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Abstract
The ESA GOCE satellite carried a gravity gradiometer consisting of three pairs of accelerometers on mutually orthogonal
axes. For each accelerometer, bias and scale factors have been re-estimated by a dynamic precise orbit determination (POD)
using improved gravity field modeling and standards. The kinematic orbit solution included in GPS-based Precise Science
Orbit (PSO) product served as the baseline observables for 1210 daily arcs, covering the period from 1 November 2009 to
20 October 2013. Implementing improved force models almost completely resolved the deviations of the Y-axis scale factor
obtained in earlier work (Visser and Ijssel 2016). A novel aspect is the verification by comparison with dynamic POD solutions
based on SLR observations using 51 two-day orbital arcs. A high level of consistency was obtained between the kinematic
PSO- and SLR-based accelerometer calibration parameters, e.g. within 0.01 nm/s2 for the X-axis pointing predominantly in
the flight direction in terms of bias. One set of accelerometer scale factors was estimated for the entire mission. These were
found to be consistent to within 0.005 for all accelerometer axes. The three-dimensional consistency between the dynamic
orbits and the PSO reduced-dynamic orbit solutions has a mean Root-Mean-Square (RMS) of 4.5 and 10cm, respectively, for
the PSO reduced-dynamic and SLR-based dynamic orbit solutions. In addition, the one-dimensional RMS-of-fit of the PSO
kinematic orbit solution improved significantly from 6.9 in Visser and Ijssel (2016) to 2.6 cm.

Keywords GOCE · Accelerometer · Calibration · Precise orbit determination · Bias · Drift · Kinematic orbits · GPS · SLR

1 Introduction

TheGravityfield and steady-stateOceanCirculationExplorer
(GOCE) was the first European Space Agency (ESA) Earth
Explorer satellite, launched on 11 March 2009 (Balmino
et al. 1999). More than four years of successful mission
operations ended on 11 November 2013, when GOCE re-
entered the atmosphere. The primary payload of GOCE was
the gravity gradiometer, consisting of three pairs of elec-
trostatic accelerometers on three mutually orthogonal axes,
aligned predominantly with the flight (X -axis), cross-track
(Y -axis) and radial (Z -axis) directions, with an arm length
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of about 50cm (distance between two accelerometers on the
same axis), and centered around the spacecraft’s center-of-
mass. The gradiometer was designed to provide high-quality
observations in a frequency range of 5-100mHz. For mission
success, it was essential to very precisely calibrate the scale
factors of the accelerometers, for which an on-orbit shak-
ing procedure was implemented (Cesare and Catastini 2005).
The gradiometer provided the observations for deriving very
precise Satellite Gravity Gradient (SGG) measurements in
the above mentioned frequency range, for which there was
no direct need to know the accelerometer biases. How-
ever, the gradiometer also provides observations for deriving
the so-called common-mode accelerometer measurements
which are needed together with the Global Positioning Sys-
tem (GPS) Satellite-to-Satellite Tracking (SST) observations
for estimating the low-degree spherical harmonic gravity
field coefficients (Pail et al. 2011). To this aim, precise val-
ues for the common-mode accelerometer biases are to be
established or estimated as well, which is typically based
on Precise Orbit Determination (POD) using GPS observa-
tions, either directly from SST observations or from very
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precise kinematic orbit solutions (Visser and Ijssel 2016).
The common-mode accelerometer observations are obtained
by taking the average of the observations of accelerometers
1 and 4 for the X-axis, 2 and 5 for the Y-axis, and 3 and 6 for
the Z-axis (Fig. 1).

Whenproducing gravity fieldmodels typically accelerom-
eter calibration parameters are estimated together with the
gravity field coefficients and often also many nuisance
parameters (for example so-called empirical accelerations).
In that case, the aim is to obtain the best possible gravity
field solutions and not so much to obtain the best possi-
ble accelerometer calibration parameters. The accelerometer
calibration parameters will then typically be less reliable
because there will also be an interplay/correlation with the
nuisance parameters and the primary objective is to avoid
that non-gravitational signals end up in the gravity solutions.
Having reliable accelerometer calibrationparameters is a pre-
requisite for deriving thermosphere mass density and winds
from the accelerometer observations (Siemes et al. 2023).

In Visser and Ijssel (2016) it was shown that precise
accelerometer calibration parameters can be obtained for all
individual accelerometers after applying center-of-mass off-
set corrections, which are necessary because of the angular
motion of the GOCE satellite and because of gravity gradi-
ents. The estimated daily accelerometer biases were found
to be consistent with those obtained for the common-mode
accelerometer observations and also with the biases of the
SGG observations. In addition, the different behavior of the
individual accelerometers could be observed, with distinct
differences for the sensitive and less sensitive axes. More-
over, the proper calibration of the accelerometers by the
on-board shaking procedure could be confirmed for the X -
and Z -axis scale factors. The scale factor for the Y -axis was
found to be deviating by about 0.03, suspected to be due to
remaining dynamic force model errors.

