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Abstract The most crucial part of the GOCE gradiometer
processing is, besides the internal calibration of the gradiom-
eter, the determination of the satellite’s inertial angular rate.
This paper describes a new method for the angular rate deter-
mination. It is based on the stochastic properties of the GOCE
star sensors and the gradiometer. The attitude information
of both instrument types is combined at the level of angu-
lar rates. The combination is done in the spectral domain by
Wiener filtering, and thus using an optimal relative weighting
of the star sensor and gradiometer attitude information. Since
the complete processing chain from raw measurements to
gravity field solutions is performed, the results are not only
analyzed at the level of gravity gradients, but also of grav-
ity field solutions. Compared to the nominal method, already
the resulting gravity gradients show a significantly improved
performance for the frequencies (mainly) below the gradiom-
eter measurement bandwidth. This can be verified by analysis
of the gravity gradient trace. The improvement is propagated
to the level of gravity field models, where a better accuracy
can be observed for selected groups of coefficients at char-
acteristic bands at orders k × 16, with integer k, up to high
harmonic degrees.
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1 Introduction

The gravity field and steady-state ocean circulation explorer
(GOCE) mission was launched successfully on 17 March
2009. Since the beginning of the mission operational phase
in September 2009, it is gathering data of the Earth’s
gravity field with unprecedented precision. GOCE is the
first core explorer mission in the Living Planet programme
of the European Space Agency (ESA). The GOCE mission
objective is to model the Earth’s static gravity field with an
accuracy of 2 cm in geoid, and 1 mGal in gravity anomalies,
at a spatial resolution of 100 km (Drinkwater et al. 2007).

The core instrument of GOCE is an electrostatic gravity
gradiometer (EGG), which consists of six accelerome-
ters mounted on three mutually orthogonal axes. More-
over, the satellite is equipped with a GPS instrument for
high-low satellite-to-satellite tracking (SST), and three star
sensors (STR) to determine the absolute orientation in
space.

The EGG measurements are used to derive common mode
(CM) and differential mode (DM) accelerations. CM accel-
erations represent the sum of all non-conservative (non-
gravitational) forces acting on the satellite, and are input
signal of the drag-free control (DFC) system. It keeps the
satellite in free fall at constant altitude using ion-thrusters
as actuators. From the DM accelerations, finally the satel-
lite gravity gradients (GG) are derived (Cesare and Catastini
2008), which represent the key product to model the Earth’s
gravity field. One important aspect of the high performance
of the GOCE mission is the fact that the EGG is not only
the key driver to measure CM and DM linear accelerations,
but also rotational accelerations, which are combined with
the STR observations. After this angular rate reconstruction
(ARR), GG at the one hand, and the attitude information of
the satellite at the other hand, are derived.
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The GOCE data processing at ground level is performed at
several levels (Drinkwater et al. 2007). While the processing
of raw instrument time series to calibrated products (Level 0
to Level 1b) is deduced from ESA’s Payload Data Segment
(PDS; Frommknecht et al. 2010), the scientific data pro-
cessing (Level 1b to Level 2), i.e. the processing of precise
orbits and GOCE gravity fields, is performed by the high-
level processing facility (HPF; Rummel et al. 2004). First,
GOCE gravity field models based on 71 days of GOCE data,
using three complementary processing strategies, are already
publicly available (Bruinsma et al. 2010; Pail et al. 2010;
Migliaccio et al. 2010).

One of the key tasks of the Level 1b (L1b) processing
is the internal calibration of the GOCE gradiometer, i.e.,
the derivation of the so-called inverse calibration matrices
(ICMs; Cesare and Catastini 2008) reflecting the very small
imperfections of the gradiometer assembly such as scale fac-
tors, misalignments of the individual accelerometers, and
non-orthogonalities of the axes. In addition to the standard
method implemented in the PDS (Cesare and Catastini 2008),
several alternative methods have been investigated (e.g., Kern
et al. 2007), also using star tracker data (Visser 2008; Rispens
and Bouman 2009).

Another main task of the L1b processing is the ARR.
In this paper, a method for the common treatment of star
tracker and gradiometer observations for the purpose of ARR
is proposed, which is an alternative to the standard process-
ing of the PDS (Cesare et al. 2008). This newly proposed
method is based on a Wiener filter approach (Papoulis 1984)
for combination. In addition to the derivation of L1b gra-
dient and attitude information, also the improvement in the
frame of the (Level 2) gravity field processing when using
these newly derived products is investigated. Thus, the com-
plete chain from initial instrument time series to gravity field
models is covered.

In Sect. 2, the methodology is presented, with special
emphasis on the new Wiener filter method. Since the defi-
nition of the Wiener filter is based on the stochastic mod-
els for STR and EGG, they are reviewed in Sect. 3. In
Sect. 4, the numerical aspects of the implemented improve-
ments within the GOCE gradiometer processing chain are
discussed. Section 5 focuses on the results of the improved
gradiometer processing and their impact on gravity field
solutions. Section 6 contains conclusions and outlook.

