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Abstract The first ESA (European Space Agency) Earth
explorer core mission GOCE (Gravity field and steady-state
Ocean Circulation Explorer) was launched on 17 March 2009
into a sun-synchronous dusk—dawn orbit with an exception-
ally low initial altitude of about 280 km. The onboard 12-
channel dual-frequency GPS (Global Positioning System)
receiver delivers 1 Hz data, which provides the basis for pre-
cise orbit determination (POD) for such a very low orbiting
satellite. As part of the European GOCE Gravity Consor-
tium the Astronomical Institute of the University of Bern and
the Department of Earth Observation and Space Systems are
responsible for the orbit determination of the GOCE satellite
within the GOCE High-level Processing Facility. Both quick-
look (rapid) and very precise orbit solutions are produced
with typical latencies of 1 day and 2 weeks, respectively. This
article summarizes the special characteristics of the GOCE
GPS data, presents POD results for about 2 months of data,
and shows that both latency and accuracy requirements are
met. Satellite Laser Ranging validation shows that an accu-
racy of 4 and 7 cm is achieved for the reduced-dynamic and
kinematic Rapid Science Orbit solutions, respectively. The
validation of the reduced-dynamic and kinematic Precise Sci-
ence Orbit solutions is at a level of about 2 cm.
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1 Introduction

The Gravity field and steady-state Ocean Circulation Explorer
(GOCE, Drinkwater et al. 2006) is the first Earth explorer
core mission of the European Space Agency (ESA). It was
launched on 17 March 2009 from Plesetsk, Russia. The
core instrument is a three-axis gradiometer for determin-
ing the gravity field with an unprecedented accuracy of
1 mGal and the geoid with an accuracy of 1 cm, both at
a spatial resolution of 100 km (Rummel et al. 2002). In
addition, the mission is equipped with two 12-channel dual-
frequency Lagrange (Intelisano et al. 2008) GPS (Global
Positioning System) SSTIs (satellite-to-satellite tracking
instruments) consisting of an independent receiver and
antenna each. The main unit (SSTI-A) is running in nom-
inal operations, whereas the other one serves as a redundant
unit (SSTI-B). The results discussed subsequently were all
obtained from 1 Hz data of the SSTI-A in the time interval
from 31 October 2009 until 10 January 2010 (72 days).

The satellite’s low altitude (259.6 km, mean distance
from the geocenter minus the Earth radius at the equator
or 254.9 km, mean semi-major axis minus the Earth radius at
the equator) is necessary to be highly sensitive to the Earth’s
gravity field. This low orbital altitude can only be main-
tained with a drag-free flight realized by the drag-free and
attitude control system (DFACS). Drag-free flight means for
GOCE that the non-gravitational forces acting on the satel-
lite in flight direction (mainly atmospheric drag) are com-
pensated by an IPA (ion propulsion assembly). Figure 1 illus-
trates the drag-free mode by means of empirical accelerations
(constrained 6 min piece-wise constant) in the along-track
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Fig. 1 Empirical along-track accelerations for 2 days; 7 September
2009: descent phase without drag compensation; 1 December 2009:
drag-free mode

direction estimated from a reduced-dynamic (RD) orbit
determination for 2 days. On 7 September 2009, the satellite
was still in its descent phase (Jaggi et al. 2010) to the mea-
surement altitude and the drag-free mode was not activated
on this day. On 1 December 2009, however, the IPA was
activated for the drag-free flight. The differences in the esti-
mated accelerations are obvious. The figure also illustrates
how well the DFACS works. Not only the mean along-track
acceleration is compensated, but also the variations are sig-
nificantly reduced. The drag-free flight implies that it is not
necessary to use models for the atmospheric drag in the RD
orbit determination (see Sect. 4.1).

