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Abstract

In geodesy, a key application of data from the Gravity Recovery and Climate Experiment (GRACE), GRACE Follow-

On (GRACE-FO), and Satellite Laser Ranging (SLR) is an interpretation of changes in polar motion excitation due to
variations in the Earth’s surficial fluids, especially in the continental water, snow, and ice. Such impacts are usually
examined by computing hydrological and cryospheric polar motion excitation (hydrological and cryospheric angular
momentum, HAM/CAM). Three types of GRACE and GRACE-FO data can be used to determine HAM/CAM, namely
degree-2 order-1 spherical harmonic coefficients of geopotential, gridded terrestrial water storage anomalies com-
puted from spherical harmonic coefficients, and terrestrial water storage anomalies obtained from mascon solutions.
This study compares HAM/CAM computed from these three kinds of gravimetric data. A comparison of GRACE-based
excitation series with HAM/CAM obtained from SLR is also provided. A validation of different HAM/CAM estimates is
conducted here using the so-called geodetic residual time series (GAO), which describes the hydrological and cry-
ospheric signal in the observed polar motion excitation. Our analysis of GRACE mission data indicates that the use of
mascon solutions provides higher consistency between HAM/CAM and GAO than the use of other datasets, especially
in the seasonal spectral band. These conclusions are confirmed by the results obtained for data from first 2 years of
GRACE-FO. Overall, after 2 years from the start of GRACE-FO, the high consistency between HAM/CAM and GAO that
was achieved during the best GRACE period has not yet been repeated. However, it should be remembered that with
the systematic appearance of subsequent GRACE-FO observations, this quality can be expected to increase. SLR data
can be used for determination of HAM/CAM to fill the one-year-long data gap between the end of GRACE and the
start of the GRACE-FO mission. In addition, SLR series could be particularly useful in determination of HAM/CAM in the
non-seasonal spectral band. Despite its low seasonal amplitudes, SLR-based HAM/CAM provides high phase consist-
ency with GAO for annual and semiannual oscillation.
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Introduction of our planet. PM is influenced by wide range of external
One of the important tasks in contemporary geodesy isto ~ factors with different frequency and magnitude. In pre-
determine and interpret changes in polar motion (PM), vious works, particular attention was paid to assessing
which is one of the parameters describing the rotation the role of global mass redistribution of liquid and gase-

ous surface components of the Earth, namely the atmos-
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of the gravity field provided by the Gravity Recovery and
Climate Experiment (GRACE) mission (Tapley et al.
2004, 2019; Wahr et al. 1998; Wouters et al. 2014), which
was operational between 2002 and 2017. After the end of
the GRACE activity, a successor of the GRACE mission,
GRACE Follow-On (GRACE-FO), was launched in 2018
and continues its measurements to the present (Kornfeld
et al. 2019; Landerer et al. 2020).

In the studies on PM variations due to global mass
redistribution, particular emphasis was placed on deter-
mining the contribution of the continental hydrosphere
and cryosphere (e.g., Gottl et al. 2018; Jin et al. 2010,
2012; Meyrath and van Dam 2016; Nastula and Sliwiriska
2020; Nastula et al. 2007, 2011, 2019; Seoane et al. 2011,
2012; Sliwiriska et al. 2019, 2020a, b; Wiriska et al. 2016,
2017). The sum of land hydrosphere and cryosphere
components, which include soil water, surface water,
groundwater, water in snow cover and ice, and water in
vegetation, is commonly known as terrestrial water stor-
age (TWS). It has been shown that variation in TWS
mainly affects the annual changes in PM (Chen and Wil-
son 2005), which may be related to the seasonal change
in rainfall and the associated variations in soil moisture.
However, groundwater storage, which is a component of
TWS with more long-term variability than soil moisture,
may affect PM changes at interannual and longer time
scales (Youm et al. 2017).

The contribution of continental hydrosphere and
cryosphere to changes in PM is typically examined by
analyzing two equatorial components (y; and y,) of the
so-called hydrological and cryospheric excitation of PM
or hydrological and cryospheric angular momentum
(HAM/CAM). For convenience, a complex form (x; + ix,)
can be used. Of the two levels of GRACE data process-
ing, Level-2 (Bettadpur 2018a, b; Dahle et al. 2018; Yuan
2018) and Level-3 (Cooley and Landerer 2020), the for-
mer has most often been used to determine HAM/CAM
(e.g., Ferndndez et al. 2007; Meyrath and van Dam 2016;
Nastula and Sliwiriska 2020; Nastula et al. 2007; Seoane
et al. 2009; Sliwiniska and Nastula 2019; Sliwiriska et al.
2020a, b). This method involves using AC,; and AS,,
(degree-2 order-1) spherical harmonic (SH) coefficients
of geopotential. Another method of HAM/CAM deter-
mination is the use of Level-3 GRACE data, which are
represented by TWS anomalies, as presented in Nastula
et al. (2019), Seoane et al. (2011), and Sliwiriska et al.
(2019, 2020b). TWS variations in Level-3 data can be
computed either from SH coefficients of geopotential or
directly from range-rate measurements by using mascon
(MAS) functions.

The great importance and usefulness of the GRACE
and GRACE-FO data has been emphasized by the sci-
entific community. However, there is a gap in GRACE/
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GRACE-FO estimates, spanning from the end of the
GRACE mission (July 2017) to the start of GRACE-FO
(May 2018). Therefore, researchers began searching for
alternative data sources that could be used to fill this gap.
For example, for the purpose of HAM/CAM estimation,
temporal gravity field models obtained from kinematic
orbits of low-Earth-orbit satellites were used by Sliwiriska
and Nastula (2019).

Another source of data for determination of HAM/
CAM is gravity field models obtained from Satellite Laser
Ranging (SLR) measurements. It is commonly known
that the SLR technique is critical in the precise determi-
nation of second zonal parameter (AC,,) of geopotential,
which is related to the Earth’s flattening (Chen and Wil-
son 2008; Cheng et al. 2011). Moreover, AC,; and AS,;
coefficients, which are proportional to changes in the
mass term of PM excitation, are also quite well deter-
mined by the SLR method. Another advantage of the SLR
approach is that the data available cover the entire period
of GRACE and GRACE-FO activity, including a one-year
gap between the two missions, so there is a good poten-
tial to validate the SLR datasets through comparison with
GRACE/GRACE-FO estimates. A disadvantage of the
SLR approach is that the currently available SLR solutions
have a relatively low resolution (maximum degree and
order of 10), and thus it is not possible to obtain high-
resolution maps of TWS distribution. Therefore, HAM/
CAM estimates based on TWS from SLR may not be suf-
ficiently accurate, and only AC,; and AS,, coefficients are
commonly used for computation of precise HAM/CAM
series from SLR.

The objective of this study is to estimate the contri-
bution of the land hydrosphere and cryosphere to PM
excitation as observed by GRACE. To do this, we calcu-
late the HAM/CAM series based on different types of
GRACE data, namely AC,; and AS,,; coefficients, TWS
anomalies computed from SH coefficients of geopoten-
tial, and TWS anomalies obtained from MAS data. The
analysis of the near 14-year-length GRACE-derived
HAM/CAM time series allows us to select the most
appropriate method for determining HAM/CAM from
GRACE-like mission data in various spectral bands. We
also assess the quality of the determined HAM/CAM
by comparing them with geodetic residual time series
(GAO) data obtained from observations and geophysi-
cal models. Comparison and evaluation of HAM/CAM
series is conducted separately for trends and for seasonal
and non-seasonal variations. As previous studies have
demonstrated the highest usefulness of MAS data in the
studies of global and regional mass variations of land
water and ice (e.g., Jing et al. 2020; Long et al. 2017; Luth-
cke et al. 2013; Rateb et al. 2017; Schrama et al. 2014),
we check whether this also applies to PM excitation. In
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particular, we assess the improvement of HAM/CAM
determined when MAS data are used instead of other
GRACE data types. This study also provides preliminary
HAM/CAM estimates derived from data from the first
two years of the new GRACE-FO mission. As there is
a gap in data between the end of the GRACE and start
of the GRACE-FO mission that is nearly a year in dura-
tion, we also test the usefulness of the SLR solution in the
determination of HAM/CAM. The results of this study
could be used to recommend the GRACE and GRACE-
FO data that are most suitable for PM excitation determi-
nation for certain oscillations.

Data and methods

Hydrological and cryospheric signal in observed PM
excitation

Contemporary space geodesy techniques, such as VLBI
(Very Long Baseline Interferometry), SLR, and GNSS
(Global Navigation Satellite Systems), provide precise
measurements of variations in pole coordinates (x, y).
The method described in Brzezinski (1992) and Eubanks
(1993) allows the determination of equatorial compo-
nents (y;, x,) of observed (geodetic) excitation of PM
(geodetic angular momentum, GAM) from x and y. GAM
series describe total variation in PM resulting from exter-
nal effects, including hydrological, cryospheric, oceanic,
and atmospheric signals. In order to separate the HAM/
CAM signal from GAM, the effects of atmospheric pres-
sure and winds (described by mass and motion terms
of atmospheric angular momentum, AAM), and ocean
bottom pressure and currents (described by mass and
motion terms of oceanic angular momentum, OAM),
should be removed from GAM. The resulting series are
usually denoted as geodetic residual time series and
abbreviated as GAM-AAM-OAM or simply GAO.
AAM and OAM, needed for computation of GAO, are
calculated using data from geophysical models of atmos-
phere and oceans. Detailed information on determining
GAO can be found in Sliwiniska et al. (2020a) or Wiriska
and Sliwiriska (2019).

GAO series represent mainly the impact of land hydro-
sphere and cryosphere on PM excitation; however, they
also contain signals from barystatic sea-level changes,
large earthquakes, post-glacial rebound, and other un-
modeled signals, ie., errors in AAM and OAM. The
post-glacial rebound process mainly affects the trend in
PM excitation and can be removed by applying a glacial
isostatic adjustment (GIA) model (A et al. 2013; Peltier
et al. 2015). It should be also noted that in GAO, both
mass and motion parts of HAM/CAM are present, while
GRACE and GRACE-FO measurements provide only
mass term of HAM/CAM. It has been stated in the work
of Dill (2008) that the motion term of HAM is caused
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mainly by high-velocity river flows in the areas with high
topographic slopes, and such regions do not necessarily
correspond to the areas with high sensitivity to the mass
part of HAM. The motion term of HAM shows season-
ality and the maximum river flows occurs in late spring,
which is typical of melting snow and ice. However, Dob-
slaw et al. (2010) computed the annual amplitudes of
motion part of HAM, estimated from Land Surface Dis-
charge Model (LSDM), and showed that they are approx-
imately zero. Therefore, it can be assumed that motion
term of HAM can be omitted and its absence should not
affect the final results. Nevertheless, it should be kept in
mind that the HAM motion term obtained from LSDM
considers only the fresh water flow. The motion part of
CAM is not considered in LSDM as no sophisticated
model of ice mass transport and precipitation over glaci-
ated regions is applied (Dill 2008). LSDM includes only
the annual snow accumulation and melting, while the
long-term ice mass is kept constant. As the integration
of complex thermo-mechanical model of ice sheets is still
an unsolved task, the absence of CAM motion term has
not been validated yet.

In this study, for computation of GAO, we used the fol-
lowing datasets:

« x and y coordinates of polar motion obtained from
time series of Earth Orientation Parameters (EOP
14 C04, Bizouard et al. 2018) and provided by Inter-
national Earth Rotation and Reference System Ser-
vice (IERS) website (https://www.iers.org/IERS/EN/
DataProducts/EarthOrientationData/eop.html). The
x and y coordinates are used for computation of y;
and y, components of GAM following the algorithm
provided at http://hpiers.obspm.fr/eop-pc/index
.php?index=excitactive&lang=en;

+ x1 and y, components of AAM (mass+ motion
terms) based on the ECMWF (European Center for
Medium-Range Weather Forecasts) model (Dobslaw
et al. 2010) and accessed from http://rz-vm115.gfz-
potsdam.de:8080/repository;

+ x1 and y, components of OAM (mass+ motion
terms) based on MPIOM (Max Planck Institute
Ocean Model) (Jungclaus et al. 2013) and accessed
from  http://rz-vm115.gfz-potsdam.de:8080/repos
itory.

There are a number of atmosphere and ocean models
that can be used for AAM and OAM determination. We
selected the ECMWF and MPIOM models because their
use provides results that are consistent with GRACE/
GRACE-FO estimations. This is because GRACE/
GRACE-FO Atmosphere and Ocean De-Aliasing Level-
1B dataset (AOD or AODI1B) (Dobslaw et al. 2017),
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which was used by the computing centers to remove
non-tidal atmospheric and oceanic contributions from
GRACE/GRACE-FO gravity fields, is based on the same
two models. Therefore, the highest possible consistency
between HAM/CAM and GAO in terms of AAM and
OAM errors is maintained.

HAM/CAM determination from the GRACE/GRACE-FO
Level-2 data

In general, two types of GRACE/GRACE-FO data can
be used to calculate mass terms of HAM/CAM, namely
Level-2 data and Level-3 data. Level-2 GRACE/GRACE-
FO datasets have a form of SH coefficients of geopotential
with a specified maximum degree and order. However,
for the study of polar motion excitation, only degree-2
order-1 (AC,;, AS,,) coefficients are needed. These data
are also known as GSM (GRACE Satellite-only Model)
coefficients. The changes in x; and x, equatorial compo-
nents of HAM/CAM are proportional to the variations
in AC,; and AS,;, which allows the calculation of HAM/
CAM independently from other coefficients (Chen and
Wilson 2008). The relationship between y; and y, com-
ponents of HAM/CAM and AC,; and AS,; coefficients
of geopotential can be described as follows (Gross 2015;
Eubanks 1993):

5 1.608 - R2- M
= /= /¢ ACy, 1
X1 3T Cc_a 21 1)
5 1.608 - R? - M
= = T Ay, 2
X2 3 A Sa1 2)

where R, is the Earth’s mean radius; M is the Earth’s mass;
A, B, and C are the principal moments of inertia for Earth
(A=8.0101 x 10*” kg-m? B=8.0103 x 10*” kg-m? and
C=8.0365 x 10*” kg-m?, from Gross 2015); A’ = (A + B)/2
is an average of the equatorial principal moments of iner-
tia; and AC,; and AS,, are the normalized SH coefficients
of geopotential.

Since the atmospheric and oceanic impacts are
removed in all GRACE/GRACE-FO datasets using the
AOD product, HAM/CAM computed in this way con-
tains mainly the hydrological and cryospheric signals
(Bettadpur 2018a; Dobslaw et al. 2017). However, similar
to GAO, HAM/CAM computed from AC,; and AS,; con-
tains also other signals such as the effects of post-glacial
rebound, barystatic sea-level changes, or tectonic events
related to large earthquakes (Sliwiriska et al. 2020a).
In addition, some residual atmospheric and ocean sig-
nals that remain after applying AOD data to GRACE/
GRACE-FO solutions by processing centers may not be
completely removed. Such residual effects are mainly
related to non-removal of the entire atmosphere and
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ocean mass, errors in the atmospheric and ocean models
used, or leakage between continents and oceans (Nastula
2017). However, the errors of the atmospheric and ocean
models are also associated with GAO.

HAM/CAM determination from the GRACE Level-3 data

In contrast to the previous data type, Level-3 GRACE
data have a form of terrestrial water storage (TWYS)
anomalies related to the average value. In the Level-3
GRACE data, a number of corrections are applied for
better representation of the TWS anomalies. These cor-
rections are: degree-2 zonal coefficient (AC,,) or Earth’s
flattening correction (Cheng et al. 2011), degree-1 coeffi-
cients (AC,,, AC,;, AS;;) or geocenter correction (Swen-
son et al. 2008), and glacial isostatic adjustment (GIA)
correction (Peltier et al. 2018).

TWS variation can be determined from gravity field
observations in several ways. The most common meth-
ods involve the use of either SH coefficients of Level-2
data (see, for example, Eqs. 1 and 2 in Sliwiniska et al.
2019), or MAS solutions (Rowlands et al. 2010; Watkins
et al. 2015). The calculation of TWS based on SH coef-
ficients requires summing up the effects represented by
all available SH coefficients up to their maximum degree.
The resulting TWS variations suffer from limitations
associated with the constellation of GRACE satellites,
which causes vertical stripes on the maps and requires
data filtering (Swenson and Wahr 2006). However, the
filtration of TWS data removes part of the actual geo-
physical signal, which then needs to be restored using
gain factors (Landerer and Swenson 2012). Neverthe-
less, Gottl et al. (2019) showed that filtration has a minor
effect on PM excitation obtained from TWS data. In the
newest GRACE Level-3 data, TWS anomalies computed
from the SH method are filtered to remove north—south
stripes, and have gain factors applied to restore geo-
physical signals removed during filtration (Landerer and
Swenson 2012).

In the MAS method, TWS anomalies are derived
directly from range-rate and acceleration measurements
using mascon functions (Rowlands et al. 2010; Watkins
et al. 2015). This approach allows the production of TWS
maps without north—south stripes and therefore does
not require filtering. In this method, TWS anomalies
are determined in equal-area mass concentration blocks,
called mascons. In contrast to SH representation, all
mascon blocks have a known geographical location.

Equatorial components of HAM/CAM can be com-
puted from TWS anomalies (obtained from both SH and
MAS solutions) using the following formulas (Barnes
et al. 1983; Eubanks 1993):
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(4)
where C and A are Earth’s principal moments of inertia;
R, is Earth’s mean radius; Aq is a change in TWS; (¢, 4, t)
are latitude, longitude, and time, respectively; and dS is
the surface area. The factor 1.0966 accounts for the yield-
ing of the solid Earth to rotational deformation, surface
load, and core-mantle decoupling (Eubanks 1993). Here,
for the determination of this relationship, we used Eqs
3-13, 3-33, 3-36 from Eubanks (1993) and the geodetic
parameters of the Earth taken from Gross (2015).

The determination of TWS anomalies from raw
GRACE/GRACE-FO observations requires many pro-
cessing steps, including calibration and weighting of
observations, removal of unknown signals using back-
ground models, or inclusion of appropriate corrections.
The data processing algorithms and background mod-
els used in the newest release of GRACE solutions and
first GRACE-FO datasets are similar. Moreover, for both
missions, the three data types (GSM, TWS, and MAS)
are available for scientific use. In this study, we consider
HAM/CAM series computed using all three GRACE/
GRACE-FO data types. To do so, we used the new-
est solutions provided by the Jet Propulsion Laboratory
(JPL):

+ for SH coefficients of geopotential —JPL RL06 solu-
tion;

+ for TWS anomalies from SH coefficients of geo-
potential—JPL RLO6 solution;

o for TWS anomalies from MAS—JPL RLO6M v02
solution.

All datasets are accessed from https://podaac-tools.jpl.
nasa.gov/drive/files/GeodeticsGravity.

In the remainder of this paper, we use “GSM-based
HAM/CAM” for HAM/CAM computed from AC,; and
AS,; SH coefficients of geopotential, “T'WS-based HAM/
CAM” for HAM/CAM computed from TWS anomalies
based on SH coefficients of geopotential, and “MAS-
based HAM/CAM” for HAM/CAM computed from
TWS anomalies based on MAS data.

At this point, it should be recalled that although non-
tidal atmospheric and ocean signals are mostly removed
from all GRACE/GRACE-FO data products using AOD,
some residual atmospheric and ocean signals are retained
in the gravity fields because of the errors in models used.
The uncertainties of ocean models affect the ocean areas,
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while the errors of atmosphere models can affect both the
oceans and continents. The signals that are retained over
the ocean areas after applying AOD dataset are referred
to in this study as residual ocean signals. The use of Eqs. 3
and 4 makes it possible to place a mask on the ocean
area, so the resulting HAM/CAM series should be free of
signals over oceans. In the case of TWS data, which are
determined from the SH expansion, the mask was placed
by computing centers (the grids for land and ocean are
provided as separate datasets). For MAS-based HAM/
CAM, we may consider the so-called global series (global
MAS-based HAM/CAM), in which no mask was placed
on ocean areas, and the land series (land MAS-based
HAM/CAM), in which the mask is applied to ocean
regions in order to remove residual ocean signals. In both
global and land variants, corrections listed above in this
section (GIA, flattening, and geocenter) are included and
the only difference between global MAS-based HAM/
CAM and land MAS-based HAM/CAM is the removal
of residual ocean signals in the latter by placing the mask.
By comparing these two variants of MAS-based HAM/
CAM, we can assess the effect of residual ocean sig-
nals on HAM/CAM variability and on the compatibility
between HAM/CAM and GAO.

In contrast, in GSM-based HAM/CAM, whose cal-
culation is based on the relationship between AC,; and
AS,, and y; and y,, the residual ocean signatures are not
removed as it is not possible to use a mask for SH data.
In addition, GSM-based HAM/CAM has a signal result-
ing from the lack of removal of GIA. However, for GAO,
which is used here for evaluation of different HAM/
CAM, residual ocean signatures (due to the errors of the
subtracted OAM model) and the GIA trend remain.

HAM/CAM determination from SLR
The SLR data have been extensively used in determina-
tion of Earth’s oblateness, the changes of which are pro-
portional to the variations of AC,, coeflicient, precisely
determined with this technique (e.g., Cheng et al. 2011;
Chen and Wilson 2008). Moreover, this method delivers
also other low-degree coefficients, including AC,; and
AS,;, that are necessary for PM excitation computation.
In this study, for HAM/CAM computation, in addi-
tion to GRACE/GRACE-FO datasets, we also use the
latest monthly SLR solution provided by Center for
Space Research (CSR) (available at http://download.csr.
utexas.edu/pub/slr/degree_5/CSR_Monthly_5x5_Gravi
ty_Harmonics.txt). The set contains coefficients up to
degree and order 5 (plus ACq; and ASy;). The inclusion
of ACy; and AS; coeflicients, not present in previous
releases, should improve the consistency between AC,;
and AS,; coefficients from SLR with corresponding val-
ues determined from GRACE/GRACE-FO. The SLR
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series provided by CSR are estimated from analysis of five
geodetic satellites, namely LAGEOS-1, LAGEOS-2, Aji-
sai, Starlette, and Stella (Cheng et al. 2011). From March
2012, the data from an additional satellite (LARES) were
included, which contributed to the subsequent improved
quality of the SLR solution. It should be also noted that
background models used in SLR solution are consistent
with those applied in the GRACE/GRACE-FO Release 06
datasets. The series of SH coefficients are provided both
with AOD removed and retained. In this study, to main-
tain consistency with GRACE/GRACE-FO and GAO, we
used SLR coefficients in which these effects are elimi-
nated. The data available span from January 2002 to the
present.

For computation of HAM/CAM from SLR data, we
used AC,; and AS,; coefficients that had been recom-
puted into y; and x, according to Egs. 1 and 2. For the
resulting series, we use “SLR-based HAM/CAM?” in the
remainder of this paper.

Time series processing and methods of evaluation
Taking into consideration different time resolution of
various datasets (GAM are daily data, AAM and OAM
are 3-h data, GRACE and GRACE-FO are monthly), we
downsampled the series to remove oscillations with peri-
ods shorter than one month. To do this, we used a Gauss-
ian filter with full width at a half-maximum (FWHM) of
60 days. We conducted separate analyses for the GRACE
period (between January 2003 and July 2016; we excluded
periods of lower GRACE accuracy at the beginning and
at the end of the mission) and for the first 2 years of
GRACE-FO activity (between June 2018 and July 2020).
For the GRACE period, we considered the overall
time series (without considering specific oscillations),
trends, and seasonal and non-seasonal oscillations. To
compute seasonal signals in HAM/CAM and GAO, we
fit to the series a model consisting of a first-degree pol-
ynomial (trend) and a sum of sinusoids with periods of
365.25 days (annual oscillation), 182.625 days (semian-
nual oscillation), and 121.75 days (terannual oscillation).
Then, to focus only on seasonal variations, we separated
the trends and considered each one alone. Seasonal oscil-
lations are presented as time series plots of y; and x,
components of seasonal oscillation and phasor diagrams.
Phasor diagrams show the amplitudes and phases of sea-
sonal oscillation (separately for annual, semiannual, and
terannual) by plotting vectors whose length corresponds
to the magnitude of the amplitude, while their direction
reflects the phase of the oscillation. Bizouard (2016),
Lambeck (1980), and Munk and MacDonald (1960)
showed that PM has an elliptic character with two cir-
cular terms: retrograde (clockwise) and prograde (coun-
ter-clockwise). Therefore, phasor diagrams are usually

Page 6 of 20

shown separately for prograde and retrograde oscilla-
tions (Brzezinski et al. 2009; Dobslaw et al. 2010; Nastula
et al. 2011; Seoane et al. 2009, 2011; Sliwiska et al. 2019,
2020a; Winska et al. 2016). Non-seasonal oscillations are
obtained after removing trends and seasonal oscillations
from the time series and they are presented as time series
plots of X; and x, components of non-seasonal oscillation.

For the GRACE-FO period, because of the short length
of data (2 years), we do not study trends and seasonal and
non-seasonal oscillations, but only the overall time series.

A validation of different HAM/CAM was performed by
comparison with GAO. The quality of HAM/CAM was
assessed by analyzing the following parameters: standard
deviation (STD) of time series, error of STD (STDerr),
correlation coefficient (Corr) between HAM/CAM and
GAO, percent of variance of GAO explained by HAM/
CAM (relative explained variance, Var,, ), and root mean
square deviation (RMSD).

STDerr (%) values show an agreement between STD of
HAM/CAM and the STD of GAO and were computed as
follows:

exp.

STDerr = [(STDnam/cam — STDGao)/(STDgao)] - 100%.

(5)

The positive values indicate higher STD for HAM/

CAM series than for GAO, whereas negative values indi-

cate higher STD for GAO than for HAM/CAM. The
most favorable value of STDerr is 0%.

Var,,, shows the variability agreement between two

time series and was computed using the following

formula:

Varep = [(Vargao — VarGao - Ham/cam) )/

(Vargao)| - 100%. (©)

The values of this parameter are given in % and the
most favorable value is 100%.

The centered RMSD was computed as follows (Taylor
2001):

LN ) 172
RMSD:{NZ[(,,—f)—(r,,—r)]} , @)

n=

where f; are reference (GAO) time series, f is the mean
value of f,, r, are evaluated time series (HAM/CAM),
and 7 is the mean value of r,,. The most satisfactory value
of RMSD is 0.

A Taylor diagram was chosen in this study to display
STD of the time series, Corr, and RMSD. This method
of presentation provides a statistical summary of how
well time series match each other and is typically used to
compare simulated data with observations (Taylor 2001).
The values of STDerr and Var,,, and the exact values of
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the parameters shown in Taylor diagrams are presented
in Tables 3, 4, 5, 6 in Appendix.

Later in the paper, we analyze in detail the extent to
which the MAS datasets are better than the SH data in
the study of HAM/CAM. To achieve this, we analyzed
the relative change of STDerr, Corr, Var,,,,, and RMSD.
This change can be calculated as a difference between
the parameter value (STDerr, Corr, Var,, or RMSD)
obtained for the MAS solution and the same parameter
value obtained for the SH solution. Subsequently, for
each of the four parameters, the ratio of the differences to
the parameter value obtained for SH data was calculated
as follows:

STDerr change
bs(STD — abs(STD
_ [ (@bs(STDerryias) — abs(STDerrsi) | o
abs(STDerrsy)
(8)
(Corrpias — Corrspy)
C h = - 100%,
orr change [ abs(Corrsry) b, (9)
Vi -V
Varexp Change = ( Alexp MAS alexp SH) - 100%,
abs (Varexp SH)
(10)
RMSD — RMSD
RMSD change = | MAS S| 100%,
(RMSDgp)
(11)

where abs indicates the absolute value. The values of
STDerr change, Corr change, Var,,, change, and RMSD
change are given in %. These quantities indicate by how
many percent STDerr, Corr, Var,,,, and RMSD increase
(or decrease) when MAS data are used instead of SH
data. Note that, in contrast with other formulas, in Eq. 8,
we use abs in the numerator, because the sign of STDerr
is not relevant. This is because the best value of STDerr
is 0%, and therefore the same level of error is indicated
regardless of the sign. A minus sign only indicates that
HAM/CAM series has smaller STD than GAO series,
whereas the absence of a minus means the opposite situ-
ation. However, both underestimation and overestima-
tion of GAO variability by HAM/CAM is unwelcome.
In Egs. 9 and 10, the sign of Corr and Var,,;, is of great
importance because both parameters have the maximum
value (1 for Corr and 100% for Var,,;), which is also the
most desirable outcome. The more negative the value of
the Corr and Var,,, the less favorable it is. Therefore, abs
is not used in the numerator of Egs. 7 and 8. Moreover,
abs is not considered in Eq. 11 because RMSD has only
non-negative values (the best value is 0).
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Results and discussion

Analysis of overall time series and trends

The analysis was initiated with a comparison of trends
in GAO, GRACE-based HAM/CAM, and SLR-based
HAM/CAM (Table 1). In the case of GAO, we consider
both the trend of the series in which the GIA signal is
retained and the trend after removing the post-glacial
rebound effect from the series. In this study, we removed
the GIA contribution from GAO trend using the same
model that was used in GRACE TWS and MAS data,
provided by Peltier et al. (2018).

Preliminary comparison of trend values indicates dif-
ferences between HAM/CAM obtained from various
data types (Table 1). This is not surprising, because the
effects of post-glacial rebound are removed in all GRACE
Level-3 datasets (TWS, MAS land, and MAS global), but
are retained in GRACE Level-2 (GSM) and SLR. This nat-
urally affects the consistency of the trend between series
analyzed. It was expected that trends for SLR-based
HAM/CAM are similar to those obtained for GSM-based
HAM/CAM as both estimates are based on AC,; and
AS,; coefficients in which the effects from post-glacial
rebound are not eliminated.

For x,, all the series agree with each other in terms
of the trend sign, but there are visible discrepancies in
their magnitude. In particular, TWS-based HAM/CAM
and land MAS-based HAM/CAM are characterized
by smaller trends than the other time series, whereas
GSM-based HAM/CAM and SLR-based HAM/CAM
provide high trends that are even bigger than that for
GAO (both with and without GIA trend removed).
Although the GIA signals are removed from global
MAS-based HAM/CAM, it gives a trend as high as the
GAO with the GIA retained. This may indicate that the
trend in the y; component of HAM/CAM is influenced
not only by post-glacial rebound, but also factors such

Table 1 Trends in GAO, GRACE-based HAM/CAM (GSM, TWS,
MAS land, and MAS global) and SLR-based HAM/CAM together
with their errors. For GAQ, the trends are given before and after
removing the GIA signals

Trend (mas/year)

Xi X2
GAO (without GIA removed) +55740.59 —0.72£1.02
GAO (with GIA removed) +4.554+0.59 +3.884+1.02
GSM +6.644+0.58 —229+£058
TWS +2.89+0.38 +216+£053
MAS land +4.054+044 +2.04+0.67
MAS global +5.58+0.66 +2.9040.99

SLR +6.23+£047 — 1844061
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Fig. 1 Comparison of overall detrended time series of the x; (a) and x, (b) components of GAO, GRACE-based HAM/CAM (GSM, TWS, MAS land, and

as residual ocean signals and ice signatures. This could
be partly because y; is more sensitive to mass variations
over oceans and the Greenland ice sheet than y,. Since
the beginning of this century, a noticeable ice mass loss
from Greenland and Antarctica has been observed by
GRACE satellites (Luthcke et al. 2013; Velicogna 2009;
Velicogna et al. 2014), which might affect the trend,
especially in the y; component of HAM/CAM. A com-
parison of y; trends for global and land MAS-based
HAM/CAM shows that using a mask that removes
total signal from the ocean reduces the trend by 1.53
mas/year. Moreover, in the case of the y; component of
GAO, the removal of effects from post-glacial rebound
reduces the GAO trend by 1.02 mas/year.

The analysis of trend values for the y, component
indicates that there is no consistency among all series
in terms of trend signs. The yx, trend signs for GAO
(without GIA trend removed), GSM-based HAM/
CAM, and SLR-based HAM/CAM are consistent with
each other (negative), because in each series the impact
of post-glacial rebound is retained. However, similar to
the y; component, GSM-based HAM/CAM and SLR-
based HAM/CAM overestimate the trend of the y,
component of GAO (without GIA trend removed). All
other series have positive trends, because the GIA sig-
nal has been removed in all cases. There is also a con-
sistency between trend values for TWS-based HAM/
CAM, land MAS-based HAM/CAM, and global MAS-
based HAM/CAM. However, all of them underestimate
the GAO (with GIA trend removed) trend. Neverthe-
less, global MAS-based HAM/CAM provides the trend
that is the most consistent with that for GAO (with
GIA trend removed).

It is noticeable that for the y, component, the signal
from GIA has a higher impact on observed PM excita-
tion trend than that for y;, as the difference in the trend
between GAO with GIA removed and GAO without
GIA removed is as high as 4.60 mas/year (Table 1).

0.2 X4
15 7 0.3 C, Py
j e, ® TWS
/ % MAS land
........ % = MAS global
4 SLR

o

Standard deviation [mas]
(9]

0 5 cao 10 15
Fig. 2 Taylor diagram showing a comparison of overall detrended

time series of x; component of GAO with GRACE-based HAM/CAM
(GSM, TWS, MAS land, and MAS global) and SLR-based HAM/CAM

Moreover, the removal of post-glacial rebound effects
causes the GAO trend sign to change from negative
to positive. This is not surprising, because, on the one
hand, post-glacial rebound has the greatest impact
on areas of the Northern Hemisphere—Fennoscan-
dia and the northern part of North America. On the
other hand, the y, component is more sensitive than
the y; component to mass changes over these areas
(Sliwiniska et al. 2020a; Youm et al. 2017). In general,
removing signals from post-glacial rebound reduces
the GAO trend for the y; component, but increases the
trend for y,.

Masking ocean areas has an almost two times smaller
impact on the y, trend than on the y; trend, which is not
surprising as x; is more sensitive to ocean mass changes.
For both yx; and y, components of HAM/CAM, the sig-
nals from the ocean increase HAM/CAM trends.
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We now compare an overall variability of GAO,
GRACE-based HAM/CAM, and SLR-based HAM/
CAM by comparing their detrended time series (Fig. 1)
and Taylor diagrams (Figs. 2, 3). The values of STD,
STDerr, Corr, Var,,,,, and RMSD are also given in Table 3
in Appendix. We do not distinguish between GAO
series with GIA removed and GAO series without GIA
removed as post-glacial rebound mainly affects trends.
The time series plots show that the y, component is
characterized by bigger amplitudes than x; (note that
there are different scales on y axis for x; and x,), which
has been already demonstrated in other works (e.g., Nas-
tula et al. 2019; Seoane et al. 2011; Sliwiriska et al. 2019,
2020a; Winska et al. 2016, 2017) and arises from conti-
nent—ocean distribution (Fig. 1). In general, the phase
consistency between various time series is good for the y,
component, and similar minimum and maximum peaks
appear for each time series. However, this consistency is
lower for the y; component.

Figures 2 and 3 show that not removing the resid-
ual ocean signals in global MAS-based HAM/CAM
increases the STD of series by 2.94 mas for y; and 4.27
mas for x, compared with land MAS-based HAM/CAM.
Moreover, of all HAM/CAM series, global MAS-based
HAM/CAM provides the highest consistency with GAO
in terms of time series variability (the lowest STDerr)
(Table 3). The rest of HAM/CAM underestimate STD of
GAO, especially for the y, component (negative values
of STDerr) (Table 3). In addition, the variability of the y,
component is higher than variability of y;, as shown also
in Fig. 1. This is as expected because higher variability
and amplitudes of the y, component of HAM/CAM have
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previously been reported (e.g., Nastula et al. 2019; Seo-
ane et al. 2011; Sliwiniska et al. 2019, 2020a; Wiriska et al.
2016, 2017). The comparison of GSM-based HAM/CAM
and SLR-based HAM/CAM indicates that both series
present similar STD consistency with GAO for y,; how-
ever, series from GRACE GSM are more compatible with
GAO for y;, (Figs. 2, 3, Table 3).

The highest consistency between GAO and HAM/
CAM as measured by Corr, Var,, and RMSD is
observed for global MAS-based HAM/CAM (Corr of
0.72 and 0.84 for y; and y,, respectively; Var,,, of 36% and
69% for y; and y,, respectively; and RMSD of 6.39 and
7.66 mas for y; and y,, respectively) (Figs. 2, 3, Table 3).
GSM-based HAM/CAM, however, in which residual
ocean signatures also remain, is characterized by the low-
est agreement with GAO of all HAM/CAM series (Corr
of 0.52 and 0.60 for x; and y,, respectively; Var,,, of 7%
and 36% for x; and yx,, respectively; and RMSD of 7.71
and 10.94 mas for y; and y,, respectively). This might
indicate that incomplete removal of the effects of ocean
bottom pressure and currents from GAO and GSM is not
a reason for these inconsistencies, but the SH approach
might be less appropriate for estimating mass-related PM
excitation than the MAS approach.

Of the two HAM/CAM series in which the mask is put
on ocean areas, namely TWS-based HAM/CAM and
land MAS-based HAM/CAM, the former provides bet-
ter results for y;, while the latter ensures a higher con-
sistency with GAO for x,. Overall, a higher consistency
between GAO and HAM/CAM is observed for y, than
for x,, and this has already been reported in previous
works (Meyrath and van Dam 2016; Seoane et al. 2011;
Sliwiriska et al. 2019, 2020a) and result from the spatial
distribution of the main continents and oceans.

Interestingly, in the HAM/CAM series obtained from
AC,; and AS,; coefficients provided by the SLR tech-
nique are distinguished by higher consistency with GAO
than corresponding series computed using AC,; and AS,;
coefficients delivered by GRACE (GSM-based HAM/
CAM). However, previous studies have shown that SLR
data are less appropriate for determination of HAM/
CAM than GRACE data and are mainly useful for deter-
mination of Earth’s oblateness (Chen and Wilson 2008).
In previous studies concerning PM excitation, SLR data
were usually used in combination with GRACE or other
datasets (Chen et al. 2017). Nevertheless, analysis of the
newly released SLR series provided by CSR shows a clear
improvement in SLR-based HAM/CAM.

Analysis of seasonal and non-seasonal variations

It is well known that seasonal signals are one of the
strongest in PM excitation (Brzezinski et al. 2009; Dob-
slaw et al. 2010; Nastula et al. 2019; Sliwiiska et al. 2019;
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Fig. 5 Taylor diagram showing a comparison of seasonal times series
of x; component of GAO with GRACE-based HAM/CAM (GSM, TWS,
MAS land, and MAS global) and SLR-based HAM/CAM

Winska et al. 2017), therefore we now divide the analy-
sis into seasonal and non-seasonal parts. We begin with
the analysis of seasonal variations, which are presented
as time series plots of x; and y, components (Fig. 4). As
with the overall time series analysis, a validation of sea-
sonal variations in HAM/CAM is based on Taylor dia-
grams (Figs. 5, 6). The corresponding values of STD,

+ GSM
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® MAS global
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GAO

Fig. 6 Taylor diagram showing a comparison of seasonal times series
of x, component of GAO with GRACE-based HAM/CAM (GSM, TWS,

MAS land, and MAS global) and SLR-based HAM/CAM

STDerr, Corr, Varexp, and RMSD are also given in Table 4
in Appendix.

An overall comparison of the seasonal time series indi-
cates that the series agree quite well with each other, but
some differences in amplitudes occur (Fig. 4). In particu-
lar, of all GRACE-based estimates, GSM-based HAM/
CAM have the smallest amplitudes while MAS-based
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HAM/CAM have the biggest amplitudes of seasonal vari-
ation. This indicates that the SH approach may reduce
amplitudes of seasonal oscillation. TWS-based HAM/
CAM, however, which is also based on SH coefficients,
provides slightly bigger seasonal amplitudes than ampli-
tudes of GSM-based HAM/CAM. These findings are
supported by STD values of seasonal series (Figs. 5, 6,
Table 4); GSM-based HAM/CAM are characterized by
the lowest variability, while MAS-based HAM/CAM
series have the highest STD values (global MAS-based
HAM/CAM for x; and land MAS-based HAM/CAM
for y,). Notably, land MAS-based HAM/CAM series are
characterized by small STDerr (the second lowest value
for x; and the lowest value for y,), which indicates a high
agreement with GAO in terms of time series variability.
Analysis of SLR-based HAM/CAM series shows that SLR
data produce series with the smallest amplitudes for y;.
For y, the amplitudes of SLR-based HAM/CAM are simi-
lar to those obtained from GRACE GSM. This is primar-
ily because both SLR- and GSM-based HAM/CAM series
are determined using AC,; and AS,; coefficients of geo-
potential. The use of SH coefficients instead of mascon
approach can be a reason of lower amplitudes in HAM/
CAM. Notably, for the seasonal y; component, SLR-
based HAM/CAM exhibits an additional peak that pre-
cedes the annual maximum and has an amplitude about
two times smaller than the amplitude of annual variation.
In general, it can be stated that for seasonal oscillations,
the choice of data type has a higher impact on amplitude
consistency between HAM/CAM and GAO than on
phase agreement.

Taylor diagrams (Figs. 5, 6) and parameters shown in
Table 4 indicate that the MAS approach better deter-
mines seasonal oscillations in HAM/CAM than the SH
method. In particular, global MAS-based HAM/CAM
is best for determination of the y; component (Corr of
0.91; Var,,, of 69%; and RMSD of 2.25 mas), whereas
land MAS-based HAM/CAM provides the most sat-
isfactory results for x, (Corr of 0.98; Var,,, of 93%; and
RMSD of 1.90 mas). This is unsurprising because y, is
more sensitive to mass changes over land, whereas y; is
more responsive to variations over oceans. In GAO and
global MAS-based HAM/CAM some residual signals
from ocean errors and leakage are retained, which results
in a higher agreement of these series in the case of the
X3 component. In general, to obtain the highest pos-
sible consistency between seasonal variation in HAM/
CAM and seasonal variation in GAO, one should use
global MAS data (no mask) for determination of y; and
land MAS data (with mask) for x,. However, to receive a
“pure” hydrological plus cryospheric signal in PM exci-
tation, without any residual ocean signatures, only the
data from continents should be included. It should also
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be noted that, for seasonal HAM/CAM oscillations, SLR-
based HAM/CAM series are less consistent with GAO
than HAM/CAM obtained from any type of GRACE
data.

We now separate seasonal oscillations into annual and
semiannual variations and present their phasor diagrams
separately for prograde and retrograde terms (Fig. 7). We
do not consider terannual oscillations as Sliwiriska et al.
(2020a) showed that the amplitudes and phases of these
oscillations are smaller than the errors in their deter-
mination. For annual oscillations, among all GRACE-
derived series, land MAS-based HAM/CAM has the
best phase agreement with GAO, especially in the ret-
rograde term. The annual amplitude of GAO is also well
captured by these series. The GRACE series based on the
SH method (TWS-based HAM/CAM and GSM-based
HAM/CAM) visibly underestimates annual amplitudes
of GAO for both prograde and retrograde terms. This
indicates that methods based on SH cannot reconstruct
the full observed amplitude of the annual oscillation in
PM excitation. For semiannual variation, the amplitudes
of all HAM/CAM series are smaller than amplitudes of
GAO. Among all GRACE estimates, global MAS-based
HAM/CAM appears to be the most consistent with GAO
in terms of phases. However, it should be kept in mind
that the annual variation has definitely higher contribu-
tion to seasonal PM excitation change than semiannual
oscillation. In general, the highest consistency between
seasonal HAM/CAM and GAO is obtained for annual
retrograde oscillation. The phasor diagrams also show
that not removing residual ocean signals in global MAS-
based HAM does not have a noticeable impact on annual
phases. However, such signals increase annual prograde
amplitudes and reduce annual retrograde amplitudes.
Notably, SLR-based HAM/CAM, although it definitely
underestimates the amplitudes of seasonal oscillations,
provides high consistency with GAO phases. This sub-
stantial correspondence is particularly evident for pro-
grade oscillation, for which the SLR results for phases are
even better than those obtained for the GRACE MAS
data.

We now analyze time series of non-seasonal varia-
tions in HAM/CAM and GAO (Fig. 8), together with
their Taylor diagrams (Figs. 9, 10). The corresponding
values of STD, STDerr, Corr, Var,,,, and RMSD are also
given in Table 5 in Appendix. Both TWS-based HAM/
CAM and land MAS-based HAM/CAM have the small-
est amplitudes, which is also supported by the STD val-
ues (Figs. 8—10, Table 5). In contrast, the highest STD
was found for global MAS-based HAM/CAM, which was
also the most consistent with STD of GAO (the lowest
STDerr). This may indicate that residual ocean signatures
have an impact on non-seasonal changes in HAM/CAM
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especially. It is also noticeable that for non-seasonal oscil-
lations, HAM/CAM series from SLR and GRACE GSM
have good phase and amplitude agreement, which results

from the same method of computing HAM/CAM. The
SLR-based and GSM-based HAM/CAM series have also

similar STD (Figs. 9, 10).
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The Corr, Var,,,,, and RMSD values (Figs. 9, 10, Table 5)
indicate that the highest consistency between non-sea-
sonal variations in GAO and non-seasonal variations in
HAM/CAM can be obtained when global MAS data are
used (Corr of 0.64 and 0.83 for x; and y,, respectively;
Var,,, of 25% and 64% for x; and y,, respectively; and
RMSD of 5.98 and 6.90 mas for y; and y,, respectively). In
contrast, GSM-based HAM/CAM, despite having resid-
ual ocean signals that have not been removed, provides
the lowest level of agreement with GAO. It is also notice-
able that TWS-based HAM/CAM and land MAS-based
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HAM/CAM give almost the same level of consistency
with GAO, which mainly result from masking oceans
in both datasets. Taylor diagrams and parameters listed
in Table 5 also indicate that for the non-seasonal spec-
tral band, SLR observations provide better consistency
of HAM/CAM with GAO than GRACE GSM data. This
indicates that SLR observations are especially appropri-
ate for determining non-seasonal variations in PM exci-
tation. However, these results are not as satisfactory as
for GRACE global MAS data, which, as noticed earlier in
this study, are the most appropriate for the study of PM
excitation due to land hydrosphere and cryosphere in the
non-seasonal spectral band.

Comparison between MAS and SH solutions

The analyses presented in the previous sections showed
that, in general, MAS datasets provide higher consistency
between HAM/CAM and GAO than solutions based
on SH coefficients. We now examine the magnitude of
change in consistency between HAM/CAM and GAO
when MAS data are used instead of SH solutions, though
analysis of the relative change of STDerr, Corr, Var,,,, and
RMSD. The changes in STDerr, Corr, Var,,,, and RMSD
are computed here for two cases: first, for land data
(land MAS-based HAM/CAM compared to TWS-based
HAM/CAM) and second, for global data (global MAS-
based HAM/CAM compared to GSM-based HAM/
CAM). We consider overall time series (without separat-
ing specific oscillations), seasonal oscillations, and non-
seasonal changes. Table 2 presents STDerr, Corr, Var,
and RMSD changes computed according to Eqs. 8—11.

Table 2 shows that for land data, the use of the MAS
solution improves the agreement between overall HAM/
CAM and GAO series mostly for the x, component
(improvement in STDerr by 29%, Corr by 5%, Var,,, by
18%, and RMSD by 9%), while for the x; component only
STDerr is improved (by 30%). The highest change in con-
sistency between HAM/CAM and GAO is observed for
seasonal variation in the y, component. The improve-
ment in STDerr by 65%, Var,,, by 43%, and RMSD by
53%, without any change in Corr, indicates that the use
of land MAS data especially improves the amplitudes of
seasonal oscillation. Indeed, Figs. 3 and 4 show that land
MAS-based HAM/CAM has amplitudes are more con-
sistent with GAO than TWS-based HAM/CAM. For
non-seasonal variation, there is no noticeable change in
results when land MAS-based HAM/CAM is considered
instead of TWS-based HAM/CAM.

Analysis of results obtained for global data shows that
the increase in overall consistency between HAM/CAM
and GAO is visible for both equatorial components, with
values ranging between 17 and 414%, and with the high-
est value for Var,,, in the x; component. Both equatorial

exp’
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Table 2 Percentage of change in STDerr, Corr, Var,,,, and RMSD when MAS data are used instead of SH solutions

STDerr change (%) Corr change (%) Varexp change (%) RMSD change (%)

X X2 Xi X2 X1 X2 X X2
Overall (land) —30 —29 -3 5 —13 18 4 -9
Overall (global) 300 — 94 38 40 414 92 —17 —30
Seasonal (land) 166 —65 4 -1 -9 43 8 —57
Seasonal (global) —16 — 54 5 —4 -3 33 2 —30
Non-seasonal (land) -2 -8 -7 0 —14 0 3 —1
Non-seasonal (global) —32 — 84 39 60 267 146 —19 —30

Both land data (land MAS-based HAM/CAM compared to TWS-based HAM/CAM) and global data (global MAS-based HAM/CAM compared to GSM-based HAM/CAM)
are considered in this table. We examine overall detrended time series, seasonal variations, and non-seasonal variations. The values showing an improvement in
results after using MAS data are italicized. Note that for STDerr change and RMSD change the improvement is when variation is negative (STDerr and RMSD decreased

after using MAS data), whereas for Corr change and Var,,, change, the improvement occurs when the parameter value is positive (Corr and Var,,, increased after using

exp exp

MAS data)

components are also improved for non-seasonal oscilla-
tions (the values of improvement range between 19 and
267%, with the highest one for Var,,, in ; component).
Similar to land data, the improvement in agreement
between seasonal variation in HAM/CAM and seasonal
variation in GAO is more noticeable for y,. This is mainly
due to underestimation of seasonal amplitudes of GAO
by GSM-based HAM/CAM.

Preliminary analysis of HAM/CAM series from GRACE-FO
This section presents preliminary estimates of GSM-
based, TWS-based, and global and land MAS-based
HAM/CAM from the new GRACE-FO mission. A com-
parison with data from GAO and SLR is also provided.
We analyze overall detrended time series from first
2 years of the mission activity (June 2018—July 2020). A
comparison plot between GAO and various HAM/CAM
series is presented in Fig. 11; Taylor diagrams are given in
Figs. 12, 13; and the values of STD, STDerr, Corr, Var,
and RMSD are provided in Table 6 in Appendix.

exp?

Figure 11 shows that for x;, land MAS-based HAM/
CAM and TWS-based HAM/CAM series have quite
similar amplitudes to that of GAO, but there is some
phase shift between series. GSM-based HAM/CAM,
global MAS-based HAM/CAM and SLR-based HAM/
CAM are in opposite phases to GAO. They also have vis-
ibly higher amplitudes than the other time series. This is
probably because of the non-removal of residual ocean
signals in GSM-based HAM/CAM, global MAS-based
HAM/CAM and SLR-based HAM/CAM. In terms of
X» the phase consistency between GAO and various
HAM/CAM is higher than that for y;, but discrepan-
cies in amplitudes still exist. Similar to y;, data from land
only (in land MAS-based HAM/CAM and TWS-based
HAM/CAM) enables us to obtain lower amplitudes than
amplitudes of HAM/CAM based on other data types.
Unsurprisingly, the consistency between various HAM/
CAM estimates is higher for y,. In particular, each series
shows a maximum in mid-2019, which is also apparent
for GAO.
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Fig. 12 Taylor diagram showing a comparison of overall detrended time series of x; component of GAO with GRACE-FO-based HAM/CAM (GSM,
TWS, MAS land, and MAS global) and SLR-based HAM/CAM. Note that this diagram, unlike the other Taylor diagrams, is in the shape of a semicircle
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Fig. 13 Taylor diagram showing a comparison of overall detrended
time series of x, component of GAO with GRACE-FO-based HAM/
CAM (GSM, TWS, MAS land, and MAS global) and SLR-based HAM/
CAM

Figures 12, 13 and Table 6 confirm that MAS data from
land provide better consistency between HAM/CAM
and GAO than global data. However, when analyzing the
GRACE solutions, we found that for overall time series
of GRACE-based HAM/CAM, global MAS datasets give
slightly better results than land data. Nevertheless, it

should be kept in mind that the length of currently avail-
able GRACE-FO series (24 months at the time of con-
ducting this study) may affect objective assessment of
HAM/CAM. TWS-based HAM/CAM presents a similar
correspondence with GAO as land MAS-based HAM/
CAM, which was also observed for GRACE.

All in all, the actual accuracy of HAM/CAM computed
using data from new GRACE-FO mission meets expec-
tations (Corr values vary from —0.12 to 0.54, Var,,, val-
ues vary from — 364 to 28%, and RMSD values vary from
5.34 to 9.83 mas, depending on data type and equatorial
component considered). The high consistency between
HAM/CAM and GAO observed in the period of best
GRACE performance has not yet been reached. However,
the regular appearance of data from the following months
of GRACE-FO operation will improve this consistency.

A detailed analysis of series obtained from SLR data
indicates that for the period of GRACE-FO activity, SLR-
based HAM/CAM series are less consistent with GAO
than HAM/CAM obtained from any type of GRACE-FO
data. This is partly because GRACE-FO has improved
hardware, such as additional laser ranging interferometer
for better measurement of distance between satellites or
an additional star camera to improve satellite orientation
(Kornfeld et al. 2019). The above upgrades undoubtedly
contributed to the ameliorated quality of GRACE-FO-
based HAM/CAM.
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Conclusions

A comparison of HAM/CAM computed from different
GRACE data products indicated that the use of MAS
solutions provided the highest consistency between
HAM/CAM and GAO for all considered spectral bands.
However, depending on the oscillations and equato-
rial components considered, global or land MAS data
were more appropriate for this purpose. The advantage
of MAS data over more commonly used SH solutions is
particularly evident in the seasonal spectral band (global
MAS-based HAM/CAM provided the highest consist-
ency with GAO for y;, and land MAS-based HAM/
CAM provided the most satisfactory results for y,). For
non-seasonal oscillations, MAS solutions (global for
both y; and x,) also performed better than the SH series.
A similar situation was found for trends in HAM/CAM,
which are most consistent with GAO trends when global
MAS (for x;) or land MAS (for x,) are exploited. Analy-
sis of overall HAM/CAM series from the first 2 years of
the GRACE-FO mission data confirmed that the use of
land MAS data enabled the highest consistency between
HAM/CAM and GAO. The actual RMSD of HAM/
CAM based on GRACE-FO land MAS data is as high as
6.03 mas for x; and 5.34 mas for y,. With an increasing
data length, GRACE-FO-based HAM/CAM quality will
increase.

We also noted that the newest release of the SLR solu-
tion can be used for determination of HAM/CAM to fill
the one-year-long data gap between the end of GRACE
activity and the start of the GRACE-FO measurements.
In addition, the SLR series could be particularly use-
ful in determination of HAM/CAM in the non-seasonal
spectral band, as the performance of this technique is
the best for these oscillations. Despite its low seasonal
amplitudes, SLR-based HAM/CAM provided high phase
consistency with GAO in this spectral band. The key
advantage of SLR data is the length of the time series and
the regularity of the subsequent monthly observations.
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The main conclusion of this study is that the use of
GRACE/GRACE-FO MAS solutions in determining PM
excitation due to the land hydrosphere and cryosphere
allows us to obtain higher consistency with observed
excitation than exploiting data based on SH coefficients.
We therefore recommend the use of the MAS series in
studies concerned with analyses of variations in PM. The
MAS method is more recent than the SH method, and
has several advantages. First of all, it provides a better
separation of land and ocean signals, which is particularly
important for areas along the coastlines. Moreover, TWS
maps obtained from MAS solutions, in contrast to TWS
maps based on SH data, do not need to be filtered. This is
because a priori constraints in MAS solutions help to fil-
ter out noise from the GRACE/GRACE-FO observations
at the Level-2 processing step, which is a more rigorous
approach than the empirical post-processing filtering
applied to TWS grids derived from SH coefficients. It is
known that filtering removes some part of real geophysi-
cal signal, which has to be restored using gain factors.
However, as gain factors are usually determined using
hydrological models (e.g., Landerer and Swenson 2012;
Zhang et al. 2016), which are not free of errors, this oper-
ation could introduce additional uncertainties. The prob-
lem does not occur for the MAS data. Moreover, in MAS
solutions, TWS distribution is obtained directly from
GRACE/GRACE-FO observations using mascon func-
tions, while in SH data, first the coefficients of geopoten-
tial are determined, and then TWS maps are developed
on their basis. Additional processing step can increase
the errors of resulting SH-based TWS.

Appendix
See Tables 3, 4, 5, 6.

Table 3 Standard deviation (STD) of overall detrended time series of GAO, GRACE-based HAM/CAM (GSM, TWS, MAS land, and MAS
global) and SLR-based HAM/CAM, errors of STD (STDerr), correlation coefficients (Corr) between HAM/CAM and GAO, percentage of
variance in GAO explained by HAM/CAM (Vary,), root mean square error (RMSD) of HAM/CAM

STD (mas) STDerr (%) Corr Varexp (%) RMSD (mas)

X1 X2 Xi X2 Xi X2 X X2 Xi X2
GAO 8.03 13.75 - - - - - - - -
GSM 7.81 7.79 -3 —43 0.52 0.60 7 36 7.71 10.94
TWS 5.09 7.18 —-37 —48 0.62 0.73 38 49 6.29 9.76
MAS land 5.97 9.10 —26 —34 0.60 0.77 33 58 6.54 8.86
MAS global 891 1337 11 -3 0.72 0.84 36 69 6.39 7.66
SLR 6.36 8.30 —21 —40 0.56 0.66 26 43 6.87 10.31

Note that for the overall detrended time series, the critical value of correlation coefficient for 53 independent points and a 95% confidence level is 0.23, while the

standard error of the difference between two correlation coefficients is 0.20
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Table 4 Standard deviation (STD) of seasonal time series of GAO, GRACE-based HAM/CAM (GSM, TWS, MAS land, and MAS global) and
SLR-based HAM/CAM, errors of STD (STDerr), correlation coefficients (Corr) between HAM/CAM and GAO, percentage of variance in
GAO explained by HAM/CAM (Varg,p), and root mean square error (RMSD) of HAM/CAM

STD (mas) STDerr (%) Corr Varg,, (%) RMSD (mas)

Xi X2 X X2 Xi X2 Xi X2 Xi X2
GAO 4.08 747 - - - - - - - -
GSM 2.68 2.99 —34 —60 0.87 0.95 71 60 2.20 471
TWS 3.79 3.07 —7 —59 0.81 0.99 64 65 244 442
MAS land 4.85 5.95 19 -20 0.84 0.98 58 93 263 1.90
MAS global 5.26 543 29 —27 091 091 69 80 2.25 3.32
SLR 167 263 —59 —65 0.73 0.99 43 57 3.09 4.86

Note that for seasonal variations, the critical value of correlation coefficient for 68 independent points and a 95% confidence level is 0.20, while the standard error of
the difference between two correlation coefficients is 0.18

Table 5 Standard deviation (STD) of non-seasonal time series of GAO, GRACE-based HAM/CAM (GSM, TWS, MAS land, and MAS
global) and SLR-based HAM/CAM, errors of STD (STDerr), correlation coefficients (Corr) between HAM/CAM and GAQ, percentage of
variance in GAO explained by HAM/CAM (Vary,), root mean square error (RMSD) of HAM/CAM

STD (mas) STDerr (%) Corr Varexp (%) RMSD (mas)

Xi X2 X1 X2 Xi X2 X1 X2 Xi X2
GAO 6.92 11.54 - - - - - - - -
GSM 7.33 7.19 6 —38 046 0.52 —15 26 7.39 9.88
TWS 339 6.49 —51 —44 0.54 0.66 29 43 5.80 8.70
MAS land 347 6.88 —50 —40 0.50 0.66 25 43 5.99 8.65
MAS global 7.20 1222 4 6 0.64 0.83 25 64 598 6.90
SLR 6.14 7.88 —24 —32 0.56 0.62 21 38 6.14 9.09

Note that for non-seasonal variations, the critical value of correlation coefficient for 36 independent points and a 95% confidence level is 0.28, while the standard error
of the difference between two correlation coefficients is 0.25

Table 6 Standard deviation (STD) of overall detrended time series of GAO, GRACE-FO-based HAM/CAM (GSM, TWS, MAS land, and
MAS global), and SLR-based HAM/CAM series, error of STD (STDerr), correlation coefficients (Corr) between HAM/CAM and GAO,
percentage of variance in GAO explained by HAM/CAM (Varexp)/ and root mean square error (RMSD) of HAM/CAM

STD (mas) STDerr (%) Corr Varey, (%) RMSD (mas)

Xi X2 Xi X2 X1 X2 Xi X2 X X2
GAO 4.65 6.42 - - - - - - - -
GSM 6.38 6.14 37 —4 —0.07 0.53 —207 9 7.99 5.99
TWS 419 2.82 —-10 —56 0.16 040 —-52 16 562 576
MAS land 493 428 6 —33 0.18 0.54 —75 28 6.03 5.34
MAS global 8.33 5.94 79 -7 —0.12 0.15 — 364 —57 9.83 7.89
SLR 7.85 749 69 17 —034 043 —400 —36 10.20 733

Note that the critical value of correlation coefficient for 10 independent points and a 95% confidence level is 0.55, while the standard error of the difference between
two correlation coefficients is 0.53

Abbreviations Research Centre for Geosciences); GIA: Glacial isostatic adjustment; GNSS:
AAM: Atmospheric angular momentum; AOD: Atmosphere and ocean de- Global Navigation Satellite Systems; GRACE: Gravity Recovery and Climate
aliasing; CAM: Cryospheric angular momentum; Corr: Correlation coefficient; Experiment; GRACE-FO: Gravity Recovery and Climate Experiment Follow-On;
CSR: Center for Space Research; ECMWF: European Center for Medium-Range GSFC: Goddard Space Flight Center; GSM: GRACE satellite-only model; HAM:
Weather Forecasts; EOP: Earth Orientation Parameters; FWHM: Full width at a Hydrological angular momentum; HAM/CAM: Hydrological and cryospheric
half-maximum; GAM: Geodetic angular momentum; GAO: Geodetic residu- angular momentum; IERS: International Earth Rotation and Reference Systems

als (GAM minus AAM minus OAM); GFZ: GeoForschungsZentrum (German Service; JPL: Jet Propulsion Laboratory; LSDM: Land Surface Discharge Model;
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MAS: Mascon; MPIOM: Max Planck Institute Ocean Model; NASA: American
National Aeronautics and Space Administration; OAM: Oceanic angular
momentum; PM: Polar motion; RMSD: Root mean square difference; SH:
Spherical harmonics; SLR: Satellite Laser Ranging; STD: Standard deviation;
STDerr: Standard deviation error; TWS: Terrestrial water storage; Var,,,: Relative
explained variance; VLBI: Very Long Baseline Interferometry.

Acknowledgements

We kindly acknowledge: Christian Bizouard from Paris Observatory for provid-
ing GAM series computed from precise pole coordinates, the GFZ team

for providing AAM and OAM series, the JPL team for providing GRACE and
GRACE-FO Level-2 and Level-3 data, CSR for providing SLR series used in this
research. All these datasets are publicly available for all users. The authors
thank two anonymous reviewers for their thorough reviews and constructive
comments that have contributed to the improvement of the paper.

Authors’ contributions

JS designed the research, performed data processing and statistical analysis,
participated in the discussion and interpretation of the results obtained, wrote
the majority of the paper. JN participated in the discussion and interpretation
of the results obtained. MW performed a validation of HAM/CAM based on
Taylor diagrams, participated in the discussion and interpretation of the results
obtained. All authors read and approved the final manuscript.

Funding
This research was funded by the National Science Center, Poland (NCN), grant
number 2018/31/N/ST10/00209.

Availability of data and materials
The data that support the findings of this study are available upon request
from the corresponding author.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interests.

Author details

! Space Research Centre, Polish Academy of Sciences, Bartycka 18A,
00-716 Warsaw, Poland. % Faculty of Civil Engineering, Warsaw University
of Technology, Armii Ludowej 16, 00-637 Warsaw, Poland.

Received: 21 December 2020 Accepted: 3 March 2021
Published online: 16 March 2021

References

AGWJ, Zhong S (2013) Computations of the viscoelastic response of a 3-D
compressible Earth to surface loading: an application to Glacial Isostatic
Adjustment in Antarctica and Canada. Geophys J Int 192:557-572. https
://doi.org/10.1093/gji/ggs030

Barnes RTH, Hide R, White A, Wilson CA (1983) Atmospheric angular momen-
tum fluctuations, length-of-day changes and polar motion. Proc R Soc
Ser A387:31-73

Bettadpur S (2018a) Level-2 gravity field product user handbook, Rev. 4.0, April
25,2018. Technical Report GRACE 327-734. https://podaac-tools.jpl.nasa.
gov/drive/files/allData/grace/docs/L2-UserHandbook_v4.0.pdf. Accessed
10 July 2020

Bettadpur S (2018b) UTCSR level-2 processing standards document for level-2
product release 0006, Rev 5.0, April 18, 2018. Technical Report GRACE
327-742. https://podaac-toolsjpl.nasa.gov/drive/files/allData/grace/
docs/L2-CSR006_ProcStd_v5.0.pdf. Accessed 10 July 2020

Page 18 of 20

Bizouard C (2016) Elliptic polarisation of the polar motion excitation. J Geod
90:179-188. https://doi.org/10.1007/500190-015-0864-7

Bizouard C, Lambert S, Gattano C, Becker O (2019) Richard JY (2018) The IERS
EOP 14C04 solution for Earth orientation parameters consistent with ITRF
2014. J Geod 93:621-633. https://doi.org/10.1007/500190-018-1186-3

Brzezinski A (1992) Polar motion excitation by variations of the effective
angular momentum function: considerations concerning deconvolution
problem. Manuscr Geod 17:3-20

Brzezinski A, Nastula J, Kotaczek B (2009) Seasonal excitation of polar motion
estimated from recent geophysical models and observations. J Geodyn
48(3-5):235-240. https://doi.org/10.1016/j,j0g.2009.09.021

Chen JL, Wilson CR (2005) Hydrological excitations of polar motion,
1993-2002. Geophys J Int 160(3):833-839. https://doi.org/10.1111/j.1365-
246X.2005.02522.x

Chen JL, Wilson CR (2008) Low degree gravity changes from GRACE, earth
rotation, geophysical models and satellite laser ranging. J Geophys Res
Solid Earth 113(6):1-9. https://doi.org/10.1029/2007JB005397

Chen W, Li J, Ray J, Cheng M (2017) Improved geophysical excitations
constrained by polar motion observations and GRACE/SLR time-
dependent gravity. Geod Geodyn 8(6):377-388. https://doi.org/10.1016/j.
geog.2017.04.006

Cheng M, Ries JC, Tapley BD (2011) Variations of the Earth’s figure axis from
satellite laser ranging and GRACE. J Geophys Res 116:B01409. https://doi.
0rg/10.1029/2010JB000850

Cooley SS, Landerer F (2020) Gravity recovery and climate experiment follow-
on (GRACE-FO) level-3 data product user handbook, July 9, 2020. Techni-
cal Report GRACE D-103133, https://podaac-tools.jpl.nasa.gov/drive/
files/GeodeticsGravity/gracefo/docs/GRACE-FO_L3_Handbook_JPL.pdf.
Accessed 10 July 2020

Dahle C, Flechtner F, Murbock M, Michalak G, Neumayer H, Abrykosov O,
Reinhold A, Kénig R (2018) GFZ level-2 processing standards docu-
ment for level-2 product release 06, Rev. 1.0, October 26, 2018. Scientific
Technical Report STR18/04, Potsdam, GFZ German Research Centre for
Geosciences, https://doi.org/10.2312/GFZ.b103-18048

Dill R (2008) Hydrological model LSDM for operational Earth rotation and
gravity field variations. Scientific Technical Report STR08/09, Potsdam,
GFZ German Research Centre for Geosciences, https://doi.org/10.2312/
GFZ.b103-08095

Dobslaw H, Dill R, Grotzsch A, Brzeziriski A, Thomas M (2010) Seasonal polar
motion excitation from numerical models of atmosphere, ocean,
and continental hydrosphere. J Geophys Res 115:B10406. https://doi.
0rg/10.1029/2009JB007127

Dobslaw H, Wolf |, Dill R, Poropat L, Thomas M, Dahle C, Esselborn S, Konig R,
Flechtner F (2017) A new high-resolution model of non-tidal atmosphere
and ocean mass variability for de-aliasing of satellite gravity observations:
AOD1B RLO6. Geophys J Int 211:263-269. https://doi.org/10.1093/gji/
ggx302

Eubanks TM (1993) Variations in the orientation of the earth. In: Smith DE,
Turcotte DL (eds) Contributions of space geodesy to geodynamics: earth
dynamics geodynamics series, vol 24. AGU, Washington, pp 1-54

Ferndndez LI, Schuh H, Schmidt M, Seitz F (2007) Effects of inter-annual water
storage variations on polar motion. Geophys J Int 169(1):12-18. https://
doi.org/10.1111/].1365-246X.2006.03304.x

Gottl F, Schmidt M, Seitz F (2018) Mass—related excitation of polar motion: an
assessment of the new RLO6 GRACE gravity field models. Earth Planets
Space. https://doi.org/10.1186/540623-018-0968-4

Gottl F, Murbdck M, Schmidt M, Seitz F (2019) Reducing filter effects in
GRACE-derived polar motion excitations. Earth Planets Space. https://doi.
org/10.1186/540623-019-1101-z

Gross R (2015) Theory of earth rotation variations. In: Sneeuw N, Novéak P,
Crespi M, Sanso F (eds) VIIl Hotine-Marussi symposium on mathematical
geodesy, vol 142. Springer, Cham; 2015.

Jin' S, Chambers DP, Tapley BD (2010) Hydrological and oceanic effects on polar
motion from GRACE and models. J Geophys Res Solid Earth 115(2):1-11.
https://doi.org/10.1029/2009JB006635

Jin SG, Hassan AA, Feng GP (2012) Assessment of terrestrial water contribu-
tions to polar motion from GRACE and hydrological models. J Geodyn
62:40-48. https://doi.org/10.1016/jjog.2012.01.009

JingW, Zhao X, Yao L, Jiang H, Xu J, Yang J, Li Y (2020) Variations in terrestrial
water storage in the Lancang-Mekong river basin from GRACE solutions


https://doi.org/10.1093/gji/ggs030
https://doi.org/10.1093/gji/ggs030
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/L2-UserHandbook_v4.0.pdf
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/L2-UserHandbook_v4.0.pdf
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/L2-CSR006_ProcStd_v5.0.pdf
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/L2-CSR006_ProcStd_v5.0.pdf
https://doi.org/10.1007/s00190-015-0864-7
https://doi.org/10.1007/s00190-018-1186-3
https://doi.org/10.1016/j.jog.2009.09.021
https://doi.org/10.1111/j.1365-246X.2005.02522.x
https://doi.org/10.1111/j.1365-246X.2005.02522.x
https://doi.org/10.1029/2007JB005397
https://doi.org/10.1016/j.geog.2017.04.006
https://doi.org/10.1016/j.geog.2017.04.006
https://doi.org/10.1029/2010JB000850
https://doi.org/10.1029/2010JB000850
https://podaac-tools.jpl.nasa.gov/drive/files/GeodeticsGravity/gracefo/docs/GRACE-FO_L3_Handbook_JPL.pdf
https://podaac-tools.jpl.nasa.gov/drive/files/GeodeticsGravity/gracefo/docs/GRACE-FO_L3_Handbook_JPL.pdf
https://doi.org/10.2312/GFZ.b103-18048
https://doi.org/10.2312/GFZ.b103-08095
https://doi.org/10.2312/GFZ.b103-08095
https://doi.org/10.1029/2009JB007127
https://doi.org/10.1029/2009JB007127
https://doi.org/10.1093/gji/ggx302
https://doi.org/10.1093/gji/ggx302
https://doi.org/10.1111/j.1365-246X.2006.03304.x
https://doi.org/10.1111/j.1365-246X.2006.03304.x
https://doi.org/10.1186/s40623-018-0968-4
https://doi.org/10.1186/s40623-019-1101-z
https://doi.org/10.1186/s40623-019-1101-z
https://doi.org/10.1029/2009JB006635
https://doi.org/10.1016/j.jog.2012.01.009

Sliwinska et al. Earth, Planets and Space (2021) 73:71

and land surface model. J Hydrol. https://doi.org/10.1016/j.jhydr
01.2019.124258

Jungclaus JH, Fischer N, Haak H, Lohmann K, Marotzke J, Matei D, Mikolajewicz
U, Notz D, vonStorch JS (2013) Characteristics of the ocean simulations
in MPIOM, the ocean component of the MPI-Earth system model. J Adv
Model Earth Syst 5:422-446. https://doi.org/10.1002/jame.20023

Kornfeld RP, Arnold BW, Gross MA, Dahya NT, Klipstein WM (2019) GRACE-FO:
the gravity recovery and climate experiment follow-on mission. J Space-
craft Rockets 56(3):931-951. https://doi.org/10.2514/1.A34326

Lambeck K (1980) The earth’s variable rotation: geophysical causes and con-
sequences. Cambridge University Press, Cambridge, p 1980. https://doi.
org/10.1017/CBO9780511569579

Landerer FW, Swenson SC (2012) Accuracy of scaled GRACE terrestrial
water storage estimates. Water Resour Res 48:W04531. https://doi.
org/10.1029/2011WR011453

Landerer FW, Flechtner FM, Save H, Webb FH, Bandikova T, Bertiger Wl et al
(2020) Extending the global mass change data record: GRACE Follow-On
instrument and science data performance. Geophys Res Lett. https://doi.
0rg/10.1029/2020GL088306

Long D, Pan Y, Zhou J, Chen'Y, Hou X, Hong Y, Scanlon BR, Longuevergne L
(2017) Global analysis of spatiotemporal variability in merged total water
storage changes using multiple GRACE products and global hydrological
models. Remote Sens Environ 192:198-216. https://doi.org/10.1016/j.
rs€.2017.02.011

Luthcke S, Sabaka T, Loomis B, Arendt A, McCarthy J, Camp J (2013) Antarc-
tica, Greenland and Gulf of Alaska land-ice evolution from an iterated
GRACE global mascon solution. J Glaciol 59:613-631. https://doi.
0rg/10.3189/2013JoG12J147

Meyrath T, van Dam T (2016) A comparison of interannual hydrological polar
motion excitation from GRACE and geodetic observations. J Geodyn
99:1-9. https://doi.org/10.1016/jj0g.2016.03.011

Munk WH, Mac Donald G (1960) The rotation of the earth. Cambridge Univer-
sity Press, Cambridge

Nastula J (2017) Polar motion excitation from several models of land hydro-
sphere. In: 19th EGU general assembly, EGU2017, proceedings from the
conference held 23-28 April, 2017 in Vienna, Austria, pp 11866. https.//
meetingorganizer.copernicus.org/EGU2017/EGU2017-11866-1.pdf

Nastula J, Sliwiriska J (2020) Prograde and retrograde terms of gravimetric
polar motion excitation estimates from the GRACE monthly gravity field
models. Remote Sens 12(1):1-29. https://doi.org/10.3390/rs12010138

Nastula J, Ponte RM, Salstein DA (2007) Comparison of polar motion excita-
tion series derived from GRACE and from analysis of geophysical fluids.
Geophys Res Lett. https://doi.org/10.1029/2006GL028983

Nastula J, Pasnicka M, Kotaczek B (2011) Comparison of the geophysical
excitations of polar motion from the period: 19800-20090. Acta Geophys
59(3):561-577. https://doi.org/10.2478/s11600-011-0008-2

Nastula J, Wiriska M, Sliwiriska J, Salstein D (2019) Hydrological signals in polar
motion excitation—evidence after fifteen years of the GRACE mission. J
Geodyn 124:119-132. https://doi.org/10.1016/jj0g.2019.01.014

Peltier WR, Argus DF, Drummond R (2015) Space geodesy constrains ice-age
terminal deglaciation: the global ICE-6G C (VM5a) model. J Geophys Res
Solid Earth 120:450-487. https://doi.org/10.1002/2014JB011176

Peltier WR, Argus DF, Drummond R (2018) Comment on “An assessment of the
ICE-6G_C (VM5a) glacial isostatic adjustment Model” by Purcell et al. J
Geophys Res Solid Earth. https://doi.org/10.1002/2016JB013844

Rateb A, Kuo CY, Imani M, Tseng KH, Lan WH, Ching KE, Tseng TP (2017) Terres-
trial water storage in African Hydrological regimes derived from GRACE
mission data: Intercomparison of spherical harmonics, mass concentra-
tion, and Scalar Slepian methods. Sensors (Switzerland) 17(3):1-15. https
://doi.org/10.3390/517030566

Rowlands DD, Luthcke SB, McCarthy JJ, Klosko SM, Chinn DS, Lemoine FG,
Boy J-P, Sabaka TJ (2010) Global mass flux solutions from GRACE: a
comparison of parameter estimation strategies—mass concentra-
tions versus Stokes coefficients. J Geophys Res 115:801403. https://doi.
0rg/10.1029/2009jb006546

Schrama EJO, Wouters B, Rietbroek R (2014) A mascon approach to assess
ice sheet and glacier mass balances and their uncertainties from
GRACE data. J Geophys Res Solid Earth 119(7):6048-6066. https://doi.
0rg/10.1002/2013JB010923

Seoane L, Nastula J, Bizouard C, Gambis D (2009) The use of gravimet-
ric data from GRACE mission in the understanding of polar motion

Page 19 of 20

variations. Geophys J Int 178(2):614-622. https://doi.org/10.1111/j.1365-
246X.2009.04181.x

Seoane L, Nastula J, Bizouard C, Gambis D (2011) Hydrological excitation of
polar motion derived from GRACE gravity field solutions. Int J Geophys.
https://doi.org/10.1155/2011/174396

Seoane L, Biancale R, Gambis D (2012) Agreement between Earth'’s rotation
and mass displacement as detected by GRACE. J Geodyn 62:49-55. https
//doi.org/10.1016/jjog.2012.02.008

Sliwiriska J, Nastula J (2019) Determining and evaluating the hydrological
signal in polar motion excitation from gravity field models obtained from
kinematic orbits of LEO satellites. Remote Sens 11(15):1-19. https://doi.
0rg/10.3390/rs11151784

Sliwiriska J, Wiriska M, Nastula J (2019) Terrestrial water storage variations
and their effect on polar motion. Acta Geophys 67