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SUMMARY

The Combination Service for Time-variable Gravity fields (COST-G) operationally provides
combinations of monthly Earth gravity field models derived from observations of the mi-
crowave ranging instrument of the GRACE Follow-on (GRACE-FO) satellite mission, apply-
ing the quality control and combination methodology originally developed by the Horizon
2020 project European Gravity Service for Improved Emergency Management for the data of
the GRACE satellites. In the frame of the follow-up Horizon 2020 project Global Gravity-
based Groundwater Product (G3P), the GRACE-FO combination is used to derive global
grids of groundwater storage anomalies. To meet the user requirements and achieve optimal
signal-to-noise ratio, the combination has been further developed and extended to incorporate:
e new time-series based on the alternative accelerometer transplant product generated in the
frame of the project by the Institute of Geodesy at the Graz University of Technology, which
specifically improves the estimation of the C( coefficient and also reduces the noise at medium
to short wavelengths, and

e the new time-series AIUB-GRACE-FO—-RLO02 of monthly GRACE-FO gravity fields, which
is derived at the Astronomical Institute of the University of Bern by applying empirical noise
modelling techniques.

The COST-G quality control confirms the consistency of the contributing GRACE-FO time-
series concerning the signal amplitude of seasonal hydrology in large river basins and the
secular mass change in polar regions, but it also indicates rather diverse noise characteristics.
The difference in the noise levels is taken into account in the combination process by relative
weights derived by variance component estimation on the solution level. The weights are
expected to be inverse proportional to the noise levels of the individual gravity field solutions.
However, this expectation is violated when applying the weighting scheme as developed for
the GRACE combination. The reason is found in the high-order coefficients of the gravity
field, which are poorly determined from the low—low range-rate observations due to the ob-
servation geometry and suffer from aliasing due to the malfunctioning accelerometer onboard
one of the GRACE-FO satellites. Hence, for the final G3P-combination a revised weighting
scheme is applied where the gravity field coefficients beyond order 60 are excluded from the
determination of the weights.

The quality of the combined gravity fields is assessed by comparison of the noise content and
the signal-to-noise ratio with the individual time-series. Independent validation is provided by
the COST-G validation centre at the GFZ German Research Centre for Geosciences, where
orbit fits of the low-flying Gravity and steady-state Ocean Circulation Explorer satellite are
performed that confirm the high quality of the combined GRACE-FO gravity fields. By the
end of the G3P project, the new combination scheme is implemented by COST-G as the
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new COST-G-GRACE-FO-RLO02 and continued to be used for the operational GRACE-FO

combination.

Key words: Global change from geodesy; Satellite gravity; Time variable gravity; Glaciol-

ogy; Hydrology.

1 INTRODUCTION

The Combination Service for Time-variable Gravity fields (COST-
G) is a product centre of the International Gravity Field Service of
the International Association of Geodesy. COST-G started opera-
tions in 2019 July (Jaggi et al. 2020). It collects the time-series of
monthly gravity fields provided by its associated analysis centres
(ACs) and partner ACs and provides robust and quality controlled
combined products. Due to the diverse and independent analysis
strategies applied by the individual ACs, analysis noise of the dif-
ferent time-series is reduced in the combination (Meyer et al. 2019).
The COST-G quality control and combination is performed by the
analysis centre coordinator (ACC) at the Astronomical Institute of
the University of Bern (AIUB).

COST-G was originally set up for the combination of the monthly
gravity fields of the GRACE mission (2002-2017, Tapley et al.
2004), but soon extended to the combination of monthly gravity
fields derived from the high—low satellite tracking observations of
the Swarm satellites (Teixeira da Encarnacao et al. 2016). COST-
G was further extended to operationally combine the monthly
gravity field solutions of the GRACE-FO mission in the frame
of the Horizon 2020 project Global Gravity-based Groundwater
Product (G3P, Giintner et al. 2020). The G3P-consortium more-
over provided consistently generated global grids for the compart-
ments surface water, soil moisture, snow cover, and glacial ice
to derive global groundwater storage (GWS) anomalies (Glintner
et al. 2023) from the terrestrial water storage (TWS) anomalies
routinely computed from the COST-G combined monthly gravity
fields.

This paper focuses on the comparison of the operational GRACE-
FO combination, which is largely based on the processes originally
developed for the GRACE monthly gravity fields in the frame of
the Horizon 2020 project European Gravity Service for Improved
Emergency Management (EGSIEM, Jaggi et al. 2019), with a newly
developed alternative G3P-combination, taking into account alter-
native GRACE-FO products generated in the frame of the G3P-
project. The G3P-combination is also based on a revised weighting
scheme, which is in better agreement with the noise assessment
of the individual time-series. Consequently, the G3P-combination
outperforms the operational combination in terms of the noise as-
sessment.

The operational GRACE-FO combination started in 2020 Octo-
ber. In Section 2, the time-series contributing to the combination are
shortly introduced, and the impact of the accelerometer transplant
product (ACT) on the individual time-series and the combination
is quantified. After harmonization of all contributions, COST-G
performs quality control of the individual time-series to ensure
unbiased signal content of the combined products (Section 4). The
monthly gravity fields are then combined by applying variance com-
ponent estimation (VCE) on the solution level (Jean et al. 2018).
The different noise levels of the individual monthly contributions
are taken into account in the combination process by the relative
weights (Section 3). The combined monthly gravity fields are val-
idated internally by noise assessment over the oceans and by com-
parisons to the individual time-series (Section 5.1). They stand out

by their favourable signal-to-noise ratio, as demonstrated by signifi-
cance tests for the secular and seasonal signal content (Section 5.2).
Independent validation of the individual and combined time-series
is performed by the COST-G validation centre (VC) at the GFZ Ger-
man Research Centre for Geosciences (GFZ), where the monthly
gravity fields are used for precise orbit determination (POD) of
the Gravity and steady-state Ocean Circulation Explorer (GOCE)
satellite (Rummel et al. 2011).

The COST-G combined gravity fields are provided in three prod-
uct lines, dedicated to different groups of users:

(i) Level-2 (L2) products: original spherical harmonic (SH) co-
efficients of the combined solutions (Meyer et al. 2020b).

(i1) Level-2b (L2b) products: post-processed SH coefficients
(Dahle & Murbdck 2020).

