di -
mensionless values of the scaling coefficients. 
Fixing the truncation degree according to the
expected signal content in the region under
investigation there are still the number of RBFs
and four more parameters per base function to
be determined (shape, position, scale). The
design of the radial basis functions is derived
from the covariance function characterising
the statistical properties of the gravity field. In
practice the basis functions are always applied
to model residual information to a given global
reference field. Thus, in our approach the shape
coefficients are chosen as the difference de -
gree variances to the real gravity field which
can be approximated by the formal errors of
the reference solution. For degrees higher than
the maximum degree provided by the referen-
ce field the difference degree variances beco-
me the degree variances themselves. The RBFs
are located at the nodes of a globally defined,
uniform grid with the number of global grid
points corresponding to the number of un -
known parameters of a spherical harmonic ex -
pan sion with equal resolution. 
The scaling coefficients are estimated in a re gu -
 larised least squares adjustment. The normal
eq uations are accumulated block by block, a
Tikhonov regularisation matrix is added and
the system is solved by a variance component
estimation procedure, as described by Koch
and Kusche (2001). 

6. Production of Gravity Field Models
In this section the applicability of the described
approach is demonstrated. As a first step a glo-
bal gravity field model based on a spherical
harmonic expansion is determined using preci-
se GOCE orbits only. This reference model is
then refined by means of radial basis functions
using very precise gravity gradiometry observa-
tions. All results that we will show here are
derived from one month of GOCE data. A
small test area which features rough gravity
signal has been selected in the South Atlantic
Ocean east of Patagonia. 

6.1. Global Reference Solution
Precise orbit observations derived from satellite
to satellite tracking in high-low mode are used
as input data for the calculation of the global
reference solution. The analysis procedure is
based on the integral equation approach using
short arcs of about 30 minutes. To avoid alia-
sing effects the same standard background
models as for ITG-Grace2010 have been redu-
ced (Mayer-Gürr et al. 2010). For a detailed de -
scription of the processing strategy readers are
referred to Mayer-Gürr (2006). 
Figure 2 shows the difference degree variances
to ITG-Grace2010s and the formal errors for
an unconstrained and a constrained SST solu-
tion. In the variance view the influence of the
polar data gap becomes clearly visible. The
unregularised SST solution up to the safely
determined degree 100 provides the basis for
further local refinements. 

6.2. Regional Refinement Procedure
For the regional refinement procedure only
satellite observations covering the test area are
of interest. As input data the three main dia-
gonal elements of the gravity gradient tensor
are used. They are reduced by observations cal-
culated from the global reference solution and
by the standard de-aliasing models as mentio-
ned above. For the design of the local basis
functions the formal errors of the SST solution
are used up to degree n=100. Above the sig-
nal content is approximated by the degree vari-
ances of EGM2008 up to degree n=220. The
nodal points as locations for the basis func-
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tions are generated on a grid by a uniform sub-
division of an icosahedron resulting in a trian-
gular grid with 59292 global grid points. This
corresponds to a resolution slightly higher than
a spherical harmonic degree of n=220. When
the global grid is cut to the test area, an addi-
tional stripe of 3° is considered to prevent the
interior solution from modelling errors. 
This setting is then applied to calculate a regio-
nal gravity field model from one month of
GOCE gradiometer data as refinement to the
global SST reference solution. The results are
shown in Figure 3(b) as differences to the glo-
bal model ITG-Grace2010c. This combination

model includes terrestrial data sets and serves
as pseudo-real comparison due to the superior
accuracy of the terrestrial information in the hig -
 her frequencies. To illustrate the improvements
achieved by GOCE, in Figure 3(a) differences for
the GRACE-only model ITG-Grace2010s com-
pared to the combination model are plotted.
The reduced RMS value for the GOCE solution
demonstrates the applicability of the approach
described above. 

7. Conclusions and Outlook
Gravity field recovery procedures have been
presented and applied to the analysis of real

Figure 2: Difference
degree variances to ITG-
Grace2010s.

Figure 3: Differences to ITG-Grace2010c expressed in gravity anomalies
(a) Difference between ITG-Grace2010s (d/o 180) and ITG-Grace2010c (d/o 220), rms = 23mga,
(b) Difference between regionally refined GOCE SST solution and ITG-Grace2010c (d/o 220), rms=12mgal.

(a) (b)
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GOCE observations. It can be concluded that
the use of short arcs is adequate for global and
regional gravity field determination from
GOCE. To evaluate the influence of the regio-
nal refinement procedure with more detail, a
comparison of a regionally refined model to a
global GOCE SGG solution will be necessary.
This will be carried out in the future. Despite
the results already achieved there still remains
potential for further improvements. For exam-
ple further effort should be made for an appro-
priate modelling of the observation errors. So
far long wavelength correlations have been
taken into account by estimating a bias per arc
and gradient tensor component. It has to be
investigated if there is any better description
for the long term error behaviour of the gravi-
ty gradients. Another advancement is possible
with regard to the regional refinement appro-
ach. So far the nodal points of local basis func-
tions has been selected such that they build a
regular nodal point pattern without considering
the specific gravity field features. First investiga-
tions have already been made to estimate the
positions of the basis function nodal points
jointly with their scaling coefficients. Finally, the
gravity models presented above have been cal-
culated from a relatively small amount of obser-
vation data, i.e. one month GOCE data. An
improvement in accuracy will be achieved when
dealing with a longer observation period, not
only due to the additional data but also becau-
se of a better global coverage.
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Modelling topographic effects in GOCE 
gravity gradients

1. Introduction
The basic observables of the satellite gravity
gradiometry mission GOCE (Gravity Field and
Steady-State Ocean Circulation Explorer) are
the second-order derivatives of the Earth’s gra-
vitational potential V (components of the sym-
metric Marussi tensor M). These gravity gra-
dients can be defined in a local north oriented
frame (LNOF) whose x-axis is pointing North, y-
axis towards West and z-axis upwards in geo-
centric radial direction:

Gravity gradients observed by GOCE contain
significant high- and mid-frequency compo-
nents resulting from the attraction of the topo-
graphic (and isostatic) masses of the Earth. The
existence of these signal components with
short- wavelength affects the further proces-
sing of GOCE observation data, e.g. in the fra-
mework of regional and global gravity field
modelling or the combination with terrestrial
gravity anomalies. In all of these applications
the harmonic downward continuation of the
observed gradients from satellite height to
mean sea level (MSL) can be seen as an ill-con-
ditioned process. In order to mitigate the insta-
bility of downward continuation, it is recom-
mended to smooth the gradients by applying
topographic and isostatic reductions (Wild-
Pfeiffer, 2007, 2008). In work package (WP)
150 of the REAL GOCE project the focus is laid
on the efficient numerical modelling and cal-
culation of topographic and isostatic effects in
the observed GOCE gravity gradients.

In this paper we will concentrate on modelling
topographic effects. In the first part we describe
how to model them and discuss the input data
and different modelling parameters. To quantify
the influence of these parameters se ve ral nume-
rical tests have been performed, which are pres-
ented and analyzed in the se cond part. Based
on these results we try to fi gure out the »best
fitting« modelling parameters for an efficient
calculation of topographic effects in the context
of the GOCE satellite mis sion.

2. Modelling topographic effects
The modelling of topographic effects in gravi-
ty gradients as observed by GOCE is based on
the numerical evaluation of functionals of
Newton’s integral extending over the domain
of the topographic masses which include the
masses of the continents as well as the ocean-
ic masses. In order to evaluate these kinds of
volume integrals, the geometry of the topo-
graphic boundary surface and the density
function inside the topographic masses must
be known. Due to the fact that the topography
is only known at discrete points (represented
by a digital terrain model (DTM) with a specific
grid resolution) it is not possible to evaluate
Newton’s integral directly over the entire
domain. Practical numerical computations rely
on a discretization and approximation of the
problem. The topographic masses are usually
decomposed into regular elementary bodies,
where their density is assumed to be constant.
Newton’s integral is then evaluated for each
particular body and the total effect is calcula-
ted by summation. For the decomposition,
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various geometric elementary bodies such as
tesseroids, prisms or point-masses can be used.
Tesseroids are bodies bounded by three pairs
of surfaces: A pair of concentric spheres (r1 =
const, r2 = const), a pair of meridional planes 
(l1 = const, �l2 = const) and a pair of coaxial cir-
cular cones defined by the parallels j1 = const,
�j2 = const (Fig. 1, cf. Heck and Seitz, 2007).
Tesseroids are well suited for the decomposition
if the topography of the Earth is represented by
a DTM which is usually given in geographical
coordinates. Based on Newton’s integral the
effect of a tesseroid on gravity gradients can
be determined by optimized, non-singular tes-
seroid formulas (cf. Grombein et al., 2010a):

In these formulas G denotes Newton’s gravita-
tional constant and ρ the constant density
value of the tesseroid. The Euclidean distance
between the computation point P(r, j, l) and
the running integration point Q(r’, j’, l’) 
is denoted by  . Since the respective volume
integrals for tesseroids cannot be solved analy-

tically, numerical methods have to be applied,
which will be described below.

3. Input data and modelling parameters
In Fig. 2 an overview of the required input data
and the parameters for the modelling of topo-
graphic effects is given. The most important
input data is global information about topo-
graphy and density. As mentioned above, pre-
cise models of Earth’s topography are available
through global high-resolution DTMs. Com par -
ed to this high-resolution topography informa-
tion, global density models only exist in a very
low resolution, like the Crust2.0 model of seis-
mic velocities and density (Bassin et al., 2000;
Tsoulis, 2004). Therefore, regarding density, as -
sump tions for the modelling of topographic
effects have to be made. If there is no further
information, topographic masses respectively
the particular tesseroids are usually modelled
with a standard density value of ρ = 2670 kg/m³,
which represents an average of rock density at
the Earth’s surface. Since this is only a very
rough approximation, it is better to use at least
combined topography/bathymetry models
such as SRTM30_PLUS (Becker et al., 2009),
allowing to model the ocean masses with a
corresponding density value, additionally.
Another class of DTMs, which will be used in
our research, are global topographic databases

Figure 1: Geometry of a tesseroid
(Kuhn, 2000)
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like DTM2006.0 (Pavlis et al., 2007), which
was developed for compiling the Earth Gra vi -
tation Model EGM2008, or the former JGP95E
(Lemoine et al., 1998). Beside topographic
heights and bathymetric depths these DTMs
also contain further details about ice thickness
and lake depths. Each grid element is classified
by six terrain types: (1) Dry Land Below MSL,
(2) Lake, (3) Oceanic Ice Shelf, (4) Ocean, (5)
Grounded Glacier, (6) Dry Land Above MSL.

A common way to take different density values
of terrain types into account is the concept of
rock-equivalent heights (Kuhn and Seitz, 2005;
Rummel et al., 1988). Based on the principle of
mass balance the DTM heights of different ter-
rain types are converted into rock-equivalent
heights with respect to a constant reference
density (e.g. ρ = 2670 kg/m³). Corres pon ding
formulas for a spherical approximation are ex -
plicitly given in Kuhn and Seitz (2005). The use
of this method allows a simple modelling of
different terrain types with only one density
value which also means that for each grid ele-
ment the effect of only one tesseroid has to be
calculated. The disadvantage of this approach
is that the geometry of the mass distribution
changes if the actual mass-density is strongly
different from the adopted constant density
value (Tsoulis and Kuhn, 2007). To avoid this
effect a rigorous, separate modelling of diffe-
rent terrain types in a vertical arrangement is
necessary. As a consequence, the computation

time for the whole calculation process is incre-
asing. Within our developed Rock-Water-Ice
method (RWI method) the database of the 
5' x 5' DTM2006.0 is used to compile a three
layer model, where each grid element consists
of a rock, water and ice proportion in vertical
direction. Consequently, for each grid element
the topographic masses are modelled by three
tesseroids with different heights of the respec-
tive top surface (hR, hW, hI) in relation to MSL
and consistent thickness (tR, tW, tI) and density 
va lues (ρR = 2760 kg/m³, ρW = 1000 kg/m³, 
ρl = 920 kg/m³), see Fig. 3.

Beside the topographic and density informa-
tion which define the geometry and mass of
the particular tesseroids, their spatial arrange-
ment has to be fixed. Even though the used tes-
seroid formulas are given in a spherical man ner,
these bodies can be set up on different refe-
rence surfaces approximating MSL. We can eit-
her arrange them on a spherical earth of con-
stant mean radius or, in a more realistic compo-
sition, on the surface of an ellipsoid of revolu-
tion. Through the different arrangement of the
topo graphy the distance between an arbitrary
computation point and the tesseroid bodies
changes and therefore affects the impact on
the gravity gradients.

When the tesseroids are defined in size and
fixed in space, we have to constitute, how to
evaluate the volume integrals of the tesseroid

Figure 2: Input data and modelling
parameters for the calculation of
topographic effects

Figure 3: Schematic 
repre sentation of the 
RWI method
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formulas. As mentioned above, there is no a na -
 lytical solution due to occurring elliptical inte-
grals. Therefore, another modelling parameter
is the calculation method used for solving
these volume integrals numerically with a spe-
cific approximation quality. A second-order
approximation has been developed at the
Geodetic Institute Karlsruhe and proposed by
Heck and Seitz (2007). This approach is based
on a Taylor series expansion of the integral ker-
nel and subsequent term-wise integration. It
can be seen as an extension of Mac Mil lan’s
approximation for the prism formulas (Mac -
Millan, 1930). While Heck and Seitz (2007) ori-
ginally consider the effect on the potential and
on gravity, in Wild-Pfeiffer (2007, 2008) this
approach is extended on gravity gradients. As
an alternative to Taylor series expansions,
Gauss-Legendre cubature (3D) has been inve-
stigated by Wild–Pfeiffer (2007, 2008). De pen -
ding on the number of used nodes Gauss-Le -
gendre cubature (3D) reaches a higher appro-
ximation quality than Taylor series expansion,
but on the other hand more computation time
is required. Since the effect of distant masses
on functionals of the gravitational potential
diminishes, for remote bodies a tesseroid can
also be approximated by a point-mass, which
concentrates the whole mass of the tesseroid
to its geometric centre. For a more detailed
description of the mentioned calculation pro-
cedures as well as the explicit numerical calcu-
lation formulas related to the presented opti-
mized tesseroid formulas see Grombein et al.
(2010a). It should be mentioned that the accu-
racy which is achievable with a specific calcu-
lation method also depends on the DTM reso-
lution and thus on the level of decomposition
of the topographic masses. 

4. Numerical Investigations
In order to quantify the impact of the discus-
sed parameters, several numerical tests have
been performed, where topographic effects in
gravity gradients were calculated on a grid in
the satellite height of GOCE. The computation
points are located on a GOCE-like circular orbit
with a geocentric radius r = R + h. The mean

earth radius is R = 6378.137 km and h = 254.9
km is the adopted altitude of GOCE. For the
analysis differences between any two options
were performed, where only one modelling
parameter was varied in order to avoid interfe-
ring effects. The differences in the gravity gra-
dients are plotted for the Vzz component and
are described by statistical parameters for all
components. In order to find an efficient me -
thod of calculation by analyzing the modelling
parameters, it is necessary to obtain a good ba -
lance between achievable accuracy and requi-
red computation time. In our application the
accuracy of the topographic effects should be
adjusted with the measuring accuracy of the
GOCE gravity gradients (1-2 mE). Therefore, an
adequate level of accuracy (LOA) seems to be
±10-2 mE. Remind that the absolute topogra-
phic effects in gravity gradients observed in the
satellite height of GOCE are in the range of
about ±8 E (Wild-Pfeiffer 2007, 2008).

Digital Terrain Model
Calculations with the 5' x 5' DTM2006.0 as
well as with the 5' x 5' JGP95E have been per-
formed. The differences in the gravity gra-
dients are in the range of -964 to 1319 mE
(Tab. 1) and therefore far beyond the defined
LOA. As can be seen in Fig. 4 the maximum
and minimum differences are located in
Antarctica and the northern part of Greenland,
i.e. in regions with large ice masses. On the
one hand, this discrepancy might be explained
with a mass displacement and melting of the
ice masses within the long time period bet-
ween the creation of the DTM2006.0 and the
JGP95E. On the other hand, when comparing
both DTMs it becomes apparent that in these
regions much more high-resolution input data
were included in the DTM2006.0. Since the
DTM2006.0 was generally generated by actual
data and especially by much more high-resolu-
tion sources this DTM will be preferred.
However, this comparison clearly illustrates
that the differences induced by different DTMs
can cause very large effects, and thus raises
the question which DTM reflects best the
»real« topography of the Earth.
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Density
The discussed density concepts of rock-equiva-
lent heights and the RWI method are compa-
red based on the information of the
DTM2006.0 database. Tab. 2 describes the sta-
tistics of the differences: The minimum is rea-
ched in the Vzz component and has a value of
-19 mE; the maximum can be found in the Vyz

component and amounts to 24 mE. The illu-
stration in Fig. 5 shows that the differences can
be classified according to the three areas: rock,
water and ice. In the case of the continental
rock areas the differences are zero due to the
fact that in both approaches the modelling is
the same. Although the density contrast bet-
ween rock and ice is the most extreme, the dif-
ferences for the ice areas are also relatively
small. The largest differences can be registered
in the case of water areas, especially at the
sites of deep ocean trenches or mid-ocean rid-
ges, like the Mid-Atlantic ridge. Therefore, the
mass displacement in the concept of rock-
equivalent heights is not only influenced by
large density contrasts between the constant

and actual density value, but also by the mag-
nitude of the condensed height itself. Since
the differences show that the resulting effects
also exceed the defined LOA, it is proposed to
use the more realistic but also more time con-
suming RWI method.

Mass arrangement
To investigate the impact of the mass arrange-
ment, tesseroids have been set up on a spheri-
cal earth of constant radius R = 6378.137 km
as well as on the surface of an ellipsoid of revo-
lution (GRS80; Moritz, 1980). In both cases the
GOCE orbit is still assumed circular. The diffe-
rences in the modelled topographic effects
between the spherical and ellipsoidal arrange-
ment of the topography are in a range of -268
to 336 mE (see Tab 3.). The minimum value is
reached in the Vxz component, the maximum
in the Vzz component. In general, the differen-
ces are minimum near the equator and increa-
se towards the polar regions (see Fig. 6). This
trend clearly illustrates that the differences ori-
ginate from the earth flattening which effects

Figure 4: Vzz differences:
Digital Terrain Model

Table 1: Statistics: Digital Terrain Model in [mE]
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Figure 5: Vzz differences:
Density

Table 2: Statistics: Density in [mE]

Figure 6: Vzz differences:
Mass arrangement

Table 3: Statistics: Mass arrangement in [mE]
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a mass displacement particularly in the polar
regions. In many applications spherical appro-
ximation yields sufficient results, but in this
study the differences reach an order of magni-
tude above the defined LOA. The ellipticity of
the reference surface cannot be neglected and
should be considered when modelling topo-
graphic effects in gravity gradients for a satel-
lite-mission like GOCE (cf. Grombein et al.,
2010b).

Calculation method
Finally, the use of different calculation methods
for the solution of the tesseroid formulas has
to be investigated. Previous investigations
(Grom bein et. al, 2010a) have already theore-
tically shown that the Gauss-Legendre cubatu-
re (3D) with 27 nodes in combination with a
DTM resolution of 5' x 5' will guarantee the de -
fined LOA, if the computation point P is situa-
ted in satellite height. In the numerical tests
performed in the present study with the use of
the 5' x 5' DTM2006.0 it was found that calcu -

lations with Taylor series expansions and Gauss-
 Legendre cubature (3D) with 8 as well as with
27 nodes provide the same results within the
defined LOA. The differences between the use
of Taylor series expansions and the much faster
point-mass approximation are shown in Fig. 7
and are described by the statistics in Tab. 4. It
can be realized that the differences are strong -
ly correlated with the topography. The mini-
mum values (about -0.7 mE) are reached over
large mountain ranges such as the Andes or
the Himalaya. The maximum values (about 0.8
mE) can be found at the continental bounda-
ries. Since the differences are an order of mag-
nitude above the defined LOA, the Taylor series
expansion cannot be replaced by the point-
mass approximation. 

To reduce the computation time it seems bene-
ficial to use a combination of the Taylor series
expansion and the point-mass approximation.
A common approach for a combination is to
divide the total integration area into a near

Figure 7: Vzz differences:
Calculation method

Table 4: Statistics: Calculation method in [mE]
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and far zone with respect to the spherical dis -
tance from the computation point. The near
zone of the computation point is then model-
led with the more accurate but slower Taylor
series expansion, while the diminishing in flu -
ence of the remote masses of the far zone are
modelled with the much faster point-mass ap -
proximation. To apply such an approach a va -
lue for the spherical distance Yc which defines
the boundary between the near and far zone
has to be fixed. In Fig. 8 the maximum (abso-
lute) difference that occurs in an arbitrary com-
putation point between the re sults of the Taylor
series expansion and the com bined approach is
plotted in relation to spherical distance values
in a logarithmic scale. The resulting curve shows
that the differences in crease almost exponenti-
ally when the spherical distance is decreasing.
In order to guarantee the LOA the spherical
distance should not be smaller than Yc = 11°.

5. Conclusions and Outlook
In this paper the modelling process of topo-
graphic effects in gravity gradients was descri-
bed and the handling of several modelling pa -
rameters was discussed. With the help of nu me -
rical tests the impact of these parameters on
gravity gradients could be quantified. In the
context of the GOCE satellite mission and rela-
ting to the measuring accuracy of the obser-

ved gradients suitable modelling parameters
have been proposed to get an efficient calcu-
lation method regarding computation time
and accuracy.

As input data the global topographic database
of the 5' x 5' DTM2006.0 is used for the des-
cription of the topographic surface as well as
for providing information about the density,
which is modelled with the RWI method. Ac -
cor ding to the DTM resolution the topographic
masses are decomposed into tesseroids which
are arranged on an ellipsoidal reference sur fa -
ce. For the numerical solution of the tesseroid
formulas the Taylor series expansion is used in
the near zone of the computation point whe-
reas in the far zone (beginning at a spherical
distance of Yc = 11°) a point-mass approxima-
tion is applied.

In the next step, the selected parameters will
be used to model topographic effects in real
GOCE observations of gravity gradients as well
as to determine the isostatic signal compo-
nents that were not discussed in this paper.
Furthermore, the degree of smoothing of the
gradients after applying the combined topo-
graphic-isostatic reductions will be investiga-
ted and compared to other possible smoothing
approaches.

Figure 8: Defining the near
and far zone

SR17_Weltraum_V8_Abstract_InfosysII.qxd  10.12.10  10:38  Seite 91



92

Acknowledgements
The authors would like to thank N.K. Pavlis for
providing the Global Digital Terrain Model
DTM2006.0. The Bundesministerium für
Bildung und Forschung (BMBF, German Federal
Ministry of Education and Research) is acknow-
ledged for the financial support of this rese-
arch within the REAL GOCE project of the
GEOTECHNOLOGIEN Programme. 

References
Bassin C., Laske G., Masters G. (2000): The cur -
rent limits of resolution for surface wave tomo-
graphy in North America. EOS Trans AGU 81
(48), F897.

Becker J.J., Sandwell D.T., Smith W.H.F., Braud
J., Binder B., Depner J., Fabre D., Factor J., In -
galls S., Kim S-H., Ladner R., Marks K., Nelson
S., Pharaoh A., Trimmer R., von Rosenberg J.,
Wal lace G., Weatherall P. (2009): Global Bathy -
metry and Elevation Data at 30 Arc Seconds
Resolution: SRTM30_PLUS. Marine Geodesy,
32(4):355-371.

Grombein T., Seitz K., Heck B. (2010a): Unter -
suchungen zur effizienten Berechnung topo-
graphischer Effekte auf den Gradiententensor
am Fallbeispiel der Satellitengradiome triemis -
sion GOCE. KIT Scientific Reports 7547, Schrif -
tenreihe des Studiengangs Geodäsie und Ge o -
informatik, No. 2010/1, KIT Scientific Pub li -
shing, Karlsruhe.

Grombein T., Seitz K., Heck B. (2010b): Spheri -
cal and ellipsoidal arrangement of the topo-
graphy and its impact on gravity gradients in
the GOCE mission. Presented at the General
Assembly of the European Geosciences Union,
Vienna, Austria, 2-7 May 2010.

Heck B., Seitz K. (2007): A comparison of the
tesseroid, prism and point-mass approaches
for mass reductions in gravity field modelling.
JGeod, 81(2):121–136, DOI: 10.1007/s00190-
006-0094-0.

Kuhn M. (2000): Geoidbestimmung unter
Verwendung verschiedener Dichtehypothesen.
Deutsche Geodätische Kommission, C520,
München.

Kuhn M., Seitz K. (2005): Comparison of
Newton’s integral in the space and frequency
domains. In: Sansò F. (ed.): A Window on the
Future of Geodesy. IAG Symposia Vol. 128,
Springer, 386-391.

Lemoine F.G., Kenyon S.C., Factor J.K., Trim mer
R.G., Pavlis N.K., Chinn D.S., Cox C.M., Klosko
S.M., Luthcke S.B., Torrence M.H., Wang Y.M.,
Williamson R.G. , Pavlis E.C., Rapp R.H., Olson
T.R. (1998): The Development of the Joint
NASA GSFC and the National Imagery and
Map ping Agency (NIMA) Geopotential Model
EGM96. NASA Goddard Space Flight Center,
Greenbelt, Maryland, USA.

MacMillan W.D. (1930): Theoretical Mecha nics,
Vol 2: the Theory of the potential. McGraw-
Hill, New York (reprinted by Dover Publi ca tions,
New York, 1958).

Moritz, H. (1980): Geodetic reference system
1980. Bulletin Géodésique, 54:395–405.

Pavlis N.K., Factor J.K., Holmes S.A. (2007):
Terrain-related gravimetric quantities compu-
ted for the next EGM. In: Kiliçoglu A., Forsberg
R. (eds.): Gravity Field of the Earth, Procee -
dings of the 1st International Symposium of
the IGFS, Istanbul, Turkey, 318-323.

Rummel R., Rapp H.R., Sünkel H., Tscherning
C.C. (1988): Comparison of global topogra-
phic/isostatic models to the Earth’s observed
gravity field, Report No. 388, Department of
Geodeic Science and Surveying, The Ohio
State University, Columbus, 33 pp.