2 Methodology

In this section, the methodology is described, starting with
a brief description of the EGG L1b processing chain. More-
over, the data sets used for the computations in this paper
are addressed. Besides a short description of the nominal

Fig. 1 Arrangement of the six accelerometers (A1–A6) of the GOCE
gradiometer within the GRF. The ultra-sensitive accelerometer axes are
shown by solid arrows. The dashed arrows indicate the less sensitive
accelerometer axes

method for ARR, the methodology for the new ARR method
is presented.

2.1 GOCE gradiometer processing chain

The GOCE EGG L1b processing chain (Cesare et al. 2008;
Stummer and Rispens 2009) starts with the measured control
voltages (8 per accelerometer), which are proportional to the
accelerations acting on the proof mass of an accelerometer
(Johannessen 1999). The control voltages are transformed
into three linear accelerations per accelerometer, which are
rotated into a common reference frame, the gradiometer
reference frame (GRF, Gruber et al. 2010b). The arrange-
ment of the six accelerometers within the GOCE gradiometer
is displayed in Fig. 1.

The measured accelerations a do not only contain the GG,
but consist basically of four terms (Rispens and Bouman
2009)

a = −V · r + ω × (ω × r) + ω̇ × r + D, (1)

with r the distance between the accelerometer and the
satellite’s center of mass (Rummel 1986). Beside the GG
tensor (V), which is composed of the second order deriva-
tives of the gravitational potential, there are measured inertial
accelerations, such as the centrifugal accelerations due to the
rotation of the satellite in space (term with angular rate ω),
and the Euler term due to the satellite’s angular accelerations
(ω̇). Moreover, also residual non-conservative accelerations
(D), like not perfectly compensated air drag and solar radi-
ation pressure, are sensed. The linear accelerations can be
deduced from the mean of two accelerations in the same
direction, the CM accelerations
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ac,k,l,i = 1

2

(
ak,i + al,i

)
, (2)

with k,l the number of the accelerometer and i the measure-
ment direction. Theoretically, the CM accelerations do not
affect the GG measurement, since the GG are determined
from the DM accelerations

ad,k,l,i = 1

2

(
ak,i − al,i

)
. (3)

This is the principle of common mode rejection. In reality,
a small part of the CM accelerations is leaking into the
measured DM due to the fact that there are some small
gradiometer imperfections, like scale factors errors of the
accelerometers or rotational misalignments of the acceler-
ometers. Therefore, the gradiometer imperfections have to be
taken into account in the nominal L1b processing by appli-
cation of the ICMs (Rispens and Bouman 2009). After this
correction, only rotational signal remains in the DM to be
taken into account when forming the GG. This signal still
includes, apart from the GG, the accelerations due to the
centrifugal force acting on the satellite. Therefore, the cen-
trifugal part has to be subtracted from the DM accelerations,
according to the equations:

Vxx = −2ad,1,4,x

Lx
− ω2

y − ω2
z (4)

Vyy = −2ad,2,5,y

L y
− ω2

x − ω2
z (5)

Vzz = −2ad,3,6,z

Lz
− ω2

x − ω2
y (6)

with Lx/y/z the distance between the two accelerometers in
direction x , y or z. For this purpose, the angular velocity
of the spacecraft has to be known very accurately over the
entire frequency range. For GOCE, there are two comple-
mentary kinds of instruments available to deliver precise atti-
tude information. On the one hand, there are the STR which
measure very accurately the absolute orientation of the satel-
lite in space, but which are less accurate for high frequencies.
On the other hand, there is the gradiometer itself, which is
able to measure with its transversal components the angular
accelerations experienced by the satellite:

ω̇x = −ad,3,6,y

Lz
+ ad,2,5,z

L y
(7)

ω̇y = −ad,1,4,z

Lx
+ ad,3,6,x

Lz
(8)

ω̇z = −ad,2,5,x

L y
+ ad,1,4,y

Lx
(9)

The highest accuracy of the gradiometer measurements is
expected to be achieved in the so-called measurement band-
width (MBW) from 5–100 mHz. Below, the accelerometer
measurements are expected to suffer from a 1/ f -increase
of noise at the low frequencies. These are the accelerometer

properties which are given by instrument design. In Sect. 3.2,
an attempt is made to verify these properties with real data. To
find the best angular rate estimation over the entire frequency
range, a combination between the two sets of attitude infor-
mation, one coming from STR and one coming from EGG,
has to be done. In the nominal processing chain this com-
bination, or ARR, is done in the time domain by means of
Kalman filtering. The purpose of the present work is to pro-
pose a new method for angular rate determination based on
the optimal combination of STR and EGG derived angular
rates by means of Wiener filtering in the frequency domain.

