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Introduction

Abstract

GFZ as part of the GRACE Science Data System (SDS) is routinely processing time-
variable global gravity field models on monthly and weekly basis throughout the whole
GRACE mission period. These operational products consist of spherical harmonic coef-
ficients which are calculated based on the so-called dynamic method, i.e. integration of
variational equations. As a matter of fact, these coefficients are imperfect due to different
error sources such as inaccurate background models, instrument noise and inhomogeneous
sampling and thus have to be filtered during post-processing in an appropriate way. Never-
theless, the current release named GFZ RLOS5 shows significant improvements compared to
its precursors with an average error level of only about a factor of 6 above the pre-launch
estimated baseline accuracy.

Additionally, an alternative approach using radial basis functions is developed at GFZ.
This approach is based on the inversion of integral equations using gradient differences
as in-situ observations. The resulting gravity field products can be directly derived as
gridded data making this approach also suitable for regional applications. No post-filtering
is necessary, as regularization is already applied during system inversion. Additionally
applying a Kalman filter, higher temporal resolution can be achieved.

This paper gives a brief overview of the methodology of both approaches and their
particular strengths and weaknesses are discussed. Results from GFZ RLOS5 and the latest
results of the radial basis function approach are compared and also validated against
independent data sources.

Keywords
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gravity field

number of different GRACE releases generated by different
groups have become available. The temporal resolution of
these releases varies from monthly over 10-day and weekly

The main objective of the GRACE mission (Tapley et al.
2004) consists of monitoring the temporal variations of the
Earth’s gravity field. During the past decade, an increasing
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to even daily gravity field solutions, whereas their spatial
resolution naturally increases with lower temporal resolution
or by applying any type of regularization but is generally
limited to a few 100km. Moreover, different approaches of
gravity field recovery are applied by the processing centers.
An overview of the most important approaches is given in
Table 1. Although differences between different solutions
have become smaller with every new release, they are still
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Table 1 Overview of available global time-variable GRACE gravity
field models

Processing  Temporal
Approach center resolution Reference
Dynamic GFZ Monthly & weekly Dahle et al.
method (2012)
CSR Monthly Bettadpur (2012)
JPL Monthly Watkins and
Yuan (2012)
GRGS 10-day Bruinsma et al.
(2010)
Short-arc IGG/Bonn  Monthly & daily Mayer-Giirr
method (20006),
Kurtenbach et al.
(2009)
Acceleration  TU Delft Monthly Liu et al. (2010)
approach
Celestial AIUB/Bern  Monthly Meyer et al.
mechanics (2012)
approach

present. However, they cannot be simply explained by the
different approaches alone, as background models and stan-
dards are also not consistent.

In this paper, two different approaches based on the same
background models are compared. The first is the dynamic
method, which has been used at GFZ for the operational
GRACE processing since many years (Sect.2). The second
is an alternative approach based on radial basis functions
(Sect. 3) which has recently been developed at GFZ (Gruber
et al. 2014). Using the same background models, one can
expect very similar results in case that both approaches
overcome known shortcomings concerning the availability of
satellite gravity data in view of the subtle temporal gravity
field variations. This can either be achieved by a posteri-
ori destriping and smoothing or by introducing spatial and
temporal constraints during the solution process beforehand.
On the other hand, possible differences can be related to
the approaches and thus indicate their potential strengths
and weaknesses. This is investigated in Sect.4, where the
results of both methods are compared and validated against
independent data.

2 Dynamic Method

At GFZ, both monthly and weekly global GRACE gravity
field models are operationally processed within the GRACE
Science Data System (SDS) using the dynamic method
(see Table 1). Its application to GRACE data is described
e.g. in Reigber et al. (2005) or Schmidt (2007). Briefly
summarized, this approach is based on numerical integration
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of the satellites’ equations of motion and the corresponding
variational equations. Then, by setting up the linearized
observation equations, the unknowns, i.e. gravity field, orbit
and instrument specific parameters, can be solved in a least
squares adjustment. The resulting gravity field solutions are
obtained in form of spherical harmonic coefficients which
can be transferred to gridded values of the desired gravity
field functional such as geoid undulations or gravity anoma-
lies. However, an appropriate smoothing of the solutions has
to be applied, as the derived grids are degraded by merid-
ional striping and artefacts mainly caused by the anisotropic
observation geometry of GRACE.