The availability of improved Precise Science Orbit kine-
matic solutions (Arnold et al. 2023) and improved (pseudo-
)static and temporal gravity field models, such as GOCO06s
and EIGEN-GRGS.RL04.MEAN-FIELD (Kvas et al. 2021;
Lemoine et al. 2019) triggered a reprocessing of the POD-
based accelerometer calibration. In addition, updated IERS
standardswere employed (Petit and Luzum 2010) and amore
recent ocean tidesmodelwas used in the orbit determinations,
GOT 4.10 (Ray 2013).

In addition to a GPS receiver for high-low Satellite-
to-Satellite tracking, GOCE is equipped with laser retro-
reflectors (LLR) for Satellite Laser Ranging (SLR). Typ-
ically, SLR observations are used for validating the GPS-
based precise orbit solutions (Arnold et al. 2023). However,
the SLR observations can be used for precise orbit deter-
mination as well and early work showed promising results
for the Low-Earth Orbiting (LEO) CHAMP satellite, where
improved results were obtained when using accelerometer

observations to represent the non-gravitational accelerations
(Bruinsma et al. 2003). Therefore, SLR-based dynamic POD
was used for an independent verification of the GPS or PSO-
based dynamic POD accelerometer calibration results. At the
same time, an assessment could be made of how precisely
GOCE orbits can be computed using the relatively sparse
SLR tracking of this very low flying satellite.

An overview of the used data sets, including SLR obser-
vations, is presented in Sect. 2. The methodology, including
the setup used when processing SLR observations, is sum-
marized in Sect. 3. Results and conclusions are provided in
Sects. 4 and 5, respectively.

2 Observations

As described in Visser and Ijssel (2016), the kinematic
PSO solutions have been used as the observations for the
estimation of accelerometer calibration parameters. These
kinematic PSO solutions consist of time series of X , Y , and
Z coordinates in an Earth-centered, Earth-fixed (ECF) ref-
erence frame and can be seen as a condensed set of the
original GPS SST pseudo-range and carrier phase observa-
tions, where no use is made of force models for the LEO
satellite. Use has been made of the official GOCE version
0201 release of the SST_PSO product (ESA 2025; Arnold
et al. 2023), which includes kinematic orbit solutions with an
interval of 1 s for the time series of coordinates. For theGOCE
accelerometer observations and the attitude quaternions, use
has been made of the official GOCE version SST_PSO 0202
release of the EGG_CCD and EGG_IAQ products, which
provide time series with a nominal time interval of 1 s as
well (ESA 2025). Please note that themerged attitude quater-
nion product was used, which is based on a combination of
star tracker observations and rotational motion derived from
the accelerometer observations. It is noted that the merged
quaternion product is obtained by low-pass filtering the star
tracker observations and using the differential accelerometer
observations for the higher frequencies (Frommknecht et al.
2011). This means that accelerometer biases do not affect the
attitude quaternion product. Moreover, it will be shown in
Sect. 4.2 that the scale factors have been properly calibrated.
The selected data cover the entire period of GOCE science
operations from 1 November 2009 to 20 October 2013.

The six accelerometers of the gradiometer are schemati-
cally displayed in Fig. 1 (see also Visser (2009) and Visser
and Ijssel (2016)). The locations of the accelerometers are
indicated along the X -, Y - and Z -axes of the Gradiometer
Reference Frame (GRF). For each accelerometer, the two
ultra-precise axes and one less precise axis are indicated.
The attitude quaternions provide the information for rotating
the accelerometer observations from the GRF to the J2000
reference frame.
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Fig. 1 Configuration and naming convention of the three orthogo-
nal pairs of accelerometers that form the GOCE gravity gradiometer.
Note the arm lengths of about 50.0 (Y - and Z -axes) or 51.4 cm (X -
axis)(Cesare and Catastini 2005)). The sensitive and less sensitive axes
are indicated as well (respectively, by the solid and dashed arrows)

Satellite Laser Ranging (SLR) observations in the form
of normal points were taken from the International Laser
Ranging Service (ILRS) Crustal Dynamics Data Information
System (CDDIS) and EUROLASData Center (EDC) servers
(Pearlman et al. 2019;Noll et al. 2019). The usedGOCESLR
observations were collected by 20 stations, which are dis-
played in Fig. 2. The SLR data also cover the full GOCE
operational mission period from 1 November 2009 to 20
October 2013, although the tracking by SLR is in general
quite sparse: the number of observations per day is very vari-
able and can range from zero to more than 200.