2.2 Data

All computations presented in this paper are based on 26 days
of GOCE data (01/11/2009 to 26/11/2009), available via
ESA’s data portal EOLI-SA. The generation of the GG
is carried out, starting from the gradiometer control volt-
ages, which are contained in the EGG_NOM_1b files. The
results have been checked for consistency with the nominal
data. For the angular rate determination also the STR data
(in STR_QUA and STR_QUB files) are needed. Additional
parameters for the gradiometer processing have been taken
from the EGG auxiliary database (AUX_EGG_DB). More-
over, the ICMs from the third dedicated satellite shaking,
computed by the so-called ESA-L method (Lamarre 2008;
Kern et al. 2007, in file AUX_ICM_2C;) have been applied
continuously throughout all computations.

2.3 Nominal angular rate reconstruction

The nominal ARR (Cesare and Catastini 2008) does the
combination of STR and EGG data by means of Kalman
filtering in the time domain. The main inputs are the EGG
angular accelerations and the STR quaternions. In princi-
ple, the method consists of a prediction and a correction
step. Within the prediction step, the angular rates (derived
from integration of the gradiometer angular accelerations)
are used to rotate the attitude quaternions from the actual
epoch to the next. Thus, for the subsequent epoch, besides
the measured STR quaternion, also a predicted attitude qua-
ternion is available. In the frame of the correction step of
the Kalman filter, the correction for the current attitude qua-
ternion and the angular rate estimates is computed from the
difference between these two sets of quaternions. The gains
of the estimator are derived from pre-launch measurement
performance models of the gradiometer and the STR.

In Sect. 3.1, it will be shown that the actual instrument
performance (mainly of STR) is not perfectly in agreement
with pre-launch expectations. The output of the ARR is the
inertial angular rates of the gradiometer about the axes of the
GRF, and the inertial attitude quaternions (IAQ), defining
the attitude of the GRF in the inertial reference frame (IRF).

123



588 C. Stummer et al.

2.4 Wiener method for angular rate determination

The newly developed method for angular rate determination
performs a spectral combination of the three angular rate
components (of STR and EGG) about the axes of the GRF
in the IRF. To obtain angular rates from the STR quater-
nions, first a rotation from the star sensor reference frame
(SSRF, Gruber et al. 2010a) into the GRF has to be car-
ried out. This can be done using the known rotation matrices
from SSRF to GRF (in file AU X_EGG_DB). Further on,
the STR angular rates are obtained from the rotated qua-
ternions by employing the Poisson’s equations (Wittenburg
1977; Cesare et al. 2008). To obtain angular rates from the
gradiometer, the EGG angular accelerations from Eqs. 7–9
are numerically integrated in the frequency domain (Best
1991). The EGG angular rates are already in the desired refer-
ence frame, the GRF. The optimal combination between STR
and EGG angular rate is performed by weighting the angular
rate components according to their noise power spectral den-
sities (PSD). The weights hk for the Wiener filter (Papoulis
1984) are obtained according to

h (STR)k = σ 2
k (EGG)

σ 2
k (EGG) + σ 2

k (STR)
(10)

h (EGG)k = σ 2
k (STR)

σ 2
k (EGG) + σ 2

k (STR)
(11)

with σ 2
k being the variances of the gradiometer (EGG) and

star sensor (STR) noise at frequency k, respectively. There-
fore, the sum of the weights equals one for all frequencies

h (STR)k + h (EGG)k = 1. (12)

The merging of the angular rates is performed component-
wise according to

F (merge)k = F (STR)k · h (STR)k

+F (EGG)k · h (EGG)k (13)

with F being the frequency domain representation of the
EGG, STR or merged (merge) angular rate components at fre-
quency k. The merged angular rates in the frequency domain
are transformed back into the time domain to obtain the
sought after combined angular rates.

Since the weights of the Wiener filter are based on the
noise characteristics of the star sensor and gradiometer mea-
surements, representative noise power spectral densities, for
both, STR and EGG angular rates have to be derived, as
shown in the following section.

3 Stochastic models

The exact separation of signal from noise in the measure-
ments of EGG and STR is not possible. Therefore, only

assumptions about their noise characteristics can be made.
Nevertheless, from the GOCE data themselves some lucid
indicators can be derived how to describe and model the noise
of the STR and the EGG.

3.1 Star sensors

Currently, in the nominal GOCE processing only one star
sensor is used as input for the ARR. Actually, GOCE con-
tains a set of three STR and nominally, the data from two of
them are available. We will, therefore, investigate the ben-
efit of combining the two available STR. Its effect on the
nominal ARR as well as the impact on the Wiener method
will be highlighted at the level of GG, and also at the level
of a gravity field solution based on these GG.