The current release of monthly and weekly gravity field
models labelled as GFZ RLO5 shows clear improvements
compared to its precursor GFZ RLO04, in particular when
looking at the noise level which has been significantly
reduced. The average RLOS error level has dropped to only
about a factor of 6 above the pre-launch estimated baseline
accuracy (Kim 2000), whereas this factor has been around
15 for RL0O4. The improvements are the results of several
modifications w.r.t. RL0O4 described in Dahle et al. (2014)
and can be summarized in the following six groups of
changes, denoted as Mod1, Mod2, ..., Mod6, resp.:

— Update of GFZ’s Earth Parameter and Orbit System
software (EPOS-OC), mainly due to implementation of
IERS2010 standards (Mod1)

— Use of reprocessed GRACE Level-1B data (L1B RLO2,
provided by JPL) (Mod2)

— Improved GPS processing (Mod3)

— Updated background models (Mod4)

— Modified relative weighting of GPS and K-band range rate
observations (Mod5)

— Modified parameterization of accelerometer biases
(Mod6)

The individual contributions of these modifications are
quantified in Fig. 1. In addition, further notable noise reduc-
tion has been achieved by keeping all orbit parameters fixed
in the final run and solving only the gravity field parame-
ters. This strategy requires an already good, i.e. sufficiently
close to the geophysical truth, a priori information for the
background gravity field model. For RLOS, this is the case
as EIGEN-6C (Shako et al. 2014) including its time-variable
part is used. However, fixing the orbit parameters also regu-
larizes the solutions towards the a priori model (Meyer et al.
2015). This effect has become visible especially in the most
recent years (2009 and later), where the linearly modelled
trend of EIGEN-6C is deviating from the geophysical truth in
certain areas. As a consequence, GFZ has decided to provide
an alternative RL0O5a time-series, where orbit and gravity
field parameters are estimated together.
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Fig. 1 Degree variances for the 101

April 2008 monthly solution in B
terms of geoid height [mm];
Modl, Mod2, ..., Mod6
represent the individual
contribution of the corresponding
modification with GFZ RL04 as
reference, RLO5a is the sum of all
six modifications, and RLO5 is
the latter with fixed orbit
parameters
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3 Radial Basis Function Method

The basic idea behind the Radial Basis Function (RBF)
method is the transformation of satellite instrument data to
in-situ observables and subsequent inversion of gravity func-
tionals, i.e. their corresponding integral equations, defined by
reproducing kernels. Novdk (2007) has already introduced
a kernel function for the GRACE-type observation low-low
satellite-to-satellite tracking (SST) based on inter-satellite
range-accelerations (Rummel 1975). The application of the
RBF method has been described in Gruber et al. (2014); in
the following, only the most essential formulas are briefly
introduced.

First, inter-satellite ranges p, range-rates o and range-
accelerations p taken from GRACE KBR1B-products as well
as inter-satellite velocity differences |§F | are transformed to
in-situ observables representing gradient differences of the
gravity potential ¢ between the two GRACE spacecrafts:

S p.p.|8F]) = (Vé(ra) —Vo(rp).eros) (1)
with r 4, rp the geocentric position vectors of GRACE-A
and -B, resp., and e os the unit vector in line-of-sight (LOS).
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The integral equation

F(P) = // $(0) BYK(P. Q).e105)dS ()
S

describes the relation between the potential ¢ at grid points
QO located at the Earth’s surface S, approximated by the
bounding sphere R (assuming that all relevant gravitational
masses are embedded inside this surface) and the gravity
functional f at the evaluation points P with the corre-
sponding radius rp. The chosen grid is equiareal to reduce
the number of grid points by about 30% compared to an
equiangular version. The reproducing kernel K(P, Q) reads

0 R n+1
K(P,0)= 3 Cn+1) (—P) Pcosy) ()
n=2

with the Legendre polynomial P,(cost), depending on
degree n and the spherical distance v between P and Q.
As the potential values at the grid points Q are the
unknowns to be solved for, Eq. (2) has to be inverted. This
is achieved by least squares adjustment. Because the nor-
mal equation system is ill-posed, regularization is required.
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This can either be achieved by a Tikhonov regularization
or by adopting a Kalman filter system evolving the a priori
values of the normal equation system. Whereas the former is
a suitable choice for monthly solutions, using a Kalman filter
enables a higher temporal resolution.

