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Abstract The European Space Agency Gravity field and
steady-state Ocean Circular Explorer (GOCE) carries a gra-
diometer consisting of three pairs of accelerometers in
an orthogonal triad. Precise GOCE science orbit solutions
(PSO), which are based on satellite-to-satellite tracking
observations by the Global Positioning System and which
are claimed to be at the few cm precision level, can be
used to calibrate and validate the observations taken by
the accelerometers. This has been done for each individual
accelerometer by a dynamic orbit fit of the time series of posi-
tion co-ordinates from the PSOs, where the accelerometer
observations represent the non-gravitational accelerations.
Since the accelerometers do not coincide with the center of
mass of the GOCE satellite, the observations have to be cor-
rected for rotational and gravity gradient terms. This is not
requiredwhen using the so-called common-mode accelerom-
eter observations, provided the center of the gradiometer
coincides with the GOCE center of mass. Dynamic orbit fits
based on these common-mode accelerations therefore served
as reference. It is shown that for all individual accelerometers,
similar dynamic orbit fits can be obtained provided the above-
mentioned corrections are made. In addition, accelerometer
bias estimates are obtained that are consistent with offsets in
the gravity gradients that are derived from the GOCE gra-
diometer observations.
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1 Introduction

The Gravity field and steady-state Ocean Circulation
Explorer (GOCE) is the first European Space Agency (ESA)
earth explorer, launched on March 11, 2009. More than
4 years of successful mission operations ended on November
11, 2013,whenGOCE re-entered the atmosphere. Its primary
mission objective was to map the Earth’s mean gravity field
with a precision of 1mgal and 1 cm in terms of gravity anom-
alies and geoid heights, respectively, for spatial scales better
than 100 km (Drinkwater et al. 2007). To this aim, GOCE
was equipped with a gradiometer, consisting of an orthog-
onal triad of three pairs of accelerometers, a high-precision
dual-frequency Global Positioning System (GPS) receiver,
star trackers, and ion engines as part of a drag-free control
(DFC) system. In order to meet its mission objectives, the
GOCE instruments needed to be precisely calibrated. Several
procedures and methods were defined and used to calibrate
the satellite gravity gradient (SGG) observations (Rispens
and Bouman 2009; Siemes et al. 2012). These SGG obser-
vations are derived from the observations collected by the
gradiometer’s six accelerometers. These procedures proved
successful and it has been shown that the SGG observations
are scaled with a precision better than 10−3 (Bouman et al.
2011). Since the gradiometer is designed to work in a band-
width of 5–100 mHz, it is especially the scale that needs to
be precisely known. The calibrated SGG observations, there-
fore, still include (drifting) offsets or biases.

In addition to SGG observations, the so-called common-
mode accelerations can be derived by averaging for each
gradiometer arm or axis the observations of the associated
pair of accelerometers. These common-mode accelerations
represent the non-gravitational accelerations that are not
compensated—or induced—by the DFC, provided the gra-
diometer’s center coincideswith the satellite’s center ofmass.
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The latter is the case to within a few cm. The common-mode
accelerations are used to support long-wavelength gravity
field information from the GOCE GPS observations. How-
ever, also these common-mode accelerations are biased and
the associated biases need to be estimated at regular time
intervals (Pail et al. 2011). These common-mode biases in
fact represent the average of biases for the associated pairs of
individual accelerometers. It is interesting to investigate if the
biases can be determined for the individual accelerometers
as well. It has to be realized, however, that the location of the
individual accelerometers does not coincide with the GOCE
center of mass. The offset is between 25.0 and 25.7 cm, or
half the length of the gradiometer arms.

This paperwill show that theGOCE individual accelerom-
eters can be calibrated and validated by precise orbit deter-
mination (POD). It will thus also be shown that such a
calibration canbedone for accelerometers that are not located
in the center of mass of a satellite. A methodology was
adopted that was designed and implemented before launch
of the GOCE satellite. This method was tested by an end-
to-end simulation and is described in detail in (Visser 2009).
A multi-year dataset of real GOCE observations was used
to further assess the capabilities of this methodology. This
dataset is described in Sect. 2. The adopted methodology is
summarized in Sect. 3, followed by an overview of obtained
results (Sect. 4) and conclusions (Sect. 5).

2 Observations

As outlined in (Visser 2009), the GOCE orbit and accelerom-
eter calibration parameters can be determined from the GPS
Satellite-to-Satellite Tracking (SST) observations. For the
method outlined in this paper, use is made of the pre-

cise science orbit (PSO) solutions produced by the GOCE
high-level processing facility, i.e.,the SST observations are
not used directly, but have already been reduced to time
series of—in this case—kinematic GOCE orbit co-ordinates
(Bock et al. 2011). These co-ordinates serve as the observ-
ables and are provided as Cartesian x , y, and z co-ordinates
in an Earth-centered, Earth-fixed (ECF) co-ordinate frame.
They are available together with rotation parameters that
establish the connection between the ECF and J2000 earth-
centered pseudo-inertial reference frame (Montenbruck and
Gill 2000). The claimed precision of the PSO product is
around 2 cm 1 dimensionally (1D) (Bock et al. 2011).