3 Methodology

For the PSO-based accelerometer calibration, the samemeth-
ods are used as described in Visser and Ijssel (2016).
Accelerometer biases and scale factors were estimated for
both the common-mode and individual accelerometer obser-
vations, where the latter need to be corrected for rotational
and gravity gradient terms. The associated corrections were
computed in exactly the same way as in Visser and Ijssel
(2016), Equations (1)-(5), with the exception that for the
gravity gradient terms a more recent gravity field model was
used (Table 1). The fundamental equation from Visser and
Ijssel (2016) representing the accelerometer observations is
included here for easy reference:

d = S−1
i (aobs,i − bi − εi ) − (� + R)xi (1)

where d represents the linear nog-gravitational accelerations,
Si represents the 3×3 diagonal scale factormatrix, and aobs,i ,
bi , εi , respectively, the three-dimensional vectors of obser-
vations, biases and observation errors, all for accelerometer
i (i=1,..,6). It is noted that a diagonal structure for the scale
factor matrix is used since the off-diagonal elements are
expected to be very small due to the use of already cali-
brated accelerometer data (Siemes et al. 2019).Moreover, the
requirement for the combination ofmisalignments and cross-
coupling terms is that they are below 1.3×10−4 (Cesare and
Catastini 2005). In fact, it is expected that the scale factors
are very close to unity. The gravity gradient tensor andmatrix
with rotational terms are represented by � and R. The off-
set of accelerometer i with respect to the satellite’s center of
mass is indicated by xi . It is noted that for computing this
offset the precisely known values for the arm lengths have
been used (included in Table 1). It is assumed that the center
of the gradiometer coincides with the center-of-mass of the
satellite (Floberghagen et al. 2011).

Asmentioned inSect. 1, for the reprocessing usewasmade
of the improved (pseudo-)static and temporal gravity field
models EIGEN-GRGS.RL04.MEAN-FIELD or GOCO06s
(Kvas et al. 2021; Lemoine et al. 2019). The EIGEN-
GRGS.RL04.MEAN-FIELD model includes trend, annual
and semi-annual gravity field coefficients with different
validity periods (including the period of GOCE science mis-
sion operations). For obtaining the time variable gravity field
coefficients of this gravity field model, use was made of a fit-
ting process of the GRACE monthly gravity field solutions.
The GOCO06s model also includes temporal gravity field
terms, but only one set of trend and annual gravity field coeffi-
cients. In addition, theGOT4.10modelwas used to represent
the perturbing GOCE accelerations caused by ocean tides
(Ray 2013). The GRACE de-aliasing product release 6 from
the Helmholtz GeoForschungsZentrum (GFZ) was selected
to represent further additional field changes caused by the
oceans and atmosphere (GRACE2018; Dobslaw et al. 2017).
It is noted that the accelerometer measurements in principle
capture the non-gravitational accelerations that are left by
the Drag-Free Control (DFC) resulting in very small remain-
ing accelerations along especially the X -axis (c.f Figure 2 in
(Visser and Ijssel 2016)). The most recent publicly available
GEODYN version 1911 (Nicholas et al. 2025; NASA 2025)
was used for the POD (Pavlis et al. 2015), allowing the adop-
tion of updated IERS standards, e.g., for polar motion (Petit
and Luzum 2010). An overview of the adopted standards and
dynamic models is included in Table 1.

GOCEwas also equippedwith laser retro-reflectors allow-
ing SLR. Typically, SLR observations are used for quality
checking the orbit solutions based on the GPS SST tracking
observations. The consistency with the SLR observations is
at a level of about 1.8 and 2.4 cm for the reduced-dynamic
and kinematic PSO solutions (Arnold et al. 2023). As men-

123



21 Page 4 of 12 P.N.A.M. Visser et al.

Fig. 2 Global network of SLR stations selected for GOCE. The visibility circles are indicated for an elevation cutoff angle of 10◦. The names of
the selected stations are included on the right