Tsoulis D. (2004): Spherical harmonic analysis of
the CRUST 2.0 global crustal model. JGeod, 78
(1-2):7-11, DOI: 10.1007/s00190-003-0360-3.

SR17_Weltraum_V8_Abstract_InfosysII.qxd  10.12.10  10:38  Seite 92



93

Tsoulis D., Kuhn M. (2007): Recent develop-
ments in synthetic Earth gravity models in view
of the availability of digital terrain and crustal
databases of global coverage and increased re -
so lution. In: Kiliçoglu A., Forsberg R. (eds.): Gra -
 vity Field of the Earth, Proceedings of the 1st
International Symposium of the IGFS, Istanbul,
Turkey, 354–359.

Wild-Pfeiffer F. (2007): Auswirkungen topogra-
phisch-isostatischer Massen auf die Satelliten -
gra  di ometrie. Deutsche Geodätische Komis sion,
C604, München.

Wild-Pfeiffer, F. (2008): A comparison of diffe-
rent mass elements for use in gravity gradio-
metry. JGeod, 82(10):637-653, DOI: 10.1007/
s00190-008-0219-8.

SR17_Weltraum_V8_Abstract_InfosysII.qxd  10.12.10  10:38  Seite 93



94

Quality Assessment of GOCE Gradients

Abstract
The first ESA Earth Explorer Core Mission
GOCE (Gravity Field and Steady-State Ocean
Circulation Explorer) entered the operational
measurement phase in September 2009. Be -
fore gravity field processing, the quality of the
GOCE gradients in the measurement band-
width (5-100 mHz), MBW, has to be assessed.
Here, two procedures have been developed in
Hanover, the mutual comparison and analysis
of observed gradients in satellite track cross-
overs and the application of terrestrial gravity
data which are upward continued and trans-
formed into reference gradients for the GOCE
gradiometer measurements.
First the gravity gradients are filtered, where the
longer wavelength signals below the MBW are
replaced by global geopotential model (GPM)
information. The filtered time series is used as
input signal for both validation methods.1

1. Pre-Processing
The GOCE gravity gradients result from a com-
bination of differential mode accelerations a -
long and inertial angular rates about the three
gradiometer axis on board the GOCE satellite.
Because of accelerometer drift as a natural and
expected behavior of the accelerometers, gra-
vity gradients are affected by drift, too. This
leads to inaccuracies in the gravity gradients
over long periods.
The GOCE gradiometer has been designed such

that the error characteristics of the gravity gra-
dients are optimized in the so-called measure-
ment bandwidth (MBW). The MBW of the
GOCE gradiometer is between 5 and 100 milli-
hertz (mHz). It is the spectral domain where
validation is primarily required.

1.1. The idea
For both validation methods, which are pres-
ented in this paper, full signal information is
needed, so a simple high-pass filtering of the
time series is not sufficient. The goal is to get
the signal with the highest possible quality (for
validation of the gradiometer data), both at
low frequencies (for reduction purposes only)
and in the MBW. The idea is to combine short-
wavelength signal information from GOCE
measurements with long wavelength signal
input on the basis of a global geopotential
model (GPM). The resulting, combined signal is
used as input for the validation methods.

1.2. Filtering
In the analysis, a FIR (finite impulse response)
filter with a cut-off frequency of 5 mHz is used
to high pass filter the time series of the GOCE
gradients and low pass filter a gradients’ time
series computed on the basis of a GPM in
GOCE altitude and attitude. Filtering is perfor-
med separately for the time series of all tensor
components. The GPM that is used in the fol-
lowing analysis is the ITG-Grace2010s [5] up to
degree and order 180.

Brieden P. (1), Müller J. (1, 2)

(1) Institut für Erdmessung, Leibniz Universität Hannover, Schneiderberg 50, 30167 Hannover, Germany

(2) Centre for Quantum Engineering and Space-Time Research (QUEST), Welfengarten 1, 30167 Hannover, Germany

1 REMARK
A similar paper has been presented at the ESA Living Planet Symposium under the title »TWO METHODS FOR QUALITY
ASSESSMENT OF GOCE GRADIENTS« [1]. It obtained the publication number GEOTECH-1396 of the German Ministry of
Education and Research (BMBF) R&D-Programme GEOTECHNOLOGIEN. The present paper has been modified and data
of another period (November 2009) was investigated.
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Figure 1  shows the power spectral density
(PSD) of the GOCE gravity gradient component
Vyy in gray, its high pass filtered part (dotted
gray) and the low pass filtered part of the ITG-
Grace2010s in black.

In order to achieve the best possible quality as -
sessment, the resulting combined filtered GOCE
signal has also been low pass filtered to remove
possible errors above 50 mHz. This upper cut-
off frequency corresponds to a spherical harmo-
nic degree of about 270, where no significant
gravity signal is expected as there the signal
level is below the noise level.
The resulting gradient PSD after filtering is illu-

strated in Figure 2, where the PSD of the GOCE
measurements (gray), the filtered signal (black)
and the differences between these two (dotted
gray) are shown. The differences in the MBW
are very small, about four orders of magnitude
below the signal power. It is obvious that
GOCE also has good signal quality below the
MBW down to 1.5 mHz.
The resulting time series of the gravity gra-
dients, consisting of long-wavelength informa-
tion from ITG-Grace2010s and short-wave-
length information from GOCE measurements
(black PSD in Figure 2), is used as input for our
validation analysis. The data period is one
month: November 2009.

Power Spectral Density
(PSD) of the GOCE gravity
gradient tensor component
Vyy (gray), its high pass fil-
tered part (dotted gray)
and the low pass filter ed
part of the ITG-Grace2010s
(black)

Figure 2: Power spectral
density of the original
GOCE gradient Vyy time
series (gray), the filter
result (black) and the diffe-
rences (dotted gray)
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2. Reference Gradient Approach
The idea of the reference gradient approach is
based on regional gravity field data over well
surveyed areas, that is upward continued to
gradients at satellite altitude, serving as refe-
rence gradients for the GOCE data. These refe-
rence gradients in the GOCE observation
frame can then be used for evaluating the qua-
lity of the measured gradients.

2.1. The reference gradient method
The reference gradient approach is based on
regional gravity data in terms of global geopo-
tential models (GPM), terrestrial gravity ano ma -
lies and residual terrain models (RTM). The ter-
restrial data (ΔgG), a combination of terrestrial
gravity anomalies, airborne gravimetry and
satellite altimetry, is reduced from long-wave-
length (ΔgM) and short-wavelength (ΔgRTM)
contributions (remove-restore-technique):

Δg r = ΔgG 
– ΔgM 

– ΔgRTM . (1)

The resulting residual gravity anomalies Δgr

(Eq. 1) are upward continued into GOCE alti-
tude, transformed to residual ’disturbing gra-
dients’ Tij and restored to full tensor compo-
nents Vij

ref, as it is shown in Figure 3. These
computed, so called, reference gradients Vij

ref

and the GOCE gradiometer measurements Vij
G

are compared; the differences ΔVij
RG are furt-

her analyzed.

A detailed explanation of the procedure of re -
fe rence gradient determination and the refe-
rence gradient approach can be found in [2],
[6] and [7].

2.2. Analysis of the gradient differences
The current regional evaluation area is central
Europe. Hence, only satellite tracks that cross
this area and are at least 200 seconds long are
evaluated. The differences of each tensor com-
ponent are reduced by a mean value. Ideally
the mean value is zero; in practice, offsets re -
main indicating a constant difference between
the filtered GOCE gradients and the computed
reference gradients. The remaining constant
differences might be caused by the filtering of
the data or some inconsistent choice of datum
parameters. Future work will focus on possible
reasons for those constant differences.

2.3. Reference gradient results
Figure 4 shows the mean-reduced gray-coded
differences ΔVyy within the evaluation area. In
the given data set, a mean value of -132 mE
has been reduced. The differences in ΔVxx and
ΔVyy have a magnitude of about 11 to 15 mE.
The differences in ΔVzz are slightly worse with
a magnitude of about 25 mE.

The residual differences are to be analysed
along each track (Figure 4). The analysis is car-
ried out in the frequency domain to identify
relevant frequencies in the differences. Figure
5 shows the power spectral densities (PSD) of
the differences along each track within the
evaluation area. Each of the black, grey and
white curves specifies the PSD of one track.
The average of all PSDs is given by the thick
gray line. The requirements of the GOCE ten-
sor trace is pictured in dotted black. Obviously,
almost all results meet the requirements. Some
of the PSD curves show single spectral signals

Figure 3: Computation
steps from terrestrial gravi-
ty data to gradient diffe-
rences of GOCE measure-
ments
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above the requirements, but one has to have
in mind, that each PSD is computed on the
basis of very short time-series of only 200 s.
The effect of the second filtering at 50 mHz
that is described in chapter 1.2 is also visible in
the PSD of the differences in Figure 5. The
cut-off frequency of 50 mHz is indicated by
the vertical dotted black line.
It is a very good result having achieved a 
noise performance of 10 (higher frequencies)
to 25 mE/√Hz (lower frequencies) for Vyy. The
performance of Vzz is slightly larger, up to
about 35 mE/√Hz.

3. Cross-Over Approach
The cross-over (XO) approach is a relative vali-
dation method, i.e., a procedure using GOCE
data only. XO analysis allows checking the gra-
vity gradients at the accuracy level expected
for GOCE.

3.1. The XO method
The idea of the XO approach is to use the geo-
graphical correlation between two GOCE 
tracks crossing each other over the same point
on earth, in which the gradiometer should
measure the same gravity gradients.

Figure 4: Residual differen-
ces ΔVyy [mE], mean value
of -132 mE is reduced

Figure 5: PSD of each track
within the evaluation area
(black to white), the avera-
ged PSD (wide gray line)
and the requirement of the
GOCE trace (dotted black)
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What has to be considered are differences in
attitude and altitude between the two satellite
and gradiometer positions (Figure 6). These
differences have to be reduced for the XO ana-
lysis. The reduction of attitude and altitude
effects is performed by using the global geo-
potential model ITG-Grace2010s [5]. Reference
values for the measured gradients in the XO
are computed in the gradiometer reference
frame (GRF) for both gradiometer positions.
The resulting accuracy of those gradients is
obviously not high enough, since the GPM is
less accurate in the MBW than the GOCE mea-
surements. The idea of the XO approach is that
the difference of reference gradients in the
two gradiometer positions is the same as the
difference of real GOCE measurements. Based
on this assumption, the differences between
the real measurements are reduced by using
the differences between the reference values:

(2)

The residual gradient differences ΔVij
XO that

should be zero in the ideal case are then furt-
her analyzed, where Vij,G

1 and Vij,G
2 are the mea -

sured GOCE gradients in the two satellite posi-
tions (see Figure 6) and Vij,GPM

1,2 are the cor -
responding tensor components that are com-
puted from the ITG-Grace2010s.
A detailed description of the procedure of

cross-over analysis and its application for vali-
dating GOCE gravity gradients is given in [2],
[3], [4] and [6].

3.2. XO results
Based on about one month of GOCE data
from November 2009, the XO approach pro-
duces a set of residual differences ΔVij

XO accor-
ding to Eq. (2).  Even an ideal reduction of the
GPM part provided, the differences are not
always reduced to zero because GOCE data
might contain some anomalies that are to be
detected with this validation approach. To get
a first impression, a threshold of maximum
allowed difference in the XO is selected. The
statistics in Table 1 points out, how much per-
centage of the differences in the cross-over
points are below the selected threshold and
thus are good XOs. Table 1 gives an overview
for the main diagonal components of the gra-
vity gradient tensor.
Obviously for a given threshold of only 11 mE,
more than 97 % of the differences in all cross
over points are below this limit for the XX and
YY tensor component, which is a very good
result. Despite a higher threshold, the ZZ com-
ponent shows a slightly less accurate beha-
viour. Taking a threshold of 20 mE for ZZ, the
percentage of differences exceeding it is redu-
ced to about 1 %. 

Figure 6: Principle of the XO approach – diffe-
rent attitude and altitude of the GOCE gradio-
meter in two orbits crossing each other over
the same point on earth
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For gravity field processing the highly accurate
main diagonal components of the gravity gra-
dient tensor are used. The XO results show
that more than 97 % (Vxx and Vyy) of the main
diagonal components achieve the expected
qua lity level.
The differences of tensor component Vyy that
exceed a threshold of 20 mE are shown in Fi -
gure 7. It gives the geographical distribution of
the gray-coded differences that almost exclusi-
vely can be found near the poles. That is not
astonishing, as most of the XO’s occur in high
latitudes. The XO approach also allows to iden-
tify individual inaccurate measurements along
orbit parts. Moreover, accumulations of diffe-
rences in certain areas like south of Australia
are detected.
As Figure 7 also shows, almost all the thres-
hold-exceeding differences have values close
to the threshold and only very few of them
have bigger amplitudes. Nevertheless some

scattered larger differences appear which will
be subject to future investigations. 

The results reflect the good suitability of the
XO approach to validate the GOCE data at
the level of some mE. The XO approach
underlines the good data quality of the GOCE
gravity gradients.

4. Conclusions and Outlook
The inaccuracies in the longer wavelengths in
the GOCE gravity gradients are improved with
long wavelength information from the ITG-
Grace2010s. The GOCE gravity gradients are fil-
tered first. Here, a finite impulse response filter
(FIR) is applied. In the future, the determination
of a best cut-off frequency will be investigated.
The resulting filtered time series is used as input
for both Hanover validation methods.
On the basis of about one month (Nov. 2009)

Table 1: Percentage of good XOs that are below a given threshold depending on the
tensor component  

Figure 7: Gray-coded XO-
differences [mE] of tensor
component Vyy that ex ce ed
a threshold of 20 mE, data
base: November 2009
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of GOCE data, the results of the reference gra-
dient approach show residual differences bet-
ween the measured and the reference gra-
dients at about 10 to 15 mE for the XX and YY
tensor components. The differences for the ZZ
component are slightly larger up to about 25
mE. The differences in the spectral domain
show a noise performance up to about 25
mE/√Hz (XX, YY) to 35 mE/√Hz (ZZ) for the
main diagonal components in the measure-
ment bandwidth.

The results of the cross-over (XO) approach
give a similar picture: more than 99 % of the
residual differences in the cross-over points are
smaller than 15 mE for the XX and YY compo-
nents. The percentage of differences in ZZ
exceeding 15 mE is 95 %, but ZZ is also at the
level of 99 % for a threshold of 20 mE.

In summary, on the basis of about one month
of GOCE data, both approaches have proved
their suitability to validate GOCE data. The
noise performance of the tensor component
Vzz is slightly worse compared to the other
main diagonal components. The two validation
methods underline the very good quality of the
GOCE gravity gradients.
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Inferring the mean dynamic topography by
using  GOCE geoid information in ocean state
estimations

Introduction
The Dynamic Topography of the ocean is an
important dynamic variable since it  determi-
nes via its gradient the large scale surface cir-
culation on a time scale of a few days and lon-
ger and, in combination with the density field,
also the deep circulation. Since direct current
meter data is sparse, assimilation of the (time)
Mean Dynamic Topography (MDT) is expected
to have large impact on ocean state estima-
tion. Stammer et al. (2007) worked out an assi-
milation of MDTs based on former geoid mo -
dels (EGM96 and GGM01) and found, that, gi -
ven the provided errors on the geoid and the
Mean Sea Surface (MSS) from satellite altime-
try, the ocean state estimate is hardly impacted
by the MDT. From sensitivity experiments, with
artificially reduced error estimates on the MDT,
they found, however, significant changes in
the modeled MDT and the ocean circulation,
with reasonable changes in the control terms in
most regions. Today, geoid models with strong -
ly reduced error estimates are available, and
thus have an enhanced potential to impact
ocean state estimation. We present here a num-
ber of sensitivity experiments covering a two
years period (1992-1993) to test the sensitivity
of ocean state estimation to assimilation of
MDT and the influence of co-variance informa-
tion in the geoid error. We then discuss first re -
sults from an ongoing 'realistic' 7-years (1993-
1999) optimization using the first available
combined GOCE-GRACE geoid solution
(GOCO01s) and a recent MSS (MSS_CNES_CLS_
10, see http://www.aviso.oceanobs.m/en/data/
tools/citation/index.html) to calculate the MDT.

Methodology
The GECCO (German part of Estimating the
Circulation and Climate of the Ocean) model
is based on the Massachusetts Institute of Tech -
nology general circulation model (MITgcm;
Mar  shall et al. [1997]), which is a numerical
im ple mentation of the primitive equations
formulated on z-levels on a spherical coordi-
nate system.
The set-up we use for the optimizations here,
is basically identical to the 50-yr run (1952-
2001) of the GECCO model [Köhl and Stam -
mer, 2008], also the initial ocean state is taken
from this model synthesis. The syntheses use
the adjoint method to bring the model into
consistency with available hydrographic and
satellite data as well as prior estimates of sur-
face fluxes. The estimation of the control para-
meters was changed from a direct estimation
of the fluxes every 10 days to the estimation of
daily atmospheric state variables, which inclu-
de surface air temperature, humidity, precipita-
tion and the 10 m wind.  The prior of the at -
mos pheric state derives as in the previous esti-
mate from the National Centers for Envir o n -
mental Prediction (NCEP).

These control fields are then adjusted by the
method to yield model states that are dynami-
cally consistent with the model physics and the
assimilated data within given error limits. We
refer to Wunsch [1996] for a general introduc-
tion of the methodology.  As before, the set of
assimilated data includes altimeter data,
AMSR/E SST, Argo temperature and salinity pro -
files.The assimilation of MDT consists of a spa-

Siegismund F., Köhl A. und Stammer D.

University of Hamburg, Institute for Marine Research
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tial MDT map as constraint of the modeled
topography, and, since the geoid error is provi-
ded as spherical harmonic (SH) coefficients, the
MDT cost function contribution is evaluated in
spectral space.
The MSS model is transformed to SH coeffi-
cients, truncated at degree and order (d/o) of
the geoid and transformed back to physical
space. This methodology ensures, that the MSS
contains the same spatial resolution as the
geoid. The difference between MSS and geoid
is computed and the resulting MDT is filtered
using a Gaussian filter, with a filter scale just
long enough to smooth out small scale noise.

Sensitivity experiments
The sensitivity experiments span the period
1993-1994. The MDT is computed from the
difference of the CLS01 MSS and the ITG-
GRACE03s geoid. A spatial smoothing with a
2° Gaussian filter is performed to smooth out
small scale noise. The MDT error estimate con-
sists of the error in the geoid, provided with
the geoid, the error in altimetry (4 cm white
noise for each single observation), and the
impact of the representation error of the hy -
drodynamic model due to limited spatial reso-
lution (estimated from one half of the R.M.S.
signal in Sea Level Anomaly from satellite alti-

metry). Two experiments are performed, where
MDT is assimilated together with the standard
constraints, which includes most available ob -
served ocean data. One experiment uses full
co-variance information (GECCO-COV), while
the second uses only the error variances
(GECCO-VAR). Further two experiments only
assimilate MDT data using the full error co-
variance matrix (GECCO-MDT-COV) or only the
variances (GECCO-MDT-VAR). As reference, a
fifth optimization run was performed with the
standard data assimilated, but without MDT
(GECCO-REF).

Figure 1 shows the most important compo-
nents of the cost function, which is the error
weighted sum of squares of the model data
differences,  after 38 iterations. For compari-
son, the leftmost, black bars indicate the costs
for the free run (iteration 0), which includes no
corrections to the control variables. The com-
parison of MDT residual maps from different
experiments is displayed in Fig. 2. From Figs.1
and 2 we conclude, that
1. the MDT residuals are highly affected by

MDT assimilation,
2. the optimization wins by assimilation of

MDT with smaller costs in all important
constraints compared to standard data assi-
milation,

Figure 1: Cost functions of
the sensitivity experiments
after 38 iterations: most
important contributions
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3. co-variance information has no significant
impact on the costs averaged over all length
scales,

4. the dynamic model is able to reproduce
assimilated MDT very closely, but with in -
crea sing costs on other constraints.

From the experiments we conclude, that the
MDT constraint adds new information to the
optimization process, and that this information
is consistent with the other data sets assimila-
ted, at least in a global sense. To what extent
this statement holds for specific regions has to
be further investigated. Co-variance informa-
tion has local effects on the MDT residuals (not
shown), especially in the ACC, but the tenden-
cy is not clear. Both, patches of increasing as
well as decreasing residuals, in the order of a
few cm, are present. The close reproduction of
the assimilated MDT in the MDT-only experi-
ments does indicate, that the MDT is essential-
ly consistent with the dynamics of the ocean
model. The higher residuals regarding other
data sets not assimilated does not indicate
inconsistency of the MDT, but rather indicates,
that the model system is under-determined,
meaning, that a number of ocean states is
dynamically consistent with essentially the
same MDT.

Ocean State Estimation Experiment
For the ocean state estimation experiments we
targeted on reproducing the MDT together
with other parameters of the ocean state as
realistic as possible. The assimilation period is
therefore prolonged to 7 years, from 1993 to
1999, identical to the reference period of the
MSS (CLS2010) applied for calculating the
MDT. The geoid applied is the first available
combined GRACE-GOCE solution (GOCO01s).
The error on the MDT includes all components
we already considered in the sensitivity experi-
ments, and, in addition, the mapping error of
the MSS is estimated. But since high resolution
geoid information is taken into account when
estimating the MSS (see http://www.aviso.oce-
anobs.com/en/data/
products/auxiliary-products/mss/mss-descrip-
tion/index.html for more information), we esti-
mate only the mapping error of the MDT. To do
so, we simulate altimeter observations by sub-
sampling a high resolution modeled MDT (from
the POP model, see Maltrud and Mc Clean,
2005) along the ground tracks of the JASON
and EnviSat altimeters. By interpolating the 'ob-
served' data to the GECCO model grid and
comparing it with the original MDT, we get an
error estimate for the MDT mapping, that is
then projected to spherical harmonic functions.

Figure 2: MDT residuals [m] 
after 38 iterations. 
(Top) GECCO-REF, 
(middle) GECCO-VAR, 
(bottom) GECCO-MDT-VAR
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The MDT error contributions are displayed in
Fig. 3. While the representation error has some
impact on very long scales, the altimeter white
noise error is negligible everywhere. The main
contribution comes from the MSS mapping
error, which dominates the MDT error up to
approximately d/o 100, then the geoid error
takes over.

Results from the optimization after 40 itera-
tions are displayed in Fig. 4. From the spectral

representation of the MDT residuals (Fig. 4) we
see, that the residuals, despite for degrees 3-9,
are reduced through the optimization for all
length scales. But for degrees lower approxi-
mately 100, the residuals are still much larger
than the estimates errors, and though conver-
gence in the cost function is not reached yet
(not shown), it is foreseeable, that also the final
residuals will remain above those estimates.
The reasons might be too small error estimates
in the MDT or model errors not accounted for.

Figure 3: Square root of
degree variance [m] for
the components of the
MDT error estimate.

Figure 4: Square root of
degree variance [m] in
MDT residuals, compared
to prior error estimate.
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Conclusions
Assimilation of MDT has significant effect on
ocean state estimation, also if most available
ocean data, including especially Sea Level
Anomaly data from altimetry, ARGO and other
ocean data is also assimilated. The additional
assimilation of MDT further improves the
model state towards the other assimilated data
sets, and strongly reduces the residuals in the
MDT, indicating, that the MDT puts additional
information to the optimization process, which
is essentially consistent with the other data
streams and the dynamics of the ocean model.
The error in MDT is dominated by the mapping
error of the MSS up to about degree 100,
meaning that in low resolution circulation
models (1° in our case) this error determines
the influence the MDT can have on the opti-
mized solution, while, when based on the
newest available satellite data, the error in the
geoid plays only a marginal role.
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Validation of GOCE products by terrestrial
data sets in Germany

1.  Abstract and Introduction
Within the framework of the REAL GOCE pro-
ject, one of the main objectives is the valida-
tion of the GOCE products. In this contribu-
tion, the focus is on the regional validation of
the GOCE products by independent terrestrial
data sets in Europe and particularly in Ger -
many, including terrestrial gravity anomalies,
height anomalies from the high-resolution gra-
vimetric quasigeoid models EGG2008 and
GCG05, and astrogeodetic vertical deflections.
Differences between the terrestrial data sets
and the available GOCE geopotential models,
with envisaged accuracies of 1 mgal for gravi-
ty and 1-2 cm for geoid heights, both at a
resolution of 100 km, are computed and ana-
lyzed. The progress with respect to the GRACE
models and the impact on regional gravity field
modelling is outlined.