For this work, daily global Kalman filtered RBF solu-
tions have been generated first. The feasibility of solutions
with daily resolution has been shown by Kurtenbach et al.
(2009). For the prediction step, covariance information for
the relevant sources of mass change is required. The spatial
correlations between the grid points are directly present in
the kernel matrix. Estimates for the temporal correlations are
derived from a hydrology model (WGHM, Ddll et al. 2003),
from the atmosphere and ocean de-aliasing model (AOD1B,
Flechtner et al. 2014) and from other available GRACE time-
series (here: GFZ RLOS). Dynamic GRACE orbits, needed
in Eq. (1), and corresponding background forces to reduce
the in-situ observations are also taken from GFZ RLOS5
processing. No time-variable gravity field background model
has been reduced, as the Kalman filter stochastically predicts
the a priori state using the most recent estimate of the state
vector.

In a second step, monthly global RBF solutions have been
inverted. The daily RBF solutions are removed as additional
de-aliasing product and the variances obtained from the
Kalman filter serve as input for a Tikhonov regularization.
The appropriate signal amplitudes are found in an optimal
sense by determining a global regularization parameter using
an empirical L-curve criterion to minimize the norm of the
residuals and unknowns. It is worth mentioning that the gen-
eration of monthly RBF solutions is generally independent,
i.e. it is not necessary to generate daily RBF solutions first,
as the information for the Tikhonov regularization can also
be taken from other sources, e.g. geophysical models or
GRACE.

In general, the RBF method turns out to be stable even in
case of poor ground track and sample coverage. Moreover,
several observation types (gravity, geometry) from multiple,
both space-born and terrestrial, sensor systems can be com-
bined and commonly integrated. Global as well as regional
gravity field solutions can be computed.

4 Comparison and Validation

For comparison and validation of results from GFZ RLOS5 and
RBF, corresponding time-series spanning ten years (2003—
2012) are analyzed. The monthly and weekly RLOS solutions
have been smoothed with the DDK2 decorrelation filter
(Kusche et al. 2009). The DDK2 filter has been chosen as
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a good compromise between signal preservation and noise
suppression. Its corresponding filter radius of approx.340km
matches well the spatial resolution where the level of
mm-geoid accuracy is reached for RLO5 (Dahle et al. 2014).
As mentioned in Sect.3, the RBF solutions are already
regularized and therefore no additional smoothing has to be
applied.

First, the average monthly degree variances of both
approaches are compared (Fig.2). In order to do so, the
RBF solutions, obtained as grids, have been converted
into the spectral domain by spherical harmonic analysis. It
becomes obvious that the RBF solutions have less power in
the long wavelengths. A possible reason might be that in the
RBF processing only GRACE K-band observations are used
whereas GPS observations, which are essential for solving
for the low degrees in the dynamic method, are omitted so far.
Expanding the RBF method by GPS observations, i.e. adding
orbital information in form of the equation of motion, could
help in future to overcome this issue. To avoid systematic
effects caused by these low degree deficiencies, the potential
coefficients from degree 2 till 6 of the RBF solutions have
been replaced by corresponding coefficients taken from
EIGEN-6C for all further comparisons presented in this
work. In the medium wavelengths (around 1,000 km spatial
resolution), both methods deliver almost identical results
indicating that GRACE has generally its highest sensitivity
in this part of the gravity field spectrum. Looking at the
shorter wavelengths, the RBF solutions show a potentially
higher spatial resolution, as the smoothing applied to the
RLOS solutions is damping the power in the higher degrees
not only suppressing noise but likely also signal.

In order to compare the noise level of the different time-
series, the root mean square (RMS) of equivalent water
height (EWH) values located within central Sahara (where
almost no mass variability is expected) have been computed
(Fig. 3). The RLO5 monthly time-series has the lowest noise
level, but the monthly RBF solutions are very comparable
for most epochs. The largest RMS values can be seen for the
RLOS5 weekly solutions whose noise level is rather randomly
distributed. The daily RBF solutions are strongly correlated
with their monthly counterpart, although with sometimes
larger peaks. Both RBF time-series show systematic varia-
tions possibly caused by seasonal changes of the variance
of the WGHM model entering the prediction step of the
daily solutions and subsequently also affecting the monthly
ones. The mean noise level of all four time-series lies within
1-2 cm of EWH.