tioned above, the SLR tracking is quite sparse for GOCE.
However, only a few parameters need to be estimated in
the POD-based accelerometer calibration. For GOCE, typi-
cally only the initial state (begin position and velocity) and
accelerometer biases per axes are estimated, i.e. nine param-
eters in total (Visser and Ijssel 2016) per orbital arc. It has
been shown that accelerometer scale factors can be esti-
mated as well for longer periods if such periods include orbit
maneuvers, which would mean three additional parameters.
Given the small number of estimated parameters, it is inter-
esting to explore the possibility for estimating accelerometer
calibration parameters by SLR-based POD. This allows a
verification of the GPS- or kinematic PSO-based estimation.
The concept of SLR-based POD using accelerometer obser-
vations for representing the non-gravitational accelerations
was already tested a few decades ago for CHAMP (Bru-
insma et al. 2003). The state-of-the-art at that time resulted
in a Root-Mean-Square (RMS) of fit of around 17cm for the
SLR observations and a three-dimensional RMS of orbit dif-
ferences of around 8m with GPS-based orbit solutions. For
CHAMP, use was made of orbital arcs with a duration of
2 days for which the average number of SLR observations
was about 375. For GOCE, use was made of two-day arcs
as well in order to have a sufficient number SLR tracking
observations for the parameter estimation (see also Sect. 4).

SLR station coordinates were derived from ITRF2020
(Altamimi et al. 2023), with station displacements caused
by ocean loading based on the FES 2014 ocean tides model
(Lyard et al. 2021) using the Chalmers loading calcula-
tor (Chalmers 2025). Furthermore, tropospheric corrections,
the SLR center-off-mass offset in the Satellite body Fixed
Frame (SRF) and a geometric LLR correction were taken
into account (Table 1). It is noted that the GOCE center-
of-mass changes due to fuel consumption were taken into
account for deriving the SLR center-of-mass offset. Table1

includes the associated values at the start (BOL) and end of
the mission (EOL).

4 Results

The several updates mentioned in Sect. 3 were implemented
andused for estimating anewset ofGOCEcalibrationparam-
eters for both the common-mode and individual accelerom-
eters. As outlined above, an extra set of accelerometer
calibration parameters was derived using SLR observations.
In the baseline approach, only biases are estimated for the
accelerometers (Sect. 4.1). In addition, accelerometer scale
factors have been estimated as well for the entire period of
GOCEscience operations (Sect. 4.2). The results discussed in
this section have nominally been obtained using the EIGEN-
GRGS.RL04.MEAN-FIELDgravity fieldmodel complete to
degree and order 200.

4.1 Accelerometer biases

First, accelerometer biases were estimated using the kine-
matic PSO solutions. In total, 1210 daily arcs were identified
without gaps in the GPS, accelerometer and star tracker data
larger than 15 min, compared to 1213 daily arcs in Visser
and Ijssel (2016). Three more days were deselected because
of gaps in the reprocessed kinematic PSO solutions. It is
noted that a uniform weighting scheme was adopted, where
all kinematic coordinates are weighted equally. A 5σ data
editing was applied in the POD, which means that kinematic
coordinates were eliminated for which the absolute observa-
tion residuals are larger than 5 times the RMS-of-fit. On the
average, this resulted in eliminating 0.2% of the kinematic
coordinates with a minimum of 0% and a maximum of 3.6%
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Table 1 Standards and models used for the GOCE orbit and SLR data
reduction and estimation of accelerometer bias parameters

Reference System

Polar motion and UT1 IERS EOP 05 C04 (IAU2000A)
series with IERS 2010 daily and
sub-daily corrections

Precession & Nutation model IERS Conventions 2010 (Petit and
Luzum 2010)

Dynamic models

Gravity field EIGEN-GRGS.RL04.MEAN-
FIELD or GOCO06s complete to
degree and order 200 including
time variable gravity field terms
(Kvas et al. 2021; Lemoine et al.
2019)

Solid Earth tides IERS Conventions 2010 (Petit and
Luzum 2010)

Pole tide IERS Conventions 2010 (Petit and
Luzum 2010)

Ocean tides GOT 4.10, update to Ray (1999,
2013)

Third bodies Sun, Moon, Venus, Mars and
Jupiter (DE-405) (Standish 1998)

Atmosphere and ocean GRACE de-aliasing product
release 6 from GFZ (GRACE
2018; Dobslaw et al. 2017)

Gradiometer

Arm length 514.01350/499.89000/500.20100
(X/Y/Z/ mm)

SLR

Observations Normal points from EUROLAS
Data Center (EDC) and NASA
Crustal Dynamics Data
Information System (CDDIS)
(Noll et al. 2019)

Station coordinates SLRF2020 derived from
ITRF2020 (Altamimi et al. 2023)

Ocean loading SLR station coordinates are
corrected for ocean loading using
the Chalmers loading calculator
(Chalmers 2025) with the
FES2014 tide model (Lyard et al.
2021)

Laser Retro-Reflector Offset with respect to
center-of-mass (SRF)

(LRR) BOL 17/03/2009 (X/Y/Z mm):
2407.6/−3.6/558.0

EOL 11/11/2013 (X/Y/Z mm):
2370.6/−3.6/558.0

SLR geometric correction Offset LRR optical center with
respect to LRR reference point
along the Z -axis of the satellite
body fixed frame: −1.9 cm

Troposphere correction According to (Mendes et al. 2002)

Elevation angle cutoff 10◦

toward the end of the GOCE science mode operations when
solar activity was high (see also below).