The accelerometer observations are provided as time
series in the gradiometer reference frame (GRF). The orien-
tation of this GRF in the J2000 reference frame is provided
by quaternions derived from star tracker observations. The
results described in this paper (Sect. 4) are based on GOCE
data covering the period November 1, 2009–October 20,
2013, i.e.,the full operational period.

The six accelerometers of the gradiometer are schemati-
cally displayed inFig. 1 (largely taken fromVisser 2009). The
locations of the accelerometers are indicated along the X , Y ,
and Z axes of theGRF. These axes are predominantly aligned
with the along-track (or flight), cross-track, and radial (or
height) directions, respectively. Each accelerometer has two
ultra-precise axes and one less precise axis. It will be shown
in the remainder of this paper that the POD confirms the
difference in sensitivity of the different accelerometer axes.

3 Methodology

As outlined in (Visser 2009), it is important to correct the
observations of the individual accelerometers for rotational
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Fig. 1 Configuration and naming convention of the three orthogonal
pairs of accelerometers that form together the GOCE gravity gradiome-
ter. The offset of the accelerometers is indicated by a, where a is equal
to half the arm length for the associated axis. This arm length is either

equal to 50.0 or 51.4 cm (Cesare et al. 2005). The offset of the center
of the gradiometer with respect to the center of mass of the satellite is
indicated by b (taken equal to zero for this study). The sensitive and
less sensitive axes are indicated as well
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and gravity gradient terms due to their different center of
mass offsets.All accelerometers in principle experience iden-
tical non-gravitational linear accelerations d. For this paper,
the following representation is used [cf. Eqs. (7.2.1) and
(7.2.2) in ESA 1999]:

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

where Si represents the 3×3 diagonal scale factor matrix,
and aobs,i , bi , εi , respectively, the 3-dimensional vectors
of observations, biases, and observation errors, all for
accelerometer i (i = 1, . . .,6). The gravity gradient tensor
and matrix with rotational terms are represented by � and
R. Finally, the offset of accelerometer i with respect to the
satellite’s center of mass is indicated by xi , cf. (Visser 2008).

The (diagonal) matrix of accelerometer scale factors Si,k
is represented by Si

Si =
⎛
⎝
Si,x 0 0
0 Si,y 0
0 0 Si,z

⎞
⎠ , (2)

where k = (x, y, z) with x, y, and z the axes of the GRF,
which are very closely alignedwith the axes of the accelerom-
eter reference frames (for this study it is assumed that they
are perfectly aligned). Given the high quality of the scale
factor calibration for the GOCE gradiometer, they are taken
equal to 1 (Bouman et al. 2011).

� represents the gravity gradient matrix containing the
second-order derivatives of the gravitational field potential
�kl (k, l = x, y, z) at the satellite location:

� =
⎛
⎝

�xx �xy �xz

�yx �yy �yz

�zx �zy �zz

⎞
⎠ . (3)

The matrix with rotational terms R is written as follows:

R =
⎛
⎝
rxx rxy rxz
ryx ryy ryz
rzx rzy rzz

⎞
⎠

=
⎛
⎝
−ωy

2 − ωz
2 ωyωx ωzωx

ωxωy −ωx
2 − ωz

2 ωzωy

ωxωz ωyωz −ωx
2 − ωy

2

⎞
⎠

+
⎛
⎝

0 −ω̇z ω̇y

ω̇z 0 −ω̇x

−ω̇y ω̇x 0

⎞
⎠ , (4)

where ωk and ω̇k represent the angular rotation rates ωT =
(ωx , ωy, ωz) and the angular acceleration rates ω̇T =
(ω̇x , ω̇y, ω̇z).

