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Abstract: Gravity Recovery and Climate Experiment (GRACE) mission data is widely used
in various fields of science. GRACE explored changes of the gravity field regularly from
April 2002 to June 2017. In the following research, we examine variance of signal contained
in two different formats of GRACE data: standard spherical harmonics and mass concentra-
tion blocks (so-called “mascons”) solutions, both provided in the most recent releases. For
spherical harmonics-based solution, we use monthly gravity field solutions provided up to
degree and order (d/o) 96 by three different computing centers, i.e. the NASA’s Jet Propul-
sion Laboratory (JPL), the German Research Center for Geosciences (GFZ) and the Center
for Space Research (CSR). For the mass concentration blocks, we use values of total water
storage provided by the CSR, JPL and the Goddard Space Flight Center (GSFC) computing
centers, which we convert to spherical harmonic coefficients up to d/o 96. We show that
using the anisotropic DDK3 filter to smooth the north-south stripes present in total water
storage obtained from standard spherical harmonics solution leaves more information than
common isotropic Gaussian filter. In the case of mascons, GSFC solution contains much
more information than the CSR and JPL releases, relevant for corresponding d/o. Differ-
ences in variance of signal arise from different background models as well as various shape
and size of mascons used during processing of GRACE observations.

Keywords: GRACE, degree variance, spherical harmonic coefficients, mass concentra-
tion blocks

1. Introduction

Various satellite gravity missions enable that variations of the global gravity field are
reliably estimated (Wahr et al., 2006; Bouman and Fuchs, 2012; Bruinsma et al., 2010;
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Save et al., 2012; Rexer et al., 2014). As the gravity field varies temporarily and spa-
tially due to the change in the distribution of masses either inside or on the surface of
the Earth, a continuous information on gravity is needed to monitor these changes in dif-
ferent temporal and spatial scales. Monthly information on global gravity variance has
been successfully provided by the Gravity Recovery and Climate Experiment (GRACE;
Tapley et al., 2004). The key instrument of the GRACE satellite mission is the K-Band
Ranging system (KBR; Cheng and Tapley, 2004). The KBR system provides precise
measurements of the distance between the GRACE A and B satellites. From the KBR
low-low satellite to satellite tracking (SST) and the high-low GPS (Global Positioning
System) and GRACE twin satellites tracking, the monthly fluctuations in gravity fields
are determined. GRACE satellites enabled the estimates of Global Geopotential Mod-
els (GGMs) for 15 years, i.e. since April 2002 to June 2017, providing an enormous
global dataset for Earth sciences (Wang et al., 2017a), including cryosphere (Chen et al.,
2006; Luthcke et al., 2008; 2013), ocean mass variability (Chambers and Bonin, 2012)
or studying post-seismic displacements (Han et al., 2008). Most importantly, temporal
variations of hydrological masses determined from GRACE satellite mission data agreed
perfectly with the corresponding ones obtained from hydrological models (Bruinsma et
al., 2010; Rodell et al., 2018; Scanlon et al., 2018) and altimetric datasets (Forsberg et
al., 2017), yielding also a great opportunity to estimate global hydrological cycle or a
sea-level budget (Loomis et al., 2019).

The GRACE satellite mission data are available as Level-0, Level-1, Level-2 or
Level-3 products, depending on the computing centers. GRACE observations are pro-
cessed and archived in a Science Data System (Tapley et al., 2004). Level-0 products
constitute a raw data, received twice per day from each satellite. Then, to develop Level-
1 products, the GRACE intersatellite ranges are processed independently by few com-
puting centers, which use various corrections, parameter choices and solution strategies
(Sakumura et al., 2014). At this stage, data products needed for further processing are
also provided, i.e. Level-1B Atmosphere and Ocean De-aliasing product – AOD1B. Af-
ter calibration and validation of GRACE Level-1B products, Level-2 products are pro-
vided by several centers. They include temporal, i.e. weekly/monthly, and static (mean),
gravity fields. Level-2 products are most often employed by users, since they characterize
monthly changes of the geopotential field in the form of spherical harmonic coefficients
to degree and order (d/o) 60/96 or in the form of gridded Total Water Storage (TWS)
values provided for mass concentration blocks (so-called “mascons”). Level-3 products
are the most user-friendly. These include gridded ready-to-use values, which definitely
simplifies analyses performed on gravity fields. GRACE data, apart from their various
forms, differ also in solution strategies, choice of the input parameters and gravitational
force, mean geopotential, ocean, atmospheric and solid Earth tides as well as ocean pole
tides. Nevertheless, continuous improvement of background models and new gravita-
tional force estimates results in new releases launched by computing centers for both
GRACE data forms: spherical harmonic coefficients (which we refer to as “GRACE-
based GGMs”) and mascon solutions. GRACE-based GGMs are characterized by north-
south stripes in the final model of gravity field. Stripes occur as a result of poor ob-
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servability of the gravity gradient towards east-west for near-polar orbits (Kundu, 2016;
Feng, 2019) or as an artifact due to the oversampling of the Earth’s static disturbing
potential (Peidou and Pagiatakis, 2020). Hence, GRACE-based GGMs have to be ini-
tially pre-processed to reduce noise. Mascons are constructed in such a way that signal
is concentrated in the location of each mascon cell. This guarantees that the north-south
stripes are already filtered out (or smoothed) (Luthcke et al., 2013; Watkins et al., 2015,
Save et al., 2016) and the signal leakage between land and ocean is reduced (Rowlands et
al., 2010). Several studies proved a good agreement between these two forms of GRACE
data in terms of global changes. However, for regional studies, mascons have been shown
to better represent small-scale mass changes than the GRACE-based GGMs (Sabaka et
al., 2010; Luthcke et al., 2013; Save et al., 2016).