Precise orbit determination (POD) for the GOCE satel-
lite is one task of the GOCE High-level Processing Facility
(HPF, Koop et al. 2006). A low latency orbit product, the
so-called Rapid Science Orbit (RSO), is produced under the
responsibility of the Department of Earth Observation and
Space Systems (DEOS), Delft University of Technology,
The Netherlands. The requirement is a latency of 1 day
after availability of GOCE data, and an accuracy of 0.5 m
(3D, Visser et al. 2006). The Precise Science Orbit (PSO)
is produced at the Astronomical Institute of the University
of Bern (AIUB), Switzerland. The requirement in latency is
2 weeks with an accuracy of 2 cm (1D, Visser et al. 2006).
The two institutions have proven their ability for LEO POD
in, e.g., Jaggi et al. (2007, 2009); van den IJssel et al. (2003);
Montenbruck et al. (2005, 2008) and have shown in Bock
et al. (2007) and Visser et al. (2009) that the POD require-
ments for the GOCE mission can be met with their proce-
dures.

General GOCE GPS data processing information is pro-
vided in Sect. 2, typical characteristics of the GOCE GPS data
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are described in Sect. 3, and first GOCE orbit results for the
72-day period are presented in Sect. 4. Section 5 addresses
the orbit validation with independent Satellite Laser Ranging
(SLR) measurements and Sect. 6 summarizes the results.

2 General information about GOCE GPS data
processing

The estimated GOCE orbits refer to the center of mass (CoM)
of the satellite, which requires precise knowledge of the
offsets of the corresponding antenna with respect to this
CoM and of the attitude of the satellite. Detailed informa-
tion about all antenna offsets may be found in Bigazzi and
Frommknecht (2010). A short summary of this information
is provided in this article. Figure 2 shows a schematic view
of the GOCE satellite with the locations of the SSTI-A and
SSTI-B antennas, the laser retro reflector (LRR) and the def-
inition of the right-handed satellite reference frame (SRF).
Due to fuel consumption, the CoM will be slightly moving
during the lifetime of the satellite. Table 1 gives the coordi-
nates of the CoM in the SRF for the time interval considered
here. Table 2 lists the coordinates for the center of the mount-
ing plane (CMP) of the SSTI-A antenna in the SRF.

SSTI-B SSTI-A
antenna antenna
0] 0]

- -

O >
Osrr CoM Xsgre
l/ Laser retro
reflector
ZsriW

Fig. 2 Schematic view on SSTI antennas and LRR on GOCE

Table 1 Excerpt of the time series for the CoM coordinates in SRF

Date Xsrr (m) Ysgp (M) Zsrr (m)
18 May to 29 November 2009 2.5000  0.0036 0.0011
30 November 2009 to 10 January 2010 2.5010  0.0036  0.0011
Table 2 Coordinates of CMP of SSTI-A antenna in SRF

Xsrr (m) Ysrr (m) Zgrr (m)
SSTI-A 3.1930 0.0000 —1.0922
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Table 3 SSTI-A antenna PCOs in ARF

Frequency X ARF (mm) YARr (mm) Z AR (mm)
L1 —0.18 3.51 —81.11
L2 —1.22 —1.00 —84.18

Fig. 3 Azimuth-elevation diagram of the 1° x 1° PCVs (mm) for
the ionosphere-free linear combination of the GOCE SSTI-A antenna;
antenna-fixed system, azimuth of 0° nominally points into flight direc-
tion