The accuracy of each GOCE STR can be characterized by
the pointing accuracy of the coordinate axes of the respec-
tive SSRF, with the z-axis being aligned with the boresight
direction, and the x- and y-axes lying in the CCD plain of
the STR (Frommknecht 2008). Due to the geometry between
the direction to the observed stars and the coordinate axes
of the SSRF, it is possible to determine the boresight axis
of the STR more accurate than the other two axes. For the
GOCE STR the relative accuracy (RA) in-flight is given with
10 μ rad or 2 arcseconds for the ultra sensitive (US) boresight
axis, and with 100 μ rad or 20 arcseconds for the orientation
of the other two less sensitive (LS) axes (Jørgensen 2003).
For the accuracy of a rotation about the SSRF axes, this con-
sequently means that the rotation about the boresight is worse
than the rotations about the other two STR axes. The corre-
sponding error spectrum of the orientation measurements is
regarded as white noise.

When the attitude measurements of the individual STR
are transformed from SSRF to GRF, the measurements of
the LS axes leak into the US components. In Fig. 2, this
effect is shown by the PSD of the angular rate of STR 2 in
the GRF. For frequencies above approximately 10 mHz, the
STR noise is dominating the signal and shows an f -increase.
This results from the differentiation process (cf. Sect. 2.4) of
white noise at quaternion level. Moreover, one observes that
for STR 2 the angular rate component about the x-axis in
GRF (blue curve) is smaller than the other two components.
This is due to the beneficial geometry of STR 2 with respect
to the GRF in this case, with the boresight axis of STR 2
being perpendicular to the x-axis in GRF. Thus, the rotation
about the x-axis (GRF) is determined by US measurements
only. In the other two angular rate components, the impact of
the LS STR axes is increasing the noise level. Note that the
Fig. 2 shall only serve as an example for a PSD of the angular
rate in GRF, here from STR 2. The respective PSD derived
from STR 1 or STR 3 (not shown) look different, according
to their arrangement with respect to GRF.
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Fig. 2 PSD of angular rate of STR 2 in the GRF
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Fig. 3 PSD of difference in angular rate (in GRF) of STR 1 and STR 2

From what was shown so far, the STR (and their noise
with its f -increase) seem to behave according to expecta-
tions from pre-launch. Another strategy to get an impression
on the actual STR noise is to transform the quaternions of
the two available STR from their specific SSRF into GRF,
to derive the two corresponding sets of angular rates, and to
analyze the differences between them.

Figure 3 shows the PSD of the differences in the angular
rates exemplarily of STR 1 and STR 2. It can be noted that
at very high frequencies from about 50 mHz, and beyond
the actual STR noise seems to behave as expected with an
f -increase. In comparison to Fig. 2, we observe a strongly
increased noise level for the y-component (green), which
can be attributed to the influence of STR 1 in this case. (For
the angular rate y-component, the geometry of STR 1 with
respect to GRF is disadvantageous compared to the one of
STR 2.) For frequencies lower than about 50 mHz the actual

STR noise does not continue with the f -behavior, as expected
from simulation, but it is approximately flat. The reason
is that the STR noise shows at attitude level a significant
repeat pattern at the frequency of one cycle per revolution
(1 cpr ≈ 1.85 × 10−4 Hz) and with a 1/ f -decreasing mag-
nitude towards higher frequencies also at the corresponding
harmonics k cpr, with integer k. This 1/ f -behavior at qua-
ternion level is propagated to a flat noise spectrum at angular
rate level, due to the underlying differentiation process.

In summary, it is shown with real data that the three angu-
lar rate components in GRF derived from the individual star
sensors have different accuracies, due to coupling of the LS
STR axes into the US ones, as expected. On top of that, the
STR data have a (much) higher noise compared to expec-
tations for the frequencies of 1 cpr and the corresponding
harmonics. This higher noise in the STR data has a strong
effect on the determination of the best cross-over frequency
between STR and EGG within the new ARR method (see
Sect. 4.3).

3.2 Gradiometer

The GOCE EGG consists of six three-axis accelerometers,
each of them having two US axes and one, which is LS by
a factor of about 100. To check the EGG performance, one
can form the differences between the CM accelerations in
one direction, e.g., in x-direction of GRF, see Fig. 4.With
the three sets of CM accelerations the (same) linear accel-
erations acting on the satellite are measured. Since all six
accelerometers are mounted in such a way that the x-direc-
tion of GRF is measured by US axes only (cf. Fig. 1), also the
three combinations of CM accelerations in Fig. 4 only con-
tain US measurements. From simple error propagation, one
can derive σa_comb = √

2σa_c/d_U S , with σa_comb the stan-
dard deviation of the CM combination, and σa_c/d_U S the
standard deviation of the corresponding CM or DM accel-

eration. Moreover, σa_c/d_U S =
(

1/
√

2
)

σa_U S , with σa_U S

the standard deviation of an individual US acceleration mea-
surement. Thus, σa_comb ≈ σa_U S holds, and the three curves
in Fig. 4 can be taken as a good indicator of the real US
acceleration noise (about 10−11m/s2/

√
Hz in the MBW).