Several studies focused on a degree variance analysis between available GRACE so-
lutions showing more significant restrictions of signal for GRACE-based GGMs than for
mascons (e.g. Watkins et al., 2015, Save et al., 2016; Loomis et al., 2019). Comparative
studies of both forms of GRACE solutions were based on analyses of changes in TWS
and proved that TWS determined from mascon solution correlate better with the corre-
sponding ones obtained from hydrological models than those estimated from GRACE-
based GGMs (Andrews et al., 2014; Scanlon et al., 2016; Nair and Indu, 2018; Zhou
et al., 2018). Nowadays, more and more studies are based on mascon solutions, which
contain more signal information than GRACE-based GGMs (Scanlon et al., 2016) and
do not need any pre-processing to be applied.

In this research, we assess monthly GRACE data depending on the solution and the
computing center they are provided by. The research questions read as follows: “What
is the variance of signal contained in both types of GRACE data provided by different
computing centers? What is the impact of various spatial filtering methods and data
types on the reduction of noise and signal loss?”. To answer these questions, we use
a square root of degree variance statistics examining the signal information contained
in each degree and order of spherical harmonic coefficients. The article is organized in
such a way that the two types of GRACE data used and the methods implemented for
the degree variance estimates are described in Sections 2 and 3, respectively. The results
are presented in Section 4. Section 5 summarizes our research.

2. Data

2.1. Spherical harmonic coefficients (GRACE-based GGMs)

We use spherical harmonic coefficients Cnm and Snm provided within the release 6.0
(RL06) of GRACE-based GGMs developed recently by three different GRACE com-
puting centers: the CSR (Center for Space Research, Austin) (Bettadpur, 2018), GFZ
(German Research Center for Geosciences, Potsdam) (Dahle et al., 2018) and JPL (Jet
Propulsion Laboratory, California) (Dah-Ning, 2018). GRACE-based GGMs provided
by these computing centers differ mostly by the background models employed during
the processing, such as the mean gravity field model, the atmosphere and ocean de-
aliasing models and tidal oceanic models. Additionally, we also employ degree-1 and
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degree-2 corrections. Degree-1 spherical harmonic coefficients are replaced using the
methodology presented by Sun et al. (2016). Degree-2 spherical harmonic coefficients
are replaced by Satellite Laser Ranging (SLR) estimates. Moreover, the Glacial Isostatic
Adjustment (GIA) effect was removed using the ICE5-G (Peltier, 2004) and A Geruo et
al. (2013) models. Table 1 presents summarized information of background models used
by each computing center.

Table 1. Background models used by the CSR, GFZ and JPL computing centers to process GRACE obser-
vations which are then provided as the spherical harmonic coefficients. We replaced two spherical harmonic
coefficients: (1) degree-1 spherical harmonic coefficients are replaced by the combination of GRACE data
and geophysical models with the method presented by Sun et al. (2016), and (2) degree-2 spherical har-
monic coefficients are replaced by the corresponding ones obtained from Satellite Laser Ranging (SLR)

estimates

Background models
GRACE analysis center

CSR GFZ JPL

Mean (static) gravity
field GGM05C EIGEN-6C4 GSM05C

3rd body ephemerides IERS2010 IERS2010 IERS2010

Atmosphere and ocean
de-aliasing

AOD1B_RL06
(ECMWF+MPIOM)

AOD1B_RL06
(ECMWF+MPIOM)

AOD1B_RL06
(ECMWF+OMCT)

Ocean tides GOT4.8+SCEQ FES2014b+SCEQ FES2014b+SCEQ

Solid Earth and pole
tides IERS2010 IERS2010 IERS2010

Degree-1 spherical
harmonic coefficients

coefficients based on
ocean and atmospheric
models and GRACE
coefficients for degrees 2
and higher (TN13a; Sun
et al., 2016)

coefficients based on
ocean and atmospheric
models and GRACE
coefficients for degrees 2
and higher (TN13b; Sun
et al., 2016)

coefficients based on
ocean and atmospheric
models and GRACE
coefficients for degrees 2
and higher (TN13c; Sun
et al., 2016)