The angular rotation rates and accelerations are obtained
by taking the first and second time derivatives of the rotation

angles φi around the GRF axes i = x, y, z (also referred to
as roll, pitch, and yaw angles). They are derived from the
merged EGG_IAQ product by using a moving time window
of certain width over the time series of the rotation angles
and fitting second-order polynomials, cf. Eq. (5) in (Visser
2009):

φi = φ0,i + ωi t + 1

2
ω̇i t

2, (5)

where t represents time and φ0,i the orientation angle at the
start of the time interval. The EGG_IAQ product provides
the orientation of the gradiometer in the J2000 reference
frame based on a combination of star tracker observa-
tions (for low frequencies) and angular accelerations derived
from the accelerometer observations (for the higher frequen-
cies) (Frommknecht et al. 2011). The time interval of the
EGG_IAQ product is 1 s. An estimation window of 25 s was
applied to estimate the rotational velocities and accelerations.
This time interval was found to lead to the best consistency
between individual and common-mode accelerometer obser-
vations in terms of root-mean-square (RMS) about mean: see
e.g., Figs. 3, 4 and 5 in Sect. 4 for accelerometers 1, 2, and
3. It has to be noted that the patterns for accelerometers 4,
5, and 6 are predominantly mirror images of the patterns for
the accelerometers 1, 2, and 3 displayed in these Figures.
The nominal common-mode combination was always used,
which means that for the X, Y, and Z axes, respectively, the
average of the observations of accelerometers 1 and 4, 2 and
5, and 3 and 6, was taken.

The NASA Goddard Space Flight Center GEODYN soft-
ware was used for the orbit determination and estimation
of accelerometer bias parameters (Pavlis et al. 2006). A
dynamic orbit determination technique is used, where an
iterative Bayesian least-squares method is used to solve the
linearized observation equations. These observation equa-
tions are obtained by numerical integration of the equations
of motion and the so-called variational equations (Mon-
tenbruck and Gill 2000). Use was made of 24-h arcs
(midnight to midnight), where for each arc the GOCE initial
position andvelocity and for each accelerometer axis one bias
was estimated. Thus, in total, nine parameters are estimated
for each orbital arc. For each individual accelerometer, and
for the common-mode, a separate orbit determination run is
conducted. Furthermore, it is noted that a uniform weighting
scheme was adopted, where all kinematic co-ordinates are
weighted equally. It is realized that the PSO product includes
covariance information for the estimated kinematic positions
that can be used for a more optimal weighting scheme, but
it will be shown below that the uniform weighting already
leads to very consistent accelerometer bias and also scale
factor estimates.

It is interesting to note that in the simulations described
in (Visser 2009), several parameter estimation schemes were
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Table 1 Standards and models used for the GOCE orbit data reduction and estimation of accelerometer bias parameters

Reference system

Polar motion and UT1 IERS EOP 05 C04 (IAU2000A) series with IERS 2003 daily and sub-daily corrections

Precession and nutation model IERS Conventions 2003 (McCarthy et al. 2004)

Dynamic models

Gravity field GOCO03s complete to degree and order 200 including secular degree 2 terms (GOCO 2014)

Solid Earth tides IERS Conventions 2003 (McCarthy et al. 2004)

Pole tide IERS Conventions 2003 (McCarthy et al. 2004)

Ocean tides GOT 4.7, update to Ray (1999)

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

Atmosphere and ocean GOCE de-aliasing product (Gruber et al. 2010)

tested, including the estimation of empirical accelerations to
absorb e.g.,gravity field model errors and also the estima-
tion of gravity field coefficients themselves. Moreover, the
estimability of accelerometer scale factorswas assessed lead-
ing to the conclusion that no reliable estimates could bemade
for the X axis due to the lack of signal left by the DFC (it will
be shown in Sect. 4, however, that it is possible to estimate
these scale factors because of occasional maneuvering). It
was found that there is no need to estimate empirical accel-
erations because of the quality of recent gravity field models
and other force models (Table 1).

An overview of the adopted standards and dynamic mod-
els is displayed in Table 1. The reference system used for
the PODs is consistent with the IERS 2003 conventions
(McCarthy et al. 2004). In addition, a comprehensive gravi-
tational force modeling is adopted, including the GOCO03s
gravity field model complete to degree and order 200, solid
earth and ocean tides, third-body perturbations, and gravity
field variations due to atmosphere and ocean mass changes
(GOCO 2014; McCarthy et al. 2004; Ray 1999; Gruber
et al. 2010). It has to be noted that the GOCO03s model
was not only used in the orbit determination and estima-
tion of accelerometer biases, but also for deriving the gravity
gradient center of mass offset corrections for the individ-
ual accelerometers (Eq. 1). Moreover, the modeled gravity
gradients served as a validation for the consistency between
GOCE observed gravity gradients and estimated biases for
the individual accelerometers (Sect. 4).

4 Results

GOCE is equipped with a DFC system that compensates
the non-gravitational forces in the direction of the GRF X
axis (predominantly the flight direction) to below a level of
just a few nm/s2 in terms of acceleration. This DFC sys-
tem does, however, not compensate the non-gravitational
forces in directions perpendicular to this X axis. Typically,
the non-gravitational acceleration for the Y (predominantly

cross-track) and Z (predominantly radial) axes is of the order
of 100 to a few tens of nm/s2. GOCE is flying in a Sun-
synchronous orbit in order to maximize the required solar
power for the ion engines, which results in a more or less per-
sistent solar radiation pressure force predominantly in the Y
direction. It is interesting to note that occasionally the DFC is
offset by an acceleration up tomore than 1000 nm/s2 for orbit
correction maneuvers. The latter can be used for estimating
reliable scale factors for the accelerometers especially for
the X axis of the accelerometers as well in addition to biases
(Sect. 4.3).

