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Abstract: For over two decades, an essential information about global monthly gravity
variations is provided by the GRACE mission and its successor, the GRACE Follow-On
(GRACE-FO) mission. The temporal variations in gravity field from GRACE/GRACE-
FO are determined based on the measurement of distance changes between two identical
satellites using microwave ranging instruments. This process is carried out by various
processing centers, which adopt different processing strategies and background models. This
causes discrepancies in the resulting gravity fields. We address this problem by determining
a monthly homogenous GRACE-FO gravity field solutions from June 2018 to November
2022 as provided by different processing centers included in the Science Data System
(SDS) project, i.e. the Center for Space Research (CSR), the German Research Center
for Geosciences (GFZ) and the Jet Propulsion Laboratory (JPL). We test three different
weighting schemes. We show that for the last 4 years, at least 65% of continental areas are
characterized by water decrease. We show that proposed merged solutions contain more
signal information than individual ones based on the square root of the degree variance
values. We note that the largest signal differences between individual and combined solutions
occur for sectoral coefficients up to degree 40, and for zonal coeflicients, the signal differences
are twice as small. We also present that the differences in the spherical harmonic coefficients
cause differences in global and local equivalent water height (EWH) changes. For example,
the proposed merged solutions reduce root mean square scatter of EWH by 5—15% comparing
to individual solutions.

Keywords: GRACE Follow-On, merged gravity field solution, variance component esti-
mation, equivalent water height
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1. Introduction

The Earth’s gravity field changes according to subsurface and surface mass variations.
Its temporal changes at a specific location are successfully measured using terrestrial
gravimeters (Agnew et al., 2015). There are two types of gravimeters i.e., absolute and
relative. The absolute gravimeters measure constant downward acceleration of gravity in
absolute units (m/s?). The relative gravimeters measure gravity differences between the
two locations. However, both instruments provide information about point-wise (local)
characteristics of the gravity field changes.

The variations in the global gravity field are observed by the satellite gravimetric
missions. To date, three gravimetric missions have been launched: (i) the Challenging
Minisatellite Payload (CHAMP) (Reigber et al., 2002), (ii) the Gravity field and steady-
state Ocean Circulation Explorer (GOCE) (Rummel, 2011) and (iii) Gravity Recovery and
Climate Experiment (GRACE) (Tapley et al,. 2004) with its successor GRACE Follow-On
(GRACE-FO) (Landerer et al., 2020). They enable to determine the static part of Earth’s
gravity field (mean gravity field model) reflecting the physics of the Earth’s interior or
time-variable Earth’s gravity field model reflecting the anomalous gravity signals with
respect to a certain mean (Ince et al., 2019). The static gravity field models are computed
based on data from satellite-based measurements, terrestrial gravity measurements and
satellite-radar-altimetry-derived quantities. Undoubtedly, GRACE/GRACE-FO missions
are fundamental in observing the global temporal gravity changes. Between 2002 and
2017 GRACE mission provided the continuous gravity field changes. After a nearly
1-year gap i.e., from July 2017 to May 2018, the GRACE-FO mission has been launched.
Products of GRACE and GRACE-FO have spatial resolution of c.a. 300 km, which is
a bit lower than the resolution of static gravity field model (Ince et al., 2019).

The estimation of gravity field from GRACE/GRACE-FO rely on precise measure-
ments of the distance between twin spacecrafts, which is recalculated to the natural
Earth’s gravity field parameters (Tapley et al., 2004) at different processing centers. The
process of gravity parameters estimation is complicated, and requires many sophisticated
operations such as an inversion of distance between the twin GRACE/GRACE-FO space-
craft, application of different orbital parameters or non-gravitational corrections. Many
parameter choices, various processing approaches or a range of available background
models lead to discrepancies between gravity fields estimated during the processing of
GRACE/GRACE-FO observations at different research centers, such as the Astronomical
Institute of the University of Bern (AIUB, Switzerland) (Lasser et al., 2020), the Center for
Space Research (CSR, Austin, U.S.) (Bettadpur, 2018), the German Research Center for
Geosciences (GFZ, Potsdam) (Dahle et al., 2018), the Groupe de Recherche de Géodésie
Spatiale (GRGS, France) (Lemoine et al., 2019), the Institute of Geodesy at the Graz
University of Technology (ITSG, Austria) (Meyer-Giirr et al., 2018), the Jet Propulsion
Laboratory (JPL, Maryland, U.S.) (Yuan, 2018), or the Tongji University (Tongji, China)
(Chen et al., 2019). The above mentioned centers provide Level-0 (a raw data received
twice per day from each satellite), Level—1 (the result of a non-destructive processing ap-
plied to the Level-0 data; data are processed using various corrections, parameter choices
and solution strategies), Level-2 (the short term and static gravity field derived from
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calibrated and validated GRACE/GRACE-FO Level-1 data; spherical harmonic form) or
Level-3 (spherical harmonic coefficients transformed to gridded geopotential function-
als, e.g. gridded water equivalent mass values) products. The available products differ
depending on processing centers causing discrepancies in the results, e.g. water storage
changes, ocean mass changes or polar motion. So, it is difficult to note which data set
should be chosen and which determined parameters credibly reflect real gravity changes.