Degree-2 spherical
harmonic coefficients

coefficients replaced
using SLR estimates
(TN11; Cheng and Ries,
2017)

coefficients replaced
using SLR estimates
(TN11; Cheng and Ries,
2017)

coefficients replaced
using SLR estimates
(TN11; Cheng and Ries,
2017)

The north-south stripes present in GRACE-based GGMs cause that the noise in-
creases at higher degrees of spherical harmonic coefficients. We examine the effective-
ness of two different noise filtering methods: the isotropic Gaussian filter (Wahr et al.,
1998) and the anisotropic decorrelation filter DDK3 (Kusche, 2007; Kusche et al., 2009).
For Gaussian filtering, we employ spatial smoothing using 300 km radii, which corre-
sponds to similar smoothing range as is provided using the DDK3 filter.

For the CSR and GFZ centers, we employ monthly GRACE-based GGMs up to d/o
96 from April 2002 to June 2017 (163 months in total). For the JPL center, a number
of 161 months of GRACE solutions are available up to d/o 96 from April 2002 to June
2017. These are supplemented with 2 months of data for January and February 2015 up
to d/o 60 (163 months in total).
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2.2. Mass concentration blocks (mascons)

Mascon solutions are a relatively new form for gravity changes representation, which is
defined as mass concentration blocks on a sphere (Muller and Sjögren, 1968). For these
blocks, a specific density value is assumed. Mascons are provided by three GRACE
computing centers, i.e. by the CSR and JPL centers, and by the GSFC (Goddard Space
Flight Center, Maryland) center. Mascon solutions provided by individual computing
centers differ by processing variants, as well as sizes, shapes and spatial resolutions of
blocks on a sphere.

Mascon solution provided in the newest release RL06 by the CSR computing center
are defined on a grid with a spatial resolution of 0.25◦, in the shape of 40 950 hexagons
and 12 pentagons. Each mascon corresponds to the tiles ∼120 km wide or size of 1◦ on
the equator resulting in 41 000 equal areas (12 400 km2). Signal leakage between land
and ocean is narrowed using the Root Mean Square (RMS) signal values computed from
GRACE-based GGMs. Additionally, the noise is reduced by applying constrains, which
are based only on GRACE observations (Save et al., 2016). Monthly CSR mascons are
available from April 2002 to June 2017 (163 months in total) with spatial range be-
tween 89.875◦N to 89.875◦S for latitude and 0.125◦E to 359.875◦E for longitude. For
the background models, the CSR analysis center applies the GGM05C mean gravity field
model and DE430 planetary ephemerides. Atmosphere and ocean de-aliasing effects
were removed by the European Centre for Medium-Range Weather Forecast (ECMWF)
and Max-Planck-Institute for Meteorology Ocean Model (MPIOM) models. Ocean tides
were accounted for using GOT4.8 model with the Self-Consistent EQuilibrium model
(SCEQ, Ray et al., 1994). The GIA effect is reduced using ICE6G_D model (Peltier et
al., 2018).

Mascon solution provided in the newest release RL06 by the JPL computing center
are defined on a grid with a spatial resolution of 0.5◦. The gravity field is parametrized
using 3◦ × 3◦ grid cells, which corresponds to a native resolution of ∼330 km at the
equator. In total, 4 551 circle cells distributed globally are provided (Watkins et al.,
2015). Signal leakage between land and ocean is reduced by the CRI (Coastline Resolu-
tion Improvement) method (Watkins et al., 2015). Furthermore, mascon constraints are
based on both GRACE observations and geophysical models, i.e. ocean and terrestrial
hydrology models. Monthly solutions are available from April 2002 to June 2017 (163
months in total) with spatial range between 89.75◦N to 89.75◦S for latitude and 0.25◦E to
359.75◦E for longitude. As the background models, the GIF48 mean gravity field model
and DE421 planetary ephemerides were used. Atmosphere and ocean de-aliasing effects
were removed by the ECMWF and Ocean Model for Circulation and Tides (OMCT)
model. Ocean tides were accounted for using the GOT4.7 model with SCEQ model. The
GIA effect is reduced using the ICE6G_D model (Peltier et al., 2018).