4.1 Center of mass offset corrections

Figure 2 displays a typical 1-day time series of (biased)
non-gravitational GOCE accelerations as taken from the
common-mode accelerometer observations onNovember 15,
2009. The daily RMS-about-mean for the common-mode
accelerations is about 2, 86, and 28 nm/s2 for the X , Y , and
Z axes, respectively. This shows the very good level of drag
compensation in the predominantly flight direction for this
day. It was found that the consistency between the variations
of the fully corrected individual accelerometer observations
with the common-mode accelerations is always two to three
orders of magnitude below these values for the Y and Z axes,
and one to two orders of magnitude for the X axis (for which
the signal is very small). This is shown for November 15,
2009 as well in Figs. 3, 4, and 5.

Before applying the center of mass offset corrections, the
RMS-about-mean of differences between the observations of
the individual accelerometers can be of the order of 40 nm/s2,
especially for the Z axis (e.g., accelerometer 2 in Fig. 5).
After applying the rotational corrections, this is reduced to
less than 6 nm/s2. Finally, after applying the gravity gradient
corrections as well, the consistency is better than 1 nm/s2 and
even down to less than 0.02 nm/s2 for some of the sensitive X
and Z axes. It can be observed as well that some accelerom-
eters display a small drift, of the order of 0.4 nm/s2 per day
(e.g., for the Y axis of accelerometer 2 in Fig. 4).
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Calibration and validation of individual GOCE accelerometers by precise orbit determination 5

GRF axis

X Y Z

Fig. 2 Common-mode accelerations along the GRF X , Y , and Z axes. The selected day is November 15, 2009. Please note that these accelerations
have not been corrected for the common-mode accelerometer biases

X axis

Accelerometer

1 2 3

Fig. 3 Differences between common-mode accelerations and observa-
tions fromaccelerometers 1, 2, and3 for theGRF X axis. Thedifferences
are displayed before corrections (top row), after applying rotational cor-

rections (middle row), after applying both rotational andgravity gradient
corrections (bottom row), and after taking away the mean. The selected
day is November 15, 2009

As stated above, for each individual accelerometer, a
separate orbit determination run is conducted for each day
(from midnight to midnight), where in addition to the ini-
tial position and velocity, for each axis, a bias is estimated
(nine parameters in total). As also stated above, some of the
accelerometer axes display small drifts. These drifts are of
the order of a few tenths of a nm/s2 per day, which is signifi-
cantly below the precision with which the daily biases can be

estimated (see e.g., Fig. 6). Therefore, these drifts were not
co-estimated directly with the daily biases, but were derived
later on from the long time series of these daily biases.

The RMS-of-fit (cm) of PSO kinematic co-ordinates for
daily arcs obtained by the dynamic orbit computation is
displayed inTable 2. It can be observed that for all accelerom-
eters almost identical fits are obtained, ranging between
6.87 and 6.97 cm for the full GOCE operational mission
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Y axis
Accelerometer

1 2 3

Fig. 4 Differences between common-mode accelerations and observa-
tions fromaccelerometers 1, 2, and 3 for theGRFY axis. The differences
are displayed before corrections (top row), after applying rotational cor-

rections (middle row), after applying both rotational andgravity gradient
corrections (bottom row), and after taking away the mean. The selected
day is November 15, 2009

period. These fits are also almost identical to the fit of
6.87 cm obtained when using the common-mode accelerom-
eter observations. A test period of 10 days (1–10 November
2009) was used to assess the impact of the rotational and
gravity gradient accelerometer corrections on the RMS-of-
fit. Without these corrections, the fit values can be as large
as almost 15 cm, and the values for the several individual
accelerometers are not consistent. Based on the orbital fits, it
can be concluded that the corrections are required and have
been properly implemented. It is interesting to note that for
the accelerometers 1 and 4, which are located on the GRF X
axis arm, already a fit comparable to the common-mode one
is obtained without corrections. However, the corrections are
required for these accelerometers as well in order to have cor-
rect estimates for their biases and to prevent that these biases
include mean offsets due to the rotational terms and gravity
gradients. The fit for 1–10November is around 5.2 cm,which
is below about 6.2 cm for the entire GOCE operational mis-
sion period. This can be explained by the slight degradation
of the quality of the kinematic position co-ordinates, which
is due to the growing ionospheric perturbations during the

GOCE mission lifetime that affects the GPS receiver mea-
surements (Bock et al. 2014).