Jdggi et al. (2009) showed that neglected or mismodeled
antenna phase center offsets (PCOs) and variations (PCVs)
are important systematic error sources in GPS data process-
ing of LEO satellites. Table 3 summarizes the PCO values
for the two GPS frequencies in the antenna reference frame
(ARF). The axes of the ARF used here are parallel to those
of the SRF, but with the origin in the CMP of the SSTI-A
antenna. Figure 3 shows the 1° x 1° PCVs of the GOCE
SSTI-A antenna for the ionosphere-free linear combination
of the two GPS frequencies in an azimuth-elevation diagram.
The azimuth angle of 0° coincides with the x-direction of
the ARF/SRF and nominally points into flight direction. The
PCVs are the result of an in-flight calibration performed with
the so-called residual approach (Jaggi et al. 2009). Carrier
phase residuals of the ionosphere-free linear combination
from 154 days within April to September 2009 from the RD
PSO orbit determination have been used for this purpose. For
a more detailed description we refer to Bock et al. (2011).
The SSTI-A antenna PCVs are consequently used in the PSO
procedure (see Sect. 4.2). The corresponding numerical val-
ues of the PCVs (in ANTEX format, Rothacher and Schmid
2010) as well as the entire time series of the CoM coordi-
nates (listed with one digit less than in Table 1 or Bigazzi
and Frommknecht (2010)) can be found at http://earth.esa.
int/ GOCE/.

3 GOCE GPS data characteristics

For the first time, 1 Hz GPS data on 12 channels are available
for POD of a gravity field mission. The officially available
data sets for both CHAMP (Reigber et al. 2002) and GRACE
(Tapley et al. 2004) only provide 0.1 Hz on a maximum of ten
channels (see, e.g., Bock 2004). Thanks to the larger num-
ber of tracked satellites, more observations are available per
epoch, which is very helpful, in particular for the kinematic
(KIN) positioning of the GOCE satellite.

Figure 4a shows the number of dual-frequency observa-
tions per epoch and Fig. 4b the corresponding percentages
for a typical day (6 November 2009) extracted from the cor-
responding RINEX (Gurtner 1994) file. Ten or more obser-
vations per epoch are available for about two-thirds of the
epochs. In addition, the GOCE GPS data are hardly affected
by data gaps. Only five observation epochs are missing during
the entire 72-day period. Before data screening, fewer than
2%o of the epochs do not have enough (i.e., <5) observations
to provide a reliable KIN position estimate.

Time tagging of the observations is a special characteris-
tic of the GOCE GPS data. In principle, the observations are
sampled at a 1 Hz rate, but the internal clock is not steered to
integer seconds and the observation epochs have, therefore,
fractional offsets. Figure 5a shows these fractional offsets
for the midnight epochs of the 72-day period. The fractional
offset stays constant for about 25-27 h and then jumps by
20 ms (Fig. 5b). The offset had moved by 1 s after 60 days.

These non-steered observation epochs cause no problem
in a precise point positioning (PPP, Zumberge et al. 1997)
mode, provided the GPS orbit and clock information is calcu-
lated at the correct time tags. If the GOCE observations are,
however, used together with other observations, e.g., GPS
ground tracking data for double- or triple-difference process-
ing, a method has to be found to synchronize the observa-
tions (see Sect. 4.1). The resulting KIN positions from both
the RSO and the PSO product are not truly equidistant due
to the free running clock. This has to be taken into account
when using these KIN positions for further processing, e.g.,
for gravity field recovery (Jiggi et al 2011).

4 Orbit generation and results
4.1 Low latency orbits: RSO

An RSO chain (Visser et al. 2009; Bock et al. 2007) was
implemented for the GOCE satellite to support mission oper-
ations. These orbits are used amongst others for external cal-
ibration, geodetic preprocessing of the gradiometer data and
for quick-look gravity field modeling. The RSO chain pro-
vides two orbit types, an RD and a KIN orbit. In addition,
the RSO product contains the observation residuals of both
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Fig. 4 GOCE GPS dual-frequency observations on 6 November 2009 from RINEX file
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Fig. 5 Fractional offsets of GOCE GPS observation epochs at midnight

orbits, quaternion information describing the rotation of the
Earth centered fixed orbit to the Earth centered inertial frame,
as well as a quality report with information about the accu-
racy of both orbits. A summary of the dynamical and mea-
surement models used for the orbit determination is listed in
Table 4.