(iii) Level-3 (L3) products: post-processed grids or time-series
of mass variations in pre-defined areas for oceanographic (Dobslaw
et al. 2020b), hydrological (Boergens et al. 2020b) or glaciological
applications (Sasgen et al. 2020b).

L2 products are disseminated via the International Centre for
Global Earth Models (ICGEM,' Ince et al. 2019), L2b and L3
products are generated by the COST-G Level-3 product centre
(L3C) at GFZ and disseminated via the Gravity Information Ser-
vice (GravIS?). In the case of the G3P project the main output of
the GRACE/GRACE-FO combination are the global grids of TWS-
anomalies, including also uncertainty information (Boergens et al.
2020a), and the corresponding grids of GWS-anomalies, which are
also available via GravlS, together with the compartments used for
the reduction.

Currently, the following satellite-specific combinations are pro-
vided by COST-G:

(1) A complete time-series of monthly gravity fields COST-G—
GRACE-RLO1 (Meyer et al. 2020a) based on re-processed so-
lutions derived from the GPS and K-band data of the dedicated
gravimetric satellite mission GRACE (Tapley et al. 2004).

(i) Monthly gravity fields of reduced spatial resolution (Teix-
eira da Encarnacao et al. 2019) based on the analysis of the or-
bits of the three satellites of ESA’s magnetic field mission Swarm
(Friis-Christensen et al. 2008) that are operationally provided on a
quarterly schedule.

(iii) Monthly gravity fields COST-G-GRACE-FO-RLO01-OP
(Meyer et al. 2020b) derived from the microwave tracking system
(MWTI), that is, the GPS and K-band observations of GRACE-FO
(Kornfeld e al. 2019; Landerer et al. 2020), which are also provided
operationally with a latency of about two months (after the end of
the respective month).

With the end of the G3P project a general switch of the COST-
G operational combination scheme and a recombination of the
GRACE-FO L2 time-series have been performed, which now is
available as COST-G-GRACE-FO-RL02.

Uhttp://icgem.gfz-potsdam.de/series
Zhttp://gravis.gfz-potsdam.de/home
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COST-G heavily relies on the infrastructure created and further
developed in the frame of the Horizon 2020 projects EGSIEM and
G3P. The Swarm combinations are generated with support of the
Swarm Data, Innovation and Science Cluster (DISC, Teixeira da
Encarnacao et al. 2020).

2 INPUT TIME-SERIES

COST-G is combining unconstrained monthly gravity fields in an
SH representation. Monthly GRACE-FO gravity fields considered
for the operational combination COST-G-GRACE-FO-RL01-OP
are provided by the COST-G GRACE ACs GFZ (Dahle et al.
2019), the Centre National d’tudes Spatiales/Groupe de Recherche
de Géodésie Spatiale (CNES/GRGS, Lemoine et al. 2007), the In-
stitute of Geodesy at the Graz University of Technology (TUG, Kvas
et al. 2019), AIUB (Meyer et al. 2016), the new COST-G GRACE-
FO AC at the Leibniz University Hannover (LUH, Koch 2021), and
the COST-G partner ACs at the Jet Propulsion Laboratory (JPL,
Yuan 2019), and the Center for Space Research at the University of
Texas, Austin (CSR, Kang ef al. 2020).

COST-G-GRACE-FO-RLOI1-OP and the alternative G3P-
combination are based on GPS data (or kinematic orbits derived
thereof) and range-rate data of the MWI. To this date, no data of the
Laser Ranging Interferometer (Sheard et al. 2012; Flechtner ef al.
2016; Abich et al. 2019) is taken into account for the combination.
In detail, the following GRACE-FO time-series are combined:

(i) AIUB-GRACE-FO operational (Lasser et al. 2020b) for the
operational COST-G combination, or AIUB-GRACE-FO-RLO02 for
the G3P GRACE-FO combination,

(i) GFZ-RL06 (GRACE-FO, Dahle et al. 2018) for the opera-
tional COST-G combination, or GFZ—G3P for the G3P GRACE-FO
combination,

(iii) GRGS-RLO05? unconstrained solution,

(iv) ITSG-Grace_operational_n96*,

(v) LUH-GRACE-FO-2020 (Koch 2020),

(vi) CSR-RL06 (GRACE-FO 2019a), and

(vii) JPL-RL06 (GRACE-FO 2019b).

GFZ-G3P is an internal G3P product, all other time-series but the
GRGS contribution are identical to the official releases, truncated
at the common maximum degree of 90 for comparison and com-
bination. While the official GRGS—-RLOS5 is based on a truncated
eigenvalue decomposition of combined GRACE-FO/SLR normal
equations, the solutions taken into account for the COST-G or
G3P GRACE-FO combinations are derived of the unconstrained
GRACE-FO normal equations only.

In contrast to COST-G-RACE-RLO1, the operational COST-G—
GRACE-FO-RLO01-OP is not based on reprocessed, standardized
time-series, but on the operational products of the individual ACs
provided to COST-G with short latency (i.e. within 2 months after
the end of the monthly observation period). The processing strate-
gies and background force models applied by the individual ACs
may be adapted at any time, to always represent the most recent
state-of-the-art in terms of the still rapidly developing insights into
GRACE-FO data analysis.

3https://grace.obs-mip.fr/variable-models- grace-lageos/grace-solutions-
release-05

“https://www.tugraz.at/institute/ifg/downloads/gravity- field-models/itsg-
grace2018/

2.1 Alternative accelerometer transplant products

Accelerometers on both GRACE-FO satellites measure the sur-
face forces acting on the satellites, for example, atmospheric drag
or radiation pressure. The knowledge of the surface forces is
necessary to separate the gravitational from the non-gravitational
forces in the gravity field recovery process. However, on GRACE-
D the accelerometer is malfunctioning since 2018 June and the
non-conservative forces have to be modelled by an ACT-product
(Bandikova et al. 2019) derived from the observations onboard
GRACE-C. The official ACT-product is generated by JPL in the
frame of the GRACE-FO Science Data System (SDS) and used
in the operational RL06 products of CSR, GFZ and JPL, but four
of the seven time-series contributing to the COST-G combination,
namely AIUB, GRGS, ITSG and LUH, make use of an alternative
ACT-product generated by TUG in the frame of the G3P project. In
contrast to the SDS-ACT,’ the G3P-ACT relies on scaled analytical
force models for the low-frequency variations (Behzadpour et al.
2021).