The resulting time series of the biases are displayed in
Figs. 3 and 4. These Figures include estimates of a bias at the
epoch of 1 November 2009 and a bias drift for each axis
obtained by a linear regression of the daily values. Note
that these Figures also implicitly show how the selected
days cover the GOCE period of science mode operations,
including a gap in the summer of 2010 due to an onboard
anomaly. Both values for the individual accelerometers and
for the common-mode accelerations are shown. It can be
observed that the values for the individual accelerometers
and the common-mode accelerations are consistent to a high
level. This is corroborated by the values included in Table 2.
The average of the values in this table in italics should ide-
ally be equal to the ones derived for the common-mode
accelerometer observations. For the X− and Y -axes (pre-
dominantly along-track and cross-track) this is indeed the
case to within 0.012 nm/s2 and 0.0001 nm/s2/day for the
bias and drift. For the Z -axis the consistency is about 1.2
nm/s2 and 0.003 nm/s2/day, respectively. Please note again
that each accelerometer has a less sensitive axis, indicated in
boldface, reflected also bymuch higher bias and drift values.

As mentioned in Sect. 3, the orbital arcs for SLR have a
duration of two days. Only two-day periods were selected
for which at least 75 SLR observations are available for each
day. This criterion leads to 51 two-day arcs spread out over
all years of GOCE science mode operations. The mean num-
ber of observations is equal to 226, with a minimum of 157
and a maximum of 339. The number of SLR stations varied
between 3 and 10 with an average of about 6. The number
of tracking passes varied between 7 and 18 with an average
of about 12. The SLR station coordinates were kept fixed
and no SLR range biases were estimated. Also for the SLR-
based POD a uniform observation weighting was adopted
and a 5σ data editing was applied in addition to a 10◦ eleva-
tion cutoff (Table 1). A total of 11728 SLR normal points are
available for the selected 51 two-day arcs. The 5σ data edit-
ing resulted in the elimination of 26 observations, i.e. about
0.2%. The 10◦ elevation cutoff resulted in the elimination of
158 observations or about 1.3%. For SLR, only biases for the
common-mode accelerometer observations were estimated.
The PSO-based results show that a similar performance can
be expected for the individual accelerometers in terms of
estimability and POD performance.

Figure 4 and Table 2 include the bias and drift values
for the SLR-based POD as well. The associated values are
very close to the PSO-based values for the X -axis: to within
about 0.01 nm/s2 and 0.0002 nm/s2/day for the bias and drift,
respectively. For the Y - and Z -axes, the differences are about
17 and 50 nm/s2 for the bias, and about 0.03 and 0.0012
nm/s2/day for the drifts obtained by the linear regression.
Although for some accelerometers, the linear model does not
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capture the time series very well, especially at the start of sci-
ence mission operations, the bias differences are, in general,
much smaller than the RMS-of-fit values displayed in Fig. 4,
except for the Y -axis for which the difference is at about the
level of the RMS-of-fit. The RMS-of-fit of the linear regres-
sion for the SLR-based accelerometer biases along the Z -axis
is large at a level of about 100 nm/s2, which shows that the
bias cannot be determined accurately for this direction. This
is confirmed by the formal errors for the estimated biases,
which are typically about a factor 1000 larger for the z-axis
as compared to the formal errors for the X -axis. Also, for
SLR, it can be seen how the selected 51 two-day arcs cover
the GOCE period of science mode operations with relatively
many arcs at the beginning and a decaying number of arcs
closer to the end when GOCE was flying at a significantly
lower altitude. This lower altitude made it more challenging
for SLR stations to track GOCE, and possibly less priority
was given to tracking GOCE by a number of SLR station
operators in the course of the mission.