4.2 Accelerometer and gravity gradient biases

In the period from November 1, 2009 to October 20, 2013,
1213 daily arcs could be identified without gaps in the
GPS, accelerometer, and star tracker observations. The esti-
mated accelerometer biases are displayed for these days in
Figs. 6 and 7. These Figures include a least-squares lin-
ear fit of the daily biases as well allowing the estimation
of drifts of the accelerometers. The less sensitive axes can
be observed clearly given their much larger biases, up to
more than 20,000 nm/s2 and in some cases also much higher
drifts, up to more than 3 nm/s2/day. For the sensitive axes,
the biases and drifts are maximally around 300 nm/s2 and
0.2 nm/s2/day, respectively. The best fits for the linear regres-
sion are obtained for the X axis, typically much better than
1 nm/s2. For the Y axis, these fits are at the 10–30 nm/s2

level, except for the less sensitive axes for which values up
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Z axis

Accelerometer

1 2 3

Fig. 5 Differences between common-mode accelerations and observa-
tions fromaccelerometers 1, 2, and3 for theGRF Z axis. The differences
are displayed before corrections (top row), after applying rotational cor-

rections (middle row), after applying both rotational andgravity gradient
corrections (bottom row), and after taking away the mean. The selected
day is November 15, 2009

to 100 nm/s2 are obtained. The biases are the least well deter-
mined for the Z axis,which is close to the radial direction. For
the sensitive and less sensitive axes, the fits are of the order of
50–60 nm/s2 and up to 250 nm/s2, respectively. These orders
of magnitude are consistent with the formal errors according
to the estimation process (i.e., taken from the inverse of the
weighted normal equations), which indicates that the uncer-
tainties for the Y and Z axes are, respectively, about 2 and 3
orders of magnitude larger than for the X axis.

Furthermore, Figs. 6 and 7 include the estimated bias and
drift values for the common-mode accelerometer observa-
tions. These values are consistent with those of the individual
accelerometers, which are corroborated by the values dis-
played in Table 3. The average of the values in this Table in
italics should in principle be equal to the ones derived for the
common-mode. For the X and Y axes (predominantly along-
track and cross-track), this is indeed the case to within 0.01
and 0.0001 nm/s2/day for the bias and drift. For the Z -axis,
the consistency is about 2 and 0.02 nm/s2/day, respectively.
Please note again that each accelerometer has a less sensitive
axis, indicated by bold, reflected also by much higher bias

and in general higher drift values for the associated common-
mode combinations.

The biases (direct) and drifts (indirect) of the individual
accelerometers that are obtained by POD are thus inter-
nally consistent at a very high level. The question arises if
these values are reliable in an absolute sense. A possibility
is to validate these values by a comparison with differen-
tial biases that can be derived for the gravity gradients. In
(Bouman et al. 2011), it is explained that the gravity gradi-
ents are not calibrated in an absolute sense: only the scale
factors have been reliably determined for the measurement
bandwidth. The gravity gradients suffer from low frequency
noise resulting in among other drifting biases. These biases
can be estimated by comparing the observed gravity gradi-
ents with those predicted by a gravity field model, in this
case GOCO03s (GOCO 2014). When comparing the diago-
nal SGG components with those predicted by the GOCO03s
gravity field model for daily arcs (again midnight to mid-
night), typically mean offsets are obtained that range up to
1000 Eötvös Units (EU or 1 nm/s2/m or 10−9 s−2). These
offsets O should in principle be equal to
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Accelerometer

1 2

Accelerometer

3 4

Fig. 6 Estimated accelerometer biases (nm/s2) and drifts (nm/s2/day)
for the GOCE accelerometers 1 to 4 for the X , Y , and Z
axes. Use was made of 1213 daily arcs. The RMS-of-fit for

a linear regression is displayed as well (nm/s2), together with
the bias (epoch November 1, 2009) and drift of the linear
regression

O(�xx ) = (bx,1 − bx,4)/ax

O(�yy) = (by,2 − by,5)/ay

O(�zz) = (bz,3 − bz,6)/az, (6)

where �i i represent the diagonal gravity gradient compo-
nents, with the index i denoting the GRF axis (i = x, y, z).
The arm lengths of the orthogonal accelerometer pairs are
indicated by ai , and the daily individual accelerometer biases
and drifts by bi, j , where the index j specifies the accelerom-
eter ( j = 1, . . . , 6). These equations lead to the values
as displayed in Fig. 8. A total of 1160 days with gravity
gradient observations could be identified without outliers
(e.g., due to satellite shaking for calibration purposes, see
Table 1 in Visser et al. 2014) out of the 1213 days used
for the estimation of individual accelerometer biases. The
consistency between daily gradiometer biases from the indi-
vidual accelerometer bias estimates and from the comparison

between observed and modeled gravity gradients is −0.01,
2.00, and −1.63 EU in terms of mean and 0.02, 0.79, and
27.29 EU in terms of rms-about-mean for the X , Y , and
Z axes, respectively (after applying 5-σ editing leaving
1113 daily values out of the 1160 available common days).
This level of consistency is in agreement with the level of
consistency between the bias estimates of the individual
accelerometers.