2.  Data Sets
The first GOCE global geopotential models
(GGM) are based on an observation period of
approx. two months (begin of November 2009
to January 11, 2010) using different approa-
ches: the direct approach (up to degree and
order (d/o) 240; Bruinsma et al., 2010), the
space-wise approach (d/o 210; Migliaccio et al.,
2010), and the time-wise approach (d/o 224;
Pail et al., 2010). In addition, the GOCO01S
model (d/o 224; GOCO consortium, 2010) com -
bines 7 years of GRACE observations (August
2002 to August 2009) and two months of

GOCE data (November and De cem ber 2009).
The impact of the GOCE models is outlined
with respect to the GRACE model ITG-
Grace2010s (d/o 180; Mayer-Gürr et al., 2010)
and the ultra-high degree model EGM2008
(d/o 2190; Pavlis et al., 2008) based on GRACE
and terrestrial data. 
For the evaluation of the GGMs, extensive ter-
restrial data sets are available for Europe and
particularly for Germany; for details see Ihde et
al. (2010). Approx. 5.3 million terrestrial gravi-
ty anomalies exist for Europe and were combi-
ned with EGM2008 to derive the European
Gravimetric Quasigeoid 2008 (EGG2008; Den -
ker et al., 2009). As a second high resolution
quasigeoid model, the German Combined Qua -
siGeoid 2005 (GCG05; Liebsch et al., 2006) is
employed; it is based on 400,000 gravity ano -
malies (accuracy 0.1 - 1.0 mgal) and 900 GPS/
levelling points as well as the EIGEN-CG01C
global model (Reigber et al., 2006). The spati-
al resolution is 1' x 1' for EGG2008 and 1' x 1.5'
for GCG05, respectively; the ac curacy of the
height anomalies is roughly 2 – 3 cm in Ger ma -
ny. Within the GOCE GRAND II project, a com-
pletely independent data set of approx. 300
astrogeodetic vertical deflections was determi-
ned with an accuracy of 0.1" and a spacing of
2.5 to 5 km along a North-South and a West-
East profile, both having a length of 500 km.
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3. Evaluation of the GOCE geopotential
models by regional terrestrial data sets
In the evaluation process, the different spectral
content of the GGM and terrestrial data has to
be taken into account by filtering out the high-
frequency signals not included in the GGM.
For the comparisons between the GGM data
and the terrestrial gravity anomalies as well as
the EGG2008 height anomalies, a Gaussian fil-
ter with filter widths (and corresponding reso-
lutions) from 100 to 200 km was applied to
both the GGM and terrestrial data. The diffe-
rences were computed within 5' x 5' grids, de-
rived from the finer grids by averaging. Table 1
shows the standard deviations of the differen-
ces between terrestrial gravity anomalies as
well as EGG2008 height anomalies and corre-
sponding GGM values in connection with dif-
ferent Gaussian filter widths. The largest diffe-
rences occur between the terrestrial data sets
and the GRACE model ITG-Grace2010s. At a
filter width of 100 km, the differences are
about two times larger than those of the best
fitting GOCE model, the direct solution (2.6
mgal and 7.4 cm). However, the differences of
the GOCE models are between 2 (direct appro-
ach) and 3 (space-wise approach) times larger
than the EGM2008 differences. For increasing
filter widths up to 200 km, the differences bet-
ween terrestrial and GGM data become smaller.
Nevertheless, the aspired GOCE accuracy level
of 1 mgal and 1-2 cm (at 100 km resolution) is
almost reached for lower resolutions of about
200 km (direct approach: 1.1 mgal and 2.2 cm,

respectively). Figure 1 shows the differences
between the terrestrial and various GGM gravi-
ty anomalies after Gaussian filtering with a filter
width of 100 km. A considerable improvement
of the GOCE based models with respect to the
GRACE models is evident.
In addition, the GCG05 height anomalies were
used for the evaluation of the GOCE GGMs in
connection with different filtering approaches.

Table 1: Standard deviations of the differences between
928,790 terrestrial gravity anomalies and EGG2008 height
anomalies and corresponding values from various geopo-
tential models after Gaussian filtering with the specified fil-
ter widths.

Figure 1: Differences between terrestrial gravity anomalies and corresponding values from the GOCE direct approach
(left), ITG-Grace2010s (center) and EGM2008 (right) after Gaussian filtering with a filter width of 100 km.
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In a first step, the Gaussian filtering is applied
to the GCG05 only. Figure 2 shows the stan-
dard deviations of the differences between the
filtered GCG05 height anomalies and the
GOCE GGMs with regard to different filter
widths. Again, the direct approach gives the
best agree ment, while higher differences are
found for the time-wise and space-wise appro-
aches. The minimum values occur at filter
widths of approx. 125 km, 135 km and 140
km for the direct, the time-wise and the space-
wise ap proach, respectively, showing that also
the higher degrees of the GOCE models con-
tain significant signals. Table 2 provides the

mean and the standard deviation of the diffe-
rences between the GCG05 and various GGM
height anomalies after different filtering proce-
dures: 1. no filtering applied, 2. Gaussian filter
with 125 km width applied for GCG05 only,
and 3. the Gaussian filter (125 km width) app-
lied for both data sets. It is evident, that all
three GOCE models provide significantly more
information than the GRACE model ITG-Grace
2010s, but the EGM2008 results are still super-
ior within this study area. Figure 3 shows the
spatial patterns of the differences between
GCG05 and the three GOCE solutions after
Gaussian filtering (filter width 125 km).

Figure 2: Standard deviations of the differences between the Gaussian filtered GCG05 height anomalies and correspon-
ding values from the three GOCE models in connection with different filter widths. 

Figure 3: Differences between Gaussian filtered GCG05 height anomalies with a filter width of 125 km and height
anomalies from the GOCE direct approach (left), the time-wise approach (center) and the space-wise approach (right).
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For the evaluation of the GOCE models with
astrogeodetic vertical deflections, a stepwise
pro cedure was used in order to account for the
different spectral content. In a first step, verti-
cal deflections were computed from the GGMs
for the astrogeodetic stations. The maximum
degree of the spherical harmonic expansions
was varied from 100, 150, 180, 210, 224 to
240; the omitted signal between these maxi-
mum degrees and degree 2190 was modelled
by EGM2008 (cf. Gruber, 2009). As vertical
deflections are strongly correlated with the
local topography, the high-frequencies beyond
degree 2190 are modelled by Residual Terrain
Model (RTM) effects (Forsberg, 1984) with a
reference topography of 5' x 5' resolution and
a Gaussian filtering with a filter width of 20
km. In Table 3, the RMS differences between

the filtered astrogeodetic vertical deflections
and corresponding values from the geopoten-
tial models, truncated at degrees 180, 210,
224 and 240, are shown. Up to d/o 150, no
significant differences show up between the
various geopotential models. Up to d/o 180,
the RMS differences between the astrogeode-
tic vertical deflections and the GRACE model
ITG-Grace2010s are significantly increasing in
contrast to all models including GOCE data.
Hence, a considerable improvement within the
spectral range between d/o 150 and 180 is evi-
dent when utilizing the GOCE GGMs; the RMS
differences are at the level of the combined
solution EGM2008. Beyond degree 180, the
RMS differences of all GOCE models are incre-
asing steadily up to the maximum degree of
210 (space-wise solution) and 224 (time-wise

Table 2: Statistics of the differences between GCG05 and various GGM height anomalies after different Gaussian filte-
ring approaches with a filter width of 125 km. 

Table 3: RMS-differences ["] between the North-South and East-West astrogeodetic vertical deflection components ξ and
η and corresponding values from various GGM with regard to a maximum degree along the North-South (155 stations)
and the West-East profile (128 stations) after a multistage filtering process. 
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solution, GOCO01S), respectively; the space-
wise solution shows the greatest increase.
Merely, the direct solution nearly remains at
the accuracy level of the EGM2008 even up to
the maximum degree 240. In Fig. 4, the diffe-
rences between the filtered astrogeodetic East-
West vertical deflection components η and
corresponding values from various GGM, trun-
cated at degree 180 (left) and 224 (right), are
shown along the West-east profile exemplarily.

4. Combination of GOCE and terrestrial
gravity anomalies
First high-resolution combined quasigeoid
solutions for Europe were computed from the
existing terrestrial gravity anomalies and the
GOCE geopotential models using the spectral
combination method in connection with the
remove-restore procedure. As at present only
formal errors exist for the GOCE models, diffe-
rent weighting schemes were tested. The eva-
luation of the combined solutions by various
national GPS/levelling data sets in Europe sho-
wed small improvements for some but not all
cases. Mostly the GOCE direct solution perfor-
med best, revealing improvements at the few
millimetre level (e.g., in France and Russia).

5. Conclusions
The new GOCE geopotential models include
significantly more high frequency information
than any GRACE model. In the comparisons of
the GOCE models with terrestrial gravity

anomalies and EGG2008 height anomalies,
the GOCE direct approach shows the best per-
formance with RMS differences of 2.6 mgal
and 7 cm, respectively (at a resolution of 100
km). The comparisons with the GCG05 height
anomalies confirm the better performance of
the GOCE direct solution. Regarding the verti-
cal deflections, the GOCE models are superior
to the GRACE models within the spectral
range between d/o 150 and 180; for higher
degrees up to 240, the quality of the GOCE
models degrades with respect to EGM2008,
except the direct approach. However, it should
also be noted the better performance of the
GOCE direct approach may be due to the
included a priori information from the com-
bined geopotential model EIGEN-51C (Bruins -
ma et al. 2010). With regard to the high-reso-
lution combination solutions of terrestrial gra-
vity anomalies and the GOCE geopotential, the
weighting may be problematic at present, as
only formal errors exist for the GOCE models.
The evaluation of the combined solutions with
GPS/levelling data show small improvements in
some but not all areas. Further improvements
are expected from refined GOCE models based
on more extensive input data covering a longer
observation period. 
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High-resolution global gravity fields by 
combining GOCE, GRACE and terrestrial data
First results from the REAL GOCE project

Abstract / Introduction 
The main goal of the REAL-GOCE WP320 is the
computation of a high-resolution gravity field
model up to degree and order 720 or higher in
terms of spherical harmonics with a global cove-
rage and an outstanding quality. Compared to
the recently available combined gravity field
models like EIGEN-5C (Förste et al. 2008),
EIGEN-51C (Bruisma et al 2010), EGM 2008
(Pavlis et al. 2008) or GGM03C (Tapley et al.
2007), such a combined model including
GOCE data should benefit from the accuracy
of the new GOCE satellite gradiometry data in
the medium wavelength components (i.e. spa-
tial resolution between about 70 and 100 km)
of the Earth’s gravity field.

Since July 2010 a first cycle (i.e. about two
months) of GOCE gradiometry data is availa-
ble. Additionally, the first GOCE-only global
gravity field models were published by ESA.
One of these first GOCE-only models has been
computed by GFZ Potsdam and GRGS Tou -
louse within ESA’s GOCE High Level Processing
Facility (GOCE-HPF) by using the so-called di -
rect approach. This model is called GO_CONS_
GCF_2_DIR (Bruinsma et al. 2010; Pail et al.
2010) and its data has been used by GFZ wit-
hin the REAL-GOCE WP320 to compute a pre-
liminary GRACE/GOCE combined satellite-only
model. This is an important milestone for the
further computation of a combined model
including terrestrial data.

Basic Strategy
Based on the experience with the GRACE and
CHAMP missions, GFZ Potsdam processes all
present-day satellite data which are suitable
for gravity field determination, i.e., GPS high-
low SST from GRACE and GOCE, KBR low-low
SST data from the GRACE twin satellites, gra-
diometry measurements from GOCE and SLR
data from the LAGEOS satellites. These data
are the basis for the computation of global
mean satellite-only gravity field models like
EIGEN-5S (Förste et al. 2008) and the further
combination with terrestrial and altimetry gra-
vity data to obtain high resolution combined
gravity field models.

The basic workflow of combining the contri-
butions of the different data sets as applied at
GFZ is shown in figure 1. The left hand side on
this figure concerns the processing steps for
the terrestrial and altimetry gravity data. The
right hand side shows, in which sequence the
normal equations are generated from the
GOCE gradiometer and SST measurements.
These normal equations are later on combined
with GRACE based and complete surface data
normal equations. The final step is their com-
bination with the outcome of a block diagonal
solution which gives the high resolution gravi-
ty model up to d/o 720 or higher.

It should be noted that due to the huge size of
one single complete normal equation sys tem
of a maximum degree/order of 360 (that means
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more than 128 GB for 1 individual normal
equation), a gravity field model of maximum
d/o higher than 360 can only be composed by
use of block diagonal techniques. A block dia-
gonal solution is identical with a complete
solution if the following preconditions are met
by all data:
– one data type only with global coverage (no

data gaps!),
– equidistant and equator-symmetric data

grid,
– equator-symmetric weighting,
– uniform weight for each degree of latitude.

The most recent outcome of the activities wit-
hin WP320 concerning combined gravity field
models including terrestrial data is EIGEN-51C
(Bruinsma et al. 2010). This global gravity field

model consists of six years of CHAMP and
GRACE data, which were processed in accor-
dance to the GFZ release 4 GRACE processing
standards (Flechtner 2007). EIGEN-51C is a
solution where for the first time for GFZ a com-
bined gravity field model has been computed
from the inversion of a full normal equations
matrix till d/o 359.  

Combination Scheme
Figure 2 shows a typical scheme as applied at
GFZ how the individual contributions from the
different data sources were distributed on dif-
ferent degree ranges during the combination
for a high resolution combination model. It
should be noted that this figure illustrates the
combination scheme as presently planned at

Figure 1: Basic workflow
of the generation of com-
bined gravity field models
within WP320

Figure 2: Combination Scheme of the planned high resolution combination model
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WP320; one or the other detail may change
during the final processing. 

The basic idea of such a combination scheme
is to restrict the contributions of the individu-
al data sets on such spectral ranges where
they are known to perform best. This can be
achieved by separation of unknowns when
combining the normal equations, for instance
the spherical harmonics of the surface data
up to d/o 120 are set up as additional and
individual unknowns which are kept separate
and thrown away after the adjustment. With
this method, the surface data do not contri-
bute to the solution below degree 120. In a
similar way the GOCE and GRACE contribu-
tions are combined.

Surface data sets
Figure 3 shows the global distribution of the
surface data sets which are currently available
for the computation of the combined gravity
field models at GFZ. This data sets were used
for instance for the generation of EIGEN-5C
(Förste et al. 2008)

The surface data sets as indicated in fig. 3 have
the following specifications:
1. Geoid undulations, 2'x2' resolution, 

(T. Schö ne and S. Esselborn, GFZ, 2005,
personal co m munication and Stammer 
et al., 2002)

2. Gravity anomalies North Atlantic/Medi ter -
ranean, 15'x15' resolution, (H. Denker, IfE

Hannover, 2007, personal communication),
3. Gravity anomalies in Europe & North

Africa,  15'x15' resolution (in Russia only
30'x30'), H. Denker, IfE Hannover, 2007,
personal com munication.

4. Arctic Gravity Project ArcGP, 5'x5' resolu-
tion, Forsberg, Kenyon 2004 & 2006.

5. NAFA Gravity anomalies in North America,
2'x2' resolution, M. Véronneau 2003, Na -
tio nal Ressources Canada, pers. commu-
nication.

6. Gravity anomalies in China, 30'x30' resolu-
tion (J.Y. Chen, pers. comm., 2003) and
Gravity anomalies in Australia, point data,
resolution better than 5'x5' (A. Murray,
Geosciences Australia, 2001),

7. LDO (Bell et al., 1999) and AWI (Studinger
1988) gravity anomalies, point data, reso-
lution better than 5'x5',

8. NGA (formerly NIMA) terrestrial gravity ano -
 malies, 30'x30' resolution.

9. NGA altimetric gravity anomalies for coastal
and shallow water areas, 30'x30'resolution.

10. New Zealand: NGA terrestrial gravity ano -
malies, 30'x30' resolution.

In addition to this individual data sets we also
use the DNSC08 global gravity anomaly grid
(Anderson and Knudsen 2009) which has a
resolution of 2’ x 2’. For the continents this da -
ta set is composed from the terrestrial data as
used for EGM2008. This DNSC08 data set is
suitable to substitute the low resolution NGA
and China data.

Figure 3: Overview of
the surface data sets
presently used at GFZ
Potsdam, see text above
for further details.
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First results
Three groups within the GOCE-HPF have gene-
rated the first GOCE gravity models by using
the first available GOCE SGG and SST measu-
rement data. These three models have been
published by ESA in July 2010. One of these
so lutions is GO_CONS_GCF_2_DIR, a joint GFZ-
GRGS model computed by the so-called Direct
Approach (Abrikosov and Schwintzer 2004).
This solution comprises the first two available
months of GOCE SGG and SST data and is
complete up to d/o 240. For overcoming the
polar gaps in the GOCE data for the computa-
tion of GO_CONS_GCF_2_DIR, the so-called
polar cap regularization has been applied
(Metzler and Pail 2005) which means filling the
polar gaps by external gravity pre-information.
For this filling we used the EIGEN-51C model
up to d/o 240. 

The GOCE gradiometry data as included in the
GO_CONS_GCF_2_DIR model were used with -
in the REAL GOCE WP320 to compute for the
first time for GFZ a GRACE/GOCE combination
model. For this purpose the GOCE SGG data as
used for GO_CONS_GCF_2 (including the
mentioned spherical cap regularization) have
been combined with seven years of GRACE
data from the GFZ release 4 processing. The
result of this combination is the preliminary

gravity field model EIGEN-6Sp05, which was
calculated in late August 2010 and which is
complete up to d/o 240. 

Figure 4 shows the difference degree ampli -
tudes of EIGEN-6Sp05 and CONS_GCF_2_DIR
w.r.t. to EGM2008. Furthermore, the differen-
ces of EIGEN-51C and GOCO01S w.r.t. EGM
2008 are also given. GOCO01S is the first
GOCE-GRACE combination model and has be -
en released recently by the GOCO consortium
(http://portal.tugraz.at/portal/page/portal/TU_
Graz/Einrichtungen/Institute/Home pages/
i5080/forschung/GOCO/). The GOCO01S mo -
del is online available at the ICGEM data base
at GFZ (http://icgem.gfz-potsdam.de).

From degree 2 up to 110 the GRACE-containing
models (EIGEN-51C, GOCO01S and EIGEN-
6Sp05) are very close together. One can expect
that these three models are of similar quality
within this degree range. This is confirmed by
GOCE orbit adjustment tests by the authors as
given in table 1. These orbit tests were carried
out by using different gravity field models up to
d/o 120. Table 1 contains the mean values of
the RMS values of the orbit fit residual of 60
GOCE dynamics orbit computations. The length
of each orbit was 1.25 days. As observations
GOCE kinematic orbit positions were used. For

Figure 4: Degree Ampli -
tudes (Geoid Heights).
Differences of EIGEN-51C,
EIGEN-06Sp05,
CONS_GCF_2_DIR and
GOCO01S against EGM
2008. Beyond degree 80,
the curve for EIGEN-6Sp05
(black, broad) is identical
with that for
CONS_GCF_2_DIR 
(grew, slight)
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EIGEN-51C, GOCEO01S and EIGEN-6Sp05
about the same RMS numbers were reached.
For GO_CONS_GCF_2_DIR a significant larger
value was obtained which means that this
model has a worse performance in the long
wavelength degree range compared to  EIGEN-
51C, GOCEO01S and EIGEN-6Sp05. This is not
a surprise, since the GO_CONS_GCF_2_DIR
contains only 2 months of SST data which domi-
nating the long wavelengths.
For the higher degrees beyond 110 one can
see that the difference between GOCO01S on
the one side and EIGEN-6Sp05 and GO_ CONS_
GCF_2_DIR on the other side becomes larger
with increasing degrees. EIGEN-6Sp05 and
GO_CONS_GCF_2_DIR get closer to EIGEN-
51C with increasing degree. This is an effect of
the polar cap regularization applied in EIGEN-
6Sp05 and GO_CONS_GCF_2_DIR which
constrains the shortest wavelengths to the a-
priori model EIGEN-51C.
Figure 5 finally shows the global distribution of
the geoid height differences between EIGEN-
6Sp05 and EGM2008. In this plot EGM2008

has been truncated at d/o 240. The patterns
of the significant differences for instance over
South America, Antarctica, Africa and Central
Asia coincide with the gaps in the terrestrial
as depicted in figure 2. It is known that
EGM2008 contains these gaps in the terre-
strial data as well. Thus one can conclude that
the  differences in figure 5 must be interpre-
ted as significant improvements over
EGM2008 realized by GOCE.

Conclusion
In WP320 a first GOCE/GRACE combination
model has been successfully computed. This is
an important milestone on the way to a com-
bined model including data of these satellites
and terrestrial data.
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Constraints for Future  Missions

1. Introduction
We discuss constraints for satellite gravity mis-
sions from a standpoint of current feasibility
and cost driving aspects. Examples for cons-
traints are the number of satellites, the kind of
satellite orbits and the type of the link between
the satellites.  The merits and drawbacks of dif-
ferent satellite orbits and the impact of using a
laser link between the satellites are ana ly -
sed.Three proposed Future Missions are stu-
died  in more detail. 

2. Discussion of Constraints

2.1. Relative velocity between satellites
It is very attractive to use an optical link bet-
ween two satellites to measure the distance
changes between the satellites caused by the
varying gravity field. The reason for this is the
higher measurement accuracy compared to a
microwave link. Nevertheless the small wave-
length (l=1064 nm) of the optical link also has
a drawback. Because of the relative movement

of the satellites a Doppler shift of the frequen-
cy is introduced. Together with the current
small bandwidth of phodetectors and phase-
meters of 20 MHz this results in a constraint
for the satellites orbits. 

The one way Doppler shift is given by 
Δf=v/l (1)
l=wavelength (1064 nm)
v=relative velocity between two satellites [m/s]
The current phasemters have a bandwith of 20
MHz.

Δf<20 MHz  (2)
Using equation (1) and (2) the maximum rela-
tive velocity is 10 m/s.

2.2. Air drag compensation
The meaning of air drag compensation is the
continous cancellation of external nongravita-
tional forces on the spacecraft, which contains
an inertial sensor.The sensor contains a freely
floating proof mass, shielded from aerodyna-
mic drag and solar pressure, so that is follows

Doll B., Sand R. 

SpaceTech GmbH, Seelbachstr. 13, 88090 Immenstaad

Figure1 :Drag acceleration
at different attidudes
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a purely gravitational orbit.The force needed to
keep the proof mass at its centre is used to
command the propulsion system to make the
satellite follow the proof mass.
On the other hand the drag compensation
only needs to counteract the drag but does not
need to control the drag to a drag free move-
ment of the satellite. This eases the control eff-
ort. However, also the cumulated thrust of the
different thrusters should not exceed the maxi-
mum measurement range of the accelerome-
ter. Thus the drag will be counteracted con-
stantly but it will not be controlled to zero at
each time. However the measurement sensiti-
vity is worse when the nonconservative forces
are not completely removed.

Air Drag compensation is not mandatory for
Orbit heights h>350 km.

2.3. Transponder system

The transponder is the preferred solution:
Assuming that a  mission is focusing on n< 200
harmonics measurements, the gravity signal is
optimised for around 200km S/C distance (like
GRACE) 
From a laser ranging instrument point of view
there are two principle concepts:
– With a laser retro reflector the distance bet-

ween the satellites is limited.A SST distance
of 200 km could not be realized with the
available laser power and the possible aper-
ture diameters. 

An active transponder system (slightly more
complex system) uses also a laser on the se -
cond spacecraft. This laser is phaselocked to
the received laser beam. Large Spacecraft to
Spacecraft distances (200 km) can be realized.
Based on above findings a laser transponder
system has been selected allowing to adjust
the S/C distance according to the best science
signal (< 250km). 

2.4. Yaw/Pitch angle
A pendulum orbit is acceptable if the across
track angle is limited to max 30°. S/C design
optimisation criteria in such a case are all con-

sidered resolvable without significant cost
impact
– Compact configuration with minimum ave-

rage cross section and no significant air
drag induced moments (external shape op -
timisation)

– More fuel consumption, more dynamic
AOCS (and fine pointing) controller 

– More variations of solar aspect angles (is -
sues on thermal stability, star-tracker blin-
ding etc.)

2.5. Location of accelerometer relative to
the centre of mass of the S/C 
The principle of Satellite-to-Satellite-Tracking
is to measure the velocity variations between
two test masses on different satellites.The orbit
of the test masses should be influenced  only
by the earth’s  gravity field .In reality there are
also  non-gravitational forces like air-drag and
solar pressure acting on the test masses.To
separate the nongravitational forces from the
pure  geodetic motion the test masses are loca-
ted inside an accelerometer.The accelerometer
measures the disturbances and the nongravita-
tional forces can then be substracted from the
SST measurement to restore the pure gravita-
tional motion.
The location of the accelerometer is preferable
identical with the position of the centre of
mass of the satellite.It turns out that this is dif-
ficult to achieve .In addition the position of the
centre of mass is not constant due  to changes
of the mass of the satellite,thermal influences
or moving parts .That means there is  a decen-
tering of the accelerometer and the centre of
mass and the satellite rotates about an axis
which is decentered to the centre of mass.The
outcome of this is the accelerometer measures
also fictious (pseudo) forces.
CoM=centre of mass
r=CoM offset [mm]
ω=angular velocity
The acceleration induced by the CoM offset is
given by:
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The introduction of the pseudo forces seems
to have no relevant impact and therefore there
is no need to avoid the decentering (<10 mm)
of the centre of mass and the accelerometer.
That also means that a mass trim system is not
mandatory.
Summary of discussed constraints

3. Proposed satellite gravity missions 
mission
Three satellite gravity missions were proposed
considering science improvements and cons-
traints which are discussed in chapter 3.In this
chapter we analyse the relative velocity of the
satellites and the Euler angles.

3.1 Pendulum orbit.
The relative velocity between the 2 satellites
and the Euler angle are two crucial constraints
for   satellite gravity missions using a laser link.
The results are given in fig.2 and fig. 3.

Table 1

Figure 2: sketch of a pendulum configuration. The two
satellites are moving with constant inter-satellite distance,
but on two orbital planes slightly rotated relative to each
other.
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3.2. Cartwheel Orbit
Cartwheel orbits perform 2:1 relative elliptical
motion about their center of mass. There is one
relative revolution per orbit about the Earth.
Cartwheel Orbits have the advantage of provi-
ding both  radial and along track information.

Figure 3: Range rate [m/sec]

Figure 4: Euler angles [deg]
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Figure 5: Sketch of a cartwheel orbit

Figure 6: Range rate [m/sec]
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3.3. Helix

Figure 7: Euler angles [deg]

Figure 8: Example of a Helix orbit. Shown are orbits of
TerraSAR-X and TanDEM-X
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Figure 9: Range rate [m/sec]

Figure 10: Euler angles [deg]
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The summary of the results are given in table 2.

Conclusion:
The mission called Pendulum conservative
meets the requirements concerning the Range
rate and the Euler angles.The two other prosed
missions poses a challenge.The feasibility of
these missions has to be further studied.
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Quick-look gravity field analysis of formation
scenarios selection

1. Introduction
The development of an advanced future gravi-
ty field mission for time variable gravity field
recovery is a difficult task. A lot of options exist
to improve the performance, accuracy and
sen sitivity compared to GRACE. Besides tech-
nological progress in satellite system and me -
trology as for instance the application of laser
and advanced drag-free and orbit control sys -
tems also a variety of geodetic parameters
exist which can be tuned in order to improve
the mission. These geodetic parameters inclu-
de for instance the selection of the orbit
height, the satellite distance, the inclination,
the repeat mode, the sensor type, the forma-
tion and a possible multi-satellite/formation mis -
sion. Especially the last two options – advan-
ced formations and multi-formation mission –
are regarded as the key instruments to impro-
ve the main weaknesses of GRACE, which are
i) North-South striations caused by anisotropy
of the measurements and ii) aliasing due to
temporal undersampling of time-variable sig-
nals. By means of advanced formations, which
are able to detect signals different from the
along-track-direction a higher isotropy is 
reached and striations might be reduced or
avoided. Aliasing might be reduced by multi-
formation missions, which enlarge the tempo-
ral/spatial sampling. 