The processing strategy used to obtain the RD RSO is
largely based on existing POD infrastructure used at DEOS
for CHAMP and GRACE, which is described in detail in van
den IJssel et al. (2003). The core of this infrastructure is the
GEODYN software, kindly provided by the NASA Goddard
Space Flight Center (Pavlis et al. 2006). The POD strategy is
based on a triple-difference approach and uses ionospheric-
free GPS phase observations along with rapid GPS orbits
computed by the International GNSS Service (IGS, Dow
etal. 2009). The orbits are computed using 30 h batches, with
6 h overlaps between subsequent orbits. The resulting RSO,
however, is cut to daily 24 h solutions and contains position
and velocity information with a 10 s sampling. Due to the
fractional offsets of the GOCE GPS observations to the inte-
ger second (see Sect. 3), a simple splines interpolation is used
to interpolate the GPS phase observations to integer seconds.
The resulting 1 Hz data is down-sampled to 30 s, which is
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the data rate of the ground station network used in the triple-
differencing scheme. This network consists of 35 more or
less homogeneously distributed IGS ground stations. Due
to the drag-free flight of the GOCE satellite, no a priori
non-gravitational force models are applied; 15 min piece-
wise constant empirical accelerations are estimated in three
orbital directions instead to account for DFACS residuals and
remaining model errors. Due to latency requirements, no use
is made of the gradiometer common-mode accelerations.
The KIN orbit is computed using the GHOST software,
which was developed at the Deutsches Zentrum fiir Luft- und
Raumfahrt in close cooperation with DEOS (van Helleputte
2004). The POD strategy is based on an undifferenced
approach, using rapid GPS orbits and 30 s clock corrections
computed by the Center for Orbit Determination in Europe
(CODE, Dach et al. 2009). This approach was already suc-
cessfully used for POD of, e.g., MetOp-A (Montenbruck et al.
2008). The KIN orbit processing is done in 24 h batches and
the resulting orbit consists of position information only, with
a | s sampling. Both the RD and the KIN RSO use attitude
information from the star tracker quaternions. Figure 6 shows
the deviations between the actual and the nominal roll- and
yaw axes for an example day. The deviations for the pitch
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Table 4 Summary of dynamical and measurement models employed for the orbit determination of GOCE

Item GEODYN (RD RSO) GHOST (KIN RSO) Bernese GPS Software
(RD and KIN PSO)
GPS measurement  Triple differenced ionosphere-free Undifferenced ionosphere-free Undifferenced
model phase igs05.atx? phase igs05.atx ionosphere-free phase
igs05.atx
GOCE PCOs GOCE PCOs GOCE PCOs + PCVs
IGS rapid GPS CODE rapid GPS CODE final GPS
ephemerides ephemerides ephemerides
and 30 s clocks and 5 s clocks®
30 h arc length 24 h arc length 30 h arc length
Elevation cut-off 0°(10° for Elevation cut-off 0° Elevation cut-off 0°
ground stations)
10 s sampling 1 s sampling 10 s/1 s (RD/KIN) sampling
Tropospheric refraction scale bias per ground station
per 30 h arc using Niell° GPS mapping functions
Gravitational EIGEN-55¢ (150 x 150) EIGEN-5S (120 x 120)
forces

Solid Earth, pole and ocean tides
(IERS2003¢, FES2004")
Luni-solar-planetary gravity (DE405¢8)

Non-gravitational
forces

No drag and radiation force model

Empirical constant
RTNM-accelerations at 15 min
intervals, constraints: along-track,
cross-track 40 um/sz, radial
40 nm/s?

