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The accuracy of the conservative force-models is not clear and the new space accelerometers provide
a unique opportunity for their validation. In this paper, the conservative-force model deficiencies are
investigated via Principal Component Analysis (PCA) using 4 years of GRACE measurements (2006-2009).
The deficiencies are assessed by comparing the accelerometer readouts with the differences between
the conservative force-model and the precise orbit accelerations. Within this scheme, the spatiotemporal
data analysis is synthesized in a time-series of grids whose latitudinal and longitudinal variations are
respectively influenced by the half orbital period and the equatorial orbit shift. With maximum amplitude
of 50 nm/s?, the mean map shows a positive overestimation in Canada and Brazil and negative in
Greenland. Explaining the 74% of the variability, the two first pairs of PCA modes show un-modeled
patterns with amplitudes maxima of 80 nm/s? and 50 nm/s?. Their periodic behavior and wave-length of
degree-6 and degree-11s spherical harmonics strongly suggest an additional modeling and improvement.
As for the long-term variations, our results show a latitudinal variation of 15 nm/s?> maximum amplitude
correlated with the day-night periods. Performing a combined analysis of ascending and descending
orbits, a trend of 3 nm/s?yr in the Indian Ocean is also observed. Our new approach for orbital force-
models validation can be considered crucial for the current state-of-the-art of precise orbit determination
(POD) and Time-Varying Gravity (TVG) modeling.
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1. Introduction GLDAS/Noah). These models include atmosphere, hydrology and
wind-forcing changes in ocean mass. However, the availability and
latency of these geophysical models is a serious problem and
several approximating analytical models are developed for reg-
ular variations and trends (e.g. [2]). For most of satellite mis-
sions, the accuracy of the force-models used as input in dynamic
and reduced-dynamic POD is not comparable to that of satellite
gravimetry or satellite altimetry and the use of TVG can be omit-
ted. For the other missions, however, current standards still fail in
covering TVG with analytical models that are real-time functional
(pre-processing independency).

Therefore, it should analyze and assess the conservative-force
anomalies derived from analytical models, accurate orbit solutions
and accelerometer measurements. In the last decade, several stud-
ies have examined the ocean-tide models errors by differencing
hydrodynamic models (e.g. tide gauges and acoustic tomography)
or by running Monte Carlo analyses with inverse models (e.g. [23,

Besides the static mean gravity field (e.g. [14,17,35]), the Time-
Varying Gravity (TVG) is a major interest within the fields of satel-
lite gravimetry or mass redistributions in the Earth’s system. Dur-
ing the last decade, several TVG series have been computed from
Gravity Recovery and Climate Experiment (GRACE) [1,4,11,24,27,
41] and employed widely [19,26,34,39,46]. However, those snap-
shots are available only during the GRACE mission (2002 to now)
and several investigations are intended to stabilize their availabil-
ity with alternative approaches (e.g. [8,9,15,22,45]). Among these
studies, the TVG forward modeling or so-called “de-aliasing prod-
ucts” (e.g. [15]) provide time-series of conservative forces which
are computed from geophysical models (e.g. NCEP, ECMWEF, ECCO,
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36]). Other studies have investigated the sensitivity to different
force-models, by evaluating absolute values of root-mean-square
fits of observations on orbital arcs (e.g., [10,25,30,38,46]). Despite
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the fact that SLR (satellite laser ranging), DORIS (Doppler Orbitog-
raphy and Radio positioning Integrated by Satellite), PRARE (Precise
Range And Range-rate Equipment) and altimeter measurements
have proven to be of practical benefit in these previous stud-
ies, little attention has been paid to the instantaneous differences
to accelerometer measurements. Since space accelerometers can
measure the non-gravitational forces acting on a satellite’s sur-
face, we present a new approach to evaluate the error commit-
ted in force modeling. On the one hand, accurate accelerometers
measure the force needed to keep a proof mass exactly at the
spacecraft’s center of mass, where the gravity is exactly compen-
sated by the centrifugal force (e.g. onboard GRACE and GOCE). On
the other hand, modeled time-varying forces of gravitational ori-
gin can be subtracted from precise orbit accelerations to obtain
instantaneous POD-based non-gravitational accelerations [5]. Thus,
the differences between these two non-gravitational accelerations
can provide an assessment about the error committed. Similar ap-
proach can be performed to analyze non-gravitational force-models
(solar radiation pressure, Earth albedo and atmospheric drag). For
these models, a detailed comparison between measurements and
modeled surface forces can be found in [18]. The thermal accom-
modation and the diffuse/specular reflection of incoming particles
play an important role under the effects of different densities, tem-
peratures and reflectivity of the different satellite surfaces, usually
glass solar arrays and customized functionally graded materials
(e.g., [43,44,47]). Since satellite’s total accelerations are often not
part of the available POD products, the precise reduced-dynamic
POD velocities are interpolated and numerically differentiated [6].
This approach serves as a reference to derive precise accelera-
tions from any accurate source, as for example, kinematic GPS,
SLR, DORIS or PRARE solutions. Note that the use of instanta-
neous non-gravitational accelerations instead of orbital arcs, al-
lows analyzing the differences to accurate accelerometer measure-
ments, and yields considerable advantages for many branches of
research (e.g. acceleration approach for gravity field recovery, ac-
celerometer calibration, solar radiation pressure, atmospheric drag,
tide analysis and TVG validation). In this study, after subtract-
ing the conservative force-model from GOCE’s reduced-dynamic
POD-based accelerations, the derived solution yielded insufficient
accuracy to recover the precise POD-based non-gravitational accel-
erations. Fortunately, GRACE's orbit solution has proven to provide
better results [6], but with several removable periodic errors. Fol-
lowing to this, a purely sinusoidal disturbing signal can be suc-
cessfully subtracted from the radial axes with smoothing proce-
dures.