For the sake of comparison, versions of the AIUB (RLO1), GFZ,
ITSG and LUH time-series were generated for both types of ACT-
products, and test combinations of these subgroups of time-series
were performed to assess the impact of the alternative ACT on the
individual GRACE-FO time-series and on the combination. The
time period where alternative gravity fields are available for all
four time-series covers 2018 July—2021 June (in 2018 June both
accelerometers were still working properly and no ACT-product has
thus been generated). In case of the AIUB time-series, the monthly
gravity fields based on the SDS-ACT had to be generated with a
slightly modified parametrization (estimation of a full instead of
a diagonal accelerometer scale factor matrix) to achieve optimal
results.

The largest impact of the alternative ACT-product is found for the
C5o-coefficient, which is important, for example, for the interpreta-
tion of ice mass change in polar regions (Loomis ez al. 2020). Csp is
heavily impacted by an oscillation with approximately 320 d period
when based on the SDS-ACT (Fig. 1, top), as is obvious from the
direct comparison to the Cp-values derived from independent anal-
ysis of Satellite Laser Ranging (SLR). In contrast the Csp-values
derived based on the G3P-ACT (Fig. 1, bottom) show the expected
annual variations, and also the amplitude fits very well to the SLR
reference®. The improvement in Cy is in line with the evaluation
by Behzadpour ef al. (2021) based on the ITSG (TUG) time-series
alone.

In the spatial domain, the artefact in the Csp-coefficient causes the
horizontal ‘zonation’ typical for the zonal coefficients, in this case
with three zero crossings (at the equator and at £60° latitude), which
is clearly visible in Fig. 2 (left) where the non-secular, non-seasonal
geoid variations of GFZ’s 2021 November gravity field based on
the SDS-ACT are shown, while in the corresponding gravity field
based on G3P-ACT (Fig. 2, right) the zonation has vanished.

In Fig. 3, the noise of the different time-series is assessed in the
spectral domain in terms of difference degree amplitudes by com-
parison to the independent GOCOO06s (Kvas et al. 2021) gravity
field (including the time-variable part of GOCO06s). All individual

SRecently, revised RL06. 1 time-series have become available from the SDS-
ACs, which make use of a new ACT-product from JPL with properties very
much comparable to the G3P-ACT; the SDS-RL06.1 time-series are used
in the COST-G-GRACE-FO-RL02 combination.

Sftp://isdcftp.gfz-potsdam.de/grace-fo/DOCUMENTS/TECHNICAL _
NOTES/TN-14_C30_C20_SLR_GSFC.txt
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Figure 1. Estimates of C3p based on the SDS-ACT (top) and the G3P-ACT (bottom); SLR for reference.
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Figure 2. Non-secular, non-seasonal geoid variations of the GFZ monthly gravity field 2021 November based on either SDS-ACT (left) or G3P-ACT (right).
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Figure 3. Change of difference degree amplitudes of individual and combined time-series with respect to GOCOO06s (including time variations) when using

G3P-ACT instead of SDS-ACT; negative values indicate noise reduction.

time-series based on the G3P-ACT reveal reduced noise levels in the
medium to high degrees when compared to their respective coun-
terparts based on the SDS-ACT. When comparing the combination
of the four time-series based on G3P-ACT with the combination of
the four time-series based on SDS-ACT, the improvement is largely
reduced. We conclude that the noise induced by the SDS-ACT in
the medium to high degrees is mainly of a stochastic nature and is
already effectively reduced by the combination. Improvements in
low-degree coefficients are masked by the extrapolation error of the
time-variable signal component of GOCOO6s, but are rather small
anyway.

In Fig. 4, the monthly noise of the combined time-series based
on G3P-ACT is assessed in terms of the non-seasonal, non-secular
variability over ocean areas (see Section 4.3), and the differences in
the individual and the combined time-series due to the use of either
SDS- or G3P-ACT are provided. For all four individual time-series,
improvements in case of using the G3P-ACT are visible in most
of the monthly solutions. The degradation in the 2018 June AIUB
gravity field is caused by the adaption of the parametrization (see

above) which is infavourable in the presence of real accelerometer
observations from both satellites. The large improvement in case of
the monthly LUH gravity fields of 2021 June most probably is due to
a processing artefact. The combination only profits in a few months
from the improvements in the individual time-series, and the effect
is rather small. The limited improvement in the combination is in
line with the evaluation in the spectral domain (Fig. 3).

Fig. 5 exemplarily depicts the spatial distribution of the non-
secular, non-seasonal variability in terms of the root mean square
(RMS) per grid cell over all monthly gravity fields of the GFZ
time-series based either on the SDS-ACT (left) or on the G3P-ACT
(right). The variations are transformed to equivalent water height
(EWH) to focus on the medium-degree coefficients (high-degree
noise and signal is attenuated by the application of a 400 km Gauss
filter). The noise level can be assessed by the RMS over ocean
areas, where little short-term variability due to hydrological signal
is expected. The reduction in noise related to the improved ACT-
product is mainly visible in polar regions, where the impact of the
Cjo-coefficient (see Fig. 2) is most pronounced and where medium-
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Figure 4. Noise assessment of the combined time-series and impact of the choice of ACT on the individual time-series (G3P-ACT solutions — SDS-ACT

solutions; negative values indicate noise reduction).
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Figure 5. Non-secular, non-seasonal EWH variability (smoothed by a 400 km Gauss filter) of the GFZ time-series based on either SDS-ACT (left) or G3P-ACT

(right).

to high-degree coefficients generally profit from the dense ground-
track spacing. A slight improvement is also visible over mid- to
low-latitude oceans.

3 COMBINATION

The main task of COST-G is the monthly combination of the in-
dividual gravity field solutions. A combination on normal equa-
tion level would be feasible, at least for the ACs providing monthly
normal equations, but due to unrealistic stochastic models provided
with most of the normal equations, this would require the use of
empirical scaling factors (Meyer et al. 2019). For the reason of
simplicity, in order to also take the partner ACs into account which
do not provide normal equations, and to avoid any empirical treat-
ment that would make the interpretation of differences difficult,
the operational COST-G and the G3P GRACE-FO combination are
performed on solution level, at the cost of ignoring correlations
between gravity field and orbit or instrument parameters.