The exact noise level within the MBW shall not be further
discussed here, since it is not relevant for the performance of
the Wiener filter, see Sect. 4.3. It shall only be highlighted
that also in the EGG data there are peaks in the noise PSD at
the frequency corresponding to 1 cpr and, with a decreasing
magnitude, also at the corresponding harmonics. Moreover,
it indicates an EGG acceleration low frequency behaviour of
about 1/ f below the MBW. To derive angular rates from the
EGG, the angular accelerations (Eqs. 7–9) have to be inte-
grated, as described in Sect. 2.4. The effect of integration on
the error spectrum is a damping of the higher frequencies.
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Fig. 4 PSD of the differences in common-mode accelerations in GRF,
x-direction

The 1/ f -increase at acceleration level below the MBW is,
therefore, propagated to a 1/ f 2-increase at angular rate level.
These are the main drivers of the noise characteristics of
the EGG in the frame of the Wiener method for ARR (see
Sect. 4.3).

4 Alternative processing strategies

In this section, the implemented processing strategies for
gradiometer and star sensor data are presented. Besides the
new method for ARR itself, also a combination of the avail-
able STR data and a new method for the computation of the
IAQ are discussed.

4.1 Star sensor combination

Since for GOCE the data from two STR are available simul-
taneously, it is possible to combine these two sets of qua-
ternions in such a way that only the US measurements are
used. To be more precise, only the boresight (or z-axis of
SSRF) of the two available STR is used, and a new frame is
created with the new SSRF x-axis pointing to z1+z2, the new
y-axis pointing to z1−z2 and the new z-axis pointing to the
cross-product of the new x- and y-axes. Figure 5 shows the
angular rates derived from a STR combination (here STR 1
and STR 2). Due to the STR combination, it is possible to
decrease the noise of the two inferior angular rate compo-
nents in GRF (compare to Fig. 2) to approximately the noise
of the very accurate component. In Sect. 5, the impact of
applying the STR combination on the nominal and the new
method for ARR is discussed.
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Fig. 5 PSD of angular rate (in GRF) from STR combination

4.2 IAQ calculation

For gravity field computation, not only the GG, but also the
attitude of the GRF with respect to the IRF has to be known.
Therefore, in the nominal L1b processing, the corresponding
IAQ are computed simultaneously with the angular rates
about GRF within the ARR. In contrast, the Wiener method
for ARR does only provide angular rates but no attitude qua-
ternions. Therefore, also a new strategy for the determination
of the IAQ has been developed, with the goal to provide bet-
ter or similar results than the official IAQ. First, the attitude
quaternions from the two available STR are combined, as
described in Sect. 4.1. Second, the combined quaternions are
low-pass filtered in the frequency domain with a cut-off fre-
quency of 5 mHz. This cut-off frequency is used, because
for frequencies higher than that the STR noise is dominating
the quaternion signal by far. Therefore, the smoothing of the
(combined) quaternions by eliminating the high frequencies
(>5 mHz) improves their accuracy. No combination with the
gradiometer attitude data is done. In Sect. 5.2, it will be dem-
onstrated that using the new IAQ the accuracy at gravity field
level is not significantly affected. Thus, it can be concluded
that for the orientation of the GG within the gravity field
computation the long wavelength part of the attitude data is
essential (Pail 2005).

4.3 Angular rate determination

Based on the findings of Sect. 3, four different sets of STR
and EGG noise models have been empirically designed. The
four versions of assumed noise have been used within the
Wiener method for angular rate determination, each time
using the combined STR data. For version 1 (V1), different
noise spectral densities for the three angular rate components

123



Alternative method for angular rate determination 591

Table 1 Version 1 of assumed gradiometer and star sensor angular rate
noise

EGG Below MBW Within MBW Above MBW

x/z 1/ f 2-behavior 10−8 f 2-behavior
y 1/ f 2-behavior 10−9 f 2-behavior

STR Below 3 mHz From 3 to 30 mHz Above 30 mHz

x f -behavior 4 × 10−6 f -behavior

y/z f -behavior 4 × 10−5 f -behavior

Fig. 6 PSD of assumed STR and EGG angular rate noise: version 1

Fig. 7 PSD of assumed STR and EGG angular rate noise: versions 2–4

from STR and from EGG are assumed, according to Table 1
and as illustrated in Fig. 6.