When scrutinizing Figs. 6, 7, and 8, it seems like some of
the biases display an exponentially decaying trend, i.e., devi-
ating from a pure linear drift. It is interesting to note that for
the GRACE accelerometers, different second-order polyno-
mials models are recommended to correct their observations
(Bettadpur 2009), without giving a physical explanation for
this apparent behavior of the accelerometers. The electron-
ics of the GOCE accelerometers are subject to aging which
contributes to their biases, but according to the manufacturer
the anticipated contribution is much smaller than observed in
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Calibration and validation of individual GOCE accelerometers by precise orbit determination 9

Table 2 1D RMS-of-fit (cm) of
PSO kinematic co-ordinates for
daily arcs obtained by the
dynamic orbit computation

Acc. CM1 Acc. 1 Acc. 2 Acc. 3 Acc. 4 Acc. 5 Acc. 6

1–10 November 20091 5.18 5.20 14.78 9.99 5.24 14.89 8.42

1–10 November 20092 5.18 5.27 7.15 9.95 5.43 6.84 8.41

1–10 November 20093 5.18 5.17 5.18 5.21 5.23 5.17 5.25

Full mission3,4 6.87 6.89 6.87 6.92 6.92 6.97 6.92

CM common-mode
1 Uncorrected
2 Corrected for rotational terms
3 Fully corrected
4 Full mission = November 1, 2009–October 20, 2013

Accelerometer

5 6

Common-mode

Fig. 7 Estimated accelerometer biases (nm/s2) and drifts (nm/s2/day)
for the GOCE accelerometers 5 and 6 for the X , Y , and Z axes. Use was
made of 1213 daily arcs. The biases estimated for the common-mode

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

Figs. 6 and 7.Another possible contributionmight come from
a changing parasitic acceleration from the gold wire that con-
nects the accelerometers with their cagings. In that case, the
stiffness of this gold wire should change with time as well,
which, however, is not anticipated either (Christophe 2015).
ForGOCE, two empirical functionalmodels have been tested
for describing the evolution of the observed accelerometer
and gravity gradient biases (which are thus combinations of

biases of the associated individual accelerometers). These
functional models are thus purely empirical and not based
on a proved expected physical behavior of the accelerome-
ters. The first model assumes a constant trend d with b0 the
bias at epoch:

b = b0 + d × t, (7)
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10 P. N. A. M. Visser, J. A. A. van den IJssel

Table 3 Comparison between
accelerometer bias and drift
values obtained by precise orbit
determination using the fully
corrected individual or
common-mode (CM)
accelerometer observations

Bias (nm/s2) Drift (nm/s2/day)

X -axis Y -axis Z -axis X -axis Y -axis Z -axis

Acc. 1 −328.5107 −13,092.9747 −28.8157 0.0042 0.1773 0.0065

Acc. 2 1.8871 −17.1805 −20,374.7206 −0.0025 −0.0050 −1.7953

Acc. 3 −24.5868 −23,014.2477 −123.7527 −0.0010 0.8997 0.0126

Acc. 4 −46.3430 −11,244.1808 −23.6116 −0.0023 3.3048 0.0055

Acc. 5 −7.0344 619.3736 −10,675.6254 0.0078 −0.2079 1.1939

Acc. 6 −40.9932 −3504.9026 −10.4918 −0.0009 −0.0384 0.0093

Average −187.4268 301.0966 −67.1223 0.0010 −0.1065 0.0110

CM −187.4291 301.0891 −65.0774 0.0009 −0.1064 0.0093

Fig. 8 Gradiometer biases derived from bias estimates of individual
accelerometers and derived from a comparison between observed and
modeled gravity gradients (Bias, Exponential scale factor, and RMS-
of-fit in EU, Drift in EU/day: values hold for 5-σ editing). Please note
that the outliers are included

where t represents time since the epoch November 1, 2009
in days. The second one assumes an exponential decay with
scale factor s f and decay time factor ts :

b = b0 + s f × e−
t
ts (8)