3.1 RLO1 weighting scheme

Relative weights are derived iteratively by VCE on the solution level
(Jean et al. 2018). Prior to combination, the SH coefficients are
scaled to a common Earth radius R and gravity constant times mass
of the Earth GM, and the handling of the permanent tide affecting
Cyp is harmonized. All ACs apply the linear mean pole model (Petit
& Luzum 2010,v1.2), therefore no adaption of the C;; and Sy
coefficients is necessary. Degree 1 coefficients, which are included
in the GRGS time-series, are neglected in the combination and set to
zero in the combined product. The Earth’s flattening coefficient Cy
is neglected in the derivation of the relative weights due to its rather
large scatter, which is not representative for the overall quality of

the monthly solutions, but is included in the L2-combination.” All
other SH coefficients up to degree 90 enter the VCE with equal a
priori weights. Error estimates in the individual gravity fields are
ignored because most of the ACs provide formal errors that strongly
depend on their processing strategy and parametrization. They are
very diverse and do not reflect the actual quality of the gravity field
coefficients.

The determined weights are applied equally to all coefficients
of the monthly gravity field. In case of equal signal content of all
individual gravity fields, the weights are expected to be inversely
proportional to the mean noise content of all coefficients of the cor-
responding gravity field. In Fig. 6 (top), the relative weights for the
GRACE-FO time-series contributing to the COST-G combination
are shown. With few exceptions, the relative weights of the individ-
ual time-series are rather stable. In 2018 October and 2019 February,
the GRGS and ITSG monthly solutions are degraded, because they
refer to the data of the corresponding month only, while all other
ACs apply the time-windows as defined by the GRACE-FO SDS
for their monthly solutions, which deviate in these two cases from
the strictly monthly schedule due to data gaps.

The noise assessment for the different time-series and the COST-
G combination is shown in Fig. 6 (bottom). It is based on the
non-secular, non-seasonal variability over ocean areas, where only
very little short-term variations are to be expected, for example, due
to errors in the atmosphere and ocean de-aliasing (AOD) products
(see Section 4.3). Corresponding to the weights, the increased noise
of GRGS and ITSG in 2018 October and 2019 February is visible, a
period of increased noise in 2020 January/February affects most of
the time-series (the reason for this is unclear). Otherwise, the noise
levels of the different time-series are rather stable over the whole

7in the L2b- and L3-products C»g is replaced by values derived from com-
bined GRACE-FO and SLR analyses.
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Figure 6. Monthly weights used for the COST-G combination (top), and noise assessment, that is, monthly RMS of non-secular, non-seasonal variability over
the oceans (bottom).
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Figure 7. Order amplitudes of annual variations, fitted to the individual gravity field coefficients.
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Figure 8. Alternative weights of G3P GRACE-FO combination (top) based on coefficients of orders <60, and corresponding noise assessment (bottom).

GRACE-FO mission period and are in agreement with the noise (Jaggi et al. 2019), where a consistent background modelling by
assessment in the spectral domain in Fig. 13. all EGSIEM ACs was emphasized. It was explained by Jean et al.
Comparing relative weights and noise levels, the consistent as- (2018) by the special effort made at AIUB to provide unbiased so-
sessment in case of GRGS and GFZ, with rather high noise and lutions, which due to their closeness to the arithmetic mean of all
low weights, and in case of JPL and LUH, with medium weights time-series get high VCE weights.
and noise levels, is in accordance with our expectation. Surpris- The discrepancy between the noise assessment and the VCE
ingly, the CSR and ITSG time-series, which feature very favourable weights of the ITSG time-series was also observed, to a lesser ex-
noise levels, get only moderate VCE weights. The opposite is true tent, by Jean et al. (2018) in case of the GRACE combinations in the
for the AIUB contribution, with low to medium noise level, but frame of the EGSIEM project. It has been explained by the empirical
high weights. The latter behaviour was already observed in case noise modelling approach of ITSG, which is very successful in sup-

of the GRACE combination in the frame of the EGSIEM project pressing noise, especially in the high-degree and -order coefficients,
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Figure 9. Time-series of MEWH for selected river basins. Dots indicate monthly estimates, continuous curves represent the signal models fitted to the
individual time-series. All monthly solutions were smoothed by a 400 km Gauss filter.

which suffer from systematic variations. In Fig. 7, order amplitudes
are shown for coefficient-wise amplitudes of annual variations, fit-
ted to the time-series of the individual coefficients of the monthly
AIUB and ITSG gravity fields and of monthly mean gravity fields,
averaged over all ACs. The order amplitudes were computed corre-
sponding to the commonly shown degree amplitudes. They provide
an assessment of the order-wise seasonal signal content. Below or-
der 12 all time-series agree very well and the order amplitudes can
be assumed to represent true signal content. Peaks round the res-
onant orders 15, 31, 46, 61 and 76 are artefacts due to aliasing,
possibly caused by spectral leakage of seasonal signal from low-
degree coefficients. While AIUB is in very good agreement with
the monthly mean gravity fields beyond order 60, ITSG managed to
reduce the signal aliasing at high orders. As a consequence, ITSG
is punished by VCE for applying a noise modelling strategy that is
different from the majority of the GRACE-FO ACs, irrespective of

most probably being closer to reality, while AIUB is getting high
weights in the combination due to being close to the mean.