The corresponding cross-over frequencies between STR
and EGG are at about 1.2 × 10−4 Hz for the y-component
and at about 2.7 × 10−4 and 5.7 × 10−4 Hz for the z- and
x-components, respectively (red dashed lines in Fig. 6). For
comparison, the 1 cpr frequency is about 1.85 × 10−4 Hz
(black dashed line). For versions 2–4 (V2, V3, V4) always
the same noise for all three angular rate components has been
assumed (for V2 the noise of V1 in y-direction, for V3 the
noise of V1 in z-direction, and for V4 the noise of V1 in
x-direction), see Fig. 7.
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With these four versions of assumed noise the angular rate
determination, applying the Wiener method, and using com-
bined STR, has been carried out. The new angular rates have
been used to compute four sets of GG (cf. Eqs. 4–6). The
quality of the new gradients can be evaluated by comparing
the gravity gradient tensor (GGT) trace. From the theory,
we know that the Laplace condition holds, i.e., the sum of
the three main diagonal GGT components should be zero.
In reality, the remaining content in the GGT trace reflects
the instrument noise. In our case, this is the noise after the
spectral combination of STR and EGG. Since in the spectral
combination the STR is mainly used for the low frequencies
and the EGG for the medium to high frequencies, we can
conclude that also the noise, reflected in the GGT trace, can
either be mainly attributed to the STR or to the EGG for the
respective frequency bands. Figure 8 shows the GGT trace
for all four versions of noise assumptions. Additionally, the
trace from the official/nominal L1b gradients (black curve)
is given for comparison.

It can be noticed:

– The trace from the nominal gradients (black) has the
highest noise content in the frequency range from about
1 × 10−4 to 7 × 10−4 Hz. So, the Wiener method gener-
ally gives improved gradients for all four tested versions
at the lower end of the MBW and below.

– For the higher frequencies (from about 7 × 10−3 Hz
and higher) no improvement with respect to the nomi-
nal method can be achieved (see also Sect. 5.1).

– V3 (cyan curve) performs best. The cross-over frequency
is in this case at 2.7 × 10−4 Hz, which corresponds to
the first minimum (in between the 1 cpr peak and its first
harmonic of 2 cpr) in the instrument noise PSD.
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– V1 has three different cross-over frequencies for the three
angular rate components, and therefore fits best to the
expected noise from simulations. However, in this case
the GGT trace (red curve) increases significantly at the
1 cpr peak and slightly also at 2 cpr (≈ 3.7 × 10−4 Hz)
compared to V3 (cyan).

– In V2, the cross-over frequency for all three components
is at 1.2 × 10−4 Hz, i.e. below the 1 cpr frequency. In
this case, the GGT trace (blue) is similar to V1 (red). So
we see again a degradation with respect to the best case
mainly at the 1 cpr peak.

– It can be concluded that in V1, V2 and V3 the cross-over
frequencies (or at least one cross-over frequency for V1)
are assumed too low. This indicates that the noise of the
EGG is larger than the noise of the STR at the 1 cpr peak.

– For V4, the cross-over frequency for all components is at
5.7×10−4 Hz, which corresponds approximately to 3 cpr.
In this case, the GGT trace (green curve) is clearly larger
than the one for the best case (V3, cyan curve), mainly for
frequencies from 3 × 10−4 Hz to about 1.5 × 10−3 Hz.
In this frequency range, the GGT trace noise (green) is
comparable with the trace from the nominal gradients
(black). To a lesser extent also the frequencies around
the first peak are degraded in this case. Thus, one can
conclude that in V4 the cross-over frequencies have been
chosen too high.

In summary, the test with different versions of stochastic
models has shown that the GGT trace performance is best,
when the cross-over frequency for all angular rate compo-
nents is in the low between the first and second peak of the
noise PSD. This corresponds to V3 of the assumed noise and
weights for the Wiener filter. Therefore, in the next section
all results of the Wiener method are based on V3. More gen-
erally, one can conclude from these tests that the EGG noise
is smaller than the STR noise down to very low frequencies.
Only for the frequencies corresponding to the 1 cpr peak and
below the STR are performing better than the EGG, at the
level of angular rates.

5 Results

In this section, the results of the new method for ARR, as well
as the results of the STR combination and the new method for
the computation of the IAQ are discussed. First, the influence
at GG level is in the focus. Second, the impact on a gravity
field solution is demonstrated.

5.1 Gravity gradients

To highlight the impact of the Wiener method for ARR,
as well as the impact of the STR combination, four dif-

Table 2 Four sets of GG

Name of
GG set

Method for angular rate
determination

STR combination

A Nominal No

B Nominal Yes

C Wiener No

D Wiener Yes
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A: (nominal + no STR combi) GG
B: (nominal + STR combi) GG
C: (wiener + no STR combi) GG
D: (wiener + STR combi) GG
requirement

Fig. 9 GGT trace improvement; STR 2 in nominal processing; data
from 11 November 2009

ferent sets of GG have been computed. They are summa-
rized in Table 2. Besides the Wiener method for ARR, also
the nominal algorithm for the ARR has been implemented.
Therefore, it is not only possible to investigate the impact
of the Wiener method with respect to the nominal method
without STR combination (C vs. A) and the impact of the
STR combination on the Wiener method (D vs. C), but
also to study separately the impact of the STR combina-
tion on the nominal method (B vs. A). The performance of
the four sets of GG can be evaluated using again the trace-
less condition of the GGT. Figures 9 and 10 show for two
different days the PSD of the GGT trace of the four sets
of GG. Figure 9 is an example of a day (Nov. 11th) where
STR 2 is used in the nominal processing. Figure 10, in con-
trast, is an example of a day (Nov. 25th) where STR 1 is
used in the nominal processing. This means that for the
GG, which have been computed without STR combina-
tion (A and C), in Fig. 9 STR 2 was used, and in Fig. 10
STR 1.