The most recent mascon solution provided by the GSFC defines mascons in a form
of 41 168 squares on a grid with a spatial resolution of 1◦, which corresponds to ~110 km
at the equator resulting in 12 390 km2 equal areas (Luthcke et al., 2013). They were con-
structed with an adaptive decomposition filter using anisotropic constraints to estimate
global mass change. Furthermore, the least squares method was used to enforce spatial
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restrictions (Luthcke et al., 2013), which significantly improved the signal-to-noise ratio
for this solution (Loomis et al., 2019). Monthly solution is available from January 2003
to July 2016 (148 months in total) with spatial range between 90◦N to 90◦S for latitude
and 0.5◦E to 359.5◦E for longitude. During GSFC mascon calculation, the GOCO-05S
mean gravity field model and DE430 planetary ephemerides were used. Atmosphere and
ocean de-aliasing effects were removed using the ECMWF and MOG2D (Carrere and
Lyard, 2003) models. Ocean tides were accounted for using the GOT4.7 model with
SCEQ model. The GIA effect was reduced using A Geruo et al. (2013) model. Table 2
lists all background models used for individual computing centers.

Table 2. Background models employed by the CSR, JPL and GSFC GRACE computing centers for the most
recent releases of GRACE mascon solutions

Background models
GRACE analysis center

CSR JPL GSFC

Mean (static) gravity
field GGM05C GIF48 GOCO-05S

3rd body ephemerides DE430 DE421 DE430

Atmosphere and ocean
de-aliasing

AOD1B
(ECMWF+MPIOM)

AOD1B
(ECMWF+OMCT)

AOD1B
(ECMWF+MOG2D)

Ocean tides GOT4.8+SCEQ GOT4.7+SCEQ GOT4.7+SCEQ

Solid Earth and pole
tides IERS2010 IERS2010 IERS2010

Degree-1 spherical
harmonic coefficients

coefficients based on
ocean and atmospheric
models and GRACE
coefficients for degrees 2
and higher (TN13a; Sun
et al., 2016)

coefficients based on
ocean and atmospheric
models and GRACE
coefficients for degrees 2
and higher (TN13c; Sun
et al., 2016)

coefficients based on
ocean and atmospheric
models and GRACE
coefficients for degrees 2
and higher (Sun et al.,
2016)

Degree-2 spherical
harmonic coefficients

coefficients replaced
using SLR estimates
(TN11; Cheng and Ries,
2017)

coefficients replaced
using SLR estimates
(TN11; Cheng and Ries,
2017)

coefficients replaced
using SLR estimates
(TN07; Cheng et al.,
2013)

3. Methodology

To reduce noise included in the GRACE-based GGMs, we used two noise filtering meth-
ods: the anisotropic decorrelation filter DDK3 (Kusche, 2007; Kusche et al., 2009) and
isotropic Gaussian filter (Wahr et al., 1998).

DDK filter has been extensively described in Kusche (2007) and Kusche et al.
(2009). Few types of DDK filter exist: starting from DDK1 to DDK8, which are charac-
terized by a decreasing radius of filter (Kusche et al., 2009). We chose the DDK3 filter.
DDK1 and DDK2 filters have more constrains (Sakumura, 2014) than the DDK3 filter.
Higher filters leave some part of noise unfiltered (Godah et al., 2015) due to smaller filter
radius (Sakumura, 2014).
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Gaussian smoothing depends on the position of the kernel and the maximum degree
and order of spherical harmonic coefficients. The Gaussian averaging function was pre-
sented by Jekeli (1981) in his Eq. (59) and can be computed with recursion relations as:

W0 =
1

2π
, W1 =

1
2π

[
1+ e−2b

1− e−2b −
1
b

]
, Wn+1 =−2n+1

b
Wn +Wn−1 (1)

with:

b =
ln(2)(

1− cos
( r

a

)) , (2)

where n is a maximum degree of spherical harmonic coefficients, r is a smoothing radius,
b is a dimensionless parameter characterizing the smoothing process and a is an average
Earth radius. Wahr et al. (1998) showed that the filter values decrease for large areas as
degree and order of spherical harmonic coefficients increase. We used Gaussian filter
with smoothing radius of 300 km, which is similar to the spatial smoothing provided by
the DDK3 filter (Sakumura, 2014; Kusche et al., 2009).

Mascon solutions are provided in a form of gridded TWS values defined for a spe-
cific ranges of latitudes and longitudes. We convert the global sets of gridded TWS values
provided by the CSR, JPL and GSFC computing centers into spherical harmonic coef-
ficients Cnm and Snm (which we refer to as “GRACE-M-based GGMs”) using two-step
procedure. Step (1): We calculate the dimensionless coefficients Ĉnm and Ŝnm defined in
Eq. (11) of Wahr et al. (1998) using global set of TWS(θ ,λ ) with equations:

Ĉnm =
1
R

1
4π

∫∫
σ

TWS(θ ,λ )Pnm(cosθ)cos(mλ )dσ , (3)