3.2 G3P weighting scheme

Due to the fact that the error information in the different time-series
is very diverse and not calibrated in most cases, it is ignored in
the COST-G combination approach and all coefficients contribute
equally to the derivation of the weights. Consequently, the weights
are dominated by the high-degree coefficients by sheer number.
Experiments, where the impact of the high-degree coefficients of
the individual gravity fields on their relative weights was reduced
by application of a Gauss filter (Wahr et al. 1998), did not yield
satisfactory results (not shown). Instead, we focus on the role of
the high-order coefficients, which due to the along-track observa-
tion geometry of the K-band range-rate observations, in conjunction
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Figure 10. Annual mass loss (blue) in Greenland (top left: coastal regions and bottom left: inland ice shield) and Antarctica (top right: basin 11 and bottom
right: basin 12, compare to Fig. 11). The deviation (red) from the arithmetic mean of all time-series (black line) and the formal error of the estimation of the
mass trend (orange) are provided for the assessment of significance. The red line indicates three times the formal error of the combination.
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Figure 11. Mean mass trends in glacial basins in Antarctica. Further studied
are basins 11 and 12 along the west coast.

with the near polar orbits of the GRACE-FO satellites, are poorly
determined (Weigelt ez al. 2013). Consequently, the high-order co-
efficients are ‘easy victims’ to spectral leakage from low-degree
coefficients and are contaminated by rather strong seasonal varia-
tions (Jean et al. 2018, compare also Fig. 7).

We apply a very simple order-specific filter by limiting the max-
imum order of the coefficients considered for the derivation of the
weights to 60. The limit of 60 was determined empirically, based
on the time period covered by the G3P results. As opposed to di-
rectly using the very diverse error information for weighting, this
approach allows for a consistent treatment of all time-series and
is well suited for an operational environment. The impact on the
weights (Fig. 8, top) is drastic. ITSG now takes the lead for most
of the monthly combinations, followed by CSR and AIUB. The

10#F

geoid height [m]
>

—COST-G
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——residual signal
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] 10 20 30 40 50 60 70 80 90
degree

Figure 12. Mean difference degree amplitudes of the monthly gravity fields
and the signal model with respect to the static reference GOCOO06S, and
residuals of the signal model with respect to the monthly averages (top
COST-G combination and bottom G3P GRACE-FO combination).
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Figure 13. Mean difference degree amplitudes with respect to the signal
model (top COST-G combination and bottom G3P GRACE-FO combina-
tion).

weights therefore are much more consistent with the results of the
noise assessment (Fig. 8, bottom, and Fig. 13). As a direct result,
the G3P GRACE-FO combination now outperforms also the best
individual time-series (ITSG) in most of the months, especially in
2021.

4 QUALITY CONTROL

COST-G is performing quality control to ensure comparable signal
content of all individual contributions. The quality control is based
on the fit and comparison of a deterministic signal model to time
variations of EWH in river basins (from the model Total Runoff
Integration Pathways, TRIP),® or to mass variations in polar regions.
The deterministic signal model consists of a constant mean, secular
variations, as well as annual and semi-annual periodic variations.

In case of the comparison of seasonal variations of hydrological
origin in large river basins, the monthly solutions are smoothed
by a 400 km Gauss filter (Wahr et al. 1998), transformed to 1°
grids, and the monthly mean EWH (MEWH) per basin is computed
by summation over all grid cells within the river basin, weighted
according to cell size by the cosine of the cell’s midpoint latitude.
In case of the comparison of mass trends in glacial basins along the
coasts of Greenland or Antarctica, no filter is applied to avoid filter
attenuation due to signal leakage into the oceans.

The longer the time-series of monthly solutions, the more reliable
is the fit of the signal models, and the more meaningful is the inter-
comparison of the signal content of the individual time-series. The
G3P GRACE-FO time-series spans the period 2018 June to 2021
December with gaps only due to missing observation data in 2018
August and September. In case of the evaluation of smoothed gravity

8http://hydro.iis.u-tokyo.ac.jp/~taikan/TRIPDATA/TRIPDATA html

fields in large river basins, the period of more than three years of data
is sufficient for a meaningful comparison. In case of non-smoothed
mass trends, the evaluation turned out to provide reliable results
only for the larger glacial basins.

4.1 Amplitude of seasonal variations

Fig. 9 shows monthly estimates (dots) of MEWH for selected river
basins and the deterministic signal models (lines) fitted to the indi-
vidual time-series and the G3P GRACE-FO combination. While the
fit of our simplistic signal model is very good for the large Amazon
basin, in other river basins it obviously cannot follow all excursions
of the monthly EWH estimates in the full extent. Nevertheless, the
differences between the signal models are rather small, even for
the river basins with strong semi-annual variations, for example,
Congo, Danube or Ganges. The amplitudes of the periodic annual
component of the signal models of the individual time-series and
the COST-G operational and G3P GRACE-FO combinations for
selected river basins, as well as the scatter (RMS) with respect to
the mean amplitudes of all ACs in the 50 largest river basins of
the world, the mean bias per AC and its standard deviation (STD)
are compiled in Table 1. The maximum systematic deviation in
the annual amplitude is 3.7 mm in case of CSR, the largest scat-
ter (with respect of the respective average amplitude per basin) is
also observed for CSR with an RMS of 7.0 mm. While all biases
but the very small ITSG bias can be determined significantly from
the data according to an F-test (e.g. Snedecor & Cochran 1989), in
general the AC-specific biases are much smaller than their STDs.
From the comparison of the seasonal hydrological variations and
considering the small (compared to the scatter) systematic devia-
tions, we conclude that none of the time-series suffers from relevant
signal attenuation, as could originate from intentional or accidental
regularization (Meyer et al. 2015).

4.2 Mass trends in polar regions

Secular mass trends in polar regions are studied for Greenland and
the west coast of Antarctica, where strong ice mass loss has been
observed (e.g. Wouters et al. 2014; Tapley et al. 2019; Velicogna
et al. 2020; Sasgen et al. 2020a). Mass change is computed from
EWH by multiplication with the density of water. Again, the same
type of deterministic signal model is used, but this time we focus on
the trend component. No attempt is made to correct for glacial iso-
static adjustment, to account for snow cover or to quantify leakage
effects. The only purpose of the assessment is the inter-comparison
of the time-series to detect outliers in signal content.

In Fig. 10, the annual mass change in Greenland (left) for all
individual GRACE-FO time-series and the G3P GRACE-FO com-
bination is compared. To assess the deviations, the differences to the
arithmetic mean of the mass trends of all time-series and the formal
errors of the trends, originating from the fit of the signal model, are
provided as well. Due to the small sample size of only seven time-
series we base our outlier detection criterion on the formal errors of
the trends. Deviations from average that are larger than three times
the formal error of the combination are rated outliers.