In order to identify suitable missions from the
huge variety of options a huge amount gravity
simulations have to be performed. However, a
time-consuming full-scale gravity retrieval ist
the only possibility to take all effects, especial-
ly the severe aliasing into account. In order to
reduce the search space for the full-scale simu-

lations dramatically, quick-look tools have
been developed. They enable a sensitivity ana-
lysis by means of error propagation. The in -
fluence of the following parameters can be in -
vestigated: orbit height, satellite distance, incli-
nation, duration, sensor type and combina-
tions, measurement noise (as PSD (power spec-
tral density)). By means of a new quick-look-
tool additionally the sensitivity of advanced
formations as pendulum, cartwheel, LISA-type,
trailing cartwheel and helix (trailing LISA) can
be estimated. However, quick-look tools are
not capable of investigating aliasing effects,
since they are based purely on error propaga-
tion. Despite of this, quick-look tools are regar-
ded as a useful tool for the sensitivity analysis
of future mission options.

In this paper the sensitivity of the six basic for-
mations, including the standard inline forma-
tion and the five advanced formations, is inves -
tigated. However, from technological side of
view, constraints on some formation parame-
ters as maximum range-rate or maximum vari-
ation of the yaw/pitch angle exist, which
seems to be problematic for all five advanced
missions. Therefore a set of advanced forma-
tions is additionally investigated, which fulfils
the mission constraints. 

2. Quick-look-tools
Under the assumption of a circular nominal
orbit with constant inclination (r = r0, I = I0) a
fast and efficient block-diagonal error propa-
gation (order wise with even/odd degree sepa-
ration) from the observational and stochastic
model to gravity field errors can be performed

Reubelt T., Sneeuw N., Iran-Pour S.

Geodätisches Institut, Universität Stuttgart, Geschwister-Scholl-Straße 24D, 70174 Stuttgart
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with the original semi-analytic quick look tool
(QLT). It is based on Sneeuw (2001) and des -
crib ed here briefly. The lumped coefficient re -
presentation of a gravitational signal f (t) along
the orbit reads

with the inclination function , the fre-
quency = + and the complex SH
coefficients Klm. For a nominal orbit the trans-
fer coefficient Hf

lmk(r,l ) and the lumped coeffi-
cient Af

lmk(r,I) become constant and the normal
equation gets a orderwise blockdiagonal struc-
ture. The transfer coefficient Hρ

lmk(r,I ) of the
low-low-SST for an inline-formation (leader-fol -
lower) is derived as with
sinη = 0.5ρ0 /r . In our case, we are not inter-
ested in the solution for the SH coefficients but
in their accuracy (variance-covariance matrix

), which can be estimated by means of 
block wise variance-covariance propagation            

=(∑iA
T
iQ
-1
yi Ai)

-1 from the variance-covarian-
ce matrix Qyi of the observations. The design
matrix A is composed by the transfer coeffi-
cients Hlmk and the variance-covariance matrix
Qyi of the corresponding block can easily be
derived as a diagonal matrix from the PSD of
the functional f. Here the psd-value belonging
to the frequency                  of the lumped
coefficient Af

mk has to be inserted. From the

estimated variance-covariance matrix the error
measures used for visualisation are derived.
With the semi-analytic QLT the influence of the
parameters (i) measurement type, (ii) measure-
ment noise (as PSD), (iii) orbit height, (iv) incli-
nation, (v) mission period, (vi) intersatellite
distance can be studied. The estimated formal
errors are represented as (i) degree-RMS, (ii) tri-
angle plots, (iii) geoid errors per latitude and
(iv) covariance functions (at the equator).
The influence of two basic mission parameters,
the intersatellite distance ρ and the orbit height
h is studied in Figure 1 for a future standard mis-
sion (polar and circular orbit, time span of T = 

15 days, PSD of future laser and accelerometer).
As visible, the best geodetic sensitivity is rea-
ched for a large intersatellite distance and a low
orbit height. However, a low orbit height is pro-
blematic due to a higher air drag (high energy
and propulsion consumption) and a large satel-
lite distance faces problems with the laser tech-
nology (pointing, signal strength, noi se). Thus,
an orbit height of h = 350 km and a satellite
distance of ρ = 100 km seem to be a good com-
promise between geodetic sensitivity and tech-
nological feasibility.

However, a constant transfer-coefficient for
other formations than the standard inline for-
mation could not be derived so far, thus anot-
her strategy was used for the formal error
simulation of the advanced formations. This
formation-QLT can be regarded as some kind

Figure 1: Impact of different intersatellite distance and orbit height on the accuracy of the gravity field recovery.
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of pseudo-QLT, i.e. in between QLT and full
scale simulation. It is based on the formulation
of the equation for range-accelerations:

The designmatrix is composed from the right
hand side of this equation. The needed posi-
tions of the two satellites X2(t), X1(t) are com-
puted by (i) computation of circular (β/a)-repe-
at orbits (I = I0, r = r0) for the center (X2+X1)/2
of both satellites and (ii) computation of the
relative movement of the two satellites by
means of the homogeneous solution of the
Hill-equations (e.g. Sharifi et al., 2007):

with the initial conditions

The following initial elements have to be cho-
sen for the formations (start point at t0 is over
the equator):
– inline (leader-follower, GRACE-like): x0 = ρ
– Pendulum: x0 = ρx, y0 = ρy (along-track dis -

tan ce ρx, maximum cross-track-distance
over equator ρy)

– Cartwheel: z0 = ρr, = -2nρr (maximum
radial distance: ρr (maximum along track-
distance ρx = 2ρr))

– LISA:                                          ,
(constant satellite distance ρ)

– trailing Cartwheel: x0 = ρx-offset, z0 = ρr, 
= -2ρr (Cartwheel with shift ρx-offset

in along-track direction)
– Helix: x0 = ρx-offset, y0 = -√3ρ/2, z0 = ρ/2, 

= -nρ (trailing LISA with shift ρx-offset in
along-track direction)

The angular velocity of the reference orbit is n,
here also secular effects caused by J2 on the
angular velocity are considered (). In contrast
to the semi-analytic QLT the formation QLT is
slower since analysis for a complete repeat
orbit is performed. Furthermore the formation
QLT so far works only for white noise of range
accelerations. In the following sections the

sensitivity of the advanced formations is inve-
stigated.

3. Formation analysis
It is expected that the advanced formations
will lead to a higher sensitivity and isotropy
compared to the standard inline-formation
since signal components apart from the along-
track direction are measured. The six forma-
tions are investigated using the following para-
meters: orbit height h = 334 km (corresponding
to β/α = 503/32 repeat mode), inclination I = 90°,
average satellite distance ρavg = 100 km, time
interval T = 30 d, range acceleration white noise
of 10-10 [m/s²/sqrt(Hz)] corresponding to an
average combined laser/accelerometer noise
level. Figure 2 shows the resulting formations
in the Hill-system as well as the range, the
range-rates and the yaw-/pitch-angles. As visi-
ble, the pendulum adds cross-track informa tion
over equatorial regions while the cart wheel is
sensitive for radial information. The LISA-for-
mation is a combination of both and thus
gathers additionally both, cross-track and radi-
al information. In general, the feasibility of
cartwheel- and LISA-formations is regarded as
problematic due to the rotating yaw-/pitch-
angle (360° per revolution). Thus LISA- and
cartwheel-formations with an along-track shift
are also regarded (named as helix, trailing
cartwheel), where the maximum yaw-/pitch-
angle can be controlled to stay between cer-
tain limits. Of course the main measurement-
direction now is again along-track, which will
probably lead to reduced sensitivity and isotro-
py compared to the non-trailing formations. 
The results for the six formations are displayed
in Figures 3-5 in terms of triangle plots, covari-
ance functions, degree-RMS and geoid-errors
per latitude. As the figures show, the advanced
formations of pendulum, cartwheel and LISA
lead to a significant improvement in sensitivity
and isotropy compared to the inline-formation
with a similar performance for all three cases.
As shown by the degree-RMS, the improve-
ment is almost one order of magnitude. The
geoid error is reduced mainly over regions of
lower latitude since the cross-track and radial
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components are largest over the equator,
while over the poles the measurements of the
advanced formations still contain mainly
along-track information. The advanced forma-
tions show a high isotropy, as the covariance
functions show and thus might be able to
reduce the striping effects well known from
GOCE (LISA here has even a stronger pronun-
ciation of East-West structures). The higher iso-
tropy is depicted also in the triangle plots of
Figure 3 where the accuracy of higher orders is
improved compared to the inline case. The
adapted trailing formations of helix and trai-
ling cartwheel show a significant improvement
compared to the inline case, although it is not
as pronounced as for the other three non-trai-
ling formations. Especially the helix shows a
good performance which is only slightly worse
than for the cartwheel if degree-RMS and ge -
oid-errors are concerned. The trailing cart -
wheel still leads to an improvement of a factor
of three compared to the inline-case. However
the stronger impact of the along-track compo-
nent in the trailing formations is clearly visible
in the covariance functions and triangle plots
with a lower isotropy indicated North-South
structures and a lower accuracy of higher
orders compared to the non-trailing forma-
tions. Taking into account that cartwheels and
LISA formations (and thus also their trailing
variants) are unstable due to the perigee drift
caused by the Earth flattening a pendulum
seems to be a very promising option for a futu-
re formation.

3.1. Mission constraints
Although the advanced missions seem to be of
great benefit for geodesy, their technical feasi-
bility is regarded as critical. From the technolo-
gical side, two crucial constraints for the for-
mation design exist up to now:

1) the maximum range-rate has to be kept
within ±10 m/s. This is a constraint from the
laser link in order to keep the Doppler
effect sufficiently small

2) the line-of-sight angle between the two
satellites is allowed to change only within
±30° in yaw-/pitch-direction around the

mean axis in order to guarantee spacecraft-
or beamsteering-pointing.

As it can be seen in Figure 2, neither the
advanced non-trailing formations nor the trai-
ling formations fulfil these mission constraints
(critical parameters are shaded dark grey, less
critical bright grey). Within a pendulum, the
maximum range-rate and yaw angle can be
controlled by reducing the cross-track compo-
nent and or the average satellite distance in
general. For the cartwheel, the pitch-angle can
only be kept within the limits if it is regarded
within the space-fixed system. Then, it stays
within ±20°, but this option might afford cylin-
drical satellites with a similar drag coefficient in
every possible air-drag direction. But then still
the cartwheel shows a strong dynamical range
such that the intersatellite-distance has to be
reduced significantly (this is also important for
the reduction of the differential air-drag of
both satellites). The LISA-formations seems to
be perfect regarding the range-rate since it has
almost no dynamical range. However, the yaw-
or pitch-angles can not be kept both within
the limits, neither in the Hill-system nor in the
space-fixed system. Thus this formation doesn’t
seem feasible at the moment. The two trailing
formations can be trimmed within the limits by
downscaling the shown formations to a shor-
ter intersatellite-distance.

3.2. Realistic formations
In this chapter the formations adapted to the
mission constraints are investigated. In case of
the cartwheel, the trailing cartwheel and the
helix the intersatellite is scaled down signifi-
cantly to average values of approximately 15
km such that the constraints are met. In case
of the pendulum different options exist to
keep the formation within the mission con -
straints, e.g. (i) by applying the maximum yaw
angle of 30° and downscaling the average
range to a value < 100 km such that the range-
rate limits are met, or (ii) selecting a maximum
yaw angle <30° such that an average range of
100 km can be hold and the range-rate can be
kept within the limits. Here the more promi-
sing case (ii) with the larger satellite-distance is
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Figure 2: representation of the 6 basic formations with an average intersatellite distance of 100 km; left: relative move-
ment of satellite 2 in the Hill-system; middle: range and range-rate; right: yaw and pitch angle. Critical values concer-
ning the mission constraints are colured dark grey, less critical are light grey. 
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Figure 3: formal errors of the six basic formations.

Figure 4: covariance functions of the six basic formations as well as of a pendulum adapted to the mission constraints.
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chosen due to the strong dependence of the
sensitivity on the satellite distance shown in
Figure 1. Of course such a pendulum leads to
less isotropy than by application of a larger
yaw-angle, as shown in the covariance func-
tions of Figure 4, where now North-South
structures are more pronounced.
The results for the more realistic formations
concerning the mission constraints are shown
in Figures 6 and 7 in terms of triangle plots,
degree-RMS and geoid errors per latitude (the
covariance functions are not shown, their
shape corresponds to those of the »wanted«
formations in Figure 4). As it can be seen the
best results are obtained with the »realistic«
pendulum. The improvement of this pendulum
still is approximately a factor of 4 in terms of

degree-RMS compared to the inline case. Due
to the higher isotropy compared to the inline-
case an improvement of the higher order coef-
ficients and the geoid errors in regions of lower
latitude is reached. The other „realistic“ for-
mations of the cartwheel, the helix and especi-
ally the trailing cartwheel perform even worse
as the inline formation, which is caused by the
loss of sensitivity due to a significant shorter
intersatellite distance. 

4. Results and outlook
The quick-look tools has proven to be a fast
and efficient tool for the investigation of the
influence of basic mission parameters and of
the formation type on the sensitivity of a fu ture

Figure 5: degree-RMS and geoid errors per latitude for the six basic formations.

Figure 6: formal errors of the basic formations adapted to the mission constraints.
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mission. However, further improvements of the
formation quick-look tool are desirable, e.g.
the application of coloured noise (as PSD)
instead of white noise of the derivation of
transfer-coefficients for the advanced forma-
tions.
Advanced formations as pendulum, cartwheel
or helix are able to improve the sensitivity and
especially the isotropy significantly compared
to the inline-case so that striping patterns
known from GRACE can be avoided. However,
the advanced formations make great demands
on satellite technology/control systems and
metrology which will make their realisation dif-
ficult. Even worse, due to restrictions on range
rate and yaw/pitch angles coming from the
laser and beamsteering-/satellite-pointing the
advanced formations in their wanted design
are not feasible at the present state of techno-
logy. By means of tuning parameters most of
the suggested formations can be tailored to
the given mission constraints. However, under
these constraints, the »realistic« pendulum pro -
posed seems to be the only formation which is
able to improve sensitivity compared to the
standard inline-case.  
Under the current mission constraints and ll-
SST sensor noise assumptions pendulum for-
mations seem to be the most promising op -
tion. However, with advancements in technolo-
gy also the other formations might become
interesting options. 
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The mission option OPTIMA – 
novelties and benefit

Abstract
The mission option OPTIMA (OPTical Inter fe ro -
metry for global MAss change detection from
space) is one out of a variety of mission con-
cepts which are investigated in the Future
Gravity Missions project in detail. OPTIMA is
based on experiences and observation con-
cepts of GRACE and GOCE, that are combined
and improved by innovative laser system com-
ponents. More precisely two spacecraft in
GRACE-like constellation for determining the
long wavelengths of the gravity field are com-
plemented by a gradiometer for the precise
determination of medium and short wave-
lengths. Novelty here is that both the distance
measurement between the satellites and the
observation of the gradiometer test masses is
based on optical techniques. The satellites will
carry GNSS antennas that are mounted on the
zenith side for spacecraft positioning and on
the nadir side for GNSS reflectometry. GNSS
reflectometry provides the opportunity to
obtain a further functional of the gravity field
at the same position and time besides gra-
dients and range rates.
Considering the noise behavior of the new
instrumentation, the benefit of the OPTIMA con-
cept in terms of RMS error per degree is compa-
red to an »older« GRACE mission scenario. OPTI-
MA will allow monthly gravity field determina-
tion with much increased accuracy over all sphe-
rical harmonic degrees up to l = 250.

1. Introduction
The missions CHAMP, GRACE and GOCE form
a very successful series of satellites observing
the gravity field of the earth. CHAMP
(CHAllenging Minisatellite Payload), the pio-
neer in space borne gravimetry, was launched
in 2000. GRACE (Gravity Recovery and Climate
Experiment), the twin satellites, in particular
aiming for the time variable gravity field were
launched in 2002, and GOCE (Gravity Field
and Steady State Ocean Circulation Explorer)
carrying a highly sensitive gravity gradiometer,
was launched in March 2009. GRACE and
GOCE are still operational, but the lifetime of
the last of them is expected to end in 2015.
For most users of gravity field products, such
as from hydrology, solid-earth physics and oce-
anography, it is of high relevance to have long
continuous time series, which extend over
several years, and reaches a higher spatio-tem-
poral resolution. For continuing global gravity
field measurements after 2015, it is necessary
to now designing the concept for a future gra-
vity field satellite mission.
The BMBF Geotechnologien project Future
Gravity Field Satellite Missions (FGM), has the
ambitious goal to design the next generation
gravity field satellite mission for the period
after the missions GRACE and GOCE [11]. The
aim of this project is to develop feasible mis-
sion scenarios that will not only be able to
meet the geo-scientific requirements, but will
also be realistic from the perspective of tech-
nology readiness, system engineering and cost
efficiency. Thus the project FGM is broken
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down into three modules: Geodesy, Metrology
and System [13]. A variety of project partners
from different disciplines work together to pre-
pare various options for mid- and long-term
future missions. There, the tech nical feasibility
as well as the scientific utility will be elabora-
ted in collaboration with industrial partners.

As a very important work package (WP) of
FGM, WP 140 (»Sensor analysis and error bud-
geting«) serves as interface between the tech-
nology and science communities and as inter-
face between the FGM research bundle and
related activities in the Hanover cluster of
excellence QUEST (Quantum Engineering and
Space-Time Research), where, e.g. develop-
ments in laser inter-satellite links, quantum
gravimetry or high-precision clock measure-
ments are developed [1],[3],[13].
In collaboration with several partners from
QUEST Task Group 7, in particular the Albert
Einstein Institute (AEI) in Hanover, and the
FGM-group, the mission option OPTIMA
(OPTical Interferometry for global MAss chan-
ge detection from space) has been defined.
OPTIMA was originally submitted as proposal
to Deutsches Zentrum für Luft- und Raumfahrt
(DLR), but did not succeed to get additional

financial support. It is further investigated in
FGM because of its expected high performan-
ce for earth system research.

2. Mission design
The OPTIMA mission design is essentially based
on expertise from the gravity satellite missions
GRACE and GOCE. Approved technology com-
ponents that have already been used in the
previous gravity field missions will be combi-
ned and improved by innovative laser-based
system components. What is to be measured
by the satellite mission OPTIMA, are temporal
mass changes in the earth�s gravity field. Be -
cause of the complex space time structure of
gravity field variations, the concept of an uni-
directional measurement as in GRACE is not
optimal to achieve a substantial increase in
accuracy and resolution. The sensor technolo-
gy of GOCE on the other hand is limited inher-
ently by the noise level and sensor drifts [2].
A series of new technologies that can improve
the accuracy of gravity measurements signifi-
cantly were developed for the fundamental
physics missions LISA and LISA Pathfinder at
the Albert-Einstein-Institute (AEI) in Han no ver.
AEI is also working on new techniques for use

Figure 1: OPTIMA mission design - Two satellites with low-low satellite-to-satellite tracking (SST) mode via laser interfe-
rometry, positioning via GNSS in high-low SST mode and GNSS reflectometry via additional GNSS antennas on the
nadir side of the satellites, augmented by optical gradiometry in one of the satellites
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in future satellite missions. The related know-
ledge and expertise in developing space-qua-
lified optical ranging systems greatly helps to
design dedicated laser systems for OPTIMA
and makes AEI to an important partner in the
FGM project.

The satellite mission OPTIMA will consist of
two satellite bodies following each other in a
GRACE-like configuration, see Figure 1. The
orbit altitude h over ground is about 250-350
km. From a geodetic point of view the space-
craft should be at a very low orbit to capture
fine structures of the earth`s gravity field. The
counter-argument for a low orbit is the neces-
sity of drag compensation below an altitude of
about 350 km. The scheduled inter satellite
distance should be between 100 and 200 km.
Due to possible restrictions by the laser power,
the choice of the optimal distance is still under
investigation. One should have in mind that
the sensitivity increases with larger satellite
spacing, which is an advantage from a geode-
tic point of view.

The payload of OPTIMA includes three main
instruments that provide complementary mea-
surements of the gravity field. OPTIMA combi-
nes measurements of three independent func-
tionals of the gravity field simultaneously in the
same position. The major sensors are:

– an optical gravity gradiometer to observe
the medium and short wavelengths of the
gravity field;

– a laser interferometer to observe the longer
wavelength parts by using low-low satellite
to satellite tracking;

– highly accurate position information from
GNSS antennas in high-low satellite to sa -
tel lite tracking mode;

– GNSS antenna on the nadir side of the plat-
form for GNSS reflectometry observations,
in order to determine the altimetric distan-
ce to the sea surface. The joint processing
of GNSS reflectometry with the other gravi-
ty functionals will offer unique new insight
into earth system science. Details will be
investigated in a later phase of FGM;

– a drag-free system in case of selecting an
orbit altitude below 350 km;

– a configuration of star sensors;
– corresponding precise attitude control sys -
tem;

– further auxiliary instrumentation (magnetic
torquers, heaters, etc.) still to be defined in
detail.

3. Instrumentation
OPTIMA consists of two satellites with diffe-
rent instruments on board. Satellite 1 is equip-
ped with an optical gravity gradiometer that is
described more precisely in chapter 3.1. For
the observation of the inter satellite range and
fluctuations, a laser interferometer is used that
is discussed in chapter 3.2. The integrated mis-
sion concept and first simulation results are
presented in chapter 4.

3.1. Gradiometer
The optical gravity gradiometer of OPTIMA is a
constellation of test masses on one satellite
platform. The differential motion of the test
masses is detected by a laser interferometer
very precisely. This configuration allows the de -
ter mination of gravity gradients that reflect the
spatio-temporal structure of the gravitational
field of the earth. The accuracy of the novel
gradiometer is estimated as

where the distance between two accelerome-
ter test masses is assumed with 0.5 meters.
This is an improvement of a factor 500 com-
pared to GOCE. A similar laser-based sensor is
realized for LISA Pathfinder [5],[6],[7] for the
first time. The number of measured gradients
and the sensitivity of the system depend on the
number and spatial arrangement of the test
masses. The optimal con figuration that ena-
bles highest sensitivity and scientific gain is still
under investigation [2]. In particular, various
constellations of the test masses will be tested,
which allow to measure third derivatives of the
gravitational potential of the earth for the first
time. From these, a further increase of sensitivi-
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ty and resolution is expected, and possible errors
due to the rotation of the satellite will be elimi-
nated automatically [9],[10].

A possible constellation of nine test masses is
illustrated in Figure 2. Here an arrangement
was chosen, in which the test masses are pla-
ced in a 3 x 3 matrix structure perpendicular to
the flight direction. The relative position (acce-
leration) and orientation of the test masses is
observed very precisely using the above men-
tioned optical system. 

Besides the very precise determination of range
variations between the satellites via laser inter-
ferometry, optical gradiometry allows the very
accurate determination of angular velocities and
angular accelerations acting on the test masses.
If angular accelerations are known very precise-
ly from test mass monitoring, the separation of
inertial and gravity contributions is easily possi-
ble. This offers a complete altered satellite de -
sign, where the gradiometer has not necessa-
rily to be placed in the center of mass of the
satellite. Further discussion on this subject will
be dealt with in the paper of [8], in the present
status report.

3.2. Laser interferometer
The inter-satellite distance and the distance
changes will be observed by a laser interfero-
meter. The parts of the interferometer that are
placed in satellite 1 are mounted on the same
optical bench as the gradiometer. The com-
mon optical bench (Figure 2) provides a stiff
structure ensuring the stability of the relative

position of all relevant sensors to each other.

The knowledge of AEI obtained during LISA
and LISA Pathfinder studies is used for accura-
cy assessment of the laser interferometer
[5],[6],[7]. The accuracy level for inter satellite
ranging will be

which includes frequency noise and a white
background noise comprising also other noise
sources to be analyzed in more detail. This
noise level is more than 3 orders of magnitude
relaxed compared to the LISA requirements.
Dominant noise sources are expected to be the
laser frequency noise and the coupling of spa-
cecraft alignment jitter into the length measu-
rement. Laser frequency noise requires an acti-
ve stabilization, which has already been de mon -
strated in laboratories several times, and which
is being converted now into space-qualified
versions. Coupling of alignment jitter is a com-
mon nuisance in precision interferometers and
several techniques are available and under
investigation for its mitigation, such as the me -
asurement, calibration and subtraction [4] and,
of course the reduction of the jitter in the first
place with either a beam steering mechanism
or by improving the pointing of the spacecraft
as a whole, with the latter solution being the
preferred one.

4. Preliminary results and benefits for
gravity field determination
Against the background of technologies that

Figure 2:
Constellation of
test masses and
laser interfero me -
ter on the same
optical bench in
satellite 1
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still exist and that will be further investigated in
the next years, we assume the accuracies of
the main gravity measuring instruments as
mentioned in chapters 3.1 and 3.2. These ac -
curacies for the laser interferometer and the
gra diometer measurements are used as input
for the Quick Look Tool [12]. This tool allows
error propagation of frequency-dependent
instrument accuracies to gravity field quanti-
ties. The input noise of the SST-me asurement is
a combination of the power spectral density
(PSD) of the laser interferometer and the accel-
erometer PSD, where the common mode noise
level of the gradiometer (chapter 3.1) is taken
here. In the Quick Look Tool, some simplifica-
tions are adopted as that of a circular orbit. In
addition to the sensor PSDs, further input
quantities are:
– altitude over surface: 250 km,
– inclination of the orbit: 90°,
– satellite separation: 100 km.