To address this problem, researchers merged GRACE/GRACE-FO products from
different processing centers which resulted in the so-called “averaged gravity field” and
improved the quality of the gravity signal with regards to the individual solutions. For
example, Sasgen et al. (2007) showed that in the merged solutions generated by an optimal
Wiener filtering, the non-geophysical components (e.g. uncertainty in the accelerometer
data) are better reduced than in the case of the four independent GRACE products provided
by diffferent procssing centers. They showed better agreement with the predicted geoid
height changes over Antarctica area for the merged solutions than for individual ones. For
data provided by CSR, GFZ and JPL processing centers, Sakumura et al. (2014) developed
an ensemble gravity field solution. They showed a significant noise reduction of the local
relative water height variation over the oceans and river basins, e.g. the root mean square
(RMS) error reduction by 5-10 mm for an arithmetic mean of GRACE solutions. Jean
et al. (2018) tested five different combinations of spherical harmonic coefficients on
the normal equation level (Meyer et al., 2019). They proposed the variance component
estimation weighting schemes, which are also provided by the European Gravity Service
for Improved Emergency Management (EGSIEM) project (http:/www.egsiem.eu) and
is applied to monthly GRACE/GRACE-FO gravity fields generated by the Combination
Service for Time-variable Gravity Fields (COST-G; Meyer et al., 2020). They noticed
that each combined solution is characterized by a lower noise compared to the individual
contributions in both the spectral and the spatial domains. They showed that the signal
strength for combined solutions is as good or better than individual solutions in 90% of
analyzed months. They reduced non-seasonal variability by nearly 8% over the oceans
and the RMS of differences between individual and combined solutions by up to 18% for
Antarctic drainage basins.

In our research, we use data sets of spherical harmonic coefficients form provided by
the official GRACE/GRACE-FO Science Data System (SDS, Watkins et al., 2000) centers
i.e., CSR, GFZ and JPL. We focus on estimating new merged GRACE-FO solutions. The
merged gravity field solutions are computed using weighting algorithms based on two
different non-iterative schemes: coefficient-wise and field-wise, as well as two approaches
of iterative variance component estimation. To assess the reliability of merged solutions,
we compare them with mascon solution provided by the CSR and with data predicted
using the WGHM hydrological model (WaterGAP Global Hydrological Model). The
results we obtain help: (i) to indicate regions with extreme water changes observed for
GRACE-FO period, (ii) to better understand the differences between individual gravity
field solutions provided by processing centers and their combination, and (iii) to assess
the coherence between individual and merged solutions. The results also emphasize the
potential and advantages of merged solutions in comparison to individual solutions. We
would like to notice that proposed weighting approaches are able to estimate merged
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solutions based on different number and type of gravity field solutions provided by
different processing centers. Also, authors expect that the presented approaches will give
satisfying results for either GRACE or GRACE-FO solutions.

2. Data and methodology

We use the release 06 Level-2 spherical harmonic coefficients truncated up to degree
and order 96 provided by three different SDS processing centers, i.e. CSR (Save, 2019),
GFZ (Dahle et al., 2019) and JPL (Yuan, 2019) for the GRACE-FO period; each center
is based on different background models used in processing of GRACE-FO observations
(Dahle et al., 2019; Save, 2019; Yuan, 2019). We use 52 monthly data between June 2018
and November 2022. The presented results are in the form of the anomalies relative to
GGMOS5C static gravity field model (Ries et al., 2016). Degree-1 coefficients are replaced
following Sun et al. (2016), and degree-2 and degree-3 coefficients are replaced by
Satellite Laser Ranging (SLR) estimates. All terms are implemented using Technical Note
14 (TN14). All corrections related to the low-degree terms are available at https://podaac-
tools.jpl.nasa.gov/drive/files/allData/gracefo. Finally, the GRACE-FO north-south stripes
are reduced using the isotropic Gaussian filter (Eq. 59 in Jekeli (1981)) with 300 km radii.
Since we are performing a comparison of the results obtained from individual centers,
rather than interpreting analyses, the Glacial Isostatic Adjustment (GIA) effect is not
removed.