The main Greenland mass loss is concentrated at low altitudes
along the coasts, while on the inland ice sheet a small mass gain
can be observed (Harig et al. 2012), which is commonly attributed
to increased precipitation related to the warming of the atmosphere
(Holube et al. 2022). Along the coasts the trend estimates of all
time-series agree well (Fig. 10, top left). In case of the inland ice
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Table 1. Amplitude of annual variations in centimeter EWH for selected river basins and overall statistical information. The
scatter and mean bias refer to the arithmetic mean annual amplitude of all time-series per basin and are computed from the 50

largest river basins.

basin AIUB AIUB-RL02 CSR GFZ GFZ-G3P GRGS ITSG JPL LUH COST-G G3pP
Amazon 17.2 17.2 17.0 16.5 16.9 17.5 17.3 17.1 17.5 17.2 17.2
Congo 5.1 5.0 52 5.0 52 4.6 52 5.1 5.1 5.1 5.1
Danube 5.1 5.1 5.2 5.1 5.0 4.8 5.1 5.2 5.2 5.1 5.1
Ganges 11.1 10.9 11.1 1.1 10.8 11.3 11.6 1.1 11.3 11.2 11.1
Mississippi 42 4.2 42 4.4 42 4.2 4.1 42 39 4.1 4.1
Yangtze 3.7 3.8 4.5 4.1 3.9 4.1 4.0 4.3 4.0 4.0 4.0
Scatter (RMS)  0.39 0.28 0.70 0.49 0.35 0.32 0.26 0.60 0.28 0.21 0.18
Mean bias —0.22 —0.15 0.37 0.16 -0.18 -0.13 -0.02 030 -0.10 -—0.11 -0.08
STD of bias 0.33 0.24 0.60 0.46 0.31 0.30 0.26 0.53 0.26 0.18 0.16

shield all time-series but LUH reveal small mass gain (Fig. 10,
bottom left). The difference of the LUH trend estimate from the
average trend of all time-series is larger than three times the formal
error of the combination and consequently is rated as outlier.

We extend the trend estimation to glacial basins of Antarctica
(Fig. 11) and again evaluate the individual time-series and the G3P
GRACE-FO combination. The mass loss is strongest at the west
coast, where we take a closer look at the two glacial basins 11, and
12 (Fig. 10, right). In the small basin 11 (Bakutis Coast to Cape
Colbeck) with moderate mass loss, all time-series agree within the
limits of the outlier criterion (Fig. 10, top right). In basin 12 (Eights
and Walgreen Coast), where the thinning and breaking loose of the
shelf ice in the Amundsen See is leading to an increased flow rate
of near coastal glaciers (Jacobs ez al. 2012) and consequently to a
large mass loss, the trend estimate of the GFZ time-series violates
the outlier criterion (Fig. 10, bottom right).

A direct comparison of the estimated mass trends is provided
in Table 2, which includes also both versions of the combination
and the AIUB and GFZ time-series. The spread among the trend
estimates of the different AC’s time-series for individual basins
can reach 20 — 30 Gty~!. Rather large deviations in the GFZ time-
series may be related to problematic C,;, S,;-coefficients (Dahle
et al. 2019) that affect mass change estimates in polar regions.
Consequently, these coefficients are replaced for the GFZ solutions
in the generation of the L2b- and L3-products. The only remaining
outlier is the trend estimate of LUH in inland Greenland, where the
scatter of all time-series is rather large compared to the small mass
gain observed. Since LUH is not conspicuous in any of the other
regions and since the trend estimates of the unfiltered time-series
in small basins is still weak due to the short time period of only
three year, we refrain from excluding LUH from the combination.
The scatter is efficiently reduced in the COST-G and G3P GRACE-
FO combinations, where the agreement is at the level of 0.4 —
3.6Gty~!. We conclude that the new weighting scheme has no
significant impact on the signal content, while it efficiently reduces
the noise.

4.3 Noise assessment

In addition to the comparisons of the signal content, also noise
assessment is performed as part of the COST-G quality control.
‘Noise’ is assessed on the basis of monthly residuals with respect to
a deterministic signal model, which is adjusted to the unweighted
monthly averages of the gravity fields of all time-series of the time-
period 2018 June-2021 December. The model consists of mean,
bias, secular, annual and semi-annual periodic variations and is
fitted to each SH coefficient separately. The monthly residuals with

respect to this signal model are evaluated in the spectral domain
(Fig. 12). While these residuals contain also unmodelled signal, at
medium to high SH degree they are dominated by noise. The same
is true in the spatial domain for ocean areas and large deserts, where
little hydrological variability is expected (see Section 5.1).

In Fig. 12, the descending part (approximate degrees 3—40) of
the mean differences of the monthly average gravity fields and the
signal model with respect to the static part of the independent mul-
timission gravity field GOCOO06s (Kvas et al. 2021) indicate that
the degree range is dominated by time-variable signal content. The
rising difference degree amplitudes of the monthly average grav-
ity fields beyond degree 40 have to be attributed mainly to noise.
The rise in the difference degree amplitudes of the signal model
beyond degree 60 is caused by seasonal and secular components in
the noise. Up to approximately degree 30, the difference degree am-
plitudes of the residuals of the average monthly gravity fields with
respect to the signal model are mainly caused by non-modelled
signal content. The large residuals in degree 3 are related to ac-
celerometer artefacts (as discussed in Section 2.1). The rise of the
residuals beyond degree 30 is attributed to noise and is further used
to characterize the noise levels of the different time-series. In the
comparison of the G3P GRACE-FO and the COST-G combination
the lower noise content at high degrees stands out. Note that the
power of the secular and seasonal signal content, as represented
by the signal model, is almost unchanged in the G3P GRACE-FO
combination.

The noise assessment of the individual time-series, based on
the signal model discussed above, is provided in Fig. 13. It indi-
cates rather large noise content in the medium degree range for
the unconstrained GRGS and the GFZ time-series, whereas ITSG,
CSR and AIUB have the lowest noise levels. In the comparison
of the operational COST-G and the G3P GRACE-FO combination
the lower noise of the G3P GRACE-FO combination stands out,
which in contrast to the COST-G combination outperforms the in-
dividual time-series also in the highest degrees. Concerning the
individual time-series, only the GFZ- and AIUB-solutions differ.
In case of GFZ-G3P, a slight reduction of noise in the medium
to high degrees is visible. In case of AIUB-RLO02, the noise re-
duction is limited to high degrees, whereas in the medium de-
grees a small degradation is visible, which needs to be further
investigated.

In the frame of the COST-G quality control, the noise assessment
of the individual time-series or monthly solutions is only performed
to give feedback to the COST-G ACs. High noise levels are no
argument against inclusion of a time-series in the combination,
because the different noise levels are taken into account in the
combination process by the relative weights determined by VCE
(see Section 3).
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Table 2. Mass trend estimates in Gty~!.

GFZ-G3P GRGS ITSG JPL LUH

COST-G  G3P

Basin AIUB AIUB-RL02 CSR GFZ
Greenland coast —237.7 —243.9 —246.1 —248.6
Greenland inland 15.3 16.1 13.9 19.2
Antarctic basin 11 —-32.1 —33.1 —25.8 —38.2
Antarctic basin 12 —83.4 —87.3 -91.0 =776

—228.1 —2489 —246.0 —241.6 —247.7 2449 2428
17.8 10.7 12.2 7.2 —5.5 10.7 11.1
—35.7 —23.7 -315 328 346 -31.1 =307
—70.1 —98.3 -91.7 -93.1 —-863 —86.7 —88.0

AIUB-RLO2

GFZ-G3P

G3P-COMB

0 0.02 0.04 0.06 0.08 0.1
equivalent water height [m]

Figure 14. RMS of non-secular, non-seasonal EWH variations in the spatial
domain, smoothed by a 400 km Gauss filter.

5 INTERNAL VALIDATION

5.1 Noise level

For the assessment of the noise level of the combined monthly
gravity fields, the same tools are used as outlined in Section 4.3
for the COST-G quality control and are also applied in Section 3
for the consistency check of the weights determined by VCE. In
addition to the noise assessment in Fig. 8§ (bottom), we provide
the spatial representation of the residual variability in global plots
(Fig. 14). Over the continents, the variability is caused mainly by
non-seasonal hydrological mass change and represents interesting
signal that has to be preserved in the combination process. Over
the oceans, where little short-term hydrological signal has to be
expected, the remaining variability serves to assess the noise level
of the different time-series.

The noise assessment of the individual time-series is in agreement
with Fig. 13, where the residual variability was addressed in the
spectral domain. A degradation over polar regions in case of the
CSR and JPL time-series is related to the SDS-ACT used in these
two time-series (see Section 2.1). The ITSG time-series and G3P
GRACE-FO combination reveal the smallest variability over the
oceans (Table 3).

Table 3. Ocean RMS of'the residual EWH variability [mm] over the oceans.

AIUB CSR GFZ GRGS ITSG JPL LUH G3P
2.7 3.1 3.8 5.8 2.3 3.0 2.7 2.3

5.2 Signal content

As long as no signal attenuation by unintentional regularization
has escaped the COST-G quality control, the signal content of the
combined gravity fields does not differ from that of the individual
time-series. Therefore the combined time-series was already in-
cluded in the comparison of hydrological variations within selected
river basins (Fig. 9 and Table 1). As may be expected, the combined
gravity fields yield results close to the mean amplitudes of all time-
series. The same is true for the mass trends derived for polar regions
(Table 2).

What is gained by the combination is an improved signal-to-
noise ratio, which is illustrated by the results of statistical F-tests
of the estimated trends and annual variations per SH coefficient. In
Fig. 15, the cumulative distribution functions of the trends (left) and
annual variations (right) per SH coefficient are provided for the G3P
GRACE-FO combination (Fig. 15, bottom), and for comparison
also for the GFZ-G3P time-series (Fig. 15, top). In case of the
combined time-series, significant trends and annual variations can
be determined for more coefficients than in case of the individual
AC’s time-series, here exemplified by GFZ-G3P. Spectral leakage
into high-degree coefficients, as indicated by vertical strings of
significant coefficients of the same order up to high degrees, is also
reduced in the combined time-series. We therefore conclude that
due to the improved signal-to-noise ratio, time-variable signal can
be recovered at smaller spatial scales from the combined time-series
than from the individual time-series.

6 EXTERNAL VALIDATION

The COST-G VCs perform independent validation of the individual
and the combined time-series that goes beyond the consistency
checks and noise assessment provided above.

6.1 Orbit fits

The Earth’s gravity field is the major force acting on a satellite.
In consequence, POD, especially of Low Earth Orbiters (LEOs),
relies on a precise gravity field model. Vice versa, fitting orbits
to satellite observations is a quality indicator for the applied force
model including the gravity field. Therefore, the COST-G monthly
gravity fields are here evaluated via POD of the GOCE satellite
mission (Drinkwater et al. 2007). This particular LEO, which was
in orbit from 2009 till 2013, had a very low orbital altitude of about
255 km and thus showed a very high sensitivity to the Earth’s grav-
ity field. For the purpose of evaluation, 3-D kinematic orbit posi-
tions of reprocessed orbit products GO_-CONS_SST_PKI_2I (Bock
et al. 2011) are used as pseudo-observations in a dynamic orbit
adjustment. Here, the gravitational forces are modelled according
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Figure 15. Cumulative distribution function of trends (left) and annual variations (right) indicating the significance per SH coefficient of the GFZ-G3P (top)
and G3P GRACE-FO combination (bottom) time-series, as determined by a statistical F-test.

Table 4. GOCE orbit fit results (3-D RMS values [cm] of the orbit fit residuals, i.e. mean values from the involved arcs in question,
bold numbers indicate best results).

Month March April June December

Year 2019 2020 2021 2019 2020 2021 2019 2020 2021 2019 2020 2021
AIUB 6.68 7.58 7.90 6.80 7.87 8.13 6.70 7.75 7.88 7.40 8.27 8.11
AIUB-RL02 6.37 7.58 7.76 6.92 7.32 7.88 6.24 8.05 7.71 6.63 7.75 8.47
GFZ 8.40 8.60 8.30 8.78 8.36 8.52 7.22 8.61 9.68 7.64 8.88 10.09
GFZ-G3P 8.28 7.94 8.39 7.41 8.27 8.66 7.42 8.18 9.06 7.61 8.25 9.53
GRGS 7.05 8.04 8.27 6.90 8.64 8.59 6.81 8.55 10.17 7.72 7.87 8.38
ITSG 5.94 6.95 7.11 5.93 6.69 7.08 5.68 6.33 6.77 6.17 6.95 7.36
LUH 8.12 8.01 8.40 6.81 8.11 8.67 8.04 8.35 9.24 7.41 8.57 8.13
CSR 6.59 7.76 7.71 6.69 7.07 8.30 6.80 7.58 9.18 7.67 7.83 7.94
JPL 7.85 7.70 8.70 7.89 8.20 8.69 7.29 8.32 9.21 7.60 8.04 8.66
COST-G 6.42 7.10 7.27 6.36 7.06 7.84 6.40 7.36 7.62 6.94 7.51 7.57
G3P 5.92 6.76 6.79 5.99 6.55 7.30 5.85 6.68 6.86 6.38 6.77 7.21

to the different monthly gravity field models under consideration,
whereas the non-gravitational accelerations are described by the
GOCE common-mode acceleration data. In order to not suffer from
large omission errors of the time-variable GRACE-FO solutions,
whose maximum SH degree and order is not larger than 96, all
monthly models to be evaluated are filled up to degree and or-
der 240 with the SH coefficients of the static satellite-only model
GO_CONS_GCF_2_DIR_R6 (Forste et al. 2019).

In the context of this investigation, a setup of 1252 GOCE or-
bits with 30 hr arc length from the entire GOCE mission period
has been established for this and future orbit fit evaluations. The
parameters as here adjusted in the dynamic orbit determination
are the six orbital elements at the beginning of each arc, and
the biases of the three common-mode acceleration axes (along-
track, cross-track and radial) per arc. Furthermore, the common-
mode accelerometer scale factors are fixed to 1.0 in all three axes.
The evaluation results are the 3-D RMS values of the orbit fit
residuals (i.e. the mean values from the involved arcs in ques-
tion).

The orbit tests were done for GRACE-FO models of the months
March, April, June and December out of the years 2019, 2020 and
2021 for individual GRACE-FO time-series as well as for the COST-
G and the G3P GRACE-FO combinations. Each of these monthly

models was tested in all available GOCE arcs for the respective cal-
endar months out of the years 2009-2013 (March 110 arcs, April
121 arcs, June 110 arcs and December 117 arcs). In this context, the
permanent tide system of all included solutions has been harmo-
nized into tide free and in case of GRGS the unconstrained solutions
were used.

The 3-D RMS values of the mean residuals over all arcs are given
in Table 4. One must have in mind that the mission periods of GOCE
(2009-2013) and GRACE-FO (since 2018) are non-overlapping.
Therefore, the orbit fit experiment is not suited to evaluate the
GRACE-FO temporal gravity variations in an absolute sense. But
one can assume hat the model uncertainty associated with the strid-
ing ahead temporal gravity variations is the same for all time-series.
Hence, the observed differences in the fit are caused by the different
noise behaviour.

All monthly gravity fields to be evaluated were truncated at the
same SH degree of 90 for comparability, but otherwise not filtered.
The orbit fit results for the 12 example months clearly indicate
quality differences between the individual models, the spread of the
results reaches 20 per cent in terms of the 3-D orbit fit. Among
the time-series of the individual ACs the ITSG monthly gravity
fields generally provide the closest orbit fit, outperformed only by
the G3P GRACE-FO combination in 6/12 months. The validation

€202 Joquieoa( g} Uo Josn wepsiod 749 Ad GSyZre/9GY/1L/9eZ/aI0MeB/woo"dno-owepese//:sdyy Wwoly papeojumoq


art/ggad437_f15.eps

468 U. Meyer et al.

also confirms the improvement of GFZ-G3P over the operational
GFZ time-series in 9/12 months, where AIUB—-RLO02 outperforms
the operational AIUB time-series in 8/12 cases. The orbit validation
therefore confirms the results of the internal noise assessment.

7 CONCLUSIONS

We have introduced the operational COST-G GRACE-FO combina-
tion and the alternative GRACE-FO combination developed in the
frame of the G3P project. The time-series of monthly gravity fields
contributing to the combinations and both combined time-series are
compared in terms of their signal and noise content in the spectral
and the spatial domain. Special attention is paid to the role of the
ACT product used for the generation of the monthly gravity fields
and the weighting scheme applied in the combination.

The G3P-ACT mainly affects the C; gravity field coefficient,
where it drastically reduces the artefacts present in the Cs, based
on the original SDS-ACT. The noise content in the medium- to
high-degree coefficients is also slightly reduced, but the effect on
the combination in this degree range is limited due to the stochas-
tic nature of the noise which is already efficiently reduced by the
combination process.

The weights which are derived by VCE on the solution level in
the operational COST-G combination are deteriorated by coloured
noise in the high-order gravity field coefficients. The omission of
the high-order coefficients, which are poorly defined from GRACE-
FO range-rate observations, in the derivation of the relative weights
improves the consistency between the weights and the noise as-
sessment of the individual time-series, and in consequence leads to
significantly improved combined solutions.

The G3P GRACE-FO combination stands out by its low noise
content and consequently improved signal-to-noise ratio, mainly at
medium to high SH degrees, which could be confirmed by orbit
fits of the low-flying GOCE satellite, where the G3P GRACE-FO
combination outperforms the best of the individual AC’s time-series
(ITSG) in 50 per cent, and the operational COST-G combination in
100 per cent of the test cases.

As a consequence of the positive evaluation, the operational
COST-G combination will be switched to the G3P GRACE-FO
combination scheme with the end of the G3P project and the exist-
ing COST-G GRACE-FO combined time-series is reprocessed as
RLO02, also taking into account the GRACE-FO SDS RL06.1 time-
series based on the new, improved SDS-ACT. COST-G-GRACE-
FO-RLO02 is made available by ICGEM, the corresponding L3-
products are distributed via GravlS.

It should be noted that currently many of the GRACE-FO ACs
work on empirical noise modelling strategies. Consequently, it may
be expected that future gravity field releases will feature not only
a general noise reduction, as illustrated most prominently by the
ITSG time-series, but also calibrated error estimates which will
allow for a further iteration of the COST-G weighting scheme, and
presumably a combination on the normal equation level.
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