Ŝnm =
1
R

1
4π

∫∫
σ

TWS(θ ,λ )Pnm(cosθ)sin(mλ )dσ , (4)

where θ is a colatitude, λ is a longitude, R = 6378136.3 m is the radius of the Earth, Pnm
are fully normalized Legendre functions of degree n and order m. The dσ term equals to
sinθ dθ dφ and means the basic area element. Step (2): Dimensionless coefficients Ĉnm
and Ŝnm are converted to spherical harmonic coefficients Cnm and Snm using (Wahr et al.,
1998):

{Cnm}=
3ρw

ρe

1+ k′n
2n+1

{
Ĉnm

}
, (5)

{Snm}=
3ρw

ρe

1+ k′n
2n+1

{
Ŝnm

}
, (6)

where ρw = 1000
kg
m3 is a water density, ρe = 5496

kg
m3 is a mean Earth’s density, and k′n is

an elastic load Love number for degree n, provided by Farrell (1972). To stay consistent
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with the GRACE-based GGMs, the global sets of TWS(θ ,λ ) values are converted to
spherical harmonic coefficients up to d/o 96. Similar procedure is described by Wang
et al. (2017b), where spherical harmonic coefficients obtained from gridded TWS values
are used to estimate vertical deformations.

To characterize the variance of signal included in each degree n of the spherical
harmonic coefficients, we estimate the square root of degree variance using the following
formula (Sakumura, 2014):

σ 2
n =

1
M

M

∑
k=1

n

∑
m=0

C2
nm(tk)+S2

nm(tk) (7)

where n and m means the degree and order of spherical harmonic coefficients for both
GRACE-based GGMs and GRACE-M-based GGMs, k is the GRACE observations
month, M is a total number of months investigated, and Cnm and Snm are spherical har-
monic coefficients. The square root of the degree variance is determined as an average
of all months of GRACE observations available from each processing center.

4. Results and discussion

To present the variability of various RL06 GRACE-based GGMs, we compute the an-
nual amplitude of TWS for the CSR, GFZ and JPL centers including unfiltered GRACE-
based GGMs, and GRACE-based GGMs filtered using the Gaussian and DDK3 filters
(Fig. 1). For unfiltered GRACE-based GGMs, evident north-south stripes can be noticed,

Fig. 1. Annual amplitude of TWS values obtained for RL06 GRACE-based GGMs provided by the CSR
(left column), GFZ (middle column) and JPL (right column) centers. Maps present the estimates for no
noise filtering applied (SHnofilter, top row), for fields filtered with Gaussian filter (SHGauss, middle row)

and for fields filtered using decorrelation DDK3 filter (SHDDK, bottom row)
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which cover the annual changes of TWS. For these unfiltered solutions, the CSR data are
characterized by the weakest noise, while GFZ data are affected by the strongest noise.
Both filtering methods allow to reduce the longitudinal stripes, yielding interpretation of
GRACE-based GGMs. Spatial smoothing of GRACE observations using Gaussian filter
reduces the annual amplitudes more than the DDK3 filter in all three solutions we use.
Similarly to GRACE-based GGMs data, we also present the annual amplitude of TWS
variations obtained for the most recent GRACE-M-based GGMs provided by the CSR,
JPL and GSFC centers (Fig. 2). We notice that the use of mascons instead of spherical
harmonic coefficients allows to retrieve more regional changes of TWS. For GRACE-
M-based GGMs, we can observe regional annual amplitudes in Mexico, the High Plains
Aquifers, north part of Australia and Caspian Sea regions, which is not possible for the
GRACE-based GGMs. Larger TWS annual amplitudes were also obtained for GRACE-
M-based GGMs for Alaska, North-West America and South-West Canada. Individual
GRACE-M-based GGMs show few differences. For example, the TWS amplitudes are
larger for European area for the CSR and JPL solutions than they are for the GSFC
solution. The differences between solutions result from various data processing strate-
gies and the use of different background models as listed in Tables 1 and 2. They may
also arise from various mascon definitions and constraints made at the stage of noise
reduction.

Fig. 2. Annual amplitude estimated for TWS changes obtained from GRACE mascon solutions provided by
the CSR (left), JPL (middle) and GSFC (right) centers

We focused on the detailed analysis of data provided by different computing centers
in two different data types. Research is carried out as an average for 163 months of
GRACE Level-2 product provided by the CSR, GFZ and JPL computing centers and for
148 months of GRACE Level-2 product provided by the GSFC computing center for the
GRACE-M-based GGMs.