In Figs. 4 and 5, resp., basin averages of monthly RLOS
and RBF solutions for Amazon and Bangladesh are plot-
ted. Correlations between RLO5 and RBF are very high
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(Amazon: 98%, Bangladesh: 95%), and the correlations better. Amplitude differences between RLO5 and RBF are
with (unsmoothed) monthly WGHM model output are also  generally rather small. WGHM obviously shows more pro-
relatively good (see Table 2) with RLO5 performing slightly nounced year to year variations of the amplitudes. In case of
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Fig. 4 Basin averages in terms
of EWH [mm)] in the Amazon
basin for RLOS (green) and RBF
(orange) monthly solutions and
WGHM (blue)

Fig. 5 Basin averages in terms
of EWH [mm] in Bangladesh for
RLO5 (green) and RBF (orange)
monthly solutions and WGHM
(blue)

the Amazon basin, RLO5 seems to better reflect these vari-
ations, whereas in Bangladesh RLO5 and RBF amplitudes
are almost similar. The basin averages of both submonthly
time-series fit very smoothly to the corresponding monthly

solutions (not shown).

The comparable correlations of RLO5 and RBF w.r.t.
WGHM become also visible in Fig. 6, where the differences
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Table 2 Correlations between monthly EWH time-series from
GRACE and WGHM over the period 2003-2012

Basin GRACE Correlation (%)
Amazon RLO5 89

RBF 86
Bangladesh RLO5 93

RBF 90
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Fig. 6 Correlations between Y
RBF and WGHM minus |
correlations between RLO5 and <o
WGHM; blue areas indicate : xe
higher correlations for RBF, red 7
areas higher correlations for
RLO5

Fig. 7 Amplitude differences
between RBF and WGHM minus
amplitude differences between
RLO5 and WGHM in terms of
EWH [mm)]; blue areas indicate
smaller differences for RBF, red
areas smaller differences for
RLO5
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of these correlations are spatially plotted. Accordingly, these
differences are close to zero in most regions and none of the
two approaches outperforms the other in a global sense. More
interesting conclusions can be drawn from Fig. 7 showing the
spatial distribution of the difference of amplitude differences
at each 1° x 1° grid point between RLO5/RBF and WGHM.
Amplitudes of the RBF solutions are much closer to WGHM
in many regions, most prominently in the Amazon basin.
From this, it can be concluded that the RBF approach is
capable to better localize hydrological mass variations and
suffers less from leakage effects and smearing of signal
caused by smoothing.

It has to be stated that the WGHM model, like other
hydrology models, cannot be considered as absolute truth
and in several other publications GRACE data has been

-60

-30 0 30 60 90 120

150

used to validate or even calibrate hydrology models (e.g.
Werth et al. 2009). However, the focus of this work is on a
relative comparison of different GRACE time-series rather
than comparing GRACE with hydrology models. Further-
more, the discussion of Fig.7 aims at the capability of the
GRACE solutions to localize hydrology signals and in this
context WGHM should perform better than GRACE and
thus represent a suitable validation. The fact that stochastic
a priori information from WGHM has entered the RBF
solutions as described in Sect.3 also does not affect the
localization of hydrology signals in the solutions, i.e. better
results for RBF can be considered as reasonable.

Further validation against independent data is done by
comparing vertical deformations from GPS and the GRACE
time-series. The GPS data used is obtained from CODE
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Fig. 8 Vertical deformations
[mm] at IGS Station BRAZ
(15.85°S, 47.88°W) from GPS
and monthly GRACE solutions

Fig. 9 Vertical deformations
[mm] at IGS Station NOVM
(54.85°N, 82.91°E) from GPS
and monthly GRACE solutions
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Table 3 Correlations between monthly vertical deformation time-
series from GRACE and GPS over the period AT

IGS station AT GRACE Correlation (%)
BRAZ 2003-2009 RLO5 90
RBF 90
NOVM 2007-2011 RLO5 89
RBF 90
KELY 2003-2011 RLO5 96
RBF 94