As mentioned above, the baseline results were obtained
with the EIGEN-GRGS.RL04.MEAN-FIELDmodel, which
includes temporal gravity field coefficients (trend, annual
and semi-annual) with different validity periods, including
the GOCE period of science mode operations. In addition,
the GOCO06s model has been used to process the common-
mode accelerometer observations. The observations used to
produce the GOCO06s model include the entire GOCE data
set. However, only one set of temporal gravity field coeffi-
cients was derived representing the average trend and annual
gravity field changes for a period of 15 years including the
GOCE operational phase. The resulting time series of the
biases are included in Fig. 4. Rather pronounced yearly varia-
tions can be observed for especially theY - and Z -axes, which
are not visible when using the EIGEN-GRGS.RL04.MEAN-
FIELD gravity field model. This result indicates that great
care has to be taken when using temporal gravity field coef-
ficients that are averaged over long periods of time, 15 years
in this case. Larger variability of GRACE and GRACE-FO
accelerometer calibration parameters when using GOCO06s
is also reported in Wöske et al. (2024). It appears that the
averaged annual terms cause annual variations of the esti-
mated biases. The GOCO06s gravity field model results in
accelerometer biases that slightly deviate from the EIGEN-
GRGS.RL04.MEAN-FIELD values to within 0.04 nm/s2 for
the X -axis and about 4.5 and 17 nm/s2 for the Y - and Z -axes,
respectively, within or close to the RMS-of-fit values of the
linear regression.

When taking a close look at Fig. 3, an exponentially decay-
ing trend can be observed during the early phase of the
mission science operations for e.g. the time series of the
Z -bias of accelerometer 5. Such trends can be identified
for other accelerometers as well. When zooming in, a rel-
atively strong exponentially decaying trend was observed

for the X -axis bias of accelerometer 4, included at the
bottom right of Fig. 4. Similar trends are observed for the
GRACE accelerometers (Bettadpur 2009). Possible, but not
conclusive causes are mentioned in Visser and Ijssel (2016),
including possible aging of the instrument electronics or
changing parasitic accelerations due to the gold wire that
connects the accelerometer proof mass with the caging.

Compared to the results reported in Visser and Ijssel
(2016), much lower RMS-of-fit values were obtained for
the linear regressions (Figs. 3 and 4) for the ultra-sensitive
accelerometer axes. For example, for the time series of
common-mode acceleration biases, the RMS-of-fit is equal
to about 0.29, 10.76, and 15.63 nm/s2 for the X -, Y - and
Z -axis, respectively, compared to 0.37, 16.44, and 48.64
nm/s2 in Visser and Ijssel (2016). In addition, the one-
dimensional (1D) RMS-of-fit of the kinematic PSO solutions
improved from about 6.9 to about 2.6 cm, an improvement
of [1 − ( 2.66.9 )

2] × 100 = 85% in terms of variance. The
same average 1D RMS-of-fit value of 2.6 cm was obtained
for all individual accelerometers as well. The mean three-
dimensional (3D) RMS-of-fit is 4.5 cm for the one-day
kinematic orbits using EIGEN-GRGS.RL04.MEAN-FIELD
and varies between 2.7 and 15.4 cm. Figure5 displays the
RMS-of-fit of the PSO-based common-mode accelerometer
calibration as a function of time. It can be observed that the
RMS-of-fit displays a growing trend with time. This is con-
sistent with the increasing RMS of orbit differences between
the PSO reduced-dynamic and kinematic solutions included
in Fig. 5 as well and also reported in Arnold et al. (2023). The
pattern can be explained by the reduced quality of the kine-
matic PSO solutions with growing levels of solar activity and
associated ionospheric scintillations, which is also reflected
by the percentage of missing kinematic PSO epochs, dis-
played in Fig. 5 as well.

For comparison, the 3D RMS of differences between the
SLR-based two-day orbits and the PSO reduced-dynamic
orbit solutions has a mean of 10.0 and varies between 5.0
and 27.6 cm. The two-day SLR fits have a mean of 2.8 cm
with a minimum of 0.9 cm and a maximum of 6.6 cm. Com-
pared to the results reported in Bruinsma et al. (2003), this
shows the impressive improvements in the last two decades
in terms of accelerometer instrument technology and in terms
of force modeling.

Finally, it was mentioned in Sect. 3 that it is assumed that
the center of the gradiometer coincides with the center-of-
mass of the satellite. It has to be noted, however, that the
center-of-mass of the satellite is drifting by about 3.7 cm
along the flight axis during the period of science mode oper-
ations. For the SLR offset, this drift was taken into account
(Table 1). It was found that shifting the center of the gra-
diometer by 3.7 cm along the X -axis results in a change of
accelerometer bias of about 0.001, 0.1, and 0.5 nm/s2 for the
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Fig. 3 Estimated accelerometer biases (nm/s2) and drifts (nm/s2/day)
for the GOCE accelerometers 1 to 6 for the X -, Y - and Z -axes. Use
was made of 1210 daily arcs with PSO kinematic orbit solutions as

observables. The RMS-of-fit for a linear regression is displayed as well
(nm/s2), together with the bias (epoch 1 November 2009) and drift val-
ues of the linear regression
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Table 2 Comparison between accelerometer bias and drift values
obtained by precise orbit determination using the individual accelerom-
eter observations, with the center-of-mass corrections applied, or
common-mode (CM) accelerometer observations. The values obtained
bySLR-basedPODandusing theGOCO06smodel are included aswell.
The values hold for the linear regression with an epoch of 1 November