Figure 3 presents unitless values of square root of degree variance of spherical
harmonic coefficients values estimated using Eq. (7) for different GRACE solutions.
We notice that signal variances are very similar for all solutions we investigate un-
til degree 15. For higher degrees, i.e. from degree 15 and onward, errors in GRACE
data start to dominate the signal amplitude, which was also observed by Save et al.
(2012). Square root of degree variance obtained from unfiltered GRACE-based GGMs
differ significantly from other datasets. This might be ascribed to the fact that unfiltered
GRACE-based GGMs characterized by strong noise, observed as a discrepancy between
those and other solutions from degree 20 onwards. High signal variance at lower de-
grees demonstrates that both GRACE-based GGMs and GRACE-M-based GGMs are
able to detect large-scale temporal signals, related to global hydrological signal (Zhou
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Fig. 3. Square root of the degree variance (unitless) of spherical harmonic coefficients values for degrees
up to 96 estimated for various data types of GRACE solutions. Results are calculated as an average for
163 CSR, GFZ, JPL GRACE monthly solutions and for 148 GSFC GRACE monthly solutions. GRACE-
based GGMs (SH) are presented for different filters: decorrelation filter DDK3 (SHDDK3, dashes lines)
and Gaussian filter (SHGauss, dotted lines). Original GRACE-based GGMs, with no spatial smoothing
applied (SHnofilter) as well as GRACE-M-based GGMs (M) are also plotted. Various colors stand for
different analysis center whose data we use in this research: CSR (red curves), GFZ (blue curves), JPL

(green curves) and GSFC (purple curve)

et al., 2018). Decreasing values of signals variance with an increasing degree con-
curs with the behavior of the geophysical models, i.e. hydrological and oceanographic
models (Wahr et al., 1998). The strongest noise for unfiltered GRACE-based GGMs
is found for the GFZ data, whereas the weakest noise is found for the CSR solution.
The Gaussian filter (SHGauss) reduces the signal variance more than the DDK3 fil-
ter (SHDDK3). This is mainly observed by signal damping for degrees higher than 70
with the largest constrains for the CSR data. An increase in signal variance is observed
for the GRACE-based GGMs filtered with Gaussian filter for degrees 45 and 60 for
GRACE-based GGMs provided by all computing centers, which reflected as promi-
nent north-south stripes in TWS global values. For all GRACE-based GGMs filtered
with DDK3 we obtained almost identical variance changes. However, similar signal
variance found for the CSR, GFZ and JPL GRACE-based GGMs is distributed dif-
ferently into local signal and noise (Fig. 1). The DDK3 filter reduces the noise in-
cluded in GRACE-based GGMs more than the Gaussian filter. Moreover, comparatively
to GRACE-M-based GGMs, GRACE-based GGMs filtered with DDK3 filter contain
less variance for low degrees up to 34, where the real geophysical signal is also re-
stricted (Wouters and Schrama, 2007). These differences are probably caused by fil-
tering strategy. Comparing the GRACE-based GGMs provided by different computing
centers filtered with DDK3 and Gaussian filters, we noticed that the type of filter im-
pacts the signals variance much more than the background models applied during data
processing.
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For GRACE-M-based GGMs provided by the CSR and JPL computing centers, we
noticed similar values of degree variance for all examined degrees. Also, similar results
for the CSR and JPL GRACE-M-based GGMs were obtained for the annual amplitudes
presented in Figure 2. We showed that the GRACE-based GGMs provided by the GSFC
is characterized by more rigorous degree variance constrains for high degrees. Further-
more, for degrees up to 40, the signal variance estimated for the GSFC GRACE-M-based
GGMs is larger than the corresponding ones obtained from the CSR and JPL solutions
(Fig. 3), which is observed as more pronounced large-scale signals in Figure 2. Sig-
nal variance estimated for GSFC GRACE-M-based GGMs data decreases with increas-
ing degrees, but remains smaller than the JPL and CSR solutions for all degrees from
40 onwards. As a result, local changes in GSFC GRACE-M-based GGMs are poorly
demonstrated than those for the JPL and CSR centers, which is noticed for global TWS
values (Save et al., 2016; Loomis et al., 2019). Similar conclusions were presented by
Loomis et al. (2019) for degree error variance estimated for the uncertainties of mas-
con solutions provided by the GSFC and JPL computing centers. They concluded that
the GSFC GRACE-M-based GGMs have a greater leakage uncertainty than the JPL so-
lution. The differences in signal variance between the CSR and JPL GRACE-M-based
GGMs arise from method the computing centers employed to remove land-ocean sig-
nal leakage. They may also be caused by different background models used to remove
the non-tidal ocean loading (as listed in Table 2). Moreover, in the case of GRACE-
based GGMs filtered with Gaussian smoother and DDK3 filter, the differences in signal
variance between the CSR, GFZ and JPL solutions arise mainly from the diversity of
background models, i.e. the mean (static) gravity field model, as well as tidal and non-
tidal ocean models (Table 1). However, those differences are minor. A drop in signal
variance between 15 and 30 degrees for GRACE-based GGMs filtered with DDK3 and
between 20 and 40 degrees for Gaussian filter may be partly related to the dependency
of a filter on a degree (Han et al., 2005).