Reprocessing (Steigenberger et al. 2011) and consists of
daily coordinate time-series of IGS stations. This original
data is transformed to vertical deformations, smoothed and
averaged to monthly values. The RL0O5 and RBF models are
also converted to vertical deformations according to Tesmer
et al. (2011). As variations in the GPS time-series reflect
also atmospheric effects, the GAA-product (Flechtner et al.
2014) has been re-added to the GRACE solutions. Results
are exemplarily shown for the GPS stations BRAZ (Brasilia,

2005

2006 2007 2008 2009 2010 2011 2012

Year

Brazil), NOVM (Novosibirsk, Russia) and KELY (Kanger-
lussuaq, Greenland) in Figs. 8, 9 and 10. The corresponding
correlations are listed in Table 3. Again, RLO5 and RBF
solutions give very similar results and both are well in phase
with mass variations derived from GPS.

Finally, the benefit of GRACE time-series with higher
temporal resolution is illustrated in Fig. 11. It shows EWH
variations in an area of approx. (500 x 500) km? size around
the epicenter of the December 26th, 2004 Sumatra-Andaman
earthquake. The event by itself is visible in all time-series,
but the actual epoch of the earthquake cannot be captured
exactly by the monthly solutions as these are 30-day aver-
ages. However, this becomes somewhat possible by ana-
lyzing the weekly and particularly the daily solutions. The
latter capture the sudden mass change in the vicinity of the
earthquake exactly at the actual epoch of this event and
might allow for an improved description of the characteristics
of such events. Although this is still work in progress, the
daily Kalman solutions impart a viable enhancement, e.g. for
applications which demand a higher temporal resolution.
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EWH [m] in an area around the
epicenter of the 2004
Sumatra-Andaman earthquake
(2° — 6°N, 94° — 98°E) for
monthly RLO5 and RBF
solutions, weekly RLO5 solutions
and daily RBF solutions; the
actual day of the earthquake is
denoted by the black circle
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5 Summary and Conclusions

Two methods of gravity field recovery from GRACE have
been compared: (1) the dynamic method, with GFZ RLO5
used here as example, and (2) the RBF method.

The former is a standard method for gravity field pro-
cessing, well-established over years, and therefore can be
regarded as benchmark in case of global gravity field solu-
tions. Its drawbacks are a relatively high computational
effort, a limited spatial resolution as smoothing is required
and the fact that only global solutions can be obtained.

The latter method is a new alternative approach based
on inversion of integral equations with a comparatively low
computational effort. The conversion of GRACE K-band
observations to in-situ gravitational observations works well,
as the results from the RBF method are in generally very
good agreement with results from GFZ RLOS5. Furthermore,
this approach can be used for both global and regional
applications. A higher temporal resolution can be achieved
by employing a Kalman filter. Considering the fact that the
RBF solutions are directly given in form of gridded gravity
functionals with no further smoothing needed, they appear
to be more user-friendly than the standard GRACE SDS
solutions. The constraining by WGHM of course adds infor-
mation to the spectral density of the RBF solutions but does
not predefine their spatial distribution. They are thus forced
to comply with those phenomena that most likely occur on

2006 2007

Calendar Years

short time scales where dominant mass redistributions of
the Earth system obviously stem from continental, oceanic
and atmospheric hydrology. It is then arguable that the RBF
method is less suitable to derive secular trends or large-
scale mass anomalies, but for short-term or even singular
events such as megathrust Earthquakes it provides reasonable
results. On the contrary, the post-filtering of the standard
spherical harmonic solutions, which is effectively a bandpass
filter, directly affects the signals’ localization by annihilating
higher resolution. Dealing with this leakage is a challenge
with equal incertitude.

Results from both approaches have been validated against
independent data. According to amplitude differences w.r.t.
the WGHM model, the RBF method has a potentially higher
spatial resolution and shows a better localization of mass
change signals. Comparisons with in-situ GPS vertical defor-
mations show slightly better results for GFZ RL05 than for
RBF. The RBF daily solutions clearly depict the event of
the 2004 Sumatra-Andaman earthquake proving that they are
capable to provide additional information compared to the
standard monthly or weekly solutions.

To answer the question posed in the title of this
manuscript, it can be concluded that the results are
not the same, but very similar. As they are based on
the same background models, the appearing differences
should be caused by the different approaches themselves
indicating that each approach has particular strengths and
weaknesses.
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