It can be noted:

– On both days, GG set A (nominal method, without STR
combination (red)) has the largest noise PSD for the har-
monics of the 1 cpr frequency.
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Fig. 10 GGT trace improvement; STR 1 in nominal processing; data
from 25 November 2009

– In GG set B (nominal method, combined STR (green))
these peaks become smaller, except for the first peak (cor-
responding to 1 cpr), which is not significantly reduced.

– The improvement within the nominal method due to STR
combination (set B with respect to set A) is larger when
STR 1 (Fig. 10), and not STR 2 (Fig. 9) is used in the
nominal processing.

– The GG sets C (magenta) and D (blue) show a signif-
icant improvement with respect to the sets A (red) and
B (green). This indicates that the Wiener method per-
forms significantly better than the nominal method. The
improvement is largest at the 1 cpr peak.

– There is almost no difference between the GG sets C
and D. This means that the STR combination has a much
smaller effect than the use of the Wiener method. Only
for those days where the nominal processing is based
on STR 1 (Fig. 10), the first 1 cpr peak can be further
decreased to some small extent.

In summary, four sets of GG have been spectrally analyzed
by means of the GGT traceless condition. The GG from
the nominal ARR without STR combination perform worst,
whereas the GG from the Wiener method plus combined
STR perform best below the MBW. Within the MBW there
is (almost) no difference in the performance of all four cases.
The improvement from STR combination alone is rather
small.

5.2 Satellite-gravity-gradiometry gravity field solution

To evaluate the impact of the newly proposed method for
ARR on the level of gravity field models, four scenarios
have been tested. The fast gravity field processor quick look-
gravity field analysis (QL-GFA) has been applied, which is

also used in the frame of GOCE HPF in the regular pro-
cessing chain, with short latency, for the purpose of system
performance analysis. A detailed description of the architec-
ture and functionality of the QL-GFA processor can be found
in Pail et al. (2007). First operational results as provided in
Mayrhofer et al. (2010) demonstrate that gravity field models
with a quality competitive to rigorous gravity field solutions
can be achieved by QL-GFA. The four configurations are
in accordance with the scenarios A, C and D as discussed
in Sect. 5.1, and are summarized in Table 3. The minus-
cules a and b indicate whether the nominal IAQ product or
the improved quaternions as derived in Sect. 4.2 have been
used. To analyze the sole effect of the new method, gravity
field models based only on the satellite gravity gradiometry
(SGG) components VX X , VY Y and VZ Z have been computed,
and the SST component is disregarded. Since gravity field
models derived from GPS orbits are also sensitive to the low
to medium frequency range of the harmonic spectrum, they
would partly mask the effect of the modifications discussed
here. All gravity field computations are based on 26 days
of input data from November 2009, and are resolved up to
degree/order 200.

Spherical Cap regularization (Metzler and Pail 2005) has
been applied as only constraint to the solution. The main
feature of this regularization method is that it acts in space
domain only at the polar gap areas (related to GOCE satel-
lite’s inclination of 96.5◦), and leaves those areas covered by
GOCE measurements unconstrained. Thus the results pre-
sented here are data-driven, but not significantly influenced
by additional constraints.

One specific feature of the iterative QL-GFA method is the
fact that after each iteration the residuals of the adjustment
are analyzed and used as spectral weighting factors in the
subsequent iteration (Pail et al. 2007). In this way, the error
behavior is used to set up the observation error covariances
(and correspondingly the metric of the normal equations),
and thus is also reflected in the statistical coefficient error
estimates.

Figure 11 shows the deviation of the estimated coefficients
from the reference model ITG-Grace2010s (Mayer-Gürr
et al. 2010) in terms of degree medians up to degree/order 180.
Since the performance of GRACE is superior to GOCE in the

Table 3 Four scenarios for QL-GFA

Name of
scenario

Method for angular
rate determination

STR
combination

IAQ

Aa Nominal No Nominal

Ab Nominal No New

Cb Wiener No New

Db Wiener Yes New
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Fig. 11 Degree median differences between different scenarios and
ITG-Grace2010s

low and medium degrees, it can serve as a reference solution
to evaluate mainly the errors in the GOCE solutions.