with b representing either an accelerometer or gravity gra-
dient bias. The associated parameters are again estimated
by a least-squares regression, where for ts optimal values
were obtained by trial and error. It was found that the sec-
ond functional model hardly improved the RMS-of-fit for
most accelerometer axes, with the exception of the Y and Z
axes for accelerometer 5: the improvement is from 22.52 to
15.35 nm/s2 and from 250.30 to 64.75 nm/s2 for the Y and
Z axes, respectively (Table 4). Accelerometer 5 thus appears
to display a deviating behavior. The gravity gradient term
�yy relies predominantly on the Y axis of accelerometers 2
and 5. It can be observed that the second functional model
significantly better describes the time evolution of the asso-

ciated gravity gradient bias as well: the RMS-of-fit improves
from 35.66 to 8.47 EU. Please note that for both the Y axis
of accelerometer 5 and for the �yy gravity gradient term, an
optimal value of about 1000.0 days for ts was found. The
respective scale factors s f are equal to about 408 nm/s2 and
798 EU.Dividing the Y axis scale factor s f for accelerometer
5 by the gradiometer arm length of 0.5 m leads to 816 EU.
The difference of 18 EU can be explained completely by the
estimated scale factor s f for the Y axis of accelerometer 2
which was found to be orders of magnitude smaller, namely
equal to about 9 nm/s2. A similar consistency is found for all
the bias values b0.

4.3 Accelerometer scale factors

The DFC system leaves a very small signal in the X axis
of typically less than 2 nm/s2, which makes it as good as
impossible to estimate accelerometer scale factors for this
direction (Visser 2009). As stated before, the scale factors
were already determined very reliably by other techniques
(Bouman et al. 2011). Despite this, it is interesting and also
possible to obtain reasonable estimates for the scale factors
of the individual accelerometers. As also stated above, occa-
sionally, the DFC is offset by a bias up to several hundreds
to thousands of nm/s2 in the X direction for orbit correction,
thus leaving a large non-gravitational signal that can be cal-
ibrated by POD. Therefore, for each accelerometer and for
the common-mode accelerometer observations, sets of scale
factors for the X , Y , and Z directions were estimated on a
yearly basis and for the full mission period in addition to the
daily bias estimates by stacking the daily normal equations
for the scale factor part (Helleputte and Van 2011). Please
note that the estimated accelerometer scale factors are corre-
lated with the estimated accelerometer biases. The impact of
a scale factor deviating from 1 is, however, straightforward.
Suppose the scale factor for a certain axis takes a value of
(1+ α), then the associated bias needs to be multiplied with
(1 + α) as well. In case only one set of scale factors is esti-
mated for a certain period (e.g. on a yearly basis or for the full
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Table 4 Selected bias, drift,
and scale factor parameters for
the two functional models

Equation 7 Bias b0 Drift d RMS-of-fit

Acc. 5 Y 619.37 (nm/s2) −0.2079 (nm/s2/day) 22.52 (nm/s2)

Acc. 5 Z −10,675.63 (nm/s2) 1.1939 (nm/s2/day) 250.30 (nm/s2)

�yy 1273.53 (EU) −0.4059 (EU/day) 35.66 (EU)

Equation 8 Bias b0 Scale s f RMS-of-fit Time scale ts

Acc. 5 Y 253.36 (nm/s2) 407.9261 (nm/s2) 15.35 (nm/s2) 1000.0 (days)

Acc. 5 Z −9262.56 (nm/s2) −2149.0261 (nm/s2) 64.75 (nm/s2) 375.0 (days)

�yy 557.82 (EU) 798.4522 (EU) 8.63 (EU) 1000.0 (days)

The values for the RMS-of-fit of the respective regressions are included as well

mission period: see below), the time patterns of the daily bias
estimates thus stay the same, apart from a constant factor α.

The estimated scale factors are displayed in Table 5. For
the X axis, the scale factors are very close to 1 for each
year (also for the only 2 months of data available for 2009)
and for the full mission period: the deviation from 1 is always
smaller than 10−3 for both the common-mode and individual
accelerometer observations. For the Z axis, the scale factor
varies between 0.968 and 1.002 and deviates less than 10−2

from 1 when using the full mission period. For the Y axis,
however, a persistent deviation is found of about 0.03 for all

years and for the full mission period. The scale factors for the
Y axis suggest a systematic modeling deficiency in either the
accelerometers themselves, the dynamic model or the kine-
matic orbit solutions. However, the same deviation is found
for each accelerometer, which is an indication that these devi-
ations are not caused by deficiencies in the accelerometers.
Continuing efforts aremade to improve tidemodels andmass
changemodels for the atmosphere and oceans. Itwill be inter-
esting to assess the sensitivity of the scale factor estimates
to such improved models in the future. Perhaps, systematic
errors in the kinematic orbit solutions cause the deviating

Table 5 Scale factors estimated
by dynamically fitting the PSO
kinematic co-ordinates for the
selected 1213 daily arcs