ITRF2005'/IGS05

IERS2003 reference frame
transformations

IGS rapid ERPs

GOCE star tracker

quaternions for attitude
Batch least squares

Reference frame

Estimation

Batch least squares

Solid Earth, pole and ocean
tides (IERS2003, FES2004)
Luni-solar-planetary gravity

(DE405)
N/A for KIN RSO N/A for KIN PSO
No drag and radiation force model
Empirical constant
RTN-accelerations per 30 h arc;
RTN-accelerations at 6 min
intervals, constraints: 20 nm/s2
N/A for KIN RSO N/A for KIN PSO
ITRF2005/1GS05 ITRF2005/1GS05
N/A for KIN RSO IERS2003 reference frame
transformations
CODE rapid ERPs CODE final ERPs
GOCE star tracker GOCE star tracker

quaternions for attitude quaternions for attitude

Batch least squares

4 Schmid et al. (2007)

b Bock et al. (2009)

¢ Niell (1996)

4 Forste et al. (2008)

¢ McCarthy and Petit (2004)
f Lyard et al. (2006)

2 Standish (1998)

h Radial, tangential, normal
I Altamimi et al. (2007)

axis are not shown, because they are similar to those of the
roll axis. The attitude of the GOCE satellite is controlled by
magneto-torquers only. The satellite is piloted in yaw-steer-
ing mode, which allows the yaw angle (deviations of pitch
and roll axes from nominal) to accumulate up to 6° at the

equator. These variations are larger than for CHAMP and
GRACE, which show variations of 2 and 1°, respectively.
During the 72-day period considered in this article, PCV
maps have not been applied in the RSO processing, since this
was not required for meeting the 50 cm 3D accuracy require-
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Hours of 1 Dec 2009

Fig. 6 Absolute deviations between the actual and nominal roll- and
yaw axes of the GOCE satellite for 1 December 2009
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Fig. 7 RMS values (cm) in radial, along-track, cross-track and 3D for
differences between RD and KIN RSO; 31 October 2009 to 10 Jan-
uary 2010; mean offsets: radial 1.44, along-track —0.35, cross-track
—3.96 cm

ment. All processing standards are summarized in the GOCE
Standards document (ESA 2010b).

Figure 7 shows the comparison between the RD and the
KIN RSO. In general, the internal consistency is around
10 cm (3D). The largest differences occur in cross-track
direction, due to the large effects of the PCVs (Fig. 3) in
this direction (see also, Bock et al. 2011). A big outlier is
visible from 3 to 8 December 2009, with orbit differences of
up to 47 cm. Around this time, the CODE rapid clock cor-
rections were not available (Dach 2009), instead rapid IGS
clock corrections were used in the KIN RSO processing. Due
to the reduced 5 min sampling of the IGS rapid clock product
compared to the 30 s sampling of the rapid CODE clock cor-
rections, the accuracy of the KIN solutions is greatly affected
by the required interpolation, especially in the radial direc-
tion. Other outliers are due to occasional sub-optimal data
editing of the KIN orbits.

Figure 8 gives an overview of the RSO product latency for
the entire 72-day period. For most days, the RSO product is
available around 12 h after the availability of the GOCE data,
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Fig. 8 RSO product latency for the 72-day period

which means that the RSO easily meets the latency require-
ment of 1 day after data availability. Again, a big outlier is
visible from 3 to 8 December 2009, showing that it took a
few days to change the KIN processing temporarily to use
rapid IGS clock corrections instead of CODE rapid clock cor-
rections. In general, the latency is largely determined by the
waiting time for the auxiliary GPS data, and the actual RSO
computation time is approximately 2 h on a standard linux
PC. Other outliers are usually due to non-nominal deliveries
of the GOCE data, with a maximum 3 days of waiting time
for missing GOCE data. Periods of relatively short latencies
visible around 19 November and 10 January are due to late
deliveries of the GOCE data, where the latency is no longer
determined by the availability of the auxiliary GPS data.

4.2 Post-processed orbits: PSO

The GOCE PSO (Bock et al. 2007; Visser et al. 2009) is used
for the final Level 2 processing within the HPF. The orbits are
primarily used to accurately geolocate the gravity gradients
and to recover the long wavelength part of the Earth’s gravity
field (Pail et al. 2011).