Compared to the nominal scenario Aa (red curve), the
results based on the newly derived gradient products applying
the Wiener filter method (scenario Cb: magenta; scenario Db:
blue) show a substantially improved performance mainly in
the lower harmonic degrees up to degree/order 120, and even
beyond for selected groups of coefficients, as it will be shown
later. Scenario Ab with the nominal method for computa-
tion of the GG, but using the new IAQ (grey, dashed curve),
does not give a significant improvement compared to the
nominal configuration Aa (red curve). Also the difference
of using combined (Db) or non-combined (Cb) STR data
within the new method for ARR is negligible (compare blue
and magenta curves).

Correspondingly, Fig. 12 shows the PSD estimates of the
GG residuals after the gravity field adjustment, i.e. the dif-
ference between adjusted and original observations, exempl-
arily for the VX X component. The residuals reflect the total
errors in the system, projected onto the three main diago-
nal components of the GGT VX X , VY Y , and VZ Z . The red
curve is related to the nominal scenario Aa (cf. also red curve
in Fig. 11), while the blue curve displays the best scenario
Db (corresponding to the blue curve in Fig. 11). Evidently,
there are significant improvements mainly due to the new
ARR method (and only very little due to STR combination),
expressed by two main features (1) a generally improved per-
formance below and in the lower MBW, and (2) a significant
reduction of the peaks which occur as multiples of the 1 cpr
frequency. These PSD estimates, which are, due to the grav-
ity field adjustment, available for all individual gradiometer
components, are in very good agreement with the results of
the analysis of the GG trace (cf. Figs. 9, 10).
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Fig. 12 PDS of residuals of gravity gradient component VX X

While the degree median plot in Fig. 11 gives an over-
all picture on the improvement in the harmonic spectrum,
the details of the impact of the new ARR method can be
seen even more lucidly when analyzing individual coeffi-
cients. Figure 13 shows the relative improvement of individ-
ual coefficients, computed from the error estimates (main
diagonal elements of the a posteriori variance-covariance
matrix) of the scenarios Aa and Db. Displayed is the ratio
of standard deviations of the two solutions σAa/σDb. As an
example, a value of 2 means, that a certain coefficient could
be improved by a factor of 2 due to the new ARR method.
Two effects are evident: first, the accuracies of the low degree
coefficients could be generally improved; this conclusion is
in accordance with Fig. 11. In particular, the (near-)secto-
rial coefficients could be improved, because their accurate
estimation requires relatively more information from below
the MBW. Second, and equally important, the improvement
occurs predominantly at characteristic bands at the orders
k × 16, with integer k, reflecting the mapping of the peaks
of the gradiometer error spectra (cf. Fig. 12) onto the gravity
field solution. These coefficients of order k × 16 are particu-
larly sensitive to those frequencies which show significantly
degraded accuracies due to a lower signal to noise ratio. With
the new ARR method, these stripes at orders k × 16 are
markedly reduced, i.e. the achievable accuracy for these coef-
ficients is significantly increased. Since the largest differ-
ences (improvements) occur for these specific coefficients,
the degree medians shown in Fig. 11 even underestimate the
impact of the new ARR method. As Fig. 13 demonstrates, for
selected groups of coefficients there is an impact up to high
harmonic degrees. It shall be emphasized, that Fig. 13 shows
a ratio of formal errors. However, due to the iterative weight
adaptation used in QL-GFA as described above, it turns out
to be a trustworthy estimate for the true errors. A similar plot

123



Alternative method for angular rate determination 595

Fig. 13 Relative improvement in coefficients from solution Aa to Db
due to new ARR method

of coefficient differences (not shown) of the two solutions
Aa and Db reveal consistently the characteristic features of
Fig. 13.

6 Conclusions

The complete processing chain from raw instrument data
to gravity field solutions has been reproduced. Therefore, a
comprehensive analysis and assessment of the impact of the
new ARR method is possible. It is based on the optimal com-
bination of STR and EGG data applying a Wiener filter. It is
found, that for medium frequencies the STR noise is larger
than it was expected from pre-launch simulations. The new
ARR method takes into account the actual instrument noise
characteristics and can deliver significantly improved GG
below the MBW (and at the lower end of the MBW). This
is verified by comparing the GGT trace of four sets of GG.
Moreover, it is demonstrated that the use of combined STR
data is useful, but has only a small effect on the achieved
GG accuracy. At the gravity field level, improvements of
selected groups of coefficients up to high harmonic degrees
are observable when using the new ARR method. It is clear
that the inclusion of the SST component (gravity from GPS
orbit information) in the frame of a combined GOCE solution
would to a large extent mask these improvements, because
they occur mainly in the low to medium degree range of the
harmonic spectrum. However, it is still worthwhile to extract
as much information as possible from the new observation
type of GOCE GG, also in the light of a combined SST and
SGG solution, where gradiometry will get a higher relative
weighting in the combination process. This is underlined by
the fact, that for selected coefficient groups improvements
are visible up to very high degrees. The analysis and quanti-
fication of the impact of the new ARR method for combined

SST and SGG gravity field solutions, but also combinations
with GRACE, will be the topic of further studies.
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