CM 1 2 3 4 5 6

2009, 62 daily arcs

X axis 1.00009 1.00011 1.00015 1.00007 1.00009 1.00013 0.99998

Y axis 1.02669 1.02586 1.02724 1.02893 1.03036 1.02789 1.02904

Z axis 0.97686 0.97842 0.98030 0.97435 0.97276 0.97199 0.97778

2010, 243 daily arcs

X axis 1.00012 1.00017 1.00019 0.99999 1.00009 1.00015 1.00000

Y axis 1.02653 1.02700 1.02596 1.02679 1.02765 1.02711 1.02718

Z axis 0.99365 0.99163 0.98475 0.97882 0.97868 0.99375 0.98197

2011, 323 daily arcs

X axis 0.99997 1.00003 1.00006 0.99980 0.99992 1.00001 0.99985

Y axis 1.03619 1.03781 1.03595 1.03704 1.03495 1.03688 1.03743

Z axis 0.97388 0.97606 0.97616 0.97751 0.96843 0.96982 0.97547

2012, 328 daily arcs

X axis 0.99987 0.99979 0.99994 1.00005 0.99996 0.99999 0.99988

Y axis 1.03567 1.03842 1.03501 1.03713 1.03476 1.03725 1.03617

Z axis 0.98430 0.98497 0.98602 0.98878 0.98125 0.98131 0.98799

2013, 257 daily arcs

X axis 0.99994 0.99997 1.00003 0.99986 0.99993 1.00000 0.99986

Y axis 1.02796 1.02942 1.02751 1.02873 1.02743 1.02845 1.02759

Z axis 1.00110 1.00137 1.00154 1.00159 1.00010 1.00053 1.00081

Full mission period: 1 November 2009–20 October 2013, 1213 daily arcs

X axis 0.99994 0.99992 1.00001 0.99997 0.99997 1.00002 0.99989

Y axis 1.03087 1.03225 1.03048 1.03186 1.03078 1.03171 1.03141

Z axis 0.99557 0.99590 0.99603 0.99612 0.99323 0.99438 0.99557
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cross-track scale factor values. It is, for example, well known
that kinematic orbit solutions are especially sensitive in the
cross-track direction for phase center variation corrections
(Bock et al. 2011). However, it is shown in Bock et al. (2011)
that the kinematic orbit solutions have a very high level of
precision, also in the cross-track direction, validated by inde-
pendent Satellite Laser Ranging (SLR) observations.

5 Summary and conclusions

A methodology that was developed before the launch of
GOCE for estimating biases of all individual accelerom-
eters was successfully implemented and applied to the
real accelerometer observations for the full mission period
(amounting to 1213 usable daily arcs). When taking the
rotational and gravity gradient corrections into account, the
consistency between the observations taken by the individ-
ual accelerometers ranges between 0.02 and 0.2 nm/s2 for
the sensitive axes, and up to 1.0 nm/s2 for the less sen-
sitive axes in terms of RMS-about-mean. Without these
corrections, the RMS-about-mean of differences between
individual accelerometer observations ranges up to 40 nm/s2.

It was found that rotational and gravity gradient correc-
tions as applied to the individual accelerometers are required
in order to have consistent orbital fits, comparable to the
ones obtained with the common-mode accelerometer obser-
vations. The 1-dimensional RMS-of-fit is of the order of 7 cm
for the entire GOCE operational mission period. Without
applying the rotational and gravity gradient corrections, this
fit can be up to 15 cm. In addition, by this methodology,
accelerometer bias estimates and drifts were obtained that
are not only internally consistent, but also consistent with
the biases that are present in the GOCE SGG observations.

For the X and Y axes (predominantly along-track and
cross-track), a consistency between bias estimates for the
common-mode accelerometer observations on the one hand
and individual accelerometers observations on the other hand
of within 0.01 and 0.0001 nm/s2/day was obtained for the
bias and drift. For the Z -axis, the consistency is about 2 and
0.02 nm/s2/day, respectively.

The consistency between daily gradiometer biases from
the individual accelerometer bias estimates and from the
comparison between observed and modeled gravity gradi-
ents is −0.01, 2.00, and −1.63 EU in terms of mean and
0.02, 0.79, and 27.29 EU in terms of rms-about-mean for the
X , Y and Z axes, respectively. This level of consistency is
in agreement with the level of consistency between the bias
estimates of the individual accelerometers.

Finally, because of occasional maneuvering, it was possi-
ble to estimate scale factors for the accelerometers by POD
as well. The correctness of the gravity gradient scale factors
is confirmed to within 1× 10−4 for the X axis and 5× 10−3

for the Z axis. For the Y axis, a deviation of about 0.03
was obtained, which is small, but the same deviation was
found for all accelerometers. The latter leaves an interest-
ing question for future research, namely improvement of the
dynamic force modeling for GOCE especially for the cross-
track direction.
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