Similarly, to Save et al. (2016) and Watkins et al. (2015), we also obtained greater
variance of signal for GRACE-M-based GGMs than for GRACE-based GGMs at all
degrees we considered. An exception is for GRACE-based GGMs filtered with Gaus-
sian filter near 45 and 60 degrees, caused by the filtering of stripping effects in GRACE
monthly gravity field (Svehla, 2018). It can be noticed from Figure 3 that the GRACE-M-
based GGMs contain more signal variance at all degrees than the GRACE-based GGMs
do. It has already been noticed by Rodell et al. (2018) and Scanlon et al. (2018) as sig-
nificant local signals visible on the TWS trend map, e.g. for Asia and South America
regions, by Wang et al. (2017b) in case of Earth’s crust vertical deformations in Green-
land or by Watkins et al. (2015). Therefore, mascons solutions are more often used to
enhance products that assimilate GRACE data (Houborg et al., 2012).

Now we focus on signal information contained in individual spherical harmonic co-
efficients Cnm and Snm. Signal variance we presented in Figure 3 is similar for all comput-
ing centers and data types we use. Therefore, we take data provided by the CSR center
as the reference due to weak noise occurring in the CSR GRACE-based GGMs (Fig. 1).
Figure 4 presents gravity signal contained in each degree and order of spherical harmonic
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Fig. 4. Spherical harmonic coefficients plotted for the GRACE RL06 solution provided by the CSR comput-
ing center, which we assume as a reference. Results are calculated as an average for 163 GRACE monthly
solutions. They are plotted for: (1) GRACE-M-based GGMs estimated from mascon solution (CSR-M),
(2) for the unfiltered GRACE-based GGMs (CSR-SHnofilter), (3) for GRACE-based GGMs filtered with
the DDK3 filter (CSR-SHDDK3) and (4) for GRACE-based GGMs filtered with Gaussian filter (CSR-

SHGauss)

coefficients for both data types, i.e. GRACE-based GGMs as well as mascons converted
to the spherical harmonic coefficients (GRACE-M-based GGMs). We noted that for all
data forms provided by the CSR analysis center, the largest amount of information is con-
tained within the lowest harmonic degrees and orders. We noticed that unfiltered CSR
GRACE-based GGMs (CSR-SHnofilter) include more information in low and high de-
grees of spherical harmonic coefficients. However, the extreme values above degree and
order 60, mainly represent noise in observations. These values represent an unremoved
noise included in the GRACE observations (north-south stripes). For the GRACE-based
GGMs filtered using both DDK3 (CSR-SHDDK3) and Gaussian (CSR-SHGauss) fil-
ters, a similar distribution of signal content is observed. GRACE-based GGMs filtered
with the DDK3 filter contain more information at order 10 and above degree 40. In ad-
dition, GRACE-based GGMs provided by the CSR computing center and filtered using
the Gaussian filter have stronger noise for sectorial harmonics above 35 degree than data
filtered with DDK3 filter.
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As shown in Figure 4, the CSR GRACE-M-based GGMs contain much more infor-
mation than GRACE-based GGMs filtered with Gaussian and DDK3 filters. This is well
demonstrated for coefficients of all orders above degree 60 and for all degrees between
the orders 30 and 40. Such a large information contained in higher degrees allows a more
reliable analyses of a short wave signal which is required in local hydrological or glacio-
logical studies (Kusche, 2007). This feature has been also already shown by Watkins et
al. (2015) and Scanlon et al. (2016). The difference between GRACE-M-based GGMs
and GRACE-based GGMs smoothed with both the DDK3 and Gaussian filters arises
from the reduction of the signal in the process of spatial filtering.

To assess the signal contained in other forms of data, we estimate the differences
between GRACE-based GGMs and GRACE-M-based GGMs. We take here GRACE-
based and GRACE-M-based GGMs estimated for GRACE solutions provided by the
CSR computing center as a reference (Fig. 5). We noticed that unfiltered GRACE-based
GGMs vary among computing centers for the higher spherical harmonic degrees and
orders. For the GRACE-based GGMs provided by GFZ and JPL, smoothing the data with
the DDK3 and Gaussian filters leaves similar signal information to the CSR GRACE-
based GGMs. Slightly larger differences are noticed between the CSR and JPL GRACE-
based GGMs filtered by the DDK3. For the DDK3 filter, similar results were obtained by
Sakumura et al. (2014) for data from CSR, GFZ and JPL centres. For data from all three
centers, the differences for the GRACE-based GGMs DDK3-filtered solution occur only
up to the order of 10 and for the sectorial coefficients up to 30. For each Gaussian-filtered
GRACE-based GGMs, the discrepancies can be noticed for the sectorial coefficients up
to 70. These slight differences may result from the various parameters and background
models employed during GRACE data processing.

For GRACE-M-based GGMs, the differences between data provided by all three
computing centers are larger than those obtained from GRACE-based GGMs. They re-
sult from various geometrical and physical constraints used during the construction of
mascons, i.e. their shape and size as well as different background models employed (Ta-
ble 2). All the above manifest itself in the differences found for GRACE-based GGMs
(Fig. 5), the signal variance (Fig. 3) and annual amplitudes (Fig. 2). The maximum dis-
crepancies between CSR and JPL GRACE-M-based GGMs occur for the tesseral coef-
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Fig. 5. Differences between average spherical harmonic coefficients for data provided by all computing
centers. Results are calculated as an average for 163 CSR, GFZ, JPL GRACE monthly solutions and
for 148 GSFC GRACE monthly solutions. Plotted are the differences between the CSR (reference) and
the GFZ and JPL solutions of: (1) the unfiltered GRACE-based GGMs (first row), (2) the GRACE-based
GGMs smoothed with the Gaussian smoother (second row), (3) the GRACE-based GGMs smoothed with
the DDK3 filter (third row) and (4) the GRACE-M-based GGMs computed from the JPL and GSFC mascon

solutions (fourth row)

ficients, mainly for low degrees and orders. The differences result, among others, from
different methods assumed to reduce the signal leakage, as well as from the shape and
the size of mascons. For GSFC GRACE-M-based GGMs data, the largest differences
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with respect to the CSR solution result from a different approach of modelling leakage
effects for the GSFC GRACE Level-2 product (Loomis et al., 2019). The same was also
noticed for the signal variance (Fig. 3).

5. Summary and conclusions

In this study, we determine and compare the variance of signal contained in the most re-
cent various GRACE solutions provided in two basic data forms: spherical harmonic co-
efficients (GRACE-based GGMs) and mass concentration blocks (mascons). The latter
have been converted to the spherical harmonic coefficients (GRACE-M-based GGMs)
for the comparison purposes. Our research proves that the proper choice of GRACE
Level-2 products and the method of their filtering enables studying gravity field pa-
rameters in various spatial resolutions. We proved that GRACE-M-based GGMs are
more appropriate to retrieve small scale changes, as shown for annual amplitude val-
ues; there are clear differences between GRACE-based and GRACE-M-based GGMs
for Greenland, the High Plain Aquifers, Mexico and Madagascar areas. Additionally, for
the GRACE-M-based GGMs the annual amplitudes are larger by 20-30% comparing to
GRACE-based GGMs for areas of Alaska, North-West America and South-West Canada
(Fig. 4). Degree variance and signal information contained in the GRACE solutions are
compared for individual degrees and orders of spherical harmonic coefficients. We ob-
tain the lowest signal variance for low spherical harmonic coefficients up to degree and
order 34 for GRACE-based GGMs filtered with DDK3. It could be partly related to
degree-dependency of the filter. The degree variance changes are similar up to maxi-
mum spherical harmonic coefficients for GRACE-based GGMs provided by all comput-
ing centers. GRACE-based GGMs provided by all computing centers (CSR, GFZ and
JPL) and filtered using Gaussian filter are characterized by the lowest signal variance for
the degrees above 70. We show that data filtering using the DDK3 filter leaves more in-
formation than the commonly applied Gaussian filter. We also demonstrate that despite
a similar signal variance for Gaussian- and DDK3-filtered GRACE-based GGMs, the
signal has different distribution for different centers. We show that despite almost iden-
tical degree variance values for all data centers filtered with DDK3 (Fig. 3), we obtain
a different distribution of local mass changes. Moreover, the decreasing variance values
presented in Figure 3 for all data with increasing degree concurs with the behavior of the
geophysical models. Additionally, we show that in the case of GRACE-based GGMs,
the method of filtering the observation noise has a greater impact on the final signal than
various processing approaches and background models used. We demonstrate that the
choice between GRACE-based GGMs and GRACE-M-based GGMs has also a signif-
icant impact on the calculated parameters of the gravity field (Figs. 1 and 2). This has
been already noticed by Watkins et al. (2015) in the case of global water mass changes
values and by Wang et al. (2017a) for the vertical deformations of the Earth’s crust.
The largest gravity signal is contained in spherical harmonic coefficients computed from
the three available GRACE-M-based GGMs solutions, i.e. provided by the CSR, JPL
and GSFC computing centers. The GSFC GRACE-M-based GGMs signal differs most
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from the others. The differences between them are mainly due to their diverse shape,
size and the various methods of eliminating signal leakage effects (Luthcke et al., 2013;
Save et al., 2016; Watkins et al., 2015). Hence, it is difficult to assess the impact of the
used various models on the ultimate signal due to their definition. Therefore, we showed
that in comparison to GRACE-based GGMs, the GRACE-M-based GGMs allow users
to perform analysis on smaller spatial scales due to much more signal information con-
tained in the higher degrees, where the local hydrological and glaciological short wave
signal is comprised.
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