2009. Use was made of 1210 daily arcs with PSO kinematic orbit solu-
tions as observables, except for the SLR-based solution where use was
made of 51 2-day periods of SLR observations. The values in italics
are relevant for the common-mode accelerometer observations and the
values in boldface for the less sensitive axes. Finally, the RMS-of-fit
values of the linear regression are also included

Bias (nm/s2) Drift (nm/s2/day) Fit (nm/s2)
X -axis Y -axis Z -axis X -axis Y -axis Z -axis X -axis Y -axis Z -axis

Acc. 1 −327.9295 −13081.0538 54.5841 0.0044 0.1960 −0.0108 0.5613 7.4729 15.9268

Acc. 2 1.9464 3.9028 −20288.1991 −0.0024 0.0058 −1.8234 0.2775 5.6316 52.9811

Acc. 3 −20.2413 −23007.5144 −37.5045 −0.0008 0.9210 −0.0071 0.1810 31.4859 15.3089

Acc. 4 −45.8304 −11229.5017 64.6706 −0.0021 3.3261 −0.0135 0.4561 97.9096 15.3555

Acc. 5 −7.4243 641.1000 −10598.2196 0.0080 −0.1970 1.1881 0.5672 18.8965 241.1277

Acc. 6 −39.9521 −3484.6751 73.9337 −0.0006 −0.0264 −0.0106 0.3475 16.5973 16.0922

CM −186.8807 322.4901 19.4301 0.0012 −0.0956 −0.0092 0.2908 10.7595 15.6252

Average −186.8800 322.5014 18.2146 0.0012 −0.0956 −0.0089

SLR −186.8700 339.2038 −30.4014 0.0010 −0.1227 −0.0080 0.2714 14.0698 96.4819

CM∗ −186.8467 327.0613 2.4589 0.0011 −0.1061 0.0046 0.2886 13.1492 21.3582
∗ GOCO06s

X -, Y -, and Z -axis, respectively, which is much below the
uncertainty level of the estimated biases.

4.2 Accelerometer scale factors

As outlined in Visser and Ijssel (2016), reliable accelerome-
ter scale factors can be estimated by stacking the daily normal
equations for the PSO-based accelerometer calibration. Sim-
ilarly, it is expected this can be done for the two-day normal
equations for the SLR observations. With this approach, one
set of three accelerometer scale factors is estimated for the
period of GOCE science mode operations. Thus, the scale
factors will be based on 1210 daily arcs when using the kine-
matic PSO solutions and on 51 two-day orbital arcs when
using SLR observations.

In Visser and Ijssel (2016), it was found that the scale
factors are very close to one for the X - and Z -axes, but
the scale factor deviates relatively much by 0.03 from one
for the Y -axis. Use was made of the GOCO03s gravity field
model (TUM2025). For producing the GOCO03smodel, the
used GOCE data covers only the first 18 months of the sci-
ence mode operations (November 2009 - April 2011). When
using theEIGEN-GRGS.RL04.MEAN-FIELDorGOCO06s
gravity field models, the deviation of about 0.03 for the Y -
axis scale is reduced to about 0.002 and 0.007, respectively,
when using the common-mode accelerometer observations
(Table 3). For SLR, the common-mode scale factors are equal
to 0.99986, 1.00434, 1.00162 for, respectively, the X -, Y -
and Z -axis using 51 two-day arcs when using the EIGEN-
GRGS.RL04.MEAN-FIELD gravity field model. Thus, very

consistent accelerometer scale factors can be obtained by
using SLR observations for the POD as well.