The resulting error distribution in terms of RMS
error per degree of OPTIMA mission is illustra-
ted in Figure 3. Compared to GRACE, the error
will be reduced by up to 4 orders of magnitu-
de. Figure 3 also shows that OPTIMA can de -
tect hydrological effects in a wide frequency
spec trum. OPTIMA will therefore significantly
contribute to a better understanding of the
earth system.

5. Conclusions and outlook
OPTIMA combines proven concepts of the pre-
vious gravity missions GRACE and GOCE aided
with novel optical technology developed for
LISA. This innovative concept allows gravity
field determination with about up to four or -
ders of magnitude improvement compared to
present knowledge. The performance of OP -
TIMA is greatly increased compared to re cent
gravity missions by applying optical sensor
technology and extending the frequency range
for gravity field recovery.
OPTIMA is a mission with long-term perspecti-
ve as space-qualified versions of the laser com-
ponents are already to be tested on board of
precursor satellite missions in the next years. In
future work, detailed analysis of the system
components, the system integration, the satel-
lite environment and the gravity field retrieval
(added by GNSS reflectometry) will be carried
out within the FGM project. This includes fea-
sibility studies to identify possible limiting fac-
tors. Also different orbits for the two satellites
will be investigated, and different formations,
like pendulum orbits, which might lead to a
further improved sensitivity of OPTIMA.
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Optimized Gravity Field Determination from
Future Satellite Missions

Abstract
Various concepts for future satellite-gravime-
tric missions are investigated within the Ger -
man joint research project »Concepts for futu-
re gravity field satellite missions«, funded by
the German Geotechnologies program »Ob -
ser vation of the Earth system from space« of
the German Federal Ministry of Education and
Research (BMBF). One of the project goals is to
define and assess different scenarios of satelli-
te formation flight (SFF) configurations by
implementing full-scale simulations. To this
end, we create simulated measurements for
these satellite configurations, compute and
assess closed-loop results and finally optimize
the mean and time-varying gravity field deter-
mination in terms of spatio-temporal resolu-
tion and error isotropy. Our full-scale simula-
tions are performed using the software system
GROOPS (Gravity field Recovery Object-Ori -
ented Programming System) developed in the
Group of Astronomical, Physical and Ma the -
matical Geodesy at the Institute of Geodesy
and Geoinformation (APMG-IGG) at Bonn
Uni versity. Our results are used in the joint
project for developing concepts and designs
required for the next generation (i.e. after
CHAMP, GRA CE and GOCE) of future satelli-
te gravity missions.

1. Introduction
The unprecedented accuracy achieved by the
current space-based gravity missions opened a
new opportunity in satellite geodesy for impro-
ving the understanding of the Earth’s system
from space. However, some shortcomings still
hamper these successful missions. One of

these shortcomings is the weakness of the gra-
vitational signal because of the orbital geome-
try of the satellite configuration. This weakness
appears clearly in the monthly gravity field
solutions of the GRACE mission (‘stripes’ in the
meridional direction). Pursuing our goals invol-
ves dealing with four tasks of the work-packet
WP110 as a part of the co-ordinated research
project »Concepts for future gravity field satel-
lite missions« funded by the Geotechnologies
programs »Observation of the Earth system
from space« of the German Federal Ministry of
Education and Research (BMBF). These four
tasks are briefly summarized as follow:

1. Definition and implementation of stable
satellite formation configurations (WP111).

2. Development of optimized In-situ gravity
field determination methods for satellite
formation configurations (WP112).

3. Gravity field determination based on simu-
lated formation flight scenarios (WP113).

4. Optimization of computational algorithms
and optimization of satellite configurations
(WP114).

In this paper, we discuss only the first task
(WP111) obtained in the period from 01-01-
2010 to 31-07-2010, concerning the definition
of mission scenarios of different satellite forma-
tion flight (SFF) configurations and their stability
when flying in pseudo-real gravity field. First, we
will define a set of selected orbital geometries
that enables satellite observations in different
various directions (e.g. along-, radial- and cross-
track), assuming the satellites are equipped with
an inter-satellite precision ranging system
(microwave or laser). Secondly, we will imple-
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ment a full-scale simulation of these observa-
tions and the gravity recovery, to assess poten-
tial improvements in the spatial and temporal
resolution of the gravity solution in presence of
aliasing effects. After that, for the pendulum
formation, the separation angle will be adju-
sted to fulfil the mission constraints that were
agreed upon and published during this project
at the begin of the year 2010. This document
(Sand 2010) states the requirements that
should be taken into consideration when esta-
blishing a future mission, e.g. for the orbital
altitude (for air drag compensation), for the
relative velocity between the satellites (e.g. 
Δv ≤10m/s should limit the cross-track distance
change) and yaw/pitch angle of the satellite
(e.g. a<30 ° should limit the cross track angle).
In the following sections, the orbital characte-
ristics of different SFF types will be defined.
Furthermore, the six proposed satellite mission
scenarios will be described. They include three
scenarios having two satellites in out-of-plane
pendulum, east-west radial cartwheel and out-
of-plane radial (called ‘LISA configuration’ in this
study), one mission scenario of GRACE-pendu-
lum (include three satellites) and two mission
scenarios consisting of four satellites including
‘multi-GRACE’ ΔM and ‘multi-GRACE’ ΔΩ mis-
sion scenarios. After that, some results are dis -

cus sed and finally the summary is outlined.

2. Geometrical orbit characteristics 
Generic SFF types are commonly characterized
by approximately circular and approximately
polar orbits for a better coverage of the Earth.
Here, all orbits have been defined using the
Keplerian elements: the semi-major axis (a),
the eccentricity (e), the inclination (i), RAAN
(Ω), the argument of perigee (ω) and the mean
anomaly (M). Small eccentricities (of 0.001,
0.005 and 0.01) for an approximately circular
orbit have been selected in this paper, where-
as no attempt has been made to control the
long-term evolution of the orbit (as e.g. with
frozen orbits). Orbital inclination of 89.5° and
altitude of 400 km have been chosen for all
SFF types. It should be mentioned that the last
two mentioned orbital parameters have been
selected to stay away from too short repeat
periods of the satellites in order to provide a
homogeneous ground coverage. The above
mentioned elements create a repeat period of
759 satellite revolutions in 49 nodal days, i.e.
no repeat of the satellite revolutions during
one month takes place (the shorter the repeat
period, the more insufficient coverage results).
Further details can be found in Elsaka (2010).

Fig. 1 Satellite forma-
tion flight configura-
tions: the axes X, Y, Z
are for along-track,
cross-track and radial
directions.
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3. Mission scenarios of satellite formation
flights
Fig. 1 shows the proposed six SFF mission scena-
rios as mentioned in section 1. In Fig.1, axis X
stands for along-track, Y stands for the cross-
track and Z stands for the radial direction. The
out-of-plane pendulum collects inter-satellite
me asurements in cross-track direction above the
equator of the Earth. The GRACE-pendulum
collects satellite observations in two different
Line-of-Sight directions: along- and cross-
track, and the east-west radial cartwheel col-
lects information in both along-track and radi-
al directions. The inter-satellite measurements
in along-track direction take place over the
poles while those in radial direction take place
over the equator. This means that the satellite
baseline when carrying out the radial measure-
ments, is perpendicular to the meridian direc-
tion (north-south), and therefore, we refer to
this formation as east-west radial cart wheel.
Adding a cross-track component to the last for-
mation, the so-called out-of-plane radial LISA is
obtained.

Other solutions for improving the spatial-tem-
poral resolution of the current satellite mis-
sions without deteriorating accuracy are also

investigated here: the so-called multi-GRACE
constellations. This means that a second
GRACE-type formation will be added to a
GRACE-type one in order to form a four-satel-
lite GRACE constellation. Fig. 1 shows also two
suggestions for the multi-GRACE type: one of
them (multi-GRACE ΔM) improves the tempo-
ral resolution without sacrificing in the spatial
one and the other one (multi-GRACE ΔΩ)
improves the spatial sampling without loosing
on the temporal resolution. One should note
that in our simulations, one month of simula-
ted data was used for all two-satellite and
three-satellite configurations, but in case of
multi-GRACE constellations, only 12 days of
simulated observations were used.

Fig. 2 shows the evaluation of the inter-satelli-
te distance for each of the above mentioned
formations. The GRACE ranges stand for the
two SST links of both the multi-GRACE ΔM
and ΔΩ constellations. One can easily observe
that all configurations fly in stable formation
except the out-of-plane LISA one, whose inter-
satellite range changes with time (a fact that
can easily be explained from linear perturba-
tion theory).

Fig. 2 Inter-satellite distances [in km] of the dif-
ferent SFF types (given in the vertical axis) ver-
sus time span of 30 days (given in horizontal
axis): from top to bottom, GRACE, pendulum,
radial cartwheel and out-of-plane radial LISA.
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4. Assessment of gravity recovery results
of the SFF mission scenarios
The objective of implementing full-scale simu-
lations of measurements for different SFF sce-
narios is to assess and finally optimize the gra-
vity field retrieval, especially for the time-vary-
ing field. Fig. 3 visualizes such an assessment in
terms of the geoid errors between the ITG-
GRACE03s (Mayer-Gürr et al. 2007) as a refe-
rence gravity model and the gravity solutions
determined from the investigated SFF types,
here caused by ocean tidal aliasing errors. The
simulated aliasing errors of the ocean tides
have been considered as the difference bet-
ween the two oceanic tidal models FES2004
(Letellier et al. 2004) and EOT08a (Savcenko
and Bosch 2008). One observes that gravity so -
lutions determined by all SFF types are less af -
fected by the tidal aliasing compared to the
GRACE solution (we don’t co-estimate tidal har -
monics here). Improvements by the radial and
out-of-plane formations as well as by the mul -
ti-GRACE ΔΩ configuration can easily be seen
in the oceans, especially in the north Atlantic,
the Pacific and the Caribbean regions. Inter es -
ting is that the information contained in the
satellite observables of each SFF can be recog-

nized in the behaviour of the geoid errors. For
instance, as both satellites of the GRACE for-
mation fly in along track direction, one finds
strong error behaviour in north-south (or meri-
dional) direction (as with the real GRACE mis-
sion). For the radial cartwheel, the error struc-
ture is aligned in vertical direction and since
the out-of-plane radial LISA has an additional
cross track component, the error behaviour ap -
pears as diagonal structure. The combination
of the north-south GRACE error behaviour and
the east-west pendulum one yields the most
homogeneous and isotropic error structure for
the GRACE-pendulum. Also the north-south
GRACE error structure has been reduced with
the multi-GRACE ΔΩ. The multi-GRACE ΔM
has aggravated the aliasing errors since the
weakness of its observations in many re gions
of the Earth (see Elsaka 2010). 

One can conclude from this preliminary assess-
ment of a selection of different satellite confi-
gurations that one can significantly reduce
(w.r.t. a GRACE-type formation) and mitigate
the ocean tidal aliasing errors. This result has
already significantly contributed to the goals of
our project.

Fig. 3. Geoid heights differences between the ITG-GHRACE03s and the gravity solutions as deter-
mined from all SFF types: pendulum (top-left), GRACE-pendulum (top-right), radial cartwheel
(middle-left), out-of-plane radial LISA (middle-left), GRACE (bottom-left), multi-GRACE ΔM (bot-
tom-middle) and multi-GRACE ΔΩ (bottom-right).
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5. Adjustment of the cross-track separa-
tion of the pendulum formation
As the cross-track distance between the two
satellites of a pendulum formation increases,
the relative velocity between them increases as
well. As mentioned, it has been agreed upon
in our project that the inter-satellite velocity
will limit the cross-track distance and hence
should Δv not exceed ±10m/s. For keeping pen -
dulum within this limit, we adjusted the out-
of-plane cross-track distance by minimizing the
separation angle (ΔΩ) between the two satelli-
tes. Fig. 4 shows the difference of the previ -
ously investigated pendulum formation with
higher relative velocity and the same formation
after the separation angle has been reduced
from 1.5° to 0.45°. One observes that the
cross- track separation angle of 1.5° yields in -
ter-satellite velocity of approx. ±125 m/s while
the angle of 0.45° yields inter-satellite one of
approx. ±8m/s.
It should also be noted here that the corre-
sponding inter-satellite distance for the pendu-
lum formation with separation angle 1.5 ° ran-
ges from 90 to 200 km while the one for sepa-
ration 0.45° ranges from 200 to 212 km. The
latter inter-satellite separation is still capable
for detecting the time-varying gravity field
with sufficient spatial resolution.

6. Summary
The results obtained within this study demon-
strate clearly that optimizing the satellite for-
mation flights is important when one designs a
future gravity mission. The results show the
benefit of incorporating additional information
into the along-track observable like adding ra -
dial and cross-track components. The GRACE
formation, albeit technologically the simplest
one, is found sub-optimal in terms of the gra-
vity solution (of course, this is a result that
many others discovered already). The incorpo-
ration of other information provides significant
improvements in terms of the error levels and
more isotropic distribution of the errors.
Strongest improvements have been found for
the cross-track configurations like pendulum
and GRACE-pendulum and for the radial con-
figurations like radial cartwheel and out-of-
plane radial LISA. Yet, improved gravity solu-
tions are to be expected from the along-track
configuration by merging two collinear GRACE
SFF types as simulated here with the multi-
GRACE ΔΩ constellation. At the end, we
recommend in this paper the pendulum SFF
type as a future candidate mission after adju-
sting the cross-track separation. This adjustment
has been carried out by reducing the cross-track
separation angle from 1.5° to 0.45°. The last

Figure 4. Inter-satellite velocities [given in vertical axis in m/s] of the pendulum formation with separation
angle 1.5° (top) and 0.45° (bottom) versus time span of 30 days (given in horizontal axis).
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separation angle yields an inter-satellite veloci-
ty of ±8m/s.
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Numerical Simulations of new 
Gravity Mission Concepts

Introduction
With the successful GRACE mission scientists
have demonstrated that precise measurements
of the Earth's changing gravity field can effecti-
vely monitor changes in the planet's climate and
weather. In order to pursue this task of stu dying
geophysical phenomena involving sig nificant
mass redistribution in the At mos phe re (global
and small scale circulation), in the Hydrosphere
(sea-level changes, ocean dy namics, major river
basins, continental reservoirs), in the Cryosphere
(mass balance of polar ice sheets, mountain gla-
ciers melting) and in the Lithosphere (post glaci-
al rebound, tectonic subduction) new gravity
missions are planned which should determine
the static and time variable gravity field with
unprecedented temporal and spatial sampling.

In order to assess the performance of the po ten -
tial various mission scenarios in a realistic man -
 ner numerical simulations in the presence of
measurements and background models (o ce an
tides, static and time variable gravity field) errors
are needed. In a first step here, we limit our
investigations to single pair of satellite forma-
tions and consider only the measurement error
for satellite-to-satellite tracking (SST) and the
error of the GPS measurements between the
GPS satellites and in the Low Earth Orbit (LEO)
orbiting satellite formations.
At this stage we do not take into account other
measurement and background model errors.
Naturally the background models errors are very
important since they are a major source of alia-
sing in the solution, in particular the errors in
the ocean tides models can be quite critical. We
plan to include these background model errors
in the near future.

Simulation Scenarios
In this study we investigate the simulation of
four formations of single pair of satellites: the
GRACE case as reference, as well as the pen-
dulum, the cartwheel, and the helix formation
types. The four scenarios are treated as drag-
free that means that the satellites should be
equipped with a compensation mechanism to
take care of all non-conservative forces (air-
drag, solar radiation pressure, Earth albedo
and Earth infra-red radiation, etc...), in the
GRACE test case we also ignored all the non-
conservative forces. 
The three (in blue) scenarios considered here
have been proposed in Reference 1, and for
com   parison purpose we included also the
GRACE test case (in red) in the simulations. The
four formations of satellite pairs have ac cor di n -
gly the following differential mean keplerian
elements:
GRACE:
h=458km, Δa=Δe=Δi=Δω=ΔΩ=0, ΔM=1.9°

PENDULUM:
h=350km, Δa=Δe=Δi=Δω=0, ΔΩ=0.4058°, ΔM=0.8115°

CARTWHEEL:
h=350km , i=90°, e=3.69e-03, M1=ω1=0°

Δa=Δe=Δi=ΔΩ=0, Δω=ΔM=180°

HELIX:
h=350km , i=90°, e=1.858e-03, ω1=0.4258°, M1=0°

Δa=Δe=Δi=0, ΔΩ=0.3687°, Δω=180.8516°, ΔM=180°

where:
a = semi-major axis
e = eccentricity
I = inclination
ω = argument of perigeum
Ω = right ascension of the ascending node
M = mean anomaly

Raimondo J. C., Neumayer K. H. and Flechtner F. 

Helmholtz Centre Potsdam, GFZ German Research Centre For Geosciences, D-14473 Potsdam, Germany
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M1 and ω1 refer to values for satellite 1
These keplerian mean elements have to be con -
verted into osculating elements to provide the
initial orbital elements of the simulation process. 

The measurement error for the SST ran ge- rate
was set to 15 nm/s which is a feasible figure
for nowadays technology and it represents a -
bout a factor 7 improvement compared to the
GRACE mission (100 nm/s).

We limited the gravity field recovery to degree
and order 90.

Simulation Process
The simulation creates four weeks of data
batches, each one having the length of one
day. The simulated data comprehend GPS
code/ pha se measurements, simulated sur -
face forces ac ce lerations time series (zeros
for the drag-free scenarios) as well as SST
range-rate tracking data.

The simulation is achieved in two steps. 
In a first step, both satellites are sequentially
integrated over the complete four weeks with
dedicated models for the surface forces acce-
lerations (if not drag-free). A modus switch of
the orbit integrator does not only yield two or -
bit files of 28 days length but also »measured«
numerical surface forces accelerations si mul a -
ted from the models. From the orbit files, initi-
al elements are created for midnight on every
day and the simulated acceleration data are
chopped into pieces of one day length.
In a second step, those initial states and acce-
leration data are fed into 28 individual jobs of
one day length that simulate GPS and K-band
range-rate data. For the surface forces accele-
rations, the models are switched off and repla-
ced by the oneday accelerometer data batches
created in the first step.

The recovery is also achieved in two steps.
First, the one-day data batches of simulated
GPS, SST tracking data are fed into 28 adjust-
ment jobs where arc-specific parameters, like
accelerometer calibration factors, empirical K-

band parameters, daily initial satellite positions
and velocities as well as GPS phase ambiguities
are recovered, but where the gravity field is
kept fixed. If convergence has been achieved,
one run is started with the gravity field coeffi-
cients added to the list of solve-for parameters
creating design equation files.
Secondly, day-wise normal equations for every
observation type are computed from the de sign
equations. Those normal equations are added
up over the whole 28 days, the resulting equa-
tion is then solved and yields the adjusted gra-
vity field. The simulations have been carried out
with the GFZ EPOS chain of programs. It takes
about 11 hours computing time to perform a
four-week gravity field recoveryup to degree
and order 90. The epoch taken for the simula-
tions is March 1 2004 00:00:00 GPS time.

The models used:
– Precession: IAU2000A
– Nutation: IAU2000A
– Siderial time: IAU2000A
– Earth Orientation Parameters (EOP): EOP00C4
– EOP tidal corrections: IAU2000A
– Nutational EOP corrections
– UT1 zonal tidal corrections: IAU2000A
– Geopotential: EIGEN-5C up to 150x150
– Lunar potential: Ferrari 77 up to 4x4
– Planetary ephemerides: JPL DE-405
– Atmospheric pressure (gravity): AOD1B
– Earth tides: Wahr model (IERS Conventions

2000)
– Ocean tides: FES2004 up to 80x80
– Atmospheric tides (Bode & Biancale 2003)
– Polar tide model from Desai

The simulated measurements used:
– SST: K-band range-rate
– GPS to LEO satellites (code and phase)

The measurements errors used:
– 15 nm/s white noise for SST range-rate
– 30 cm for GPS code
– 3 mm for GPS phase

The above errors on the GPS code and GPS pha -
se measurements represent an absolute error of
about 5 mm (value derives from comparison
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with the kinematic orbit) which is rather too
optimistic, more realistic would be to consider
an absolute orbit error of about 2cm, this shou -
ld be taken into account in future simulations.

Results of the Simulations:
Below are some quality assessment plots for
the GRACE reference case and three proposed
scenarios, namely the plot of the geoid height
differences between the initial gravity field and
the recovered gravity field (spatial domain), the
plot of the degree variance (spectral domain)
as well as the plots of the coefficients differen-
ces between initial and recovered gravity field
(true errors) together with the coefficients for-
mal errors of the solution.
Table 1 gives a summary of the performance of
the studied mission scenarios. The three pro-

posed scenarios show all an improvement in
terms of geoid height differences weighted
mean and weighted RMS compared to the
GRACE case. The cartwheel outperforms the
GRACE case by a factor about 2.5 in term of
weighted RMS, whereas the pendulum and
the helix cases surpass the GRACE case by a
factor around 8 in term of weighted mean.
However we have to keep in mind that the
simulations were conducted with rather opti-
mistic errors assumptions and it will be very
interesting to see how these different scena-
rios behave in the presence of more realistic
measurements errors and above all when
introducing background models errors.

Figure 1: Geoid height differences (µm) for GRACE    Figure 2: Degree variance for GRACE

Figure 3: True coefficients errors for GRACE Figure 4: Formal coefficients error for GRACE

GRACE Formation
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Figure 5: Geoid height differences (µm) for pendulum 
formation 

Pendulum Formation

Figure 6: Degree variance for pendulum formation

Figure 7: True coefficients errors for pendulum formation Figure 8: Formal coefficients errors for pendulum formation
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Figure 9: Geoid height differences (µm) for cartwheel 
formation 

Cartwheel Formation

Figure 10: Degree variance for cartwheel formation

Figure 11: True coefficients errors for cartwheel formation Figure 12: Formal coefficients errors for cartwheel 
formation
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Figure 13: Geoid height differences (µm) for helix formation 

Helix Formation

Figure 14: Degree variance for helix formation

Figure 15: True coefficients errors for helix formation Figure 16: Formal coefficients errors for helix formation

Further plans
– include more sophisticated measurement

noise (colored noise)
– take into account more realistic orbit errors

for the LEO satellites
– consider background models errors (ocean

tides, time variable and static gravity field)
errors

– optimize the simulation process computa-
tion time
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Inertial Sensing for Future Gravity Missions

Introduction
The application of accelerometers for gravity
missions is assessed within a system frame-
work. Several questions concerning the accel-
erometer impact on the science performance
are discussed. Is the accelerometer noise per-
formance balanced with the performance of
the SST-link me trology? Is its measurement
range compatible with the system properties?
How accurate must the sensor be placed with
respect to the spacecraft center of mass? And
finally, would it be po s sible to use the acceler-
ometer test mass center of mass as reference
point for the measurements rather than the
spacecraft center of mass?

Baseline and Motivation
For an initial estimation of the mission perfor-
mance top-level assumptions for the single
instrument noise power spectral densities (PSD)
were available. The total interferometer noise
nIFO is based on the predictions for the instru-
ment currently developed at the Albert Einstein
Institute, Hannover (AEI): 

It contains mainly a frequency noise dependent
term and a white noise assumption for remai-
ning effects like thermal stability, coupling with
spacecraft motion, etc. Concerning the accel-
erometer, the noise shape prediction for the
e.motion mission was provided (nA) which
represents the performance of a modified
GRADIO sensor from ONERA (aiming for equal
sensitivity on all axes).

In this case no information was available whet-
her only instrument noise or total noise is cove-
red. An initial performance estimate was com-
puted using the quick-look tool from the Geo -
detic Institute of the University of Stuttgart
(GIS). The selected baseline mission parameters
are shown in Table 1. 

The sensor noise shapes are converted to a
common range-rate level [1] and used as input
for the QLT. The overall PSD and the resulting
RMS error in the spherical harmonic degrees
are shown in Figure 1a and 1b, respectively.
While the PSDs look balanced over the measu-
rement bandwidth (≈0.2 mHz to 40mHz), i.e.
larger accelerometer contribution at low fre-
quencies and larger interferometer (IFO) contri-
bution at high frequencies, the situation is dif-
ferent regarding the geodetic errors. 

Here the accelerometer errors exceed those of
the IFO up to degrees about L=160. Con cer -
ning the time varying gravity field (represented
by the hydrology signal in the plot below), the
performance is totally driven by the accelero-
meter. Assuming a SNR=1 as limit for the maxi-

Hirth M. (1), Brandt N. (2), Fichter W. (1)

(1) iFR, Institut für Flugmechanik und Flugregelung, Universität Stuttgart, Pfaffenwaldring 7a, 70569 Stuttgart

(2) Astrium GmbH, 88039 Friedrichshafen

Parameter Value

Orbit Height 325 km

Inclination Polar (I≈90°)

Satellite Seperation 200 km

Measurement Peroid 30 days

Table 1: Baseline parameters for QLT
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mum resolvable degree, the overall resolution
is constraint to Lmax =90 while the limit from
solely interferometer noise would be close to 
L =110. Assuming that external couplings are
not included in the accelerometer noise, the
situation would be even worse. 

This result motivated a further investigation of
external and internal noise sources of the non-
gravitational acceleration measurement to
identify the main drivers for the overall science
performance.

Measurement Model
For the analysis the main measurement equa-
tions were evolved. First, the acceleration at
the test mass center of mass is given by:

Apart from non-gravitational forces acting on
the spacecraft (d), this includes direct forces on
the test mass ('DC bias' b) and couplings of
gravity gradient (U) and rotational dynamics 
(ω - terms) of the spacecraft with the offset rA
from its center of mass. Using this equation,
the total DC accelerations will be estimated
later on. This budget delivers insight into the
question whether drag compensation is nee-
ded and how accurate the sensor has to be
placed with respect to the spacecraft CoM to
ensure operation in the accelerometer measu-
rement range. 

At this point another question arises: If the ac -

celeration measurement is related to the spa-
cecraft center of mass, the terms in parenthe-
ses are treated as errors and consequently have
to be subtracted to obtain the non-gravitatio-
nal acceleration at the reference point (SC
CoM). Referencing the measurement with res -
pect to the accelerometer test mass CoM
would generally avoid this problem as the
men tioned terms would directly be part of the
desired quantity, i.e. accelerations disturbing
the gravitational free fall at the reference
point. In this case only the bias on the test
mass remains as error concerning the science
output. Another advantage would be that the
knowledge of the rather unstable and uncer-
tain position of the spacecraft center of mass
would not be required with high accuracy. It
only has to be ensured that the coupling terms
do not exceed the budget. Concerning the SST
measurement, the interferometer reference
consequently would have to be related to the
test mass CoM as well. This seems to pose no
problem as the mapping of both sensors
mounted on a common bench would benefit
from the good relative position stability.