The GOCE orbit determination procedure at ATUB (Bock
et al. 2007) is based on undifferenced processing of the GPS
observations and uses the so-called PPP method. The pro-
cessing is done with a tailored HPF version of the Bernese
GPS Software (Dach et al. 2007). Table 4 lists the dynam-
ical and measurement models used for the orbit determina-
tion. The entire processing standards are summarized in the
GOCE Standards document (ESA 2010b) and a description
of the contents of the orbit product can also be found in the
GOCE Level 2 Product Data Handbook (ESA 2010a). The
two orbit types, RD and KIN, are results of one process-
ing run. The data screening is done only once and the same
observations (except for the sampling) are used for both solu-
tions.

The method to generate RD orbits for LEOs with the Ber-
nese GPS Software has already been successfully used for
POD for several LEOs, e.g., CHAMP (Jiaggi et al. 2006),
GRACE (Jdggi et al. 2007), TerraSAR-X (Jdggi et al. 2009),
and MetOp-A (Montenbruck et al. 2008) and is described in
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Fig. 9 RMS values (cm) in radial, along-track, cross-track and 3D for
differences between RD and KIN PSO; 31 October 2009 to 10 January
2010
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Fig. 10 Example for differences in radial, along-track and cross-track
direction between RD and KIN PSO; 1 December 2009

detailin Jdggietal. (2006). KIN orbits (Svehla and Rothacher
2005) have also already successfully been generated with the
Bernese GPS Software and have been used for gravity field
recovery (see, e.g., Gerlach et al. 2003; Prange et al. 2010). A
band-limited part (&4 epochs) of the full covariance matrix
of KIN positions is derived in the course of the KIN orbit
determination.

The orbit processing is performed in 30 h batches leading
to 6 h overlaps between subsequent days. For the final PSO,
however, the orbits are cut to the central 24 h. KIN positions
are only provided for the final product if five or more simul-
taneous GPS observations are available after data screening.
This leads on average to 0.5% of missing KIN positions,
implying that the time series of the KIN positions are almost
continuous.

The processing time for the PSO is about 3 h on a standard
linux PC. Under normal conditions of data availability, the
PSO product is delivered 7—10 days after data collection on
the satellite.

'I —+—radial ——along-track —+— cross—track —+— 3—D|

Dec10 Dec20 Jan1 Jan10

No.v 1 N0\‘/ 10 N0\‘/ 20 De.c 1
Date in 2009/2010

Fig. 11 RMS values (cm) for 5 h overlaps of RD PSO solutions

Figure 9 shows the RMS values for the differences
between RD and KIN orbits for the 72-day period. The dif-
ferences are evaluated every 10 s (by propagating the RD
to the observation epochs of the KIN positions) and epochs
with orbit differences larger than 1 m are neglected for this
statistic. The number of neglected epochs is 60 for the entire
time period. If these epochs would be consecutive, this would
correspond to a maximum of 10 min (60 x 10 s) of proba-
bly erroneous KIN positions. This is a very small number
compared to the length of the considered time period. The
mean of the 3D RMS values is 1.82 cm, which confirms an
excellent consistency between RD and KIN orbits. No sig-
nificant offsets were detected between the two orbit types.
Figure 10 shows typical orbit differences. Small jumps in
the kinematic orbits may occur, e.g., at about 08:30 hours.
This may happen after a short data gap leading to a new
initialization of all phase ambiguities. Note that the com-
parison between RD and KIN orbits does not give infor-
mation about the orbit accuracy. The comparison, however,
shows that the data quality is very good for the entire data
period, because KIN positioning is very sensitive to data
problems.

The analysis of the overlaps of subsequent orbits provides
another internal quality check. Thanks to the 30 h batch
processing, 6 h overlaps may be used. To avoid boundary
effects, we only consider the central 5 h (21:30-02:30 hours)
of these overlaps. Figure 11 shows the RMS values for the
overlaps of the RD PSO solutions. The mean of the 3D
RMS values is 0.55 cm. These results confirm the good
consistency and quality of the orbit determination proce-
dure.