For the sake of comparison, we use also GRACE-FO data provided by the CSR in a
mascon form (Save et al., 2016). We use release 06 of monthly TWS values on a grid of
0.25° per 0.25° within the range of 89.875°N/S for latitude and within the range of 0.125°
to 359.875°E for longitude. More detailed information about the mascon processing can
be found at https://www.csr.utexas.edu/. The TWS values predicted from WGHM model
is also analyzed. We use a 2.2d version of the WGHM model (Schmied et al., 2021),
which is developed at the University of Frankfurt and whose water changes are available
from January 1901 to December 2019. We implement only months for the GRACE-FO
period, i.e. since June 2018 until November 2022. TWS values predicted from WGHM
are defined on a global grid of 0.5° per 0.5°, and provide information for 10 TWS
compartments i.e., surface water, groundwater, soil moisture, snow water equivalent or
irrigation. The TWS derived from GRACE-FO observations and predicted from WGHM
are recalculated to spherical harmonic coefficients form using formulas included in Wahr
et al. (1998). To estimate the merged GRACE-FO gravity field solutions from CSR,
GFZ and JPL processing centers, we test various weighting schemes based on spherical
harmonic coefficients. We propose algorithms using either non-iterative (Eq. (1) and
Eq. (2)) or iterative (Eq. (3) and Eq. (4)) methods, for which the final merged solutions
are calculated as a weighted mean of the CSR, GFZ and JPL solutions weighted by values
estimated as follow:

— coefficient-wise (COEFF) weighting scheme:

. e 217!
Wln,,tm = [(X;l,,tm - Xn,m) ] (1)


https://podaac-tools.jpl.nasa.gov/drive/files/allData/gracefo
https://podaac-tools.jpl.nasa.gov/drive/files/allData/gracefo
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— field-wise (FIELD) weighting scheme:

. 1 Nmax N . — 2 -1
wn,,m = N Z Z (Xn,m - Xn,m) (2)
c

oeff n=2 m=0

— variance component estimation for coefficient-wise (VCE_cw) weighting scheme:
1-1

vt
£(k) _ (Xn”m ~ X"’m)
l
w 3
o wists(k=1)

sol

Zwlz(k 1)

— variance component estimation for field-wise (VCE_fw) weighting scheme:

1-1

(Xt Xl (k= l))
n,m
it (k) _ n=2 m=0

“4)

zz(k 1)

N coeff N sol

Zwll(k 1)

where w means weights estimated for COEFF, FIELD, VCE_cw and VCE_fw schemes, i
means index of time series of gravity field solution at month #, k is a number of iteration.
Xn.m reflects Cpy, oOr Sy, spherical harmonic coefficients for n degree and m order,

Y;,m is arithmetic mean of CSR, GFZ and JPL spherical harmonic coeflicients at month
t. Neoef and Ngo are number of spherical harmonic coefficients per gravity field (here
Neoeff 18 equal to 4750) and number of used gravity field contributions (here Ny is equal
to 3), respectively. X,Q;S,’f‘” presents weighted mean of C,,,, or S, spherical harmonic
coefficients in k — 1 iteration. In case of iterative approaches, the iteration process is
stopped by analyzing the convergence of the Gauss-Newton method under a majorant
condition (Ferreira et al., 2013). In our case, the convergence goes up to 5 iterations.
Finally, the individual and merged spherical harmonic coefficients are used to estimate
the equivalent water height (EWH) values using Eq. 1 in Ahi and Shuanggen (2019).
To estimate the variance of signal contained in each degree of the spherical harmonic
coeflicients, the square root of degree variance is calculated (Sakumura, 2014) following

the formula:
1 .
:MZZC 1)+ 82 (1)) (5)
J: _
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where j means the selected month of GRACE-FO data and M is a total number of all
chosen months, the C;,,,, or S}, mean spherical harmonic coeflicients for individual and
merged GRACE-FO solutions.

3. Results and discussion

Firstly, we study global TWS changes to assess the agreement between GRACE-FO
solutions provided by individual processing centers belonging to SDS project. We use
least-squares estimation to derive the values of trends and annual amplitudes of TWS
changes (Fig. 1). We see that the majority of areas are characterized with water storage
decrease. We obtain negative trend on 65% of land areas. The extreme negative trend
(smaller than —2 cm/yr) is observed for the southern part of North America, the western
and southern parts of South America, and the eastern part of Asia. The areas selected for
both Americas are characterized with progression from wet to dry period causing water
decrease already during the last years of GRACE and GRACE-FO period. For the Asia
regions, the precipitation increasing is observed (Hong et al., 2022). This has also been
noticed for last years of GRACE (Rodell et al., 2018). The minimum trend near —12 cm/yr
is observed for Greenland, where the extreme ice mass losses are reported. Since mid-
2018, ice decline around of 300 billion metric tons per year was noticed, with a record
near 532+58 billion metric tons between September 2018 and August 2019 (Moon et al.,
2020). Negative trend of TWS changes in North America is caused by dry conditions
(decreasing rainfall and high temperatures). According to the U.S. Drought Monitor map
more than 50% of the U.S. areas are characterized with at least severe drought conditions
during the last years. The significant negative trend smaller than -3 cm/yr in South
America reflect water decrease, which is caused by reduced precipitation. The decline
in precipitation is affected by, among other things, the positive sea surface temperature
anomalies for ocean areas, sudden stratospheric warming phenomenon, heating in the
stratosphere and troposphere, as well as El Nifio effects (Gomes et al., 2021). The strong
effect of a warming climate on TWS trend values is also captured for the Caspian Sea