Considering the desired final acceleration mea-
surement along the SST reference direction,
additional terms have to be accounted for:

This includes - apart from instrument noise -
cross-coupling errors KCC due to non-orthogo-
nality of the sensor axes, scale factor errors KS
due to knowledge of the voltage-force conver-

Figure 1: a) PSD of single instrument noise and total on range-rate level. b)  Resulting RMS errors
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sion and misalignment Φ of the sensor axes
due to spacecraft pointing errors. For the ana-
lysis, the impact of individual external noise
sources is derived by first-order approximation
of the possible fluctuations as shown below
(cross-couplings are neglected and fluctuations
of the bias are part of the internal noise nA):

Table 2: DC budget for pendulum configuration (ρx = 57km and ρy = 33km)

DC Budget
First an analysis of the DC ranges was carried
out. Different to the baseline scenario in Table
1 the pendulum configuration described in [2]
was chosen to include the 'increased dyna-
mics' due to additional yaw dynamics of the
satellite. Concerning external forces, the aero-
dynamic drag was computed from an MSIS
atmosphere model assuming maximum solar
activity. Solar radiation pressure was estimated
from standard equations, assuming the sun
incident on x and y faces to maximize the con-
tributions. Satellite surface areas and proper-
ties are taken from GRACE [3]. For the cou-
plings due to the CoM offset, the gravity gra-
dient magnitude was estimated from a first-
order model (central gravity field). In addition
to the orbital pitch rate, the maximum values
for the angular velocity and acceleration due

to the sinusoidal pendulum motion (although
not appearing simultaneously and not being
real DC) are taken into account for worst case
considerations. Bias contributions are represent-
ed by the gold wire damping (modeled accor-
ding to the results in [4]), stray voltages on the
electrodes, and thermal effects like radiation
pressure and radiometer effect. Table 2 gives an
overview of the results. Considering the DC bias
only the significant contributions (thermal
effects) are shown. Results are kept parametric
concerning the offset from the SC CoM.

The contribution of the bias is negligible in the
overall budget. It is as expected driven by the
atmospheric drag acceleration on the satellite.
The effect of external coupling depends linear-
ly on the center of mass offset. However, kee-
ping it below a level of 0.1m, results in contri-
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butions at least one order of magnitude smal-
ler than by atmospheric drag. Even more as the
main contributors -gravity gradient and angu-
lar velocity partially cancel each other. Con clu -
ding, from a DC point of view and assuming a
dynamic range of the sensor of some 10-6 m/s²,
a resolution below 10-11 m/s² seems possible
without special effort. Otherwise only a mode-
rate level of drag compensation by thrusters or
adaptation of the dynamic range (better ADC
resolution) would be required. These results
would also generally allow for a referencing to
the test mass CoM, whilst the 'free' spacecraft
CoM motion remains in the mentioned range.

Noise Budget
The noise budget is subdivided into two main
parts: internal instrument noise and external
noise which is affected by the closed-loop con-
trol of the spacecraft and sensor placement.

Internal noise sources can be classified into
capacitive sensing noise, actuation noise, rea-
dout noise and noise on direct forces acting on
the test mass ('bias stability'). The latter con-
tains contributions from noise which is depen-
dent on mechanical and electrical effects like
gold wire damping and fluctuation of stray vol-
tages on the electrodes. Another source are
the effects that relate to thermal stability, i.e.
temperature, temperature difference and pres-
sure fluctuation. To model the closed-loop

behavior of the accelerometer with all relevant
devices, the scheme from the GRADIO sensor
shown in Figure 2 was converted into a simpli-
fied loop model for one translational axis
(Figure 3). It mainly consists of the test mass
dynamics including electrostatic stiffness, gains
for the different devices and a PID controller
and the noise sources for the different devices
and effects. 
Noise shapes and controller gains were derived
starting from 'best guess' assumptions and
available information and iteratively tuned
such that they fit to results for GRADIO (shown
in Figure 4) while keeping the involved para-
meters (environment, TM dimensions and
gaps, controller bandwidth, etc.) in the expec-
ted range. Figure 5 shows the results from the
parametric model that are in very good agree-
ment with the ONERA noise prediction. The
only significant difference shows up in the
modeling of thermal effects. ONERA assumes a
quite conservative 1/f³-law while we have cho-
sen a typical 1/f² law for the temperature/tem-
perature difference stability affecting the radi-
ation pressure and radiometer effects.
Additionally, our model shows an influence of
the pressure fluctuation (radiometer effect)
that flattens the shape to 1/f above 1mHz,
however, this is not dominating. 

The impact of this divergent modeling assump-
tion is negligible concerning science perfor-
mance as it only affects the very lower end of

Figure 2: ONERA scheme
of GRADIO [5] 
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the MBW. This is shown in Figure 5. The same
plots also show the initial assumption for the
overall accelerometer noise. Compared to that,
the instrument noise seems to be totally negli-
gible which further motivates a focus on the
errors due to coupling of external noise and its
mitigation by spacecraft control and sensor
placement. 

External noise sources to be modeled are sta-
bility of the scale factor (although not 'really

external'), fluctuations of the distance bet-
ween spacecraft CoM - test mass COM, and
couplings with the angular dynamics of the
spacecraft. 

The initial guess for the first contribution is a
moderate white noise level 10-7/√Hz. For the
second contribution, only expansion due to
the thermal stability of a ZERODUR bench is
taken into account. The dynamics contribution
is again related to closed-loop performance

Figure 3: Simplified 
loop model

Figure 4: a) GRADIO noise [5], b) Results from parametric model

Figure 5: Total internal noise for different thermal stability assumptions. a) PSD level, b)  Resulting RMS errors; both
plots include initial baseline shape
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and a simple SISO loop model (Figure 6) for
attitude control has been set up. It is assumed
that main noise sources arise from the thruster
actuation and attitude readout. The noise
shape for the thrusters is adapted from the
FEEPs for LISA Pathfinder with an upscaled
thrust and noise level to fit the gravity mission
needs. Concerning the readout noise, usage of
differential wavefront sensing from the interfe-
rometer signals is assumed for two axes (yaw,
pitch). The noise shape is adapted from the
LISA DWS performance, again with an upsca-
led high-frequency level (50 nrad/√Hz). For the
third axis, a white noise level of 50 µrad/√Hz is
assumed, representing the performance of an
'off-the-shelf' star tracker. 

As a starting point, PID controllers with diffe-
rent bandwidths were investigated. Figure 7
shows the result for the total noise of the
accelerometer measurement and 0.05 Hz con-
troller bandwidth. The CoM offset is assumed
to be 10mm on all axes.

First, the internal noise generally remains far
below the external contributions except for

very low frequencies <1mHz. The same is true
for the impact of the thermal stability of the
reference point, which is orders of magnitudes
below other contributors (not shown) and
seems negligible under the current assump-
tions. The influence of pointing noise is most
crucial concerning the science performance as
it mainly affects the lower region of the mea-
surement bandwidth. The mid- and upper part
of the MBW are significantly driven by cou-
plings from angular velocity and acceleration
noise, thus only effecting the errors on higher
harmonic degrees. The impact of scale factor
stability coupling does not play an important
role in the current budget. However, more eff-
ort has to be put in the modeling here to final-
ly confirm this result. 

At this point, the idea of referencing the mea-
surement to the test mass CoM comes up
again. Using it as reference, the noise induced
by angular velocity and angular acceleration
couplings would no longer have to be treated
as error but would simply be part of the des-
ired measurement.

Figure 6: SISO loop for 
attitude control 

Figure 7: Total accelerometer noise
(0.05 Hz controller BW, 10mm offset
from SC CoM); 
(1) Total noise, 
(2) Coupling with angular accelera-

tion noise, 
(3) Coupling with pointing noise, 
(4) Coupling with scale factor 

fluctuations, 
(5) Internal noise, 
(6) Coupling with angular velocity

noise
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Figure 8 finally shows the science performance
regarding the total noise of the baseline SST
mission including accelerometer and interfero-
meter performance. The reason for the switch-
back to evaluation the GRACE-like baseline
mission (though with pendulum related accel-
erometer budget) rather than the pendulum
configuration for is simply that the quick-look
tool currently cannot handle colored noise in
other configurations. However this is no real
restriction, as the relative behavior between
different noise shapes is likely to be the same. 
For 0.05 Hz controller bandwidth and 10mm
CoM offset the time-varying field resolution
would be augmented to Lmax = 110 while the
laser would become the limiting instrument in
this case (resolution due to accelerometer a -
lone around L = 140). Thus the sensor positio-
ning offset with respect to the spacecraft cen-
ter of mass could even be increased to 50mm
before inducing a significant contribution to
the overall performance.

Figure 8 shows another important feature: The
dependency of the science performance on the
attitude control bandwidth. While for (a relati-
vely high) 0.05 Hz bandwidth above statements
hold, the situation is remarkably different when
reducing the bandwidth to 0.01 Hz. In this case
a 10mm offset leads back to a total domination
of accelerometer noise, mainly induced by the
larger pointing noise coupling. Improvement
towards balanced behavior would then require
accurate positioning of the accelerometer with
respect to the spacecraft CoM again.

Note that generally another factor of √2 would
have to be added to the accelerometer noise
PSD to account for uncorrelated noise of the
sensors on the distinct spacecraft, which was
neglected in the analysis above.

Conclusions
An initial performance estimation for the
accelerometer within an SST mission was car-
ried out. Expected DC forces do not signifi-
cantly limit the performance of the accelero-
meter. A moderate drag-compensation to <
10-6 m/s² seems sufficient. Alternatively the
sensor dynamic range might be adapted by
improved ADC resolution. Considering the
sum of individual noise sources, the internal
accelerometer noise seems to be negligible. A
balanced behavior of the two main sensors
must be ensured by appropriate control design
and accelerometer placement. As the limitation
for accelerometer placement is highly depen-
dent on the attitude control bandwidth, the
feasibility of high bandwidth control and
assumptions for the involved noise models have
to be confirmed. Switching the reference point
from spacecraft to test mass center of mass
seems to be a useful option. It reduces the need
to accurately determine external coupling para-
meters like angular velocities, accelerations and
spacecraft center of mass knowledge as it
would turn related error terms into desired
measurements of non-gravitational forces.

Figure 8: Mission performance for different controller bandwidths and accelerometer displacement w.r.t. SC CoM
a) PSD level,  b) Resulting RMS errors; both plots include baseline shape
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Laser interferometry for future satellite 
gravimetry missions

Abstract
This report presents an overview of the status
of the ongoing research and development of
laser interferometry for future satellite gravi-
metry missions at the Albert-Einstein-Institute
in Hannover, Germany.

Introduction
Laser interferometry has been suggested as a
way to improve the ranging performance of
future gravity field missions based on satelli-
te-to-satellite tracking. There is much overlap
with the developments on laser interferome-
try for mo nitoring inter-satellite distance fluc-
tuations for the future space-based gravita tio -
nal wave detector, Laser Interferometer Space
Antenna (LISA). For further information about
LISA see e.g. [REF1] and [REF2]. We have initi-
ally focused our analysis on inter-satellite ran-

ging in a GRA CE like configuration using a la -
ser interferometer, although laser interfero-
meter could conceivably be applied to gradio-
metry by using an optical readout of test mas-
ses (based on the technology developed for
LISA Pathfinder [REF3]). 

Interferometer and system design aspects
For an inter-satellite ranging configuration like
GRACE one of the major limiting noise sources
is laser frequency noise due to the large inter-
satellite distance (few hundred kilometres). Fre -
quency noise couples into the inter-satellite
range measurement according to the follo-
wing relationship:

where L is the spacecraft separation, c is the
speed of light, l is the operating wavelength
(here assumed to be 1064 nm) and v(f) is the
amplitude spectral density of the laser fre-
quency fluctuations. Thus the coupling of laser
frequency noise scales linearly with the inter-
spacecraft distance. The performance charac-
teristics of a space qualified frequency stabili-
sation system are not yet known, however esti-
mates from laboratory level experiments can
be made. Figure 1 shows the differential laser
frequency noise for two lasers each stabilised
to a reference cavity in a separate vacuum
chamber measured at the AEI and also a sim-
plified performance model with margin. 

Another significant consideration for inter-sa -
tel lite interferometry is the Doppler shift due to

Sheard B., Dehne M., Mahrdt C., Gerberding O., Müller V., Heinzel G. and Danzmann K.

Albert Einstein Institute Hannover and Centre for Quantum Engineering and Space-Time Research (QUEST),

Callinstraße 38, 30167 Hannover, Germany

Figure 1: Differential laser frequency noise for two lasers
each stabilised to a reference cavity in a separate vacuum
chamber and a simplified performance model with mar-
gin [REF4].
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the relative velocity along the line-of-sight 
between the satellites. Figure 2 shows the
frequen cies measured by the photodetectors
on each spacecraft in the presence of Doppler
shifts due to the relative velocity along the line-
of-sight. The one-way Doppler shift is given by

where vrel is the relative velocity along the line
of sight and l is the wavelength (1064 nm for
the NPRO Nd:YAG lasers that will be used in
LISA Pathfinder and LISA). The Doppler shift is
larger for laser based interferometric ranging
than that of a microwave ranging system, due
to the smaller wavelength used. The measured
beatnotes on both photodetectors must be
within the phasemeter limits, which leads to
the following constraints on the frequency off-
set used in the transponder and Doppler shifts:

where fmin and fmax is the minimum and maxi-
mum frequency respectively that the phaseme-
ter can measure. Thus the phase measurement
bandwidth places a constraint on the allowa-
ble relative spacecraft velocity along the line-
of-sight and therefore is an important conside-
ration when designing orbits of future satellite-
to-satellite ranging systems, e.g. pendulum
orbits.  The current photodetectors and phase-

meters prototypes for LISA have a bandwidth
from 1 MHz to 20 MHz. 
If a fixed offset with the optimal value of 10.5
MHz were used the allowable one-way
Doppler shift is ±4.75 MHz (which is equiva-
lent to a relative line-of-sight velocity of ±5 m/s
for 1064 nm). The time evolution of the he te -
ro dyne frequency on each photodetector for
this case is shown in figure 3. If it possible to
roughly predict the Doppler shift (which is do -
minated by a sinusoidal component for a pen -
dulum configuration) in real-time on-board
each spacecraft, then by regularly adjusting
the transponder offset frequency the tolerable
relative velocity can be doubled to ±10 m/s (as
shown in figure 4). Development of a phase-
meter prototype with twice the LISA band-
width has begun at the Albert Einstein Institute
Hannover, which would allow ±10 m/s without
an offset adjustment or ±20 m/s with an offset
adjustment.
Although not presented here a detailed analy-
sis of the optical link power budget with
imperfect beam pointing with currently availa-
ble laser powers has been carried out, allowing
sizing of the transmitted beam and receiving
aperture parameters. Strategies for link acqui-
sition are also currently under investigation.

Polarising components
A key component of proposed interferometer

Figure 2: Offset phase locking in the presence of Doppler shifts. The transmit and receive paths are separated for clari-
ty only. In reality the transmit and receive paths are collinear.
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designs are polarising optics. In order to inve-
stigate the influence of polarising components
on interferometer sensitivity, an optical bench
containing four different interferometers has
be en designed [REF5]. Two interferometers me -
asure the position fluctuations of the same
mirror (acting as test mass), but only one inclu-
des polarising optics. The remaining two inter-
ferometers are used for reducing noise, such as
an active frequency stabilisation. 
The hydroxide-catalysis bonding technique
[REF6] was used to build the optical bench on
an ultra-stable glass-ceramic baseplate made
of Clearceram to compare polarising and non-
 polarising optics. For aligning the position of
each optical component onto the optical
bench a coordinate measuring machine in
combination with an alignment tool was

used. With the alignment setup depicted in
figure 5 we achieved a positioning accuracy
of the order of 10 µm.
In order to reduce coupling of acoustic and
ther mal effects into the phase readout the me -
asurement was conducted in a vacuum cham-
ber. For a further reduction of thermal noise,
the optical bench was additionally enclosed by
a thermal shield. Tests performed using the
quasi-monolithic optical bench demonstrated
a length stability orders of magnitude below
the required stability for a straw-man design of
future geodesy missions. The obtained noise
performance is shown in figure 7. 

That pre-experiment has validated that hetero-
dyne interferometry using polarising optics is
possible and that even picometre stability is

Figure 3: Heterodyne frequencies for constant offset Figure 4: Heterodyne frequencies with variable offset

Figure 5: To place the components onto the optical bench
a coordinate measuring machine in combination with an
alignment tool was used.

Figure 6: Implementation of the quasi-monolithic optical
bench in the measurement environment.
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achievable. Different stabilisations such as an
am plitude stabilisation (DC laser intensity) and a
stabilisation of the laser frequency are not yet
implemented, so that we are confident that we
are able to improve the sensitivity of the setup.
Further breadboards to verify other interfero-
meter concepts are under development. 

Interferometer Simulations
All inter-satellite interferometers require analy-
sis of propagation of non-Gaussian beams as
from a practical point of view the received
beam has to be clipped at the receiving aper-
ture. The propagation of the non-Gaussian
beam and the calculation of the interferometer
signals have to be done by computer simula-
tions. A software tool based on decomposition
into Hermite-Gauss modes is under develop-
ment and is currently under-going verification
and validation.
Appropriate simulation tools to aid the design
of the interferometer setup are needed becau-
se the conditions under which the final instru-
ment will take data are not completely repro-
ducible in laboratory experiments, for example
effects related to the large spacecraft separa-
tion of approximately 200 km. Also the coup-
ling of rotations of the satellites into the length
measurement can be estimated and different
interferometer topologies can be tested to
optimise the layout and minimise the coupling.

The laser beam transmitted by the far space-
craft has to be clipped at the receiving telesco-
pe as it is not practical to build telescopes large
enough to collect all of the light at the recei-
ving telescope. Furthermore, large receiving
apertures correspond to small receiving field-
of-view as the heterodyne efficiency is inverse-
ly proportional to the receiving aperture radius.
In practice one always has to clip the incoming
light field at the receiving aperture and change
its characteristic to a non-Gaussian field distri-
bution. In order to simulate the propagation of
non-Gaussian beams, numerical simulations
have to be used since only few simple exam-
ples are analytically solvable. 
Despite methods based on integration of dif-
fraction integrals that are numerically challen-
ging, the non-Gaussian light beam can be
approximated by a set of higher order Hermite-
Gauss modes which comprise a complete
orthonormal set of functions. To approximate
the non-Gaussian field distribution by Hermite-
Gaussian modes, a unique amplitude for each
mode is calculated via a two dimensional inte-
gral over the aperture plane [REF7]. To recon-
struct the approximated field the modes are
summed up weighted by the computed ampli-
tudes. The calculation of the amplitudes and
reconstruction of the field for signal calculation
are the parts of highest computational cost.
The propagation of the complete set can then
be done by simple transformations of a com-
plex parameter. Figure 8 shows the intensity
distribution of an approximated top-hat beam
up to order N=25 of considered Hermite-Gauss
modes. The approximation considerably gains
in accuracy if higher order mode components
are included.
Since only a finite number of modes can be
considered in the approximation, systematic
errors in the calculated interferometer signals
may occur.

Tests carried out for verification contain esti-
mation of the error in the reconstructed field
compared to the original distribution, compari-
son of propagated light fields generated by the
mode expansion method and numerical inte-
gration. Also interferometer signals for appro-

Figure 7: Noise performance of the polarising and non-
polarising interferometer. A normalised stray-light correc-
tion is implemented in data post-processing. For compari-
son the LISA single-link requirement and a straw-man
geodesy mission sensitivity goal are also shown.
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ximated fields were calculated and compared
to known analytical results. Figure 9 shows the
calculated differential wavefront sensing
(DWS) signal for two interfering top-hat
beams. The signal is shown for three different
orders of approximation with the highest
mode number being 10, 25 and 50 respective-
ly and an approximate analytical result. The
behaviour for small tilts is in good agreement
with an approximate analytic result. 
Future work will include optimisation of the
algorithms for decomposition into Hermite-
Gauss modes and the signal calculation by
parallelisation and faster algorithms. Also
simulation of interferometric setups for future
geodesy missions will start.

Phasemeter
The readout of an inter-satellite interferome-
ter is performed by a phasemeter, which mea-
sures the phase of the heterodyne beatnote
between the incoming and local laser beam
using a photodetector. The phasemeter con-
sists mainly of an analogue front-end with
anti-aliasing filters, analogue to digital con-
verters and a FPGA, which contains the digi-
tal phasemeter core. 
Relative satellite movements introduce Doppler
shifts on the order of several MHz. The band-
width of the phasemeter therefore constrains
the relative inter-satellite velocity and possible
orbit configurations. To address this problem, a
phasemeter with a clock speed of 100MHz

and a resulting bandwidth of 1 to 40 MHz was
designed and tested, potentially doubling the
allowable spacecraft relative velocity for a laser
link compared to the previous designs. First
results show that the phase-measurement per-
formance is already better than that required
for future geodesy missions.
After this proof of principle, a more detailed
design of the analogue and digital compo-
nents of the phasemeter needs to be carried
out. Since the core of the phasemeter consists
of a digital phase-locked-loop a linear digital
model was created and verified by loop simu-
lations. This model allows designing the pha-
semeter architecture for various noise influen-
ces, the required performance and minimal
resources. Further investigations have to deal
with nonlinear behaviours of the phasemeter
and effects like cycle slipping. These studies
will partly be performed by simulations and
analytical methods. A signal generator, crea-
ting electrical input signals based on orbit and
noise models, is under design, will be built and
used to determine the actual phasemeter per-
formance under realistic conditions. 
An inter-satellite interferometer also allows
measuring the alignment of the two satellites
with very high precision.  This technique is cal-
led differential-wavefront-sensing and is per-
formed by a relative phase measurement of
segments of a quadrant photodiode [REF9]. In
future missions it will be used to measure the
misalignment with very high precision and
control the satellite attitude or beam steering

Figure 8: Intensity distribution of an approximated top-hat
beam. The order of the highest included mode is 25.

Figure 9: DWS signal for two interfering top-hat beams,
comparing different orders of approximation and an
approximate analytical result.
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mechanism. The generation of this signal is
also performed in the phasemeter. One poten-
tial readout scheme has already been designed
and tested successfully in our prototype.
Further investigations have to deal with offsets
and noise sources in the analogue front-end of
the phasemeter. A model for this readout is
already included in our detailed digital model. 
The phasemeter performs also the offset phase
locking of the local laser to the received one.
This control loop needs to be designed and
tested. Analogue counterparts of this are alre-
ady designed and in use.
Since the phasemeter is working at a clock
speed of 100MHz, downsampling of the data
has to be performed to a reasonable readout
frequency, for example 10Hz. To reduce alia-
sing, a suitable filter has to be designed and
tested. One possible filter design is used in the
prototype and further designs are available,
but remain to be validated. The connection of
a microcontroller to the FPGA allows reducing
the amount of filtering in the FPGA, to per-
form complicated DSP algorithms and include
a higher level programming for intelligent ope-
rations. One possible candidate for this was
evaluated and a new prototype including
microcontroller is in development.
Another research field is the acquisition of the
link between two satellites, which is a very
complex and interesting problem. The phase-
meters main task during this is the detection
and acquisition of the beatnote signal  bet-
ween the local and remote lasers. Since the
local laser frequency is controlled by the pha-

semeter, an intelligent algorithm needs to be
designed to scan the degrees of freedom until
lock is acquired. The microcontroller will allow
developing an algorithm combining the diffe-
rent hardware levels. Such an algorithm can
then be tried by applying electrical input sig-
nals similar to real mission conditions. The use
of optical signals in different interferometer
configurations will then be used to test the
combination of the abilities mentioned before.

Orbit Simulator
An Orbit Simulation Toolkit (OSTK) for evalua-
ting orbits and constellations for future gravity
missions has been developed and tested. Mo -
dels for Earth's static gravity field like the Earth
Gravitational Model EGM08 are usually provi-
ded as coefficients of a spherical harmonic ex -
pansion. Various models have been implemen-
ted in OSTK to facilitate comparison between
them. The time-variable components of the gra -
vitational field can be expressed as time-de -
pendent corrections of the spherical harmonic
coefficients. The major contributions caused
due to ocean tides (models: FES2004 & EOT
08a), atmospheric tides (Bode and Biancale)
and solid Earth tides (IERS model) can be taken
into account in the computations. Further -
more, the gravitational attraction due to other
celestial bodies like Sun, Moon, Venus and
Jupiter is non-negligible for precise orbit simu-
lations. In OSTK planetary ephemeris data from
JPL DE-405 catalogue is used to consider these
perturbations. 
Proper modeling of non-gravitational forces
like drag and direct solar radiation pressure is
sophisticated due to the dependency on envi-
ronmental parameters as well as the satellites’
attitude and surface properties. Presently sim-
plified force models with fixed satellite attitude
are used in the simulations. The atmosphere
density is estimated using the empirical model
NRLMSISE-00, which takes also the geomag-
netic and solar activity into account. However,
future development focuses on the implemen-
tation of 3D satellite models to allow an attitu-
de dependent consideration of drag and solar
radiation pressure.Figure 10: Phasemeter prototype
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The orbit propagation itself is computed
numerically by Runge-Kutta methods or an
Adams-Bashforth-Moulton multistep procedu-
re, though rough orbit estimations can be pro-
vided by Keplerian solutions. 
The OSTK was used to simulate a satellite pair
in pendulum orbit constellations with different
cross-track separations, where the relative line-
of-sight velocity served as a constraint. In figu-
re 11 different pendulum orbit constellations
at 480 km height and relative line-of-sight
velocities of less than 8 m/s are shown as sha-
ded area. Another future application can be
found in the simulation of interferometer blin-
ding periods by the Sun. Actual simulation
results for a GRACE like constellation are being
used to compare different approaches for pro-
cessing GRACE Level-1b data [REF8]. Figure 12
shows the graphical user interface, which is
used to configure and control the simulation
scenarios as well as to provide visual feedback.
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New concepts for high precision laser based
space metrology

Introduction
With GRACE in routine operation, multi-space-
craft (S/C) constellations have proven to be a
valuable tool for high precision determination
of the terrestrial geopotential.
Based on state-of-the-art microwave technolo-
gy, GRACE is continuously measuring the dis -
tance between the two identical spacecraft
with an accuracy of some micrometers. How -
ever in the light of future GRACE-like missions,
an increased accuracy for these distance mea-
surements will be one of the driving operatio-
nal requirements.
This can e.g. be realized by using electromagne-
tic radiation with short wavelength: laser light.
Laser based distance measurements in space
are based on a heritage which is summarized
by the exemplary missions below:

EARTH: 
– LITE (STS-64), 1994
– GLAS (Icesat), 2009

MOON:
– Lunar laser altimeter (Apollo 15, 16, 17),

1971-1972
– LOLA (LRO), 2009

MARS:
– MOLA (MGS), 1996

MERCURY:
– BELA (BepiColombo), 2013

FUTURE:
– LISA (extreme long range relative distance

measurements).