It is noted that both for the ultra-sensitive and less sensi-
tive axes, the estimated scale factors are very close to one and
no differences in performance can be observed. The quality
of the estimated scale factors is driven by the ratio of the
variance of the non-gravitational accelerations and the noise
level of the accelerometer observations. For the less sensi-
tive accelerometer axes, the noise level is in general orders of
magnitude below the variance of the non-gravitational accel-
erations for the Y - and Z -axes, cf. Figure 2 in Visser and
Ijssel (2016) which shows that this variance for a typical day,
15 November 2009, is about 100 nm/s2 and about 30 nm/s2,
respectively. For most days, this variance is very low for the
X -axis because of the DFC, e.g. only about 1.7 nm/s2 for 15
November 2009. Continuous uninterrupted DFCwould have
made it impossible to estimate reliable accelerometer scale
factors for the X -axis. However, there are several days for
which orbit correction maneuvers are conducted with dura-
tions of several hours and with thrust levels from 200 to 1000
nm/s2, which allows for a reliable estimation of accelerom-
eter scale factors for the X -axes as well. With the uniform
weight, i.e.meaning 1m for the PSOkinematic position coor-
dinates or SLR observations, this leads to formal X/Y/Z -
axis scale factor errors of 0.0000079/0.0001710/0.0002368
and 0.0196289/0.0206502/0.0423002, respectively. Scaling
these formal errors by the RMS-of-fit of the PSO kinematic
position coordinates, 2.6 cm, or the SLR observations, 2.8
cm, leads to formal errors that are orders of magnitude below
(PSO) or at the same order of magnitude (SLR) as the devi-
ations from one reported in Table 3.
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Fig. 4 Estimated accelerometer biases (nm/s2) and drifts (nm/s2/day)
for the common-mode accelerometer observations for the X -, Y - and
Z -axes. Use was made of 1210 daily arcs with PSO kinematic orbit
solutions as observables. The biases estimated using 51 2-day periods

of SLR observations or the GOCO06s model are included as well. The
RMS-of-fit for a linear regression is also displayed (nm/s2), together
with the bias (epoch 1 November 2009) and drift values of the linear
regression

5 Summary and conclusions

Several updates for the estimation of biases and scale
factors of theGOCE individual accelerometers and common-
mode accelerometer observations by POD were imple-
mented. These updates include the use of the EIGEN-
GRGS.RL04.MEAN-FIELDorGOCO06sgravityfieldmod-
els, the GOT 4.10 ocean tides model, updated de-aliasing
products, and updated IERS standards. In addition to the
kinematic PSO solutions as the basic observations in the

POD, also SLR observations were used in a separate process-
ing for estimating GOCE accelerometer calibration parame-
ters.

Accelerometer biases were estimated for a total of 1210
days when using the kinematic PSO solution, and for 51 two-
day arcs when using the SLR observations. As in Visser and
Ijssel (2016), a high level of consistency was found for the
bias values obtained for the individual accelerometers on the
one hand and the bias values obtained for the common-mode
accelerometer observations on the other hand. This was espe-
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Fig. 5 3DRMS-of-fit of the kinematic PSO solutions (green), 3DRMS
of orbit differences between the reduced-dynamic and kinematic PSO
solutions (red), and the percentage of missing epochs in the kinematic
PSO solution (black)

cially the case for the X -axis, predominantly pointing in the
flight direction, for which the consistency is better than 0.001
nm/s2 for the linear regression of the associated time series.
Compared to the results reported in Visser and Ijssel (2016),
an improvement from 6.9 cm to 2.6 cm or about 85% in terms
of variance was obtained for the 1D RMS-of-fit of the kine-
matic PSO solutions. This RMS-of-fit is increasing toward
the end of themission,which can be attributed to a decreasing
quality of the kinematic PSO solutions due to increased solar
activity and, thus, higher ionospheric scintillations (Arnold
et al. 2023).

One set of accelerometer scale factors for the period of
GOCE science mode operations was obtained for which
the deviations are much smaller than 0.005 for all axes
when using the EIGEN-GRGS.RL04.MEAN-FIELD grav-
ity field model. The 0.03 deviation for the Y -axis reported
in Visser and Ijssel (2016) largely disappeared. The EIGEN-
GRGS.RL04.MEAN-FIELDmodel included coefficients for
the trend, annual and semi-annual gravity field changes with
validity periods that cover the GOCE mission period of sci-
ence mode operations. In addition, accelerometer bias values
and scale factors were estimated with the GOCO06s model,
which includes one set of trend and annual gravity field coef-
ficients based on 15 years of data. The resulting time series
of accelerometer bias values display annual variations, indi-
cating that care has to be taken when using the annual terms
of the GOCO06s model in precise orbit determinations.

In addition, it was found that the obtained bias and scale
factor values could be verified by POD using SLR observa-
tions. Even with the sparse SLR tracking, the high-quality
gravity field models and other updates allowed the compu- Ta
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tation of dynamic orbit solutions with an average 3D RMS
consistency of about 10cm for two-day arcs, and for rela-
tively well-tracked two-day arcs even as good as 5.0 cm. A
high level of consistency was obtained for the bias values
for the X - and Y -axes. The bias values for the Z -axis cannot
be determined very precisely, but are consistent within the
variation of the obtained values. The scale factors for the full
mission are consistent at a level better than 0.001 for the X -
and Z -axes, and better than 0.005 for the Y -axis.
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