In the spatiotemporal data analysis of satellite measurements,
the orbital precession represents a major limitation. For that rea-
son, different methods have been employed to avoid this problem
(e.g., [13,16,29]). In this paper, the non-gravitational accelerations
from GRACE’s reduced-dynamic POD are compared to accelerome-
ter measurements and their differences are analyzed in space and
time via Principal Component Analysis (PCA). Instead of attempting
to estimate principal components with a sequential nonlinear re-
gression analysis of one-dimensional measurements along satellite
tracks [28,29], our analysis will examine in detail the covariance
matrix of a grid time series, via conventional PCA. Advantages with
respect to that technique are discussed in Section 4.

The structure of this article is as follows: Available measure-
ments of GRACE and GOCE are presented in Section 2. Then, POD-
based non-gravitational accelerations are briefly introduced with a
description of our first results. Moreover, a pilot study performed
to derive a complete time series of grids is presented. In Section 3,
the PCA is conducted with our computed grids. The results are an-
alyzed and discussed in Section 4. Finally, the summary is given
with some recommendations for further study.

2. Observation data

Gravity Recovery and Climate Experiment (GRACE) is a joint
mission between the National Aeronautics and Space Administration
(NASA) in the United States and the Deutsches Zentrum Fiir Luft und
Raumfahrt (DLR) in Germany, which has been widely employed
in geodesy and climate change applications (e.g. [21] and [20]).
GRACE's Level 1B format record files can be downloaded from the
Information System and Data Center (ISDC) GeoForschungsZentrum
(GFZ) website in binary big-endian byte-ordering format [7]. Grav-
ity Field and Steady-State Ocean Circulation Explorer (GOCE) is the
first dedicated gravity field mission of the Living Planet Program
of the European Space Agency (ESA), and their Level 1B format
record files are downloaded from the ESA GOCE Virtual Archive, in
text format [40].

The twin satellites of the GRACE mission are equipped with
three-axis capacitive Super-STAR accelerometers to measure the
non-gravitational forces acting on the satellites. The precision of
the Xsgs and Zsgs axes is specified to be 0.1 nm/s® and 1 nm/s?
for the Ysgs axes (Satellite Body System). These measurements at
a second interval are included in the ACC_1B files. The GOCE mis-
sion carry as primary science instrument a gradiometer, consist-
ing of three pairs of accelerometers on orthogonal axes. For two
out of three axes, the precision is specified to be 10~3 nm/s?
and an order of magnitude lower for the 3rd axis. The so-called
GOCE's common-mode (CM) accelerations provide a very good
observation of non-gravitational forces acting on the satellite.
Their calibrated measurements at a second interval are included
in the EGG_NOM_1b files. The star camera mounted on GRACE
satellites provides the precise attitude references to determine
the satellite’s absolute orientation with respect to the Interna-
tional Celestial Reference System (ICRS). These measurements are
given at a 5 s time-sampling interval as a set of quaternion in
the SCA_1B GRACE’s files. For the GOCE mission, the gradiome-
ter inertial attitude quaternion at a second interval is included
in the EGG_NOM_1b files. GRACE’s precise position and velocity,
at 5 s interval and including formal error, have been computed
in a reduced-dynamic POD by the GPS Inferred Positioning Sys-
tem (GIPSY) software of JPL. These solutions are included in the
GNV_1B files. Official GOCE's precise position and velocity have
been computed in a reduced-dynamic POD by the BERNESE soft-
ware at the Astronomical Institute of the University of Bern (AIUB).
These solutions are included in the SST_PSO_2 files.

3. Methodology
3.1. POD-based non-gravitational accelerations

Since satellite accelerations are not usually provided in the POD
solution, these are derived from the precise velocities by means
of interpolation and subsequent numerical differentiation [6]. The
conservative force-model is the recommended as for Low Earth
Orbit (LEO) satellites from the Earth Rotation and Reference Sys-
tems Service (IERS) conventions 2010 [32], but with the use of
the new ETO11a oceanic tide model. Their components include the
EGM2008 [32], the secular variations of its Cag, C21, S21, C30 and
C49 coefficients [32], the Moon and Sun third body tide [31], the
solid Earth tides [32], the ocean tides [37], the solid Earth pole tide
[32], the ocean pole tide [12] and the relativistic terms [32]. Max-
imum amplitudes and mean values of all force models on 14 July
2007 are shown in Table 1.

Time-varying Stokes’ coefficients up to a degree and order of
120 were computed (including sub-daily variations) under an in-
crement of time sufficiently small to desensitize from discontinu-
ities (~3600 s). Then, the modeled conservative-force was calcu-
lated for every satellite position using the first derivative of the
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Table 1
Force models with maximum amplitudes and mean values. Values for GRACE on July 14th, 2007.
Models Details Mean (m/s?) Max. amplitude (m/s?)
Earth gravity EGM2008 with low degree rates. Degree 120. 8.5 6e-2
Third bodies Moon and Sun from JPL DE421. 1.3e-6 le-6
Earth tides Due to Moon and Sun, Wahr terms. le-7 8e-7
Ocean tides EOT11a (256 tides). Degree 120. 0 6e-7
Solid Earth pole tide IERS 2010 using sub-daily wobble variables 0 2e-8
Ocean pole tide Desai [12] using sub-daily wobble variables. Degree 120. 0 4e-9
Relativity Schwarzschild correction. 1.65e-8 2e-10

Table 2
Perturbing signal in POD.

Source Details Max. amplitude (m/s?)
GRACE POD Systematic error in Z body-frame axes 5e-8

GRACE POD Systematic error in Y body-frame axes 6e-6

GOCE POD Systematic error in each of the body-frame axis 1.5e-6
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Fig. 1. Accelerations of GRACE-A on July 15th, 2006. The POD-based non-
gravitational accelerations are shown in cyan line and the accelerometer measure-
ments in black line. Dotted blue line represents the POD-based non-gravitational
accelerations corrected from systematic errors. An un-modeled acceleration is high-
lighted in a circle. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

gravitational potential in Cartesian coordinates [18]. The trans-
formations between reference-systems were performed including
sub-daily variations. Diurnal and semi-diurnal ocean tides and nu-
tation contributions were computed and added to the interpolated
Earth Orientation Parameters (EOP). After subtracting the conser-
vative force-model from GRACE’s reduced-dynamic POD-based ac-
celerations, the systematic error in Zsgs axes [6] was successfully
removed by using smoothing techniques. Fig. 1 shows GRACE's
POD-based non-gravitational accelerations with respect to the cal-
ibrated accelerometer measurements.

Although GRACE’s POD perturbing signal was bigger in mag-
nitude, the results from GOCE were worse. After subtracting
the conservative force-model from GOCE’'s POD-based accelera-
tions, a 1.5-hour periodic error of 1.5 pm/s*> amplitude maxima
was detected in all three axes. Fig. 2 shows the GOCE's POD-
based non-gravitational accelerations with respect to the calibrated
accelerometer measurements. Unfortunately, little improvements
were allocated by modeling or smoothing the perturbing signals,
and no viable solution could recover the underlying information of
GOCE’s POD-based non-gravitational forces. Maximum amplitudes
of the perturbing signal are shown in Table 2.

3.2. Differences to accelerometer measurements

Due to the difficulty in retrieving GOCE’'s POD-based non-
gravitational accelerations, the PCA analysis was only performed
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Fig. 2. Accelerations of GOCE on February 15th, 2011. The POD-based non-
gravitational accelerations are shown in cyan line and the accelerometer measure-
ments in black line. Dotted blue line represents the smoothed POD-based non-
gravitational accelerations. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

for the GRACE mission. First, 4-year (2006-2009) of measurements
were downloaded from the ISDC ftp and processed under MAT-
LAB environment. Then, the differences between computed and
measured non-gravitational accelerations were studied along the
satellite orbit. Highlighted with a circle in Fig. 1, an overestimation
of 1 pm/s? in the Zsgs axis shows an un-modeled acceleration at
19:45 h. In the Xsps axis, the highlighted anomaly first overesti-
mates to later underestimate the measured acceleration. Note that
the overestimation in the Zsgs axis reaches its maximum when
the satellite is over the anomaly. At that position, the difference to
the Xsps axis is zero. In order to derive a complete grid of differ-
ences, ascending and descending orbits were separated in function
of decreasing or increasing spacecraft’s latitude. For the develop-
ment in longitude, the values must be biased 360° after a grid is
completed. Therefore, the interpolation and clipping of each grid
can be conducted. Different algorithms were compared and the
linear interpolation showed the bests results. Interpolated differ-
ences between the conservative force-model and the accelerom-
eter measurements in the Zsgs axis are shown in Fig. 3. In this
figure, GRACE's descending orbits from 16th to 19th of January
2006 are plotted in dotted line. The time variation is defined from
right to left as the equatorial orbit shift precesses westwards, and
from North to South as only descending orbits are represented.
Note that several anomalies are correlated between continuous or-
bits.
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seems to provide useful outputs. Nevertheless, we present a more
feasible methodology to analyze the sparse satellite measurements
along a precessing orbit. Since each derived grid is equally af-
fected in longitude and latitude, the resulting PCA components will
follow the same pattern. The resulting two first pair of PCA compo-
nents shows amplitudes maxima of 80 nm/s? and 50 nm/s? with a
respective wave-length of degree-6 and degree-11s spherical har-
monics (Figs. 5 and 6). The four leading eigenvectors together ac-
count for 74% of the total variance and, individually, explain 31%,
22%, 11% and 9% of the variance. Unfortunately, their correspond-
ing time-expansion PCA coefficients allocate too low resolution to
define periodicities but their spectrum frequency showed strong
correlation with eclipse times (not shown in this paper). This cor-
relation might induce that these PCA components represent the
reduction of air mass produced by the expansion of atmospheric
layers under solar heating. As for long term-variations, the fifth
PCA component (Fig. 7(a)) reveals a latitudinal variation defined
by 15 nm/s? amplitude maxima. This mode is especially correlated
to the eclipse times. Note that the amplitude follows the orbital
B’ angle variation (angle between the Earth-Sun line and the orbit
plane). The evolution of B’ angle values can be seen at the right
panel of Fig. 7(a), where 0° corresponds to alternative midnight
and noon times. In this panel, it is clearly seen that descending or-
bits on February, 2006, e.g., the satellite at noon is affected by a
positive force of 10 nm/s? in the Southern hemisphere and neg-
ative in the Northern hemisphere. On the contrary, at midnight
(e.g. on June, 2006), the satellite is affected by a negative force of
5 nm/s? in the Southern hemisphere and positive in the North-
ern hemisphere. As for ascending orbits (not shown in this paper),
the results are similar. The next panels (Fig. 7(b)) show a trend of
3 nm/s? yr in the Indian Ocean, which might be related to internal
geophysical processes. The remaining components (Figs. 7(c) and
7(d)) could be attributed to geodynamical and hydrological pro-
cesses, as for example, tectonic processes of California, Japan and
Indonesia. We should note that the (b), (¢) and (d) PCA compo-
nents from Fig. 7 have been obtained from the monthly mean-
averages of combining ascending and descending orbits. The initial
idea for this combination was to cancel the binary behavior of the
first 4 modes. Another suggestion was to analyze the variations of
the time-expansion PCA coefficients with a bigger sampling inter-
val, so multiples of the original frequency can be recovered. The
idea of employing ascending and descending orbits to analyze the
variations in a shorter time-scale was also considered, but all these
suggestions are left for future research.

5. Summary

For most of the satellite missions, the un-precedent accuracy
and real-time capability of current analytical force-models make
them to become the favorite choice in POD. However, the im-
plications of omitting the use of TVG forward modeling can be
a significant concern. In this study, the anomalies to current
conservative-force analytical-models are evaluated and analyzed
via conventional PCA. Our first results show that precise non-
gravitational forces from the GOCE mission cannot be retrieved
from the reduced-dynamic POD products, and those from GRACE
must be corrected from the purely sinusoidal disturbing signal.
In order to study the measurements on time, the differences be-
tween the POD-based non-gravitational accelerations and the ac-
celerometer measurements have been interpolated and converted
in single grids of ascending and descending orbits. The mean of
the differences shows anomalies at Canada, Brazil and Greenland.
The variability of each grid can be synthesized in two temporal
dimensions: the latitudinal variation, defined by the half orbital
period, and the longitudinal variation, defined by the equatorial
orbit shift. Using the conventional PCA analysis, our analysis has

examined the spatial patterns of variability, their time variation
and the measurement of their importance. Our results reveal a lat-
itudinal variation correlated with the day-night periods, a trend
in the Indian Ocean and two strong patterns at sub-daily frequen-
cies, also correlated with the day-night periods. Concerning the
sub-daily periodicities, the resulting wave-length of degree-6 and
degree-11s spherical harmonics suggests a review in the-state-of-
the-art of tide-analysis and, preferably, complemented with this
methodology and results. In the future, further improvements in
our results could be conducted by adding an accurate atmospheric
tide model and, in our methodology, by recovering sub-daily peri-
odicities, with the use of both, ascending and descending orbits, or
employing multi-satellite approaches.
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