Over the last 5 years, a number of studies
have been funded by the European Space A -
gen  cy; specifically devoted to the determi na -
 tion of High Accuracy Absolute Long Dis -
tance Me a sur ements (HAALDM) between in -
di vidual spacecraft.
Originally, this theoretical work was supposed
to assist multi-spacecraft configurations such
as DARWIN or XEUS, where complex and huge
optical instruments were intended to be reali-
zed as independent spacecraft; floating in a
fixed formation.
Unfortunately, these missions had been cancel-
led, but the remaining laser technology is still
available, originally foreseen to monitor the
distance and orientation between these modu-
les relative to each other.
These new measurement concepts operate on
ultra-short (femtosecond) laser pulses, are
based on low power optical fibre configura-
tions and can be realized as compact devices.
These lasers are mainly based on Yb:fibre,
Er:fibre, Cr:LiSAF, Cr:fosterite or Ti:sapphire
gain media.
The implementation of this generation of pul-
sed lasers is currently regarded as a supple-
ment for existing space borne microwave
based technology; however with the potential
of exclusive use for future missions.
This new laser technology enables flexible
accommodation within the spacecraft, since
these laser systems can be mounted at suitable
locations and their optical signals can easily be
transferred by optical fibres. One of the main
advantages is the fact that the measurement
can be performed within or in immediate vici-
nity of the S/C mass centre; at least currently
not achievable for microwave systems.

Klein V., Bedrich S. 

Kayser-Threde GmbH, München
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The accuracy of this absolute distance measu-
rement technique has been demonstrated to
be better than 50 nm. The repetition frequen-
cy of these lasers is relatively high: 100 MHz
can be regarded as a standard value, but fre-
quencies up to some 2 GHz are possible with
special on-chip technologies.
Figure 1 below is illustrating the basics of such
a femtosecond based measurement technique.
The laser is feeding its continuous chain of
equally separated narrow pulses into one ore
more optical heads (terminals) which are
acting as a combined transmitter / receiver
unit. A miniaturized collimating optics inside
the terminal is transforming the fibre output
into a parallel beam.
Since the laser signal is emitted as a continu-
ous sequence of periodical (equally spaced)

pulses, this version of a HAALDM system is
subdivided into independent procedures for (i)
fine and (ii) coarse resolution distance measu-
rements.

Fine resolution
During this measurement period, the femtose-
cond laser is operated in its continuous mode.
The intensity of the laser pulses is partially split
into the internal reference path, directed onto
an internal reference corner cube and then
onto an interferometer detector (Michelson
arrangement). The corner cube can be moved
and positioned with high precision along this
optical axis. The other part of the pulse inten-
sities is again fed onto a miniaturized steering
optics (MEMS device) and emitted through the

Figure 1:  Block diagram of
a multichannel High
Accuracy Absolute Long
Distance Measurement
(HAALDM) device
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transceiver optics onto the remote retro reflec-
tor at the opposite spacecraft.
The emitted laser light is expanded in order to
reduce its divergence angle and to increase the
strength of the optical return signal, reflected
by the corner cubes of the opposite space-
craft(s). This transceiver system is sharing the
same components for transmitting and recei-
ving the optical signals and is thus saving valu-
able mass and volume.
As shown above, the modular design of these
fibre based compact laser systems allows flexi-
ble operation. The geometric steering of the
laser pulses into the different measurement
directions depends on the actual spatial distri-
bution of the participating spacecraft. It may
be necessary that additional pointing optics
need to be accommodated in order to cover
the required angular range(s).
It should be pointed out that either a single
measurement direction or a number of inde-
pendent directions can be realized; being ser-
ved by the laser in a rapid closed loop sequen-
ce. A setup as depicted in figure 1 comprises
three independent measurement directions.
The return signal is fed into the analyzing sec-
tion, where it is superimposed with the outgo-
ing pulse train onto the interferometer detec-
tor. By adjusting the length of the reference
arm (from the internal corner cube to the
detector) it is possible to co-align the outgoing
sequence of laser pulses with the sequence of
back scattered pulses. Interferometric and
phase analysis of the resulting electric signal
finally yields the high resolved distance infor-
mation (accuracy around 50 nm) within a
range of ambiguity, which is determined by the
pulse repetition frequency of the laser. An
assumed value of 100 MHz is corresponding to
an ambiguity range of 1,5 m.

Coarse resolution
In order to obtain useable absolute distance in -
formation, the above cited ambiguity range
needs to be eliminated. This is accomplished
by the emission of a single laser pulse at the
beginning of each measurement sequence. For
this coarse measurement a high speed electro-

optic switch (pulse picker) behind the femtose-
cond laser is activated. 
Part of the single laser pulse intensity is split into
the internal reference path and is detected by
the time-of-flight PIN diode. The other part of
the pulse intensity is directed onto the MEMS
device, where it is diverted into the transmitting
optic(s) of the system. A high precision monitor
detector is controlling the absolute angular po -
sitioning accuracy of the MEMS device.
After being reflected by the external corner
cube, the returned laser pulse is recorded by
the transceiver optics and also fed onto the
time-of-flight PIN diode. A high precision clock
determines the duration between transmission
and reception of the laser pulse: 

The absolute distance can be determined to an
accuracy of some 10 micrometers (time-of-
flight). This measurement is eliminating the 1,5
m ambiguity range of the fine resolution pro-
cedure as described above. Summarizing the
results of the fine and coarse measurement
finally yields the highly resolved absolute
distance between both spacecraft.

Relative velocities
The above described interferometric analysis of
the detector signal can also be used to deter-
mine the relative velocity between the partici-
pating spacecraft. Based on the »carrier fre-
quency« f0 of the laser light

the frequency of the return signal will be shif-
ted in frequency due to the Doppler effect, in
case that both spacecraft have a Line-of Sight
(LOS) speed component relative to each other:

For velocities ≠ 0, the electric signal of the
interferometer detector will show an AC com-
ponent with the above given frequency Δf.
A subsequent Fourier analysis of this periodic
signal yields the relative velocity v between both
spacecraft. Assuming the femtosecond laser is
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based on Er:fibre gain material (l = 1,56 µm), 
f0 is 1,923E14 Hz. A relative velocity of 0,1 m/s
is thus generating a beat signal of 128,2 kHz
which can easily be quantified via Fourier algo-
rithms. This technique is well proven by nume-
rous heterodyne Doppler lidar systems for
atmospheric investigations.
Figure 2 below is representing a scenario, which
is currently under investigation within the cur-
rent study work. This setup could be used to
introduce multi-axis laser based distance mea-
surements:
Three identical GRACE-like spacecraft are tra-
velling on two orbits (height: 350 km) with
slight ly different inclination. During their or -
bits, S/C 1 and S/C 3 (nominal constant distan-
ce: 96 km) are performing yaw oscillations
relative to S/C 2 with a maximum cross distan-
ce of 43 km. The maximum horizontal yaw
angle for S/C 2 (as observed from S/C 1 and
S/C 3) will be 41,4° and the maximum distan-
ce between S/C 2 and S/C 1 or S/C 3, respecti-
vely  will be 64 km.

By these means, the distance measurements
will be expanded perpendicular to the nominal
flight track of S/C 1 and S/C 3; generating an
increased coverage for the analysis of the ter-
restrial geopotential.
In order to perform meaningful distance mea-

surements, the line of sight between the opti-
cal transmitters and the opposite corner
cubes needs to be established for extended
periods of time.
For small yaw angles (e.g. <±5°) this can be
achieved by the implementation of cylinder
optics, concentrating the energy of the emit-
ted laser light within a horizontal plane. The
control of the measurement direction itself
needs to be performed by high precision com-
pact steering optics.
Larger yaw angles cannot be covered by this
approach. Gimbal devices as e.g. in use for
optical communication between satellites or
ground stations are not suitable due to mass
constraints and the creation of unwanted
momentum around the yaw axis. In fact it
appears necessary that the whole spacecraft is
performing the required oscillating yaw
manoeuvres in order to maintain the optical
link between the corresponding spacecraft.
From the current point of view it appears bene-
ficial to combine both options, meaning to use
the thrusters of the spacecraft for coarse posi-
tioning and the compact internal steering
optics of the laser system for fine positioning.

Absolute velocity between the spacecraft
For the above scenario it is possible to combi-

Figure 2:
Three-spacecraft
scenario in pen-
dulum  configu-
ration
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ne the yaw angle information with the relative
LOS velocity information and by basic geome-
tric considerations relative velocities can be
trans ferred into absolute speed information:
During increasing yaw angles, the distance
between S/C 2 and the other S/C is increasing,
resulting in a corresponding absolute velocity
and vice versa.

Summary
Theoretical work, laboratory investigations and
state-of-the-art laser technology - specifically
carried out for space borne high accuracy dis -
tance measurements - have reached a level so
that femtosecond based metrology can be
regarded as a suitable candidate for GRACE-
like multi spacecraft missions for future investi-
gations of the terrestrial geopotential. Based
on Interferometric analysis of the signals, it ap -
pears feasible to combine high resolution ab -
so lute distance measurement with the de ter -
mination of relative LOS velocities between the
different spacecraft in general and absolute
velocities for specific S/C constellations.
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High Accuracy Long Distance Measurement
with Frequency Combs

1. Introduction
The ability to determine absolute distance to
an object is one of the most basic measure-
ments of remote sensing. High precision ran-
ging finds important application in future tight
formation flying satellite missions, where rapid
High Accuracy Absolute Long Distance Mea -
surements (HAALDM) are critical for maintai-
ning the relative pointing and position of the
individual satellites, or movable parts therein.
Frequency comb lasers [1] have the potential
to revolutionize long distance absolute measu-
rements in space by allowing a sub-micrometer
accuracy of distances up to, and possibly bey -
ond 10000 km. Comb lasers are pulsed (ultra-
fast) mode-locked lasers with a precisely con-
trolled repetition rate and phase of the pulses.
Stabilizing the output of a femtosecond laser
pro  vides a spectrum of well-defined frequen-
cies, originally used as a ruler in frequency
space and to measure differences between op -
tical frequencies. The periodic pulse train of a
femtosecond laser generates a »comb« of eq -

u ally spaced modes that can be stabilized by a
phase-locked loop to a precision radio-fre-
quency reference oscillator (e.g. an atomic
clock) to achieve the same timing stability in
the optical domain. This optical frequency syn-
thesizer can be used to measure or synthesize
not only almost any optical frequency but also
to provide a multitude of well-stabilized fre-
quencies for multi-wavelength interferometry
and to link the time-of-flight domain of long-
distance measurement with the interferometric
regime of sub-wavelength accuracy. The basic
concept is to use this incredibly regular pulse
structure to measure a distance in units of the
pulse separation length. Because units of
length and time are fixed to each other by the
definition of the vacuum speed of light, every
timing measurement can be immediately trans -
lated into length with the same precision. Be -
cause the phase of every pulse is well control-
led, one can measure a distance with sub-wave -
length accuracy, even for pulses emitted from
the laser at different times. In practical terms

Lezius M., Steinmetz T., Holzwarth R.

Menlo Systems GmbH, Am Klopferspitz 19, 82152 Planegg, Contact: m.lezius@menlosystems.com

Figure 1: Schematic overview of the HAALDM
principle using a frequency comb laser (FCL).
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this is achieved by comparing the position and
the phase of pulses from the comb laser with
those reflected from an object (such as another
satellite) in a Michelson-type setup. A genera-
lized scheme of such a technique is shown in
Figure 1. Several approaches have be en sugge-
sted for Michelson-type long dis tance measure-
ments based on comb lasers and here we have
compared their projected per formance and sui-
tability for a typical near earth surveying mis-
sion. based on a formation flight scenario with
up to 500 km distance. Apart from the
Michelson itself there would be two major tech-
nical components in such a system, namely the
comb laser unit itself and the detection unit. The
careful selection of these components will be
crucial for system performance in outer space.

2. Frequency comb laser source
Regarding the comb laser itself, the most com-
monly used systems employ Ti:sapphire, Cr:for -
sterite, Cr:LiSAF, Er:fibre or Yb:fiber gain me -
dia. However, there are several examples of ot -
her comb sources, most notably Cr:LiSAF and
Cr:forsterite, and there are even more po ten -
tial candidates of laser materials from which
frequency combs can be generated. For a com-
parison of femtosecond comb generators with
respect to future space missions, a list of para-
meters is given below:
– Power efficiency (diode pumped systems)
– Uncritical alignment and robustness (few-

element, integrated configuration)
– Possibly all-waveguide configuration
– Compactness (small size and weight, inclu-

ding the pump set-up)
– Low noise operation
– Power scalability (boost amplification)
– Space environment compatible, radiation

hardness
– Lifetime of critical elements, e.g. pump dio-

des, gain materials, actuators …

A very general comparison of all-solid-state fe m -
tosecond sources on a reduced set of criteria,
leaving out the aspect of radiation hardness
and mission specific aspects which are to be
discussed elsewhere, shows that Cr:LiSAF and

erbium as well as ytterbium lasers are particu-
lar promissing. The electrical-to-optical effi-
ciency is particularly important for space appli-
cations because of limitations in power con-
sumption and heat dissipation. The electrical-
to-optical efficiency should be particularly
good for directly diode-pumped systems with a
low quantum defect, which gives Cr:LiSAF,
Er:fibre and Yb:fibre lasers an advantage over
Ti:sapphire, Cr:forsterite and Cr:YAG lasers. Al -
so, the pump diode lifetime in the 940-980 nm
range is much longer than in the 660-690 nm
range. From the engineering point of view,
fiber laser oscillators are superior to free space
optics oscillators, because of their mechanical
stability and optical guidance properties. It
appears also obvious that the Ti:sapphire laser,
a commonly used laboratory »work horse« for
optical frequency combs, is unlikely to be a can -
didate for space missions, mainly because of
the pump wavelength requirement of 532 nm
(or 514 nm). Also, the critical alignment makes
Kerr-lens mode-locking less attractive than
Soliton-SESAM mode-locking. Of the all-solid
state bulk lasers, Cr:LiSAF looks more promising

Figure 2: Stabilization of the offset-frequency f0 and the
repetition rate fr in a standard fiber laser with a free-
space section. The cavity length is tuned with a piezo
transducer (PZT) and translation stage for coarse adjust-
ment and locking of the repetition rate, while the laser
diode (LD) pump power is used for locking of the offset
frequency. (OC is the output coupler, PBS a polarizing
beam splitter and QWP a quarter-wave plate)
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because of direct diode pumping. A portable
battery-powered version of this comb genera-
tor has already been demonstrated by Menlo
Systems. With respect to all-waveguide confi-
ned lasers the technical readiness of Er:fiber is
presently slightly more advanced than Yb:fiber.
We expect, however, that Yb:fiber comb lasers
will be developed substantially over the upco-
ming years, and that they will be finally more
attractive to remote space applications because
of better efficiency and radiation hardness. A
generalized set-up of a typical fiber comb laser
is shown in Figure 2. 

3. Distance detection scheme
The other choice, that has to be made, is the
method for detection of the pulse position be -
yond the interferometer. For accuracies down
to the 10 µm level, it is sufficient to use fast
photodetectors and timing detection via elec-
tronic mixers for a Time Of Flight measurement
(TOF) [2,3]. For sub-wavelength accuracy in the
nanometer range we have singled out spectral
interferometry (SI) [4,5] (for schematics see
also Figure 3) as the preferred method over the
alternative method of temporal SHG-interfero-
metric autocorrelation (IA) [6,7]. A direct com-
parison on various technical specifications bet-
ween these three different approaches is given
in table 1. A further approach based on comb-
locked multi-wavelength interferometry has
been suggested recently [8], and is based on

the MSTAR technique [9]. Compared to SI,
however, the use of stabilized selected wave-
lengths makes such approaches always inferior
to the use of the full comb bandwidth. The
advantages of SI over IA include fast single-
shot detection, no pulse-overlap required,
relaxed dispersion requirements, and a much
bigger tolerance for movement during distan-
ce measurement on the order of km/s. A pos-
sible issue with spectral interferometry is the
use of a spectrometer. Because the position is
measured using interference fringes in the
spectral domain, the accuracy of the spectro-
meter frequency axis influences the precision
of the measurement. However, this only plays
a role at the highest precisions (< 1/10th of the
laser wavelength). The required spectrometer
accuracy needed in that case (better than a
few times 10-4) is still quite feasible. One could
for this purpose include in-flight calibration of
the spectrometer with the comb laser itself.

Using spectral interferometry, the detector
(such as a CCD camera or photodiode array)
will record an oscillatory pattern as a function
of the frequency components present in the
comb pulses:

(1)

The phase in Eqn. 1 consists of three parts. The
distance information is encoded in the first
term, ωt, where ω is the optical (angular) fre-

Table 1: Comparison of various specifications for FCL based distance measurements
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quency, and t is the time delay between the
arrival of the pulses. The delay can be written
as t=2(D-L)/c, if the time is taken modulo the
repetition time of the comb laser. The second
term accounts for the carrier-envelope phase
shift between the pulses that interfere, while
the third term represents the noise on the
phase of the pulses. The delay dependent
phase term can be rewritten:

(2)

It means that the distance can be obtained by
determining the slope of the phase as a func-
tion of the optical frequency. In Figure 4 the
principle for a distance measurement is de -
monstrated by means of a simulation. Part (A)
shows the raw data in the form of the recor-
ded spectral fringes. The first step involves Fou -
rier-transformation (FFT) of the interferogram
to the time domain, as shown in part (B) of
Figure 4. The time-domain representation has
two sidebands of which only one is shown in
here, and a central component at t=0. If the
spectrum is smooth enough compared to the
oscillation period of the spectral fringes, then
the sidebands are well separated from the cen-
tral peak. This condition is essential for a pro-
per reconstruction of the phase evolution as a
function of the frequency. One practical conse-
quence of this measurement scheme is that

the pulses do not need to overlap, and that the
interference pattern can be obtained instant-
aneously without scanning the reference arm
or frep of the comb laser. Variations in the repe-
tition rate have therefore far less consequences
for spectral interferometry than for temporal
interferometry because CCD and diode array
detectors can capture the whole interferogram
at once. It merely results in a different reading
for the position for each measurement. After
analysis of the distance from the pattern, the
results can be averaged, so that the long-term
stability of frequency comb lasers can still be
exploited fully.

An interesting approach has been recently sug-
gested by Coddington and coworkers [5]. They
measured the spectral interference by use of
two coherent frequency combs with slightly
detuned repetition rate. In this way they conti-
nuously scan one comb over the other and
achieve some nanometer level of precision
with an ambiguity range of 1.5 m within 60 ms,
at low light levels and with high immunity to
spurious reflections. It is suggested that the
ambiguity range could be easily extended to
30 km, by use of a smaller frequency differen-
ce. If another factor 10 in the ambiguity range
could be achieved, remains to be determined.
An ambiguity range of 500 km would make
the system very well adapted to formation

Figure 3: Spectral interfe-
rometry length measure-
ment scheme.
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flight applications. In addition, the time resol-
ved signal of the dual comb method allows for
measurements between multiple reference
planes in a single beam path. This host of fea-
tures is presumably unavailable in any other
single system discussed so far.

As a main result we have recently developed a
software in order to be able to fully simulate SI

based distance measurements, taking into
account the properties of any selected laser
system and various other effects. Here we
show the result of a HAALDM system based on
an Er-fibre comb. The total analysis can be
quite complicated, as can be seen from an
example of the full analysis in Figure 5. The in -
dividual uncertainty components are: 'timing':
uncertainty due to pulse timing noise; 'phase':
likewise due to pulse phase noise; 'analysis':
accuracy due to the evaluation of the interfero-
gram; 'clock': frequency reference induced;
'sub-total': sum of the effects mentioned above;
'spectr.': induced uncertainty due to spectrome-
ter calibration; 'ref. arm': uncertainty of the
reference arm in the Michel son interferometer;
'total': all components combined; '+': distance
error from the interferogram analysis when 30
measurements are averaged. Furthermore, two
dotted lines are visible that indicate the maxi-
mum expected error based on single pulse
timing deviations (upper dotted line), and
phase fluctuations of the pulses (lower dotted
line). As a major result of our analysis we find
a step-wise increase in the total error indica-

Figure 4: (A) Simulated spectral interferogram, together with (B) the time-domain analysis (FFT from panel A), and (C)
the reconstructed phase from which the pulse distance is extracted (Eqn. 2), and (D) the deviation of the phase from a
linear fit.

Figure 5: An example of the full analysis of the single
(individual) measurement accuracy of HAALDM with a 
RF-stabilized fibre comb (see text for an explanation of
the symbols and lines).
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ting the critical distance where the contrast of
the interferogram is no longer sufficient (due
to accumulated timing and phase noise) to
perform a proper analysis. This timing and
phase noise ultimately stems from timing jitter
of the comb itself, and depends on accuracy of
the RF clock that locks the comb laser repeti-
tion rate. In our study we have assumed a typi-
cal RF clock precision of 10-13. Better results
can be obtained with high precision frequency
standards from atomic or quantum clocks 
(10-16..10-18). Present ground based clocks are
reaching an accuracy of 10-17, corresponding
to sub-µm accuracy at distances up to 109 m.
The technical development of precision fre-
quency standards for space applications is cur-
rently under way. Nevertheless, from our simu-
lations we find that even the simple additional
introduction of a high-finesse cavity into the
comb laser may be sufficient to improve the
timing and phase noise to an accuracy level
that would be reaching 50 nm at 10000 m. 

3. Conclusion
We conclude that frequency combs can provi-
de unprecedented absolute length measure-
ments on a sub-micrometer scale over a wide
range of distances. We have reviewed different
schemes for measurements, and selected spec-
tral interferometry as the method of choice for
long distance measurements in space. Of the
two main methods to obtain sub-wavelength
resolution, temporal and spectral interferome-
try, the later one has the big advantage that
no scanning or overlapping pulses are requi-
red. Because the spectral interferogram can be
recorded single-pulse if necessary, it also al -
lows to measure fast changing distances (e.g.
between two or more moving satellites). From
our simulations of spectral interferometry
which are presented here we conclude that
the uncertainty in determining a distance of
500 km could be better than 50 nm, provided
that sufficiently accurate RF clocks are availa-
ble in space.
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Quantum sensors for Earth observation

Abstract
We report on our development of various
kinds of quantum sensors based on matter-
wave interferometry for precise inertial sensing
of Earth`s rotation rate and gravity. By manipu-
lating cold or ultra cold atoms with coherent
light fields we realize several experimental plat-
forms for the detailed investigation of different
interferometer types and of their key technolo-
gies. In an atomic gyroscope using cold Ru bi di -
um atoms we demonstrate a sensitivity for
rotations of 6x10-7 rad/s. In an atomic gravi-
meter, which is under construction, we study
the source system based on ultra cold atoms in
a Bose-Einstein condensate. Finally, a miniatu-
rized and robust experiment using ultra cold
atoms in a free fall environment is realized as a
test-bed for matter-wave interferometry on
long timescales. These experiments pave the
way in the direction of utilizing the technolo-
gy of matter-wave interferometry for future
space applications.

Introduction
Atomic quantum sensors are a key-technology
for the ultra-precise monitoring of accelera-
tions and rotations. These sensors evolved
from a new kind of optics based on matter-
waves rather than light-waves. Matter-wave
optics is still a young, but rapidly progressing
science which recently generated sensational
Nobel-prize awarded inventions such as laser
cooling and atom lasers [1,2]. 
The applications of atomic quantum sensors
are truly interdisciplinary, covering diverse and
important topics such as tests of fundamental
physics, the realization of SI-units, prospecting
for resources, GALILEO technology, environ-
ment monitoring and major Earth-science the-

mes [3-8]. This field represents an emerging
area of science quantum engineering, with a
high potential for a future technology and mul -
tidisciplinary applications. Thanks to an impres-
sive evolution and remarkable inventions, the
ultimate potential of matter-wave sensors is still
entirely open. For the closely related field of ato-
mic clocks, the growth in performance was
exponential during the last decades! This is the
reason, why matter-wave sensors are conside-
red as one of the most promising fields to pro-
gress in metrology and fundamental tests.
Atomic gyroscopes and gravimeters provide a
new tool for the precise detection of tiny for-
ces. The outstanding feature of these sensors
is the precisely known scaling factor: there is
no need for calibration which predestines
these sensors for inertial references and for
applications in the Système International.
The following report summarizes our activities
and achievements in the field of matter-wave
interferometry. We will describe the features of
this technology by presenting three experi-
ments which point out the development of
atomic inertial sensors. The first one is an ato-
mic gyroscope for the high-precision measure-
ment of rotations. The second one is a dual
atomic gravimeter, which is under construction
and which provides a source of ultra cold
atoms. The third one is a miniaturized trans-
portable experiment with ultra cold atoms in a
microgravity environment, which is performed
in the drop tower facility (ZARM) in Bremen.
These experiments are steppingstones in the
direction of the realization of future inertial
atomic sensors with sensitivities compared or
even beyond current state-of-the-art devices.