4.3 Comparison of RSO and PSO

The RSO and the PSO are compared to study the consis-
tency of the two products. It has to be emphasized that the
low latency solutions are optimized for the quick delivery
and not for the best possible result with the involved soft-
ware packages. As shown by Montenbruck et al. (2008),
the orbits from DEOS are at the same level of accuracy
as the AIUB solutions when the same input data are used
and the same requirements are met on both sides.
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Fig. 12 3D RMS values (cm) for differences between RSO and PSO

Figure 12 shows the 3D RMS values for the differ-
ences between the RD orbits (Fig 12a, mean offset: radial
—1.22 cm, along-track 0.39 cm, cross-track 2.43 cm) and
between the KIN orbits (Fig 12b, 0.24, 0.04, 6.37 cm). The
differences between the RD RSO and PSO are below 10 cm
and the KIN RSO is, except for some days, at the level of
10 cm with respect to the PSO. Outliers in the comparison
between the RD RSO and PSO, e.g., on 9 January 2010, are
usually due to data gaps. Due to late data dumps, data gaps in
the RSO processing may not be present in the PSO. When a
data gap is present in both solutions, the propagation during
such a gap may also lead to larger differences. The reasons
for the reduced quality of the KIN RSO on some days have
been already given in Sect. 4.1. The mean cross-track offsets
in both comparisons are caused by the cross-track orbit shifts
of the PSO due to the empirical PCVs (Bock et al. 2011) used
in the PSO but not yet in the RSO processing. The mean radial
offset between the RD RSO and the RD PSO of more than
1 cm may be an indication for uncertainties in the antenna
offset vectors. The RD RSO is a more dynamic orbit solution
than the RD PSO and therefore sensitive to such errors.

Nevertheless, the comparison shows good consistency
between the RSO and PSO. The RSO has despite its low
latency requirements a very good quality and considering
the accuracy of the PSO (see Sect. 5) it can be concluded
that the RSO meets the accuracy requirement of 0.5 m with
a large margin.

5 Validation with SLR measurements

The International Laser Ranging Service (ILRS, Pearlman
et al. 2002) provides SLR measurements to the GOCE satel-
lite. The SLR tracking of the satellite is challenging due to its
low altitude resulting in a high velocity and very short passes
over the stations (3—4 min). ESA and AIUB (Jédggi et al.
2010) provide predictions to the [ILRS community to support
well-distributed and regular tracking by the SLR stations.
The SLR measurements are used for an independent val-
idation of the GPS-derived orbits. The importance of this
independent validation in the case of GOCE is documented
in Bock et al. (2011). The significant improvements due to
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the use of the empirical PCVs could be demonstrated with
the SLR validation.

The LRR array consists of several reflectors. Therefore,
a nadir-dependent correction of the ranges has to be per-
formed. Together with the CoM offsets of the LRR array,
these corrections can be found in Bigazzi and Frommknecht
(2010). The differences between the SLR measurements and
the GPS-derived ranges between the satellite and the SLR
tracking stations are shown in Figs. 13 and 14 for the four
different orbit types. SLRF2005 (http://ilrs.gsfc.nasa.gov/
working_groups/awg/SLRF2005.html) coordinates are used
for the SLR stations and residuals larger than 20 cm are
removed. The residuals are sorted in ascending (dusk) and
descending (dawn) passes, because only these passes occur
due to the sun-synchronous orbit of the satellite. The sep-
aration between ascending and descending passes is made
to identify possible problems in one of the two pass types,
which was very helpful in the beginning of the mission. The
distribution of passes has been very inhomogeneous during
the commissioning phase of the mission (not shown here).
Before correcting for the PCVs, the cross-track orbit shift
(Bock et al. 2011) showed up with different sign in ascend-
ing and descending passes (Jiggi et al. 2010) depending on
the azimuth and elevation of the SLR measurement. Table 5
summarizes the statistics of the validation, which no longer
shows specific differences between ascending and descend-
ing passes. The numbers in Table 5 confirm that the mission
requirements for both orbit products are met. The RSO qual-
ity is better than 10 cm, which is far below the requirement of
50 cm. The accuracy of the PSO is at the 2 cm level, though
a quite large offset of 0.88 cm is still present in the data.
Comparisons of the PSO with more dynamical orbits could
be very helpful to find the reason for it.