Fig. 1. The linear trend (top row) and annual amplitude (bottom row) of GRACE-FO TWS values obtained
from spherical harmonic coefficients provided by the CSR (left column), GFZ (middle column) and JPL
(right column) processing centers for the period between June 2018 and November 2022
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region, where a continuous surface water decline is noticed; the Caspian Sea’ surface area
shrink by 23% for 9 m and by 34% for 18 m drop of sea level in this century (Prange et al.,
2020). We obtain the extreme positive trend for GRACE-FO in the northern part of North
America, the eastern part of South America, the central and southern parts of Africa,
India, the eastern part of Asia and southern part of Australia region. We get maximum
trend over +7 cm/yr for the northern Amazon area, where increase in precipitation is
observed for the last years (Espinoza et al., 2022). The water storage changes in Africa
are climate-related. We note the spatial coherency between regions characterized by
positive trend and areas where heavy rains and floods occur (CRED, 2019). According to
data provided by the World Meteorological Organization, India and eastern Asia regions
are affected by systematically increasing and excessive monsoon rains, which reflect
the obtained positive TWS trend. The southeastern Australia is affected by disastrous
bushfires, exacerbated by anthropogenic climate change (van Oldenborgh et al., 2021),
for which we obtain TWS trend near 2-3 cm/yr. It is related with low temperatures and
high rainfall associated with La Nifia conditions (Copernicus Climate Change Service). In
general, the spatial distribution of TWS trend estimated for GRACE-FO period coincides
as well with trend values distribution estimated for GRACE period (Rodell et al., 2018).
Only the central part of North America (High Plains Aquifers), the southeastern part
of Brazil and its surroundings or Beijing surrounding are characterized by the opposite
TWS trend, which reflects the progression from dry/wet to wet/dry conditions. In case
of amplitude of annual oscillation (Fig. 1, bottom row), the spatial distribution of the
extreme values do not overlap with values estimated from GRACE or GRACE/GRACE-
FO, for which the maximum values are mainly observed around the equator (Save et al.,
2016). For GRACE-FO solutions, we obtain values of annual amplitude above 20 mm for
southern Brazil (due to systematic rainfall anomaly; Nascimento et al., 2020), southern
Africa (flooded area touched by variable rainfall severity; McBride et al., 2020), western
Europe (groundwater variations; Tegel et al., 2020) and northern Asia (rising temperatures
intermingled with monsoons; Ciavarella et al., 2021; Grigorieva and Livenets, 2022). The
greatest annual amplitude equal to 40 mm is observed in southern Brazil. Moreover in
case of CSR and JPL solutions, amplitudes over 10 mm are observed in the southern U.S.
and Bangladesh surroundings. For the GFZ solution, we also get significant amplitudes
over 25 mm in the western part of the Amazon river basin; CSR and JPL solutions
show twice smaller annual amplitude. Due to location in the equatorial areas, they are
contributed mainly by large impact of surface water resources on river basins, which is
caused by heavy precipitation (Espinoza et al., 2016; Ouyang, et al., 2020).

Analyzing the maps presented in Figure 1, we notice that TWS values determined
from individual GRACE-FO solutions are characterized by a similar spatial pattern of
trend and annual amplitude in a global sense. However, values differ significantly on
a regional scale, depending on the processing center.

Taking the above differences into consideration, we suggest to determine the homoge-
nous GRACE-FO monthly gravity field solutions. To do that, we use a weighted mean of
three individual solutions and four different weighting schemes described by equations
(1)—(4) in Section 2. The averaged weights of spherical harmonic coefficients obtained
for CSR, GFZ and JPL solutions are presented in Figure 2 up to degree and order 96.
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Fig. 2. Monthly normalized averaged weights derived by coefficient-wise (first row), field-wise (second

row), and variance component estimation for coefficient-wise scheme (third row) and for field-wise scheme

(fourth row) of GRACE-FO spherical harmonic coefficients. For each month, the weights are estimated as
average values of all Cy,;,, and Sy, coeflicients up to degree and order 96

The magnitudes of weights estimated for three individual solutions differ each other
(Fig. 2). The largest monthly variations are noted for the coefficient-wise (COEFF) scheme
(first row) with the greatest differences appearing for the period 2020-2021. The lowest
magnitudes of weights are obtained for the CSR individual solution (red curve). For the
field-wise (FIELD) scheme (second row), weights are similar for all individual solutions,
which means that in this scheme the weighted mean of individual solutions will be close
to the arithmetic mean. In the case of variance component estimation for coefficient-wise
scheme (VCE_cw) (third row), the obtained weights are similar to COEFF solution; we
notice monthly variations of weights for all individual solutions. However, for VCE_cw
we obtain more months with the largest CSR weights compared to COEFF variant. For
variance component estimation for field-wise scheme (VCE_fw) (fourth row), the CSR
solution will have the greatest impact on the merged solution. The magnitudes of weights
obtained for CSR solution are 2-3 times larger than the magnitudes of weights estimated
for the GFZ (blue curve) and JPL (green curve) solutions. Magnitudes of weights are
comparable for the entire period. It should only be noted that since 2021, the magnitudes
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of weights estimated for the GFZ solution are larger than the magnitudes of weights
estimated for the JPL solution; weights increase and decrease for both solutions. Figure 2
shows that the individual spherical harmonic coefficients have different impact on the
merged solution, according to various weighting schemes.

To assess the quality of the four generated merged solutions, we compare them with
external dataset and analyze the strength of the signal and information contained in each of
them. Firstly, we analyze the values of square root of the degree variance of spherical har-
monic coefficients (Fig. 3) for the individual, merged and mascon GRACE-FO solutions;
mascon solution is applied here as a reference. Moreover, the results are compared with
the degree variance of spherical harmonic coefficients predicted from WGHM hydrolog-
ical model. The results we obtain reveal overall compliance between different solutions.
All individual solutions provide similar large-scale (global) hydrological signals (Fig. 1),
but small-scale (local) signals are different due to the discrepancies in the square root of
the degree variance for coefficients for degrees higher than 30. For presented individual
(dashed curves) and weighting (solid curves) solutions, we notice decreasing signal values
with an increasing degree; it is coherent with the expected pattern of the degree amplitude
curves of the models for the geophysical processes, such as hydrological models (orange
solid curve). Similar changes are also observed for individual solutions (dashed curves).
The values of degree variance estimated for the GFZ solution are the most similar to
the WGHM values, especially for degrees up to 80. It should be noted that the values of

-—
o
&

El-==CSR COEFF

square root of degree variance

[-==GFZ —FIELD
Ll-==JPL VCE._fw
t ==CSR-M =—VCE_cw
10™ == \WGHM '
10 degree 20

Fig. 3. Scatter of square root of the degree variance (unitless) of spherical harmonic coefficients values for

degrees up to 96 estimated for GRACE-FO weighting approaches: coefficient-wise (COEFF), field-wise

(FIELD), variance component estimation for field-wise scheme (VCE_fw), variance component estimation

for coefficient-wise scheme (VCE_cw) (solid curves), and for spherical harmonic coefficients provided

by GRACE-FO processing centers: CSR, GFZ, JPL (dashed curves). We also add spherical harmonic

coefficients estimated for GRACE-FO CSR-provided mascon solution (CSR-M, black solid curve) and the
WGHM hydrological model (orange solid curve)
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degree variance for WGHM differ from the values estimated for the GRACE-FO mascon
solution because WGHM does not contain data for Greenland, Antarctica and oceans.
The decrease in root mean square variance of individual GRACE-FO solutions between
degree 10 and 20 may be related to filter and degree dependency (Han et al., 2005). Also,
signal differences are observed above 30 degrees for all solutions and around 45-50
for individual ones, which reflect probably the prominent north-south stripes in gravity
fields (Svehla, 2018). The similar patterns have already been noticed by Lenczuk et al.
(2020) for various GRACE solutions. But it is not observable for GRACE-FO mascon
solution derived by the CSR (black solid curve). Moreover, we also note that root mean
square values estimated for the GFZ solution differ the most from the other solutions. It
has been already presented by Chen et al. (2021) for monthly RMS calculated for EWH
changes in global oceans mass or by Abe et al. (2012) for gravity variations compared to
superconducting gravimeters. For individual GRACE-FO solutions, the greatest amount
of information is obtained for the CSR solution (red dashed curve), for which features
similar variances to COEFF and FIELD (pink and green solid curves). The merged solu-
tion obtained with the VCE_fw scheme is the most similar to the CSR-provided mascon
solution (black solid curve in Fig. 3); this is especially evident for spherical harmonic
coeflicients up to degree 80. Individual GRACE-FO solution from the CSR is the most
similar to all merged solutions, especially to the one obtained with the VCE_cw scheme.
We notice that VCE_cw contains less signal than VCE_fw, mainly for degrees up to
80. The presented values of degree variance agree well with a slight reduction of geoid
degree power of various gravity field models at 60—150 degrees for GRACE/GRACE-FO
mascons, and combined hydrological and oceanic models (Chen et al., 2020). The results
also agree well with mean of monthly signal for atmosphere, ocean, ice or solid earth
mass variation fields (Gruber et al., 2011) for both merged and individual solutions.
Secondly, we analyze the amount of information contained in each individual and
merged solutions. We assess the amount of signal information contained in spherical
harmonic coefficients for each gravity field solutions in comparison to VCE_fw solution
(adopted as the reference), which contains the greatest variance of signal (Fig. 3). The
differences between VCE_fw, and other merged and individual solutions are presented in
Figure 4. The largest amount of information for coefficient differences are contained up
to degree and order 40 of spherical harmonic coefficients for merged solutions and the
individual CSR solution, and up to degree and order 60 for the individual GFZ and JPL
solutions. CSR solution is more consistent with merged solutions than other individual
solutions. The greatest signal differences between VCE_fw and other solutions occur for
sectoral coefficients, and also for tesseral coefficients for the GFZ and JPL solutions.
The presented results are similar to those obtained by Sakumura et al. (2014). They
noted the strongest correlation between weighted and individual GRACE time-variable
gravity field solutions for zonal coefficients, for which we obtain the smallest differences.
The largest signal differences are included mainly up to degree 10 for all solutions. The
differences are twice as small for sectoral coefficients. It should be noted that obtained
coeflicient discrepancies may also represent the noise still contained in the GRACE fields
after smoothing north-south stripes; here they are removed by Gaussian filter. Much less
information is contained for all data sets for degree up to 60 (Fig. 3) than for low-term
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spherical harmonic coefficients. Consequently, the differences presented in Figure 4 for
high-term spherical harmonic coefficients are also two/three times smaller than for low-
term ones. In case of the both variance component estimation solutions (VCE_fw and
VCE_cw), the signal is almost identical. The signal difference is slight; signal is at least
10 times smaller than for individual and other merged solutions. So due to the high
similarity in degree variance for both variance component estimation solutions (Fig. 3)
and values of spherical harmonic coefficients (not presented here) we adopt only three
(namely, COEFF, FIELD, VCE_fw) weighting schemes for further analysis.

§ 0 10

g c 20 8

28 40 6

o D

88 60 4

[0}

< 80jV/CE fw-COEFF VCE_fw-FIELD _—

wn ————— e ——— X
(8]
© 0 = 10
= (EH)
g . 20 8
28 40 6
=} v ;
88 e0 ‘ : 4
< 80 VCE_fw-CSR VCE_fw-GFZ VCE fw-JPL .
® 50 0 50 50 0 50 50 0 50 2:10

Snm <-- spherical harmonic order m --> Cnm

Fig. 4. Differences of spherical harmonics between variance component estimation for field-wise scheme
(VCE_fw) and coefficent-wise (COEFF) or field-wise (FIELD) schemes are presented in top row. Differences
between VCE_fw scheme and the CSR, GFZ and JPL individual solutions are presented in bottom row

Thirdly, we analyze the differences of global TWS changes estimated from merged and
individual solutions. To assess the differences between them, we estimate the RMS values
for the individual solutions (i.e. CSR, GFZ, JPL) and differences between individual
solutions and the three merged solutions obtained with COEFF, FIELD and VCE_fw
weighting schemes. The spatial distribution of extreme RMS values and them magnitude
are almost identical for all individual solutions (Fig. 5, first row). In case of continental
areas, the largest RMS discrepancies are observed for: Alaska, Greenland, Hudson Bay
surroundings, Scandinavia, which are effected by strong glacial isostatic adjustment
and African Great Lakes, Caspian Sea, Amazon, Indus river basins areas, which are
characterized with high surface water changes (Getirana et al., 2017). For these areas we
obtain RMS values greater than 25 cm for all individual solutions (Fig. 5). In case of ocean
areas, we also observe similarities between all individual solutions. The largest RMS
diversity near 15 cm occur mainly in North America, Greenland surrounding and in south
hemisphere areas, which are related to ENSO effects (Muis et al., 2018). We obtain the
mean EWH RMS values near 14.5 cm for all individual solutions. The obtained extreme
RMS values are comparable to extreme RMS values estimated for GRACE mission data
and climate models (Jensen et al., 2020). RMS values we get for the differences between
individual solutions and merged solutions show that the proposed merged solutions
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wise (COEFF), field-wise (FIELD) and variance component estimation for field-wise (VCE_fw) schemes.
Values are given in cm

reduce the RMS by 5-15% compared to individual ones (Fig. 5, from second to fourth
rows). The spatial distribution of RMS of the differences estimated between the individual
solutions and merged solutions is similar for all weighting schemes we use, but magnitude
of them are significantly different. We get mean values of c.a. 1.5 cm for COEFF and
over 2 cm for FIELD and VCE_fw for GFZ and JPL; for CSR the values are several times
smaller. It is worth noticing that the spatial distribution of extreme RMS of the differences
is related to north-south stripes present in the GRACE-FO solution for both continental
and ocean areas. This highlights that proposed merged solutions eliminate signal noise
more efficiently than individual ones. For all cases, the largest differences occur mainly for
equatorial areas and for regions located in high latitudes of the northern hemisphere; these
regions do not coincide with regions characterized with the greatest RMS values. For CSR
individual solution we obtain the smallest RMS of the differences compare to merged
solutions; the GFZ individual solution is characterized with the largest values. The largest
RMS of the differences is obtained for the FIELD weighting scheme for all individual
solutions (Fig. 5). For all cases, we get values larger than 5 cm for North America and
central Asia. For GFZ one, there are also maximum values near Greenland, Hudson Bay
surroundings, Scandinavia, which are related with glacial isostatic adjustment effect and
near Antarctica, which are related with variations in glacier mass. The most marked
north-south stripes are observed for RMS of the differences computed versus JPL. We
note nearly the identical differences for all merged solutions. Comparing the individual
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solutions to merged ones, we obtain the smallest RMS of the differences for CSR and
COEFF, and CSR and VCE_fw. The values are less than 1 cm, excluding Caspian Sea
and Tibet. For the VCE_cw scheme, the RMS of the differences are similar to VCE_fw
results for all individual solutions; we do not present the results here.

Moreover, we analyze the local changes of EWH for areas characterized with ex-
treme trend and/or annual amplitude presented in Figure 1. We select four regions, i.e.,
(i)Amazon river basin (with trend greater than 5 cm/yr), (ii) Zambezi river basin (with
trend greater than 3 cm/yr), Murray—Darling river basin (with annual amplitude greater
than 25 mm and trend greater than 3 cm/yr) and Loire river basin (with annual amplitude
greater than 30 mm). Regional study shows a good agreement of monthly EWH values
between individual and merged solutions. Figure 6 presents the results for merged solu-
tions. We obtain the extreme EWH differences up to 15% between individual and merged
solutions or between various merged solutions. The smallest differences of monthly EWH
variations between all merged solutions are obtained for Amazon river basin (first row in
Fig. 6), which is characterized with strong annual water changes. The decline in EWH
in last months of 2019 reflects Amazon wildfires, which is caused by extreme drought
conditions (Yuan et al., 2022). For the next months, the positive trend is affected by

—_
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Fig. 6. Time series of EWH changes estimated for Amazon (first row), Zambezi (second row), Murray—
Darling (third row) and Loire (fourth row) river basins estimated from merged SDS GRACE-FO solutions
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progression from dry to wet conditions ended by strong flood in mid-2022. Zambezi
river basin is also characterized with temporally coherent changes in EWH for all merged
solutions (second row in Fig. 6). The largest discrepancies occur in autumn and winter
periods every year (mainly from July to December). The intermittent dry (temperature
rise) and wet (heavy rains) periods are captured by GRACE-FO in the analyzed period,
for which changes in last months are affected by increased precipitation (Chisanga et al.,
2022). For Australian region, the largest discrepancies between the merged solutions are
noted in the first (mid-2018 to 2019), mid-term (mid-2020 to mid-2021) and last (after
2022) months of GRACE-FO period, which are related to dry and wet periods for the
Murray—Darling river basin region. EWH variations in 2018-2019 and 2020-2021 show
rainfall deficiencies and a large-scale natural flooding event (Higgisson et al., 2022),
respectively. In case of European area (Loire river basin), we obtain over twice greater
seasonal changes (near 20 mm) than for other regions (bottom row in Fig. 6). We also
notice EWH decline caused by temperature rise in 2019 and 2021 (Ribes et al., 2022),
which is recharge not enough by rainfall. Consequently, the water storage is decreasing
and water resources depend on groundwater in this region (Petersen-Perlman et al., 2022).

Finally, we analyze the statistic of monthly EWH values (Table 1), and linear trend
and annual amplitude of EWH values (Table 2) estimated for the differences between
individual and merged solutions. Table 1 shows that the EWH values we obtain for in-
dividual and merged solutions are similar (Table 1). EWH mean and median values are
close to 0 mm. However, there are differences in the extreme (minimum and maximum)
EWH values estimated between individual and merged solutions. We obtain the differ-
ences in the range of =1 cm to =7 cm; the largest discrepancies are observed for GFZ
for all merged solutions. They mainly overlap with regions characterized with maximum
values of TWS annual amplitude, i.e. southern parts of Brazil, Africa and Asia or west-
ern part of Europe (Fig. 1, bottom row). For these regions, we also determine the largest
discrepancies of annual amplitude calculated between individual and merged solutions
(Table 2). We obtain extreme values of the differences up to +2 mm. The mean values
are near 1 mm; median values are similar. In case of trend parameter, the values of the
differences are close to 0 mm/yr. However, we get maximum and minimum values of
trend up to 12 mm/yr, which occur in Greenland, the southern part of North America, the
western part of South America and India areas; there are cover with regions characterized
with extreme TWS trend values (Fig. 1, top row).

Table 1. The averaged statistics of monthly EWH values [mm] estimated for the differences between
individual solutions and merged solutions

csR- | GFz- | wpL- | csr- | GFz- | wpL- | csR- | GFz- | sPL-

COEFF FIELD VCE_fw
min -21.1 -75.6 —47.3 -29.0 =577 -54.5 -11.9 -76.1 -56.1
max 20.9 78.6 48.0 -29.0 59.8 552 12.2 79.2 57.7
mean 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.1
median 0.0 0.1 -0.2 0.0 0.2 -0.2 0.0 0.2 -0.3
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Table 2. The statistics of linear trend and annual amplitude [mm] of EWH values estimated for the differences
between individual solutions and merged solutions

CSR- | GFz- | JPL- | CSR- | GFz- | IPL- | CSR- | GFz- | IPL-
COEFF FIELD VCE_fw
min | 29 | 115 =61 | 37 | -0.1 | =64 | —19 | —119 | 7.1
max | 28 | 116 | 68 | 35 | 90 | 75 | 22 | 118 | 83
mean | 00 | 0.1 | 00 | 00 | 0.1 | 00 | 00 | 0.1 | 00
median | 00 | 00 | 0.1 | 00 | 00 | -0.1 | 00 | 00 | —0.1
min | -60 | —163 | —144 | —64 | —145 | -140 | —3.0 | —19.2 | -1822
max | 115 | 194 | 135 | 6.1 | 169 | 162 | 46 | 205 | 155
mean | 07 | 16 | 04 | 05 | 14 | 02 | 02 | 1.1 | —01
median | 06 | 14 | 04 | 04 | 12 | 04 | 02 | 09 | 01

trend

annual amplitude

4. Summary

In the following research, we present and analyze the differences between monthly
GRACE-FO gravity field solutions provided by processing centers included in the SDS
project, i.e. CSR, GFZ and JPL centers, in a form of spherical harmonics. We determine
and compare global trend and annual amplitude of TWS changes. We note that for the last
4 years, most land areas (over 65%) are characterized with water decreasing with values
less than —10 cm/yr reflecting a decrease of ice masses in Greenland. The maximum trend
over 7 cm/yr is estimated for the northern Amazon, for which precipitation increasing is
observed during last years. We notice that maximum values of GRACE-FO TWS annual
amplitude do not occur mainly near equatorial regions as for GRACE TWS. For TWS
changes recorded by the GRACE-FO, extreme seasonal changes are observed for the
southern Brazil, southern Africa, western Europe and northern Asia regions. In case of
linear trend, we obtain better agreement between all individual solutions than for annual
amplitude.

We also focus on demonstrating the advantages of the merged gravity field solutions
compared to individual ones. To determine a monthly homogenous GRACE-FO gravity
field solutions, we propose four different weighting schemes: coefficient-wise, field-wise
and two types of variance component estimation. We show that the individual solutions
have different impact on merged solutions according to various weighting schemes. For
example, (1) for COEFF solution, each individual solution has a significant impact to final
merged solution in different months, (ii) the weights estimated for FIELD solution are
similar for each solutions during entire period, (iii) for VCE_cw and VCE_fw solutions
the weights are mainly dominant by the CSR individual solution. It is noticed by values of
the square root of the degree variance, for which weights estimated from CSR individual
solution are the most comparable to merged solutions. Then, we assess the spherical
harmonic signal differences determined between VCE_fw and other solutions. The results
show that more information is contained within merged solutions than within individual
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ones. It is also emphasized by the best similarity between the values of square root of the
degree variance estimated for merged and mascon solutions. We also obtain the highest
signal differences between merged and individual solutions up to degree 40 for sectorial
spherical harmonic coefficients. We get twice smaller values for zonal coefficients than
for sectoral coefficients.

The differences we obtain for spherical harmonic coefficients cause variations in
global EWH changes estimated from various solutions. We note that the proposed merged
solutions reduce RMS scatter of EWH changes by 5—15% compare to individual solutions.
RMS of EWH differences are related with GRACE-FO north-south stripes. It emphasizes
that merged solutions eliminate signal noise more efficiently than individual ones. The
maximum values of RMS of differences even up to 5 cm are obtained for FIELD scheme
comparing to all individual solutions. They occur mainly for equatorial areas and for
regions located in high latitudes of the northern hemisphere; the spatial patterns of
differences do not overlap with RMS values. Comparing all individual solutions to
merged solutions, the smallest RMS of the differences are obtained for CSR, especially
CSR and COEFF or CSR and VCE_fw. For the VCE_cw, the RMS of the differences are
similar to VCE_fw results for all individual solutions.

Finally, we analyze the local EWH changes estimated from merged solutions for
four selected regions i.e., Amazon, Zambezi, Murray—Darling and Loire river basins.
We show good agreement for monthly EWH series between various merged solutions.
The results we obtain reflect well extreme event periods such as drought in 2019 for
Amazon caused by wildfire, in 2018/2019 for Murray—Darling area reflecting rainfall
deficiencies or temperature rise for Loire river basin in 2019 and 2021. There are also
many flood events, e.g. in mid-2022 for Amazon reflecting progression from dry to wet
conditions, in 2022 for Zambezi region caused by rainfall increasing or in 2020/2021 for
Murray—Darling basin induced by large-scale natural flooding event.

Our results show that there are still EWH differences in short-term and extreme event
periods between series determined for individual and merged solutions. We obtain the
extreme values of EWH differences calculated between individual and merged solutions
of less/more than +7 cm. Also, we notice the significant discrepancies of linear trend
and annual amplitude of EWH values estimated for the differences between individual
solutions and merged solutions. We show the differences up to £12 mm/yr a nd +20 mm
for linear trend and annual amplitude, respectively. Thus, the reader should be aware that
the magnitude of EWH changes for local study may be affected by selection of individual
solutions. It is noticeably visible for regions characterized with extreme values of trend,
annual amplitude and RMS.
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