M. Gilowski and E.M. Rasel
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The gyroscope
The interferometric measurement of rotations
is based on the Sagnac-effect [9], which indi-
cates that a phase shift is induced between
two interferometer paths which enclose an
area A, due to a rotation with the angular 
velocity Ω. This phase shift is then given by
dfrot=4pEAΩ/hc, where E is the energy of the
wave, h the Planck’s constant and c the speed
of light. Since this relation is also valid for light
as well as for matter-wave interferometers, the
high potential of gyroscopes based on atoms is
obvious. By comparing the phase shifts using
the energies of matter and visible light, an im -
provement in the order of 1011 for atom inter fe -
rometers is in principle possible. Further more,
the sensor is also sensitive to accelerations [10]. 
In order to distinguish between phase shifts due
to rotations and accelerations the sensor con-
sists of two interferometers allowing a differen-
tial measurement [10]. The basic schematic of
the atomic gyroscope is sketched in Fig. 1.

Two identical atomic sources [13] emit atoms
on flat parabolic trajectories into the interfero-
meter chamber, but with opposite launch di -
rec tions. Each source consists of a two-dimen-
sional magneto-optical trap (2D-MOT) loading

a subsequent 3D-MOT with a high flux of seve-
ral 109 at/s. Using the moving molasses techni-
que 108 atoms with a forward drift velocity of
2.8 m/s and a temperature of 8 µK are laun-
ched in each interferometry pulse. In a next
step the atoms are state- and velocity-selecti-
vely transferred into the magnetically insensiti-
ve hyperfine state F = 1, mF = 0 (where F and
mF are the quantum numbers for the total an -
gular momentum and the Zeeman sublevel, res -
pectively) via a multi-stage preparation using
precisely controllable laser manipulation. 
In the interferometery section a symmetric Ram -
sey-Bordé interferometer configuration is reali-
zed by applying four so called p/2-light pulses
[14]. This coherent beam splitting processes
are based on a Raman-transition between two
hyperfine states which form the ground states
of the interferometer. With these light pulses
the matter-wave is split, redirected and finally
recombined. In this way, the created interfero-
meter paths enclose an area of 8.6 mm2 lea-
ding to a high sensitivity for the Sagnac-effect.
In this interferometer configuration phase
shifts imprinted during the interferometric
cycle are translated into a change of the distri-
bution in the two ground states [14]. Thus, we
finally obtain the phase shift of each interfero-

Figure 1: Schematic overview of the gyroscope with its key-element sections. Laser beams for cooling and trapping as
well as for the preparation, the interferometry and the detection process are represented by the arrows. More details
can be found in reference [11,12].
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meter by using a state-selective fluorescence
detection, applied after the interferometry se -
quence. We detect in the gyroscope approxima -
tely several 107 atoms.
Typical interference patterns of the two interfe-
rometers of the gyroscope are shown in Fig. 2. 
We reach a contrast in the four pulse geome-
try of 11% and 16%. The reduced contrast
can be attributed to a reduced efficiency of the
beam splitting process, which depends on the
one hand on the temperature and the spatial
width of the atoms and on the other hand on
the spatial intensity profile of the beam split-
ting light field. A further selection of velocity
classes in the preparation stage will in future

gain the contrast of the interferometer signal.
Furthermore, a reduction of the initial tempera-
ture of the ensemble would increase the effi-
ciency of this process and thus motivates the
use of ultra cold atoms (see below). The diffe-
rence in contrast can be attributed to the align-
ment of the spatial interaction position, which is
different for the four beam splitting pulses for
the two interferometers, respectively.

Finally, we can infer the rotation sensitivity of
the gyroscope by measuring the phase noise of
the two interferometers. In Fig. 3 the Allan
standard deviation for the combined signal of
the two interferometers is shown. Here, the

Figure 2: The Interference fringes of
the two interferometers are obtained
by sweeping the phase of the beam
splitting light field before the last
pulse is applied.

Figure 3: Allan standard deviation of
the combined signals of the two
interferometers.
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rotation signal can be inferred from the sum of
the two interferometer signals whereas the
acceleration might be calculated from the dif-
ferential signal. It is clearly visible that vibration
noise coming from accelerations is highly sup-
pressed due to the dual measurement scheme.
After averaging the combined signal over 300 s
a phase noise of 9.5 mrad is reached. This cor -
responds to a reached sensitivity in the gyrosco-
pe of 6x10-7 rad/s which is two orders of mag-
nitude below the Earth rotation rate.

Currently, this sensitivity is limited by the noise
of the detection process as well as inertial noise.
The implementation of an optimized detection
sys tem and an improvement of the vibration
isolation are under way and will further impro-
ve the sensitivity by at least one order of mag-
nitude on the short-term scale. In combination
with novel techniques like the transfer of large
photon momentum leading to a larger transver-
sal atomic velocity and thus to larger enclosed
areas [15], the aimed sensitivity might reach the
10-10 rad/s level for integration times of 1000s. 
A further optimization is the reduction of the
atomic temperature, which besides the increa-
sing of the beam splitter efficiency would
decrease systematic effects coming for instan-
ce from wave front distortions of the beam
splitting light fields. The realization of such an
ultra cold atomic source for atom interferome-
try is described in the following section.

The ultra cold atom source
In a second experiment a dual gravimeter bas ed

on matter-wave interferometry is setup for the
test of the Equivalence principle. For this purpo-
se the free fall of two atomic species, Rubidium
and Potassium, will be compared. In this experi-
ment the aimed shot-noise limited sensitivity is
10-9 g. This corresponds to the highest sensitivi-
ty for the test of the Equivalence principle with
laser cooled atoms so far [12]. 
One of the essential aspects of the dual gravi-
meter is the source of ultra cold atoms to reach
the demanded accuracy. The first step in this
direction was reached by creating a Bose-Ein -
stein condensate (BEC) of 87Rb atoms in a near-
infrared single beam optical dipole trap (ODT).
The ODT is formed from laser light with a wa ve -
length close to 2 µm. Fur ther more, an additional
constant confinement in the axial direction of
the trap is provided by a magnetic quadrupole
field with a rather weak gradient of 10 G/cm. 
The experimental description starts from a
double MOT source system, which is related to
the one explained in the above section. Here,
5 × 108 atoms are trapped in the 3D MOT. In
the next step, 2×106 atoms are transferred into
a single beam ODT at an initial temperature of
35 µK and a corresponding initial phase space
density of about 1−2×10-5. By a following re -
duc tion of the ODT laser intensity at constant
magnetic field gradient the evaporative coo-
ling is achieved. This allows for the creation of
a nearly pure condensate with 104 atoms every
20 seconds as it is shown in Fig. 4. 
Furthermore, before starting the evaporation
sequence laser cooling in the ODT provides
atomic samples with very low initial tempera-

Figure 4: Absorption images of the atomic cloud in the weak hybrid trap at different temperatures
and their corresponding density profiles after a time-of-flight of 21 ms, showing the phase transi-
tion from a thermal gas in (a) to a bimodal density distribution in (b) to a quasi pure BEC with 104

atoms in (c).
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tures of about 2 µK and initial phase space den -
sities as high as 10-2. These very favorable initi-
al values offer much potential for further im -
prove ment in the production of a BEC with res -
pect to particle number and repetition rate. An
adaption of the laser intensity ramp for forced
evaporation to these strongly improved initial
con ditions offers great potential for this me -
thod to create BECs with particle numbers of
more than 105 atoms with a substantially im -
proved repetition rate. Moreover, this source
scheme demonstrates a matter-wave interfero-
meter source using ultra cold atoms. 
Besides the ultra cold atoms for improving the
accuracy of a matter-wave interferometer long
interrogation times are preferable, since the
induced inertial phase shifts in a matter-wave
in terferometer scale quadratically with the in -
ter rogation time for instance in a Mach-Zehn -
der configuration [14]. If not only the atoms
but also the whole experiment itself would be
in a free fall, the interrogation time could sig-
nificantly be extended. And this is one of the
motivations for the following experiment.

The BEC in microgravity – The QUANTUS
project
The QUANTUS project (QUANTen Gase Unter
Schwerelosigkeit) started as a feasibility study
of a compact, robust and mobile experiment
for the creation of a BEC in a weightlessness
environment [16,12]. It was the drop tower in
Bremen, which was chosen as the microgravity
environment, since it provides both good
accessibility and a better quality of microgravi-
ty than other platforms. This makes the expe-
riment an ideal test bed for future space based
missions with ultra cold atoms.
The capsule, which is released from the top of
the evacuated tower, contains a complete BEC
experiment as it is shown in Fig. 5. The realiza-
tion of this experiment required a massive mi ni -
aturization of the setup, which was made pos-
sible by the development of atom chips [17].
We combine this technology with a mirror
MOT, which is loaded with roughly 1.3 × 107

atoms of 87Rb from the background gas. 

After 10 s of loading, the capsule is released
and is free falling over a time of 4.7 s. Within
this time a BEC of about 104 atoms is produ-

Figure 5: ZARM drop tower
facility in Bremen (left).
Capsule containing the BEC
experiment (right). The future
QUANTUS-II capsule will be
launchable from a catapult.
With this, the time of free fall
can be almost doubled.
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ced by the following procedure [16]: The
atoms are further cooled in optical molasses
and transferred to an Ioffe-Pritchard trap on
the chip. By compressing the trap and radio
frequency–induced evaporation a condensate
in the hyperfine state F = 2, mF = 2 is obtained.
Finally, after switching off the current of the
atom chip the BEC is released and can be ob -
served by using the absorption imaging techni-
que. During the long expansion over 1 s, the
atoms form a giant coherent matter wave that
is delocalized on a millimeter scale.
We have performed more than 190 experi-
ments to demonstrate the feasibility of cohe-
rent matter-wave experiments in microgravity,
thus enabling the realization of a robust ato-
mic source, which is required for the imple-
mentation of an atom interferometer.
First interferometer experiments with this devi-
ce on ground have already been demonstrated
and will be performed in microgravity by the
end of this year. Here, Bragg scattering is used
as the coherent beam-splitting and mirror pro-
cess. On ground, interferometer sequences in
the Mach-Zehnder and Ramsey geometry have
been realized so far (see Fig. 6). 

The former being the candidate for high sensi-
tivity measurements at long times while the
latter is our candidate for coherence measure-
ments. Since, our investigations aim at explo-

ring the usability of BEC as a source for matter-
wave interferometry, the coherence of the
chip-based BEC is an important property to be
studied. Furthermore, the precise preparation
in the nK regime developed in the expansion
campaigns has to be proven sufficient for
interferometry needs in increasingly long inter-
ferometer sequences. Here, the reproducibility
of the interferometer over multiple drops is a
major challenge which will be met with a more
suitable choice of initial state. A coherent trans -
fer of the BEC into the magnetically in sensitive
hyperfine state F = 2, mF = 0 would avoid the
influence of parasitic magnetic effects. 
The implementation of this transfer is current-
ly under way. The design and potential of this
technique will be studied in various experi-
ments in 2011. The results and experience will
be extended to two species (Rubidium and Po -
tassium) in a new chip based drop tower expe-
riment which is under construction and provi-
des improved atom flux and preparation. 

Outlook
The reported activities on atomic quantum sen -
sors in the Institute of Quantum Optics show
the enormous potential of these devices for
the future application in Earth observation and
fundamental physics. The presented atomic sen -
sors serve as a platform for experiments aiming

Figure 6: Interference pattern of a
BEC in a two pulse interferometer on
ground.
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at studying the relevant systematic errors and
limitations and in the next period to push these
devices beyond current state-of-the-art. Fur ther -
 more, tests of new quantum sensor concepts
and strategies (continuous cold atom sensors,
sensors based on degenerate ensembles, novel
topologies) are on the way.
Another important aim is a direct comparison
of different atomic inertial sensors, combined
with the use of the best currently available geo -
physical models for facilitating a precise evalu-
ation of these instruments. The cooperation of
experts on atom interferometer sensors with
ex perts from the field of Earth observation
will also permit the design and development
of improved inertial quantum sensors specifi-
cally tailored for demanding applications in
this field.The resulting advanced sensors will
then offer many more exciting possibilities. In
the long run the future devices will comple-
ment and can even replace the classical ones
for monitoring mass changes in active regions
(e.g. volcanoes) and also help to discriminate
between man-made and natural effects (e.g.
changing water reservoirs). 
The isolation of the sensor from Earth�s environ-
ment, will finally enhance the potential of mat-
ter-wave interferometry. In future satellite mis-
sions such instruments may test gravity fields as
gravimeters or gradiometers with high accuracy.
The in this report presented experiments are stu-
dies of this novel and promising approach.
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Environmental Disturbance Modelling for
Future Gravity Missions

1. Introduction
In order to carry out comprehensive simulation
analyses for future gravity missions, a closed
loop simulation that can be parameterized to
different reference scenarios and environmen-
tal conditions is being established. Thereby,
various mission concepts can be evaluated and
compared against each other. A generic appro-
ach in mission modelling allows the considera-
tion of various disturbance sources that are
also subject of the analysis. Starting with initi-
al disturbance modelling of external effects
based on a first concept idea, the estimation of
internal and external disturbances and distur-
bance coupling can be refined. This refers to
external effects resulting from the spacecraft
environment: A satellite in orbit is subject to
atmospheric drag in low Earth orbit and elec-
tromagnetic radiation as well as magnetic
field. Internal disturbances due to instrument
noise also have to be taken into account.

In this paper, the approach to modelling of
environmental forces and torques for future
gravity missions is lined out in sections 2 and 3.
The integration of the environment into a clo-
sed-loop simulation is considered in section 4
together with a few words on simulation ana-
lysis for future gravity missions. Section 5 con-
cludes with a summary and an outlook to -
wards modelling of the next disturbance class,
the internal noise from controller components.

2. Environmental Modelling
For spacecraft orbiting the Earth, orbit distur-
bances result primarily from gravity, atmos-

pheric drag, solar radiation and magnetic field.
For environmental modelling within this pro-
ject, the library modules from HPS (High Per -
formance Satellite Dynamics Simulator), deve-
loped in collaboration with ZARM, University
of Bremen, are used. The library includes a
com prehensive collection of environmental
models, a dynamics sub-library, several actua-
tor and sensor models, libraries for coordina-
te and date transformations and general ma -
thematical calculations. Furthermore, a sur -
face forces library module is provided which
delivers the normalized force and torque that
acts on a satellite due to a disturbance sour-
ce like solar radiation depending on the inci-
dent direction, for example the Sun direction.
The functionality of this module is outlined in
section 4. Further information on all modules
and application can be found in the HPS do -
cumentation.
All modules can be used in MiL (model-in-the-
loop) and SiL (software-in-the-loop) applica-
tions, and several modules can be integrated
into HiL (hardware-in-the-loop) environments. 
The gravity library contains three models for
the calculation of gravitational acceleration
and gravity gradients. A simple model inclu-
ding the first six zonal Earth harmonic field
coefficients is available next to two higher
order models up to degree and order 360
(customizable to higher order for the Earth
Gravity Model 2008). The higher order gravity
models distinguish in the way singularities,
especially at the Earth’s poles, are treated. 

The atmosphere library contains the Harries-
Priester, the NRLMSISE00, and the HWM93
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wind models. The Harris-Priester density model
is a simple model to determine the mass den-
sity of the upper atmosphere at a given point.
It is based on the properties of the upper at -
mosphere as determined from the solution of
the heat conduction equation under quasi
hydrostatic conditions. The NRLMSISE00 is an
empirical model for the atmosphere extending
from the ground to the exosphere. 
With the IGRF11 (International Geomagnetic
Re  ference Field, 11th generation) the latest ver-
sion of a standard mathematical description of
the Earth's main magnetic field is incorpora-
ted. Furthermore, the magnetic field library
contains the Tsyganenko models which are
semi-empirical best-fit representations for the
magnetic field, based on a large number of
satellite observations.
The illumination library includes models for ec -
lipse, solar radiation pressure, and albedo. The
eclipse module can be used to determine the
shadowing conditions for a constellation of
three objects. For a spacecraft orbiting the
Earth, the different eclipse conditions range
from no eclipse to partial eclipse, annular eclip-
se, and total eclipse.

Two source descriptions for the calculation of
the solar radiation pressure are provided, that
is a point-like and a finite-disk source. The
solar radiation pressure is computed conside-
ring the solar flux at average Earth distance
from the Sun, and the distance between the
satellite and the Sun.
The solar radiation reflected by the Earth, the
Earth albedo, is calculated in the albedo modu-
le based on averaged satellite-measured data.
The datasets used are measurements of the
reflectivity of Earth's surface provided by the
Total Ozone Mapping Spectrometer (TOMS).

The effects of most environmental disturban-
ces depend on several factors:
– Sun, Earth, and spacecraft position
– the surface of the satellite that is exposed to

the disturbance, thereby also the satellite
attitude

– material properties of the satellite surface

For disturbances due to the magnetic field,
volume instead of surface properties need to
be considered.

Figure 1: The High Performance Satellite Dynamics Simulator
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For accurate modelling of environmental dis -
tur bances, thus, a model to calculate quanti-
ties such as solar radiation pressure or atmos-
pheric density as well as a model of the satelli-
te under consideration is necessary in order to
evaluate the impact due to the spacecraft envi-
ronment.

3. Environmental Pre-processing
For a rough estimation of spacecraft surface
and volume forces and torques, a satellite refe-
rence surface or volume is considered with
average volume or surface properties. A coar-
se calculation of disturbance forces due to
solar radiation pressure for example would
require a reference satellite area with average
reflexion coefficients. For a more accurate ana-
lysis, a more detailed approach is required
based on the spacecraft geometry and materi-
al properties. The geometrical model of the
spacecraft has to be discretized into finite ele-
ments or volumes. Element or volume forces
and torques for different environmental condi-
tions are calculated in pre-processing since this
is a rather time consuming task depending on
the number of elements or volumes. The total
forces and torques are obtained by summing
up the element forces and torques. For a clo-
sed-loop simulation, total force and torque
components are provided via look-up tables. In
the following, the complete process is exem-
plary outlined for the disturbance force due to
solar radiation pressure.

For solar radiation pressure, the disturbance
force depends on several factors:
– the incident angle of the sunlight
– the affected area
– surface properties, that is coefficients of

specular and diffuse reflexion
– value of solar pressure

In a first step, a structural model of the satellite
is built. Thereby, the following considerations
have to be taken into account: The greater the
model detail, the more accuracy in re sults can
be expected. An unfavourable effect accompa-
nying the increase in model exactness, howe-
ver, is the increase in computation ti me when
calculating the environmental ac tions on the
satellite. For details that cannot be neglected a
compromise therefore has to be found. The
same applies when discretizing the single areas
into finite elements: The finer the grid, the
more accurate are the results, yet the longer is
the computation time. In figure 2, a simple
GRACE-like structural model is displayed.

In the next step, to save computation time, a
back-side and shadow determination algo-
rithm is executed.
The higher the grid resolution, the better is the
shadow line. However, this results in the afore-
mentioned increase in computation time for
repeated determination of illuminated, shado-
wed, and back-side elements for a specified
range of incident angle of sunlight. The range
step also influences the achieved accuracy with

Figure 2: GRACE-like 
structural model
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adverse effect on computation time: The smal-
ler it is, the more accurate are the results but
the higher is the computation time for pre-pro-
cessing. The increased accuracy in results refers
to less interpolation necessary when integra-
ting the pre-calculated values into the closed-
loop simulation.
The computation of the illumination conditions
is divided into two parts. First, all elements
must be identified that are exposed to the
Sun's radiation. Afterwards, the visible ele-
ments are examined again to distinguish whet-
her they are shaded by other elements or not.
For the first part, the angle between the inci-
dent sunray and the element normal is calcula-
ted (see figure 3). If the angle is larger than 90
degrees, the element is marked with a back-
side flag and excluded from force and torque
calculation for solar radiation.

With the back-side flag, all elements are grou-
ped into the categories »visible« or »invisible«.
After execution of the back-side algorithm, a

shadow algorithm is used to determine which
elements are shielded from the Sun by other
elements. The shadow algorithm is applied to
visible elements only. The principle of opera-
tion is illustrated in figure 4. The algorithm
does not produce a clear, sharp line of shadow,
but it checks for each element whether it is
shaded by another element or not. An element
is considered as shaded if the projection of its
centre point on the area of the elements in Sun
direction is located inside this area, and is mar-
ked with a shadow flag.
Errors occur as half of the element area might
actually not be shaded. Since this happens in
both directions, the overall error is expected to
be small. The error can be minimized by redu-
cing the overall element size.
Figure 5 shows an image of an example satel-
lite which geometry has undergone both the
back-side and shadow determination checks.
Elements that are visible are light grey, ele-
ments with the back-side flag are shown in
dark grey and shaded elements have an inter-
mediate grey scale value.

After the illumination conditions are checked,
normalized surface forces are calculated for
each element marked as visible by using 

where Ai is the reference area, is the Sun
vector, is the element normal vector, a is
the angle between the Sun and the element
normal vectors, and csi and cdi are the element
coefficients of specular and diffuse reflexion
respectively. The element torque is obtained by

Figure 3: Back-side determination

Figure 5: Example satellite after execution of back-side
and shadow determination algorithms

Figure 4: Shadow determination
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taking the cross product of the element force
and a corresponding lever arm to the satellite
centre of mass. By summation of the element
forces and torques respectively, the total nor-
malized force and torque is obtained. Nor ma li -
zation in the case of solar radiation modelling
means, that the total forces and torques are not
yet multiplied with the solar radiation pressure
calculated by one of the illumination library
modules.

The above calculations are repeated for a
range of illumination conditions. The total for-
ces and torques are saved in lookup tables
such that tabular or interpolated values are
available for use in a closed-loop simulation. In
a similar manner, other environmental distur-
bance forces and torques like those due to
atmospheric drag can be computed.

4. Closed-loop Simulation and Simulation
Analysis
The environmental forces and torques prepa-
red in pre-processing are included inside a clo-
sed-loop simulator via the HPS Surface Forces
library. This library contains look-up tables for
each component of the force and the torque
vectors. The look-up tables work with an inter-
polation/extrapolation method. During the
simulation the force and torque is calculated
for the incoming polar and azimuth angles
which result from e.g. the sun vector expressed
in the satellite body frame.

The forces and torques from the surface forces
module are passed to a model for calculation
of the satellite dynamics. Depending on the
coordinates used a prior transformation may
be necessary.
The HPS dynamics sub-library contains a simple
and a multi-body simulation module. The sim-
ple satellite dynamics model can simulate a
rigid body with six degrees of freedom. Due to
its simplicity, this model is very usable for SiL
and HiL applications for controller design. It
may also be used to obtain a quick look into
general system behaviour. The multi-body sa -
tel lite dynamics allows for in-depth investiga-

tion of complex dynamics including instru-
ment-spacecraft coupling. The multi-body
dynamics core is highly accurate due to its
completeness in accounting for dynamical and
environmental effects. Since the motion of a
satellite in Earth’s orbit is mainly determined by
the acceleration due to the Earth's gravity
field, the calculation of the gravitational acce-
leration, the gravity-gradient and all resulting
torques, is carried out within the multi-body
dynamics. Thereby the gravitational accelera-
tion is updated at every internal time step.
Other external disturbances due to environ-
mental effects are accounted for only at every
external time step.

In order to close the loop, several control mo -
dules need to be developed. Compared to the
generic dynamics, those are mission specific
and have to be established considering all mis-
sion specifications. 

The simulator is established to perform simula-
tion analyses for a certain number of reference
scenarios. Pre-processing has to be carried out
individually for different satellite geometries and
reference orbits. In lack of a final satellite geo-
metry, simple geometries such as the GRACE-
like model depicted in figure 2 are used.

For the reference scenarios under investigation,
atmospheric drag and solar radiation pressure
represent the largest disturbances. Those are
currently under investigation for a number of
reference orbits and preliminary simplified satel-
lite geometries. Since no material properties are
specified yet, reference values of common spa-
cecraft materials are applied.

5. Outlook
Following the preliminary investigation outli-
ned above, more definite results will be obtai-
ned upon agreement with respect to various
points. For disturbance modelling due to envi-
ronmental effects, the satellite orbit has to be
known, furthermore the satellite geometry,
spacecraft materials used and the correspon-
ding coefficients in the space environment.
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Since material properties are not always
known under space conditions, some uncer-
tainty will remain in the estimation of environ-
mental effects.

Besides modelling of disturbances due to
external environmental effects, the presence of
instrument noise from the control loop, sen-
sors, and actuators is of interest. Estimation of
internal disturbances and disturbance coupling
will be part of the simulation analyses in the
future.
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Three joint interdisciplinary projects were launched in March 2009 in the frame-
work of the R&D-programme GEOTECHNOLOGIEN. 
Significant advances in the scientific use of space based data were achieved through
a coordinated approach and prioritization in a joint programme of research centres
and universities. The satellite missions CHAMP, GRACE and GOCE led to a quantum
jump in research related to Earth’s gravity and the magnetic fields, and to mass trans-
port within the system Earth. The missions were and are instrumental to establish a
new segment of the Earth system science. The main topic »Observation of the Earth
system from Space« of the R&D programme GEOTECHNOLOGIEN allowed it to a
large number of German scientists to be involved in the missions in leading positions.
Germany is now an internationally recognized partner and leader in this field. 

The R&D programme GEOTECHNOLOGIEN has allowed the stabilisation at the
international global geodetic observing system. Based on the insight gained to the
exploration and monitoring of changes related to the Earth’s surface, the bounda-
ry layer between atmosphere and solid Earth, oceans and ice shields has been made
possible. This boundary layer is our habitat and therefore at the focus of our inter-
ests. The Earth’s surface is subject to anthropogenetic changes; changes driven by
Sun, Moon and planets, and by changes caused by processes in the Earth system.
These state parameters and their variability are best monitored from space. The
theme »Observation of the System Earth from Space« offers comprehensive insight
into a broad range of research topics relevant to society including geodesy, ocean-
ography, atmosphere science (from meteorology to climatology), hydrology and
glaciology. 

This volume summarizes the scientific results presented during the status seminar
at the Rheinische Friedrich Wilhelms University in Bonn, Germany in October 2010.
The articles reflect the interdisciplinary approach of the research topic.

The GEOTECHNOLOGIEN programme is funded by the Federal Ministry for 

Education and Research (BMBF) and the German Research Foundation (DFG)
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