6 Summary and conclusions

GOCE, the first Earth explorer core mission from ESA,
is now in orbit since more than 1 year. The orbit genera-
tion based on GPS observations from the onboard Lagrange
receiver has been established within the GOCE HPF. DEOS
and AIUB are delivering the RSO and the PSO, respectively,


http://ilrs.gsfc.nasa.gov/working_groups/awg/SLRF2005.html
http://ilrs.gsfc.nasa.gov/working_groups/awg/SLRF2005.html
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SLR Residuals for GOCE (RD RSO orbit)
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Fig. 13 SLR residuals for RSO

on a routine basis. First orbit results of a 72-day period in
2009 and 2010 were presented here. The almost continuous
1 Hz data availability from the 12-channel space-borne GPS
receiver is unique and allows for a time series of KIN posi-
tions with only 0.5% of missing epochs.

The RSO and PSO generation procedures were briefly
recapitulated and the different characteristics and used mod-

els were summarized. The RSO results show that the low
latency (1 day) as well as the accuracy requirements (0.5 m)
are easily met. The accuracy was found to be better than
10 cm. The consistency of the RSO and PSO is also at
this level. The excellent internal quality of the PSO is
underlined by the mean 3D RMS values of the differences
between RD and KIN PSO with 1.82 cm and for the overlap

@ Springer



816 H. Bock et al.
SLR Residuals for GOCE (RD PSO orbit)
__ 200 T T T T
€ : :
£ : : : : : .
= 100 | e g ............... | Ascending
1] o N
] A :
% itk i B | L :
c_cg or ‘# jﬁn "FE !%d“'iﬁ? !E """ Esn | 'g.!!ﬁ! ﬂ i ------ = Yarragadee
-_g = Mt. Stromlo
3 : : = Greenbelt
-100
as = Hartebeesthoek
Zimmerwald
o Herstmonceux
—_ _388 = Monument Peak
£ = Changchun
E : : o Potsdam
’cm? 100 o Graz
[} : : = Concepcion
e N N
e P o : o Matera
© 0 . - o Koganei
3 : :
'g : :
-100 : :
. Descending
—200 L1 i i i
NOV 01 DEC 01 JAN 01
Date in 2009/2010
(a) RD PSO
SLR Residuals for GOCE (KIN PSO orbit)
_ 200 T T T T
£ : :
E .
< 100 Ascending
8
(%]
© 0 » Yarragadee
;S » Mt. Stromlo
g = Greenbelt
-100
o * Hartebeesthoek
Zimmerwald
_200 o Herstmonceux
= Monument Peak
— 200 T T T T
IS : : = Changchun
£ s Potsdam
’8‘ 100F-- - D —| o Graz
3 T E i E (O F 8 N é 3 o ’\Cﬂo?cepcion
- p ] - ; ] i M h ° Matera
2 ol f...,fll ettt g L i T TR L IO Il
3 5 :
8 ool :
o Descending
—200 i 1 i ]

NOV 01 DEC 01 JAN 01
Date in 2009/2010
(b) KIN PSO

Fig. 14 SLR residuals for PSO

analysis of the RD orbits with 0.55 cm. The independent

SLR validation states an accuracy at the level of 2 cm

o L for the PSO, which corresponds to the mission require-

Table S Statistics of SLR validation

ment.
Orbit Mean (cm) RMS (cm)
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