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Abstract The GOCE satellite was orbiting the Earth in a
Sun-synchronous orbit at a very low altitude for more than
4 years. This low orbit and the availability of high-quality
data make it worthwhile to assess the contribution of GOCE
GPS data to the recovery of both the static and time-variable
gravity fields. We use the kinematic positions of the official
GOCE precise science orbit (PSO) product to perform gravity
field determination using the Celestial Mechanics Approach.
The generated gravity field solutions reveal severe systematic
errors centered along the geomagnetic equator. Their size is
significantly coupled with the ionospheric density and thus
generally increasing over the mission period. The systematic
errors may be traced back to the kinematic positions of the
PSO product and eventually to the ionosphere-free GPS car-
rier phase observations used for orbit determination. As they
cannot be explained by the current higher order ionospheric
correction model recommended by the IERS Conventions
2010, an empirical approach is presented by discarding GPS
data affected by large ionospheric changes. Such a measure
yields a strong reduction of the systematic errors along the
geomagnetic equator in the gravity field recovery, and only
marginally reduces the set of useable kinematic positions by
at maximum 6 % for severe ionosphere conditions. Eventu-
ally it is shown that GOCE gravity field solutions based on
kinematic positions have a limited sensitivity to the largest
annual signal related to land hydrology.
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1 Introduction

Precise orbit determination (POD) of low Earth orbiters
(LEOs) using global positioning system (GPS) data is
required to solve for the long-wavelength part of the Earth’s
gravity field. This is evident for missions uniquely relying
on the GPS high-low Satellite-to-Satellite Tracking (hI-SST)
technique such as the past gravity mission CHAllenging
Minisatellite Payload (CHAMP, cf. Reigber et al. 1998) or
the recently launched magnetic field mission Swarm (ESA
2004). GPS-based POD is also important for the Gravity
field and steady-state Ocean Circulation Explorer (GOCE,
cf. Drinkwater et al. 2006) mission, where the low-degree
coefficients of GOCE-only gravity field solutions are exclu-
sively determined from GPS data, because the measure-
ments of the core instrument, the three axis gravity gra-
diometer, are band-limited (Pail et al. 2011). For grav-
ity missions such as the Gravity Recovery And Climate
Experiment (GRACE, cf. Tapley et al. 2004), where the
recovery of most coefficients is dominated by the K-Band
low-low Satellite-to-Satellite Tracking (1I-SST) technique
(e.g., Beutler et al. 2010b), GPS-based POD plays a less
pronounced role.

The GOCE satellite was orbiting the Earth in a Sun-
synchronous orbit at a very low orbital altitude for more
than 4 years. Since the start of the nominal mission phase
on November 1, 2009 until July 31, 2012 the orbital alti-
tude was maintained by a drag-free flight at 254.9km,
which corresponds to a repeat cycle of 979 revolutions
in 61 days (Floberghagen et al. 2011). The satellite was
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equipped with two high-quality 12-channel dual-frequency
Lagrange receivers with helix-antennas for GPS hl-SST
(Intelisano et al. 2008), and six high-quality accelerome-
ters (Cesare 2008) forming the GOCE core-instrument, the
three-axis gravity gradiometer (Rummel et al. 2011). The
low orbital altitude of the satellite and the availability of
more than 4 years of high-quality instrumental data make
the GOCE mission an interesting test case to assess the con-
tribution of GPS hl-SST to the recovery of both the static
and time-variable gravity field. The lessons learned from this
study may be beneficial for the exploitation of GPS hl-SST
for gravity field determination from non-dedicated gravity
missions such as the recently launched Swarm mission. In
view of the possibility of a potential failure of the GRACE
spacecraft in the near future, currently being the only ded-
icated gravity mission in orbit, GPS hl-SST might play an
important role to bridge the gap between the current GRACE
and the future GRACE Follow-On mission (Flechtner et al.
2013).

GOCE 1 s kinematic positions are determined at the obser-
vation epochs of the GPS data of the main receiver/antenna
unit in the framework of the GOCE High-level Processing
Facility (HPF, Koop et al. 2006) as part of the GOCE pre-
cise science orbit product (PSO, Bock et al. 2011a) by a
precise point positioning approach (Svehla and Rothacher
2005). Kinematic LEO positions are independent of the LEO
dynamics and therefore well suited as pseudo-observations
for an independent recovery of the long-wavelength part of
the Earth’s gravity field (e.g., Jiggi et al. 2008). GOCE 1s
kinematic positions of the PSO product are used by various
groups adopting different approaches for long-wavelength
gravity field determination (e.g., Baur et al. 2014). The qual-
ity of the recovery critically depends on the quality of the
kinematic positions. In order to fully exploit long-wavelength
gravity field recovery from kinematic GOCE positions, a pre-
cise modeling of systematic GOCE GPS carrier phase errors,
e.g., antenna phase center variations of the receiving antenna,
is mandatory in the precise point positioning process (e.g.,
Jiggi et al. 2009; Bock et al. 2011b). A clearly variable qual-
ity of the kinematic positions over the entire GOCE mission
duration was found despite all these measures by Bock et al.
(2014). The impact on the quality of GOCE GPS-only grav-
ity field recovery is assessed in this article, where special
emphasis is put on the further investigation (and removal) of
systematic orbit errors and the assessment of their propaga-
tion to GOCE GPS-only gravity field solutions. Eventually,
the impact of unmodeled time-variable gravity signals on
GOCE GPS-only gravity field recovery is assessed.

Section 2 briefly introduces the adopted methods for grav-
ity field determination based on kinematic positions. Sec-
tion 3 presents gravity field results based on the official
GOCE PSO products and analyzes observed shortcomings.
Systematic errors along the geomagnetic equator are further
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analyzed in Sect. 4, where gravity field recoveries based on
new orbits are presented, as well. The potential of recover-
ing time variable signals from GOCE kinematic positions is
eventually assessed in Sect. 5.

2 Methods for GPS-only gravity field recovery

Several approaches may be used to perform gravity field
determination from GOCE kinematic positions (Baur et al.
2014). In this article the Celestial Mechanics Approach is
used to solve a generalized orbit determination problem as
already discussed in detail by Jiggi et al. (2011a). In a first
step a priori orbits are computed based on the kinematic posi-
tions serving as pseudo-observations. The latter are weighted
according to their covariance information obtained from the
kinematic point positioning (Jaggi et al. 2011b) and are fit-
ted over 24 h arcs by numerically integrating the equation of
motion defined by the a priori force models (see Table 1),
and by adjusting arc-specific orbit parameters. In order to
demonstrate the strength of our approach the gravity field
model EGM96 (Lemoine et al. 1997) from the pre-CHAMP
era was selected as a priori gravity field model and the GOCE

Table 1 Data, models, and parameters used for the standard GPS-only
gravity field determination

Kinematic positions GOCE SST_PKI product,?

24h, 1s sampling
GOCE SST_PCV product,?
covariances over 4s

GOCE EGG_CCD product®
(used for selected

Position weights

Accelerometer data

solutions)
Gravity field model EGMO96° (120 x 120)
Solid Earth and pole tides ~ TERS2003¢

FES2004¢ (30 x 30)
Luni-solar-planetary gravity DE405f

AODI1B RL052 (used for
selected solutions)

Ocean tides

Atmosphere and
Ocean Dealiasing

Empirical parameters Constant accelerations per

24h arc in R,A,O

Pseudo-stochastic pulses (constrained)
in R,A,O every 6 min

IERS2003
CODE final ERPs"

Reference frame

transformation

4 EGG-C (2010b)

b ESA (2006)

¢ Lemoine et al. (1997)

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

f Standish (1998)

¢ Flechtner et al. (2006)

" Dach et al. (2009)
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accelerometer data were not taken into account. The impact
of the GOCE accelerometer data for GPS-based gravity field
determination is separately addressed later on in this article
in Sect. 3.1. Apart from the six Keplerian elements, con-
stant and once-per-revolution empirical accelerations acting
over the entire daily arcs are set up in the radial (R), along-
track (A), and out-of-plane (O) directions to compensate
for the main part of the unmodeled non-gravitational per-
turbations. Remaining deficiencies are absorbed by estimat-
ing additional pseudo-stochastic pulses (instantaneous veloc-
ity changes) or accelerations (piecewise constant) at prede-
fined epochs for the R, A, O directions. As pseudo-stochastic
pulses do not affect the satellite trajectory in-between the
pulse epochs (Jaggi et al. 2006) they are thought to be slightly
better suited for gravity field recovery and therefore serve as
the type of pseudo-stochastic parameters used in this study.
A priori assumed variances (constraints) may be imposed on
these parameters on request.

Based on the computed a priori orbits gravity field deter-
mination from kinematic positions is set up as a gener-
alized orbit improvement problem (Beutler et al. 2010a).
The actual orbits are expressed as truncated Taylor series
with respect to all unknown parameters, i.e., with respect
to the arc-specific orbit parameters and the spherical har-
monic (SH) coefficients, about the a priori orbits. Based on
the partial derivatives with respect to all parameters daily nor-
mal equations (NEQs) are set up for all parameters accord-
ing to standard least-squares adjustment. Arc-specific para-
meters are then pre-eliminated before the daily NEQs are
accumulated into NEQs covering longer time spans. The
accumulated NEQ matrix is eventually inverted in order to
obtain the corrections of the SH coefficients with respect
to the a priori gravity field coefficients and the associated
full covariance information. No regularizations are applied
to compute the gravity field solutions presented in this
article.

2.1 Parameter constraining and use of accelerometer data

Bock et al. (2014) showed that realistic constraints imposed
on the pseudo-stochastic parameters have a positive impact
on the quality of the resulting reduced-dynamic orbits, pro-
vided that state-of-the-art background models are used. As
the pseudo-stochastic orbit parameters are, together with the
gravity field parameters and other empirical parameters, part
of the force model, one may not only expect a positive impact
on the orbits but also on the derived gravity fields. Several
options of constraining are subsequently discussed. They are
all applied on the NEQ level and not on the level of obser-
vation equations. As a consequence, their implementation
is very efficient and ensembles of solutions may be gener-
ated.

2.1.1 Constraining pseudo-stochastic parameters to zero

In order to simplify the discussion we assume for the moment
that pseudo-stochastic parameters are set up as piecewise
constant accelerations instead of pulses. As accelerometer
data are not used for the generation of the a priori orbits,
one may assume that this neglect represents the most pro-
nounced shortcoming of the force model (because the grav-
ity field model is improved in the parameter estimation
process). Realistic a priori variances in the R,A,O directions
may therefore be best derived from the high-quality GOCE
common-mode accelerometer data. By splitting up each arc
into subintervals of equal length as the subintervals of the
piecewise constant accelerations, mean accelerations may be
calculated separately from the accelerometer data [centered
around zero, scale factors assumed to be one (Bouman et al.
2011)] for each subinterval and for each component. Even-
tually the variances of these mean accelerations (binned val-
ues) may be computed for each arc and may be used for an
arc-specific constraining of the piecewise constant accelera-
tions. Note that constraints for the differences of subsequent
accelerations may be derived in analogy by analyzing the dif-
ferences of the mean accelerations of subsequent intervals.
If pulses are used as pseudo-stochastic parameters, the roots
of the a priori variances derived from the accelerometer data
are simply multiplied by the spacing At of the subintervals,
because approximately a pulse is p; = At - «;, where «; is
the corresponding acceleration (Beutler et al. 2010a).

2.1.2 Constraining pseudo-stochastic parameters
to measured accelerations

A further sophistication of the orbit model is achieved by
not just imposing constraints on the pseudo-stochastic para-
meters derived from accelerometer data, but by taking into
account the accelerometer data as part of the force model and
by adapting the constraints of the pseudo-stochastic para-
meters accordingly. Usually this is done right at the begin-
ning when numerically integrating the equation of motion
for the generation of the a priori orbits (e.g., Helleputte and
Visser 2008; Bock et al. 2014). It is, however, also possi-
ble to introduce accelerometer data on the level of already
existing NEQs by introducing the binned values from the
accelerometer data as additional pseudo-observations with
user-specified a priori variances imposed to the piecewise
constant accelerations.

Let us assume that a; is the bin value associated with a
particular component of the accelerations and with bin num-
ber i of the accelerometer data and furthermore that «; is
the corresponding estimated value of the piecewise constant
acceleration, the following pseudo-observation equations

loaj—a;=v;, i=1,...,n4 (1)
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may be defined, where n, is the number of piecewise constant
accelerations and v; denotes the residual associated with bin
number ;. In matrix form these pseudo-observation equations
may be written as

I« —a=v, (2)

where I is the identity matrix, reflecting a particularly sim-
ple coefficient matrix to form the linear combination of the
estimated parameters .

Let us furthermore assume that P denotes the diagonal
weight matrix associated with the pseudo-observations (2),
the corresponding NEQ contribution eventually reads as

I"Pla =1"Pa

Po = Pa. )

This NEQ system is diagonal (absolute constraining) and
has to be superimposed to the already existing NEQ sys-
tem derived from the kinematic pseudo-observations, which
already contains the parameter array «. Equation (3) is thus
merely a generalization of imposing weights on parame-
ters, where not only the normal equation matrix but also
the right-hand side of the NEQ system needs to be modi-
fied. More complicated regularization schemes, e.g., relative
constraining where differences of subsequent parameters are
constrained, can be realized accordingly by modifying Eq. (2)
and the associated weight matrix P.

The use of the binned acceleration values as pseudo-
observations together with already existing NEQs generated
without taking accelerometer data into account is particu-
larly attractive for gravity field determination, because the
time-consuming generation of NEQs has not to be repeated.
Instead the “old” NEQs, containing no (or removable) con-
straints, just need to be superimposed with the NEQ con-
stituent (3). The resulting orbits and the gravity field must
be almost equivalent to analyzing NEQs with accelerometer
data used right at the beginning and adding constraints only
to the NEQ matrix. The differences consist of neglecting the
variations of the accelerometer data within the bins and small
non-linear terms.

3 GOCE GPS-only gravity field recovery using
the kinematic GOCE PSO product

Starting on November 1, 2009, the 1 s kinematic positions of
the GOCE PSO product are used to compute GOCE GPS-
only gravity field solutions up to degree and order (d/o) 120
without applying any regularization and without the use of
accelerometer data. A long-term solution based on data until
July 31, 2012 (period of the Release 4 GOCE models) was
generated, as well as solutions based on bi-monthly peri-
ods covering November—December of the years 2009, 2010,
2011, and 2012, respectively. The long-term solution is based
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Fig. 1 Square-roots of degree difference variances of gravity field
recoveries from GOCE kinematic positions covering different time peri-
ods (zonal and near-zonal coefficients excluded) with respect to ITG-
GRACE2010

on the analysis of a total of 921 (out of 1004 possible) daily
arcs, where most of the missing data are related to the so-
called GOCE anomaly in 2010 when no data were avail-
able (Floberghagen et al. 2011). The bi-monthly solutions
are almost complete with only a few days missing.

Figure 1 shows the square-roots of the degree difference
variances of the GPS-only solutions up to d/o 120 with
respect to the superior gravity field model ITG-GRACE2010
(mainly based on ultra-precise inter-satellite K-band ranging
data, Mayer-Giirr et al. 2010). Due to the polar gap caused
by the Sun-synchronous GOCE orbit, zonal and near-zonal
coefficients are excluded in the comparison according to the
rule of thumb by Gelderen and Koop (1997). Based on the
significantly different level of the bi-monthly solutions in
Fig. 1, it becomes evident that the quality of the individual
contributions to the long-term solution is strongly varying. A
variable quality of the GOCE kinematic positions was also
noted in Fig. 6 from Bock et al. (2014), which is caused by a
higher and variable noise over the geomagnetic poles mainly
seen for ascending arcs. The nature of these errors is, how-
ever, rather random and therefore not the main reason for the
quality differences in Fig. 1.

The bi-monthly solution for 2009 clearly shows the
best quality, slightly worse qualities were obtained for the
2010 and 2012 bi-monthly solutions. The worst quality was
achieved for 2011, where a clear degradation is observed
over the entire spectrum. The long-term solution shows an
improved quality with respect to the bi-monthly solutions
only for degrees beyond 30. Above degree 110 the long-term
solution is dominated by omission errors. Within the spectral
range of degrees 30—110 the differences between the solu-
tions are largely dominated by noise, but still the reduction of
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the differences lacks behind the statistical expectation (fac-
tor 3.2 instead of 3.9) when assuming the same noise behav-
ior as for the outstanding November—December period of
2009. For degrees below 30 only marginal improvements are
observed. This is a first indication that the low-degree dif-
ferences with respect to ITG-GRACE2010 are dominated by
systematic errors, which prevent an improvement by accu-
mulating more data. As a further commonality we mention
that degree 2 is not of a very good quality for all displayed
solutions.

Figure 2 confirms the systematic nature of the low-degree
differences by showing geoid height differences of the four
bi-monthly solutions with respect to ITG-GRACE2010. A
Gaussian filter with a radius of 300km is adopted to focus
on the long- to medium-wavelength part of the differences.
Figure 2 clearly reveals that all four bi-monthly solutions
are prone to severe systematic errors centered along the geo-

-0.05

0.05

-0.05

magnetic equator. Barely visible in 2009, the size of the sys-
tematic errors is increasing over the years with a maximum
impact on the bi-monthly solution from 2011, where max-
imum geoid height differences reach peak values of 20cm.
Due to their systematic nature the errors are not reduced
by accumulating longer data series but become more pro-
nounced and are prominently seen also in the long-term
solution shown in Fig. 3 (left). As they are still observed
in combination models, e.g., in the Release 4 model of the
official timewise solution where gradiometer data impact the
solution already beyond degree 12 [Fig. 3 (right), Brock-
mann et al. (2013)], their nature is further analyzed in
Sect. 4 and an approach is presented to significantly reduce
them.

Figures 2 and 3 also exclude C» to reveal subtle differ-
ences such as the misfit of the sectorial coefficients of degree
2 with the reference solution. This misfit is in particular due

0.05

-0.05

0.05

-0.05

Fig. 2 Filtered geoid height differences (m) of bi-monthly gravity field solutions based on the kinematic positions of the PSO product with respect
to ITG-GRACE2010 for the November—December period of 2009 (top left), 2010 (top right), 2011 (bottom left), 2012 (bottom right)

0.05
ﬂ |
-0.05

0.05

-0.05

Fig. 3 Filtered geoid height differences (m) of the GPS-only long-term solution (/eff) and the Release 4 model of the timewise solution (right)

with respect to ITG-GRACE2010
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to the coefficient S>> and will be studied in the following
subsection.

3.1 Impact of accelerometer data and constraining

The pseudo-stochastic pulses underlying the gravity field
solutions presented so far are estimated as free parameters
to generate solutions which have full flexibility to absorb
model deficiencies. Subsequently such a solution is denoted
as type (1). The adopted constraints are only weak (to just
remove the singularity with the constant accelerations act-
ing over the entire arc) and do not significantly influence the
resulting gravity field solution. According to Sect. 2.1 either
more realistic (absolute) constraints based on the accelerom-
eter data may be adopted, which is subsequently denoted as
a solution of type (2), or both, binned accelerometer data
and more realistic constraints (absolute and relative) may be
adopted, which is labelled as a solution of type (3).

Figure 4 (left) compares the impact of the improved
constraining and the inclusion of accelerometer data on
the actual differences of bi-monthly solutions covering the
period of November—-December 2009 with respect to ITG-
GRACE2010, as well as on the formal errors. The formal
errors of solution (1) may be improved up to about degree
10, indicating that the free estimation of pulses every 6 min
overparametrizes the gravity field recovery. The differences
in the formal errors between solution (2) and solution (3) are
only minor with a slight preference for solution (3) due to
the use of additional relative constraints. Figure 4 (left) also
shows that the impact of different constrainings and the use
of the accelerometer data on the actual solution are essen-
tially confined to degree 2. The level of the differences is
obviously too large to profit from the improved constraining
up to about degree 10 as promised by the formal errors.

Difference degree amplitudes

0 20 40 60 80 100 120
Degree of spherical harmonics

The large discrepancy between formal errors and actual
differences with respect to superior gravity field models
based on GRACE K-Band data is not specific for GOCE
but was already observed for gravity field recovery from
kinematic positions of other LEO missions when not tak-
ing empirically derived covariance information into account
(Jaggi et al. 2011b). As we will subsequently see, the deter-
mination of the low-degree terms is highly susceptible to
systematic errors, which eventually might be responsible for
the discrepancies in Fig. 4 (left).

Figure 5 shows geoid height differences of solutions (1)
and (3) with respect to ITG-GRACE2010. A Gaussian fil-
ter with a radius of 300km was again adopted to focus
on the long- to medium-wavelength part of the differences.
Figure 5 shows that the systematic errors centered along the
geomagnetic equator are still present, but they can be reduced
at least to a small extent by adopting a realistic constraining
and by using accelerometer data. Moreover, the deterioration
with respect to the sectorial coefficients of degree 2 could be
removed due to the much improved quality of the Sy» coef-
ficient.

In order to exclude that the quality of the low-degree
coefficients is limited by unmodeled high-frequent time-
variable effects of the Earth’s gravity field, the atmospheric
and oceanic dealiasing products (Flechtner et al. 2006) were
in addition taken into account in the background model-
ing when estimating bi-monthly gravity field solutions of
type (3). Figure 4 (right) compares the differences of solu-
tion (3) from Fig. 4 (left) to the difference when using and
omitting AOD, respectively. With the exception of degree 2
the impact of the neglected AOD product is at least half a
magnitude smaller than the differences with respect to ITG-
GRACE2010. In view of the quality of kinematic positions,
and as opposed to ultra-precise K-Band observations, one

Difference degree amplitudes

10 = ITG-GRACE2010
-
1071 ) ‘ ‘ ‘ (3) - (3) with AOD
0 20 40 60 80 100 120

Degree of spherical harmonics

Fig. 4 Impact of constraining and accelerometer data (left) and AOD products (right) on gravity field recoveries from GOCE kinematic positions
covering the November—December period of 2009 (zonal and near-zonal coefficients excluded)
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Fig. 5 Filtered geoid height differences (m) of bi-monthly solutions with respect to ITG-GRACE2010 for the November—December period of

2009 without (left) and with (right) accelerometer data
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Fig. 6 Mean differences (mm) per 1° x 1° geographical bins between kinematic and reduced-dynamic orbits of the PSO product for ascending

(left) and descending (right) arcs of the year 2011

may conclude that the neglect of AOD products does not
pose a serious limitation to gravity field recovery from kine-
matic positions. The apparently different behavior of degree
2 in Fig. 4 (right) is simply due to the use of the rule of
thumb by Gelderen and Koop (1997), which excludes Csg
when computing the differences. When also taking the zonal
and near-zonal coefficients into account, the differences are
still about half a magnitude smaller than the differences with
respect to ITG-GRACE2010 for all degrees, but for degree 2
the behavior is indeed different. The inclusion of Cy¢ renders
the differences to be on the same order as the differences with
respect to ITG-GRACE2010. The neglect of AOD impacts
the solutions from Fig. 4 (left) at degree 2, but is not capable
to reduce the low-degree discrepancy to ITG-GRACE2010.
Whether unmodeled time-variable signals related to land
hydrology are a limiting factor will be assessed later on in
this study.

4 Analysis and removal of systematic effects around
the geomagnetic equator

In order to further study the systematic errors in Figs. 2 and 5,
we first analyze the differences between the kinematic and
reduced-dynamic orbits of the PSO product for the year 2011
in terms of mean values per geographical 1° x 1° bins. As
no constraints are imposed by dynamic models on kinematic

positions, kinematic orbits are expected to be more affected
by systematic errors than reduced-dynamic orbits (e.g., Jaggi
et al. 2009). Apart from common signatures for ascending
and descending arcs, e.g., larger mean differences over the
geomagnetic poles, Fig. 6 clearly reveals differences between
both orbit types along the geomagnetic equator, which occur
for ascending arcs. With a size of up to 1cm the effect is
detectable thanks to the excellent quality of the GOCE PSO
product (Bock etal. 2014). The signature is barely visible dur-
ing the early phase of the mission (not shown), but gets more
pronounced during recent years and is obviously responsi-
ble for the deterioration of the long-wavelength gravity field
recovery shown in Sect. 3.

4.1 Analysis of residuals

In order to better confine the origin for the systematic errors
around the geomagnetic equator we inspect the ionosphere-
free GPS carrier phase residuals of the determination of the
reduced-dynamic PSO. As the effect might be related to the
ionosphere, we average the residuals not at the GOCE sub-
satellite point but at the ionosphere piercing point of the
corresponding observation directions. The ionosphere single
layer is assumed to be at a height of 450 km for this experi-
ment. Figure 7 shows these averaged residuals for 121 days
(days 245-365) of the years 2009, 2010, and 2011, respec-
tively. The systematic errors are clearly visible in the year
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Mean residuals at ionosphere—crossing: 2009, doys 245-365
x107°

x10°

Mean residuals at ionosphere—crossing: 2010, doys 245-365

x107°

Fig. 7 Mean (m) of phase observation residuals mapped to the ionosphere piercing point, days 245-365, 2009 (top left), 2010 (top right), 2011

(bottom left), 2011 with HOI corrections applied (bottom right)

2011 but also for the earlier 2 years they are noticeable. As
it is a systematic effect it might be a deficiency in the GPS
observation model.

Because the systematics increase with increasing
ionospheric density the higher order ionospheric (HOI)
terms, which are not modeled in the operational GOCE
processing (EGG-C 2010a), might cause the problem. We
apply the HOI corrections for a short time interval in the
GOCE orbit processing to check whether the systematics can
be reduced or even be eliminated by this measure. Days 300—
365 in 2011 were selected for this purpose, because of the
large effect during this time interval. The global ionosphere
maps (GIMs, Schaer 1999) from the CODE (Center for Orbit
Determination in Europe) analysis center were used to derive
the total electron content (TEC) needed to compute the HOI
correction terms. Figure 7 (bottom right) shows the phase
observation residuals for the 66 days including HOI correc-
tions mapped to the ionosphere piercing points. The data set
is not as long as for the other maps shown in Fig. 7, only
66 instead of 121 days were used. Nevertheless, the sys-
tematics are still clearly visible, which implies that they are
not caused by the HOI terms or, more precisely, that they
can not be eliminated or significantly reduced by the cur-
rent HOI model implementation. The HOI correction mod-
els as recommended by the IERS Conventions 2010 (Petit
and Luzum 2010) were derived for terrestrial applications
and therefore might not be suitable for the correction of LEO
data (N. Jakowski, private communication). GOCE is flying
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in a very special orbit just below the assumed single layer
of the ionosphere model. The orbit is essentially stationary
(Sun-synchronous orbit) with respect to the ionosphere, and
ascending arcs always pass through the region of highest
electron density (dusk-dawn orbit). Therefore, only ascend-
ing but not descending arcs are affected by the systematic
errors.

The systematic effects from Fig. 7 might also be related to
short-term variations in the ionosphere such as scintillations
(Jakowski et al. 2006). The geometry-free linear combination
of GPS carrier phase observations is particularly well suited
to detect short-term variations in the ionosphere because it
only contains the ionospheric delay and the initial carrier
phase ambiguities. For each tracked GPS satellite the linear
combination

ALy = L(t;) — La(t;) — (L1(tig1) — La(ti41)),
i=1,....n—1 4)

may be evaluated, where AL, is the ionosphere change
within the intervals At = t;41 —¢t;, L1 and L, are the phase
observations on the two carrier frequencies, #; is the time at
observation epoch i and 7 is the number of 1 Hz observation
epochs. In order to get rid of large short-term variations in
the ionosphere, observations for which the absolute value of
ALy is larger than a certain threshold are excluded from the
processing. Empirically, a threshold of 5cm/s was found to
be suitable.
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The GOCE orbit determination has been repeated with
this new, reduced set of ionosphere-free carrier phase
GPS observations. The phase observation residuals of the
reduced-dynamic orbit determination are again mapped to
the ionosphere piercing point and averaged for the time span
from days 300-365 in the year 2011 (Fig. 8). The system-
atic effect around the geomagnetic equator could obviously
be removed to a large extent by excluding the observations
with ionosphere changes larger than 5 cm/s. Figure 9 shows
the percentage of remaining observations and resulting kine-
matic positions of this screened data set with respect to
the original data. Despite the exclusion of all observations
related to large ionosphere changes, this merely corresponds
to 94.4% of the total set of available GPS observations.
Nearly all of the removed observations are located at bands
along the geomagnetic equators. On average 93.8 % of the
kinematic positions can still be determined, which implies a
small reduction of about 6.2 % for the set of kinematic posi-
tions used for gravity field recovery. For the time span of days
300-365 in the years 2009, 2010, and the 2012, the reduction
is even significantly smaller (not shown), amounting to 0.1,
0.2, and, 3.7 %, respectively.

4.2 Gravity field recovery using improved kinematic
positions

Gravity field recovery from Sect. 3 was repeated by replac-
ing the kinematic positions from the official PSO solution

_3
lonosphere change >5cm/s excl, 300-365, 2011 x10

Fig. 8 Mean (m) of phase observation residuals mapped to the
ionosphere piercing point, days 300-365, 2011; observations with
|AL4| > 5cm/s are excluded

100
95
R 90t
85 O % of observations I
8 O % of kinematic positions|

300 310 320 330 340 350 360
Day of Year 2011

Fig. 9 Percentage of GPS ionosphere-free observations and kinematic
positions with respect to the original data set for days 300-365, 2011

by the kinematic positions derived in Sect. 4.1. Figure 10
shows the square-roots of the degree difference variances of
the new GPS-only solutions up to d/o 120 with respect to
ITG-GRACE2010 in comparison with the solutions shown
in Sect. 3. Only marginal differences are observed for the
bi-monthly solution for 2009 due to the weak signature of
the systematic errors along the geomagnetic equator. For
the bi-monthly solutions of 2010, 2011, and 2012, how-
ever, a clear reduction of the differences with respect to
ITG-GRACE2010 is observed over the entire spectrum. The
strongest reduction occurs for 2011, where the strongest sig-
nature of the systematic errors along the geomagnetic equa-
tor is observed. Apart from 2011 the differences of all bi-
monthly solutions are on a very similar level. It has to be
noted as well, however, that the very low degrees cannot be
improved by using the new kinematic positions due to the
smaller spatial scales of the systematic errors.

In order to confirm that the systematic errors related
to the geomagnetic equator could be significantly reduced,
Fig. 11 shows geoid height differences of the four bi-monthly
solutions based on the new orbits with respect to ITG-
GRACE2010. A Gaussian filter with a radius of 300 km was
adopted to focus on the long- to medium-wavelength part of
the differences. A comparison with Fig. 2 shows that a large
part of the signature could indeed be removed.

5 Time variable signals from GPS-only solutions

Based on CHAMP kinematic positions Weigelt et al. (2013)
have recently shown that time variable gravity (TVG) signals
with annual periods can be recovered from CHAMP monthly
gravity field solutions by adopting Kalman filter techniques.
In this section we assess the contribution (and limitation) of
GOCE kinematic positions to derive TVG signals by simple
means, and whether their neglect in Sect. 3 is responsible for
the limited quality of the low-degree coefficients. Due to the
generally limited sensitivity of TVG recovery from kinematic
positions, the longest possible data span, covering the time
period between November 1, 2009 and October 20, 2013, is
used to compare two straightforward methods to solve for
TVG signals up to d/o 10.

As a consequence of the GOCE orbital characteristics the
ground-tracks have a repeat cycle of 61 days with a sub-cycle
of 20 days. As opposed to the GRACE mission, where data
are typically processed in monthly batches to achieve a full
coverage of the Earth, either 20, 40, or 60 days are needed
for GOCE. Due to the very low resolution anticipated by d/o
10 we derive solutions every 20 days in Sect. 5.1. Similar
to the findings of Prange (2010) for CHAMP, “raw” 20-day
solutions are governed by large noise, even if omission errors
beyond d/o 10 are reduced by high-quality static gravity field
models. Therefore we confine ourselves in Sect. 5.1 to repre-
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Fig. 10 Square-roots of degree difference variances of gravity field recoveries from GOCE kinematic positions (zonal and near-zonal coefficients
excluded) based on GPS observations with ionosphere change <5 cm/s for different time periods

sent the 20-day solutions a posteriori by an annual signal. It
has to be emphasized that this is a representation of the mean
TVG signal only.

Due to frequent gradiometer calibrations and several
anomalies limiting the availability of the GOCE data, the ana-
lyzed time period between Nov 1, 2009 and Oct 20, 2013 can-
not be completely covered with 20-day solutions. In Sect. 5.2
we directly solve for the annual signal using the original
NEQs. This makes the intermediate and somewhat cumber-
some derivation of 20-day solutions obsolete and offers a
more rigorous estimation of the annual signals from a statis-
tical point of view.

5.1 Fitting annual signals
The sensitivity of orbital positions to TVG signals is
restricted to the long-wavelength part of the Earth’s grav-

ity field. It is therefore important to reduce omission errors
to the extent possible, either by simultaneously estimating
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the static gravity field beyond a certain cut-off degree, or by
introducing the static part from a previously established or
external solution. For the latter approach two types of solu-
tions are produced. Either a state-of-the-art static gravity field
model based on different tracking techniques is used such as
GOCOO03S (Mayer-Giirr et al. 2012), or the GOCE long-term
GPS-only solution from Sect. 3.

In order to assess whether the 20-day GOCE solutions
contain information on the most dominant TVG signals, an
annual signal is fitted through the individual 20-day solu-
tions. Let us assume that the SH coefficients valid for a cer-
tain 20-day interval [#; — 10d, t; + 10d] are denoted by x;.
Each SH coefficient x; ; € X; is then represented as

Xik + Vik = ai - cos (o (t; — tp))
+by - sin (w (t; — to) + cx, ©)

where @ denotes the annual frequency, which is represented
by a cosine and sine term with amplitudes a; and by, respec-
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Fig. 11 Filtered geoid height differences (m) of bi-monthly gravity field solutions based on kinematic positions using GPS observations with
ionosphere change <5 cm/s with respect to ITG-GRACE2010 for the November—December period of 2009 (fop left), 2010 (top right), 2011 (bottom

left), 2012 (bottom right)

tively. 7o represents an arbitrarily selectable reference epoch,
ci the offset, and v; x the residuals, which are minimized in
the least-squares sense by fitting each coefficient individu-
ally and by using the formal errors of the 20-day solutions
for an appropriate weighting. Correlations between the SH
coefficients are thus neglected and care has to be taken that
the underlying 20-day solutions are homogenously covered
by daily arcs, in such a way that the estimates x; properly
refer to the center #; of the time interval.

A total of sixty-two, 20-day solutions were generated
up to d/o 10 by using the two static gravity field models
GOCOO03S and the GOCE GPS-only solution from Sect. 3
beyond degree 10, respectively. The large number of solu-
tions provides a good sampling of the annual signal over
several periods (3.97 years), and discretization effects due to
the use of 20-day intervals may still be kept small and do not
induce significant signal damping when recovering the sig-
nal by a posteriori fitting the simple model from Eq. (5). Fig-
ure 12 (top row) shows a visual comparison in terms of geoid
heights of the annual amplitude of the sine signal, which is
the dominant term in Eq. (5) when identifying ¢y with the
beginning of a year (Tapley et al. 2004). A Gaussian filter
with a radius of 1,500km was applied for all solutions to
focus on the long-wavelength part of the signal. The general
structure of the two solutions is similar, confirming that only
the largest part of the signal may be captured. Although the
detailed shape of the signal over land and the artefacts over
the oceans are slightly different, the use of a state-of-the-

art gravity field background model does not seem to provide
significant advantage with respect to the GOCE GPS-only
solution. The degraded quality of the zonal and near-zonal
coefficients of the GOCE GPS-only solution does not seem
to seriously degrade the recovery of the low-degree annual
time variable signal.

5.2 Direct approach

A more rigorous estimation of annual signals may be
achieved by directly using the NEQ systems established in
Sect. 3. Let us assume that the NEQ system associated with
the kinematic positions from daily arc i reads as

N;x = b;, (6)

where x denotes the unknown SH coefficients. N; and b;
denote the contributions of this particular arc to the total nor-
mal equation matrix and right-hand side, which would be
obtained by accumulating the contributions from all individ-
ual arcs.

In analogy to Eq. (5) a particular SH coefficient x; shall
be related to an annual signal according to

Xk = ag - cos (w (t; — 1)) + by - sin (w (& — 19)) + k. (7)

In matrix form this relation may be written as a linear
transformation between the new parameters X and the original
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Fig. 12 Annual amplitude (m) of the sine term when using GOCOO03S (left column) and the GOCE GPS-only solution (right column) beyond

degree 10 (top line: a posteriori fit, bottom line: direct approach)

SH coefficients x as
x = B; x4+ dB;, ®)
where the original and new parameter vectors are defined as

ap
by

X1 c
x=|[|:1], x=|: |, )

Xn Aan
by
Cn

n being the number of SH coefficients. The transformation
matrix reads as
B;
cos (w (t; —tp)) sin(w (t;—19)) 1 ... 0 0 0
0 0 0 ... cos (o (t;—19)) sin (@ (t; —t)) 1

(10)

whereas dB; = 0 holds for the offset vector. According to
parameter transformation in least-squares adjustment (e.g.,
Brockmann 1997), the NEQ matrix and right-hand side refer-
ring to the transformed parameters X read as

N,’YNK:BI' (11
with

N; =B/N;B;, b; =B/ (b, — N;dB)). (12)
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The already existing NEQ contributions N; and b; from
each daily arc may thus be used and transformed according
to Eq. (12) to directly solve for the annual signal. The total
NEQ system is obtained by accumulating all individual con-
tributions (11) from each arc, which automatically ensures
that correlations between coefficients are correctly taken into
account. As opposed to the a posteriori fitting of the annual
signal in Sect. 5.1, potential discretization effects are not an
issue and the somewhat cumbersome processing of 20-day
solutions is superfluous.

Figure 12 (bottom row) visually compares the annual
amplitude of the sine term when directly solving for the
annual amplitudes based on GOCOO03S and the GOCE
GPS-only long-term solution from Sect. 3, respectively. As
opposed to the a posteriori fit of the annual signal from 20-
day solutions, more consistent results are obtained, visually
not revealing any significant differences caused by the use
of the different background models. In order to better quan-
tify the differences Fig. 13 shows the TVG signal in terms of
square-roots of degree variances. Very consistent solutions
are obtained by the direct approach with only a small depen-
dency on the static background model. Slightly less consis-
tent solutions are observed for the a posteriori fit. Also, the
recovered annual signal is different compared to the direct
approach. The RMS values of geoid height differences with
respect to a GRACE solution based on the sine component
(see next section) read as 0.86mm and 0.82mm for the a
posteriori fit and the direct approach, respectively. For the
cosine component the RMS values are 1.7mm and 1.5 mm,
indicating a small preference for the direct approach.
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Fig. 13 Square-roots of degree variances of a posteriori (left) and direct (right) recoveries of the annual TVG signal from GOCE kinematic
positions using different static gravity field background models beyond d/o 10

It was checked that the direct estimation of TVG signals is
not able to significantly change the co-estimated low-degree
coefficients of the static part of the gravity field (coefficients
¢ in Eq. (7), not shown). Unmodeled TVG signals related
to land hydrology are thus not responsible for the limited
quality of the low-degree coefficients reported in Sect. 3.

5.3 Comparison with CHAMP and GRACE

Similar to the gravity mission CHAMP, GPS hl-SST data
from GOCE is not primarily intended to recover TVG sig-
nals. A comparison of CHAMP- and GOCE-based results
with TVG signals extracted from GRACE indicates, how-
ever, what can be expected from GPS hl-SST data. Figure 14
visually compares the annual amplitude of the sine and cosine
terms recovered from GOCE GPS data (a posteriori fit of the
solution from Sect. 5.1 using GOCO03), CHAMP GPS data
(Weigelt et al. 2013), and GRACE K-Band data (Meyer et al.
2012). In order to be compatible with the GPS-based solu-
tion, the CHAMP and GRACE monthly solutions were in
analogy fitted by an annual signal and a Gaussian filter with
a radius of 1500km was applied. The general structure of
the sine term is similar for all solutions, but details are quite
different for the two GPS-based solutions. The RMS values
of geoid height differences with respect to the GRACE solu-
tion are 0.86 and 0.67 mm for GOCE and CHAMP, respec-
tively. Much larger differences are observed for the cosine
term. The GOCE solution fails to a large extent to correctly
assign the phase to the annual signal. The RMS values of the
geoid height differences with respect to the GRACE solution
are 1.70 and 0.72 mm for GOCE and CHAMP, respectively.
The recovery thus seems to be much better for CHAMP,
but it has to be emphasized that the CHAMP solution is
based on a longer time series and stems from a dedicated

processing based on a Kalman filter approach (Weigelt et al.
2013). A reduction of the CHAMP time series to the same
length as the GOCE series would not significantly change
the quality of the recovered TVG signals (not shown). The
adoption of a Kalman filter approach to the 20-day GOCE
solutions, however, would indeed significantly reduce the
cosine amplitudes as well (M. Weigelt, private communi-
cation), yielding a solution with an RMS of geoid height dif-
ferences of 0.82 mm for the sine and 1.00 mm for the cosine
component, which is in-between the CHAMP and GOCE
results based on the Kalman filter and the straightforward
approach, respectively. Possible reasons for the inferior qual-
ity of the GOCE cosine term are discussed by Visser et al.
(2014).

6 Summary

GOCE GPS-only gravity field determination based on the
kinematic positions of the official GOCE PSO product was
performed using the Celestial Mechanics Approach. A long-
term solution based on data from November 1, 2009 until July
31, 2012, and solutions based on bi-monthly periods cover-
ing November—December of the years 2009, 2010, 2011, and
2012, were generated. All solutions revealed to be affected
by severe systematic errors centered along the geomagnetic
equator. Barely visible in 2009, the size of the systematic
errors increased over the years with a maximum impact on the
bi-monthly solution from 2011. Based on efficient methods
to take into account accelerometer data for already existing
normal equations which were generated without accelerom-
eter data, a positive impact of the improved modeling of
non-gravitational accelerations can be demonstrated, but the
effect is confined to the coefficients of degree two. Essen-
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Fig. 14 Annual amplitude (m) of the sine (left column) and cosine (right column) term recovered from GOCE GPS data (top row), CHAMP GPS

data (middle row) and GRACE K-Band data (bottom row)

tially the same conclusion may be drawn when modeling
high-frequency time-variable effects of the Earth’s gravity
field.

The pronounced systematic errors along the geomagnetic
equator may be traced back to the kinematic positions of
the PSO product and eventually to the ionosphere-free GPS
carrier phase observations by averaging the residuals at the
ionosphere piercing point of the corresponding observation
directions. As the systematic errors increase with increasing
ionosphere density, the unmodeled higher order ionospheric
(HOI) terms in the orbit determination process according to
the GOCE standards were suspected to be responsible for
the error pattern. However, no significant reduction could
be seen by adopting the HOI correction model as recom-
mended by the IERS Conventions 2010. As the HOI correc-
tion model was originally derived for terrestrial applications,
further investigations are needed to see whether a model
extension is needed for LEO data. Also the use of global
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ionosphere maps (GIMs) might not be optimal to extract the
total electron content needed to compute the HOI correction
terms, because GIMs do not represent short-term ionospheric
variations. However, because the affected kinematic posi-
tions may be confined to situations with large ionopsheric
changes, an empirical approach may be followed in the mean-
time. Discarding GPS data with ionospheric changes larger
than 5 cm/s leads to a small reduction of at maximum 6 % of
the useable set of kinematic positions for severe ionosphere
conditions, but, more importantly, yields a strong reduction
of the systematic errors in the gravity field recovery and a
considerable improvement of the solutions between degrees
10 and 60. This might be a suitable approach for a reprocess-
ing of the GOCE PSO product if the physical cause of the
systematic errors cannot be found or explained.

Eventually, the impact of unmodeled time variable grav-
ity (TVG) signals related to land hydrology on GOCE GPS-
based gravity field recovery was assessed using straightfor-
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ward approaches and the longest possible time interval from
November 1, 2009 until October 20, 2013. Based on the direct
estimation of an annual signal using already existing normal
equations, which were generated without TVG parameters,
or a simple a posteriori fit of the annual signal through 20-day
solutions, a limited sensitivity of GOCE gravity field solu-
tions to the largest annual signal related to land hydrology
could be demonstrated when using kinematic positions. The
comparison with results from CHAMP and GRACE indi-
cates that more refined analysis techniques are needed to
better exploit the TVG signal content from GOCE, but the
presented methods are sufficient to decide that unmodeled
TVG signals due to land hydrology are not responsible for
the still limited quality of the low-degree coefficients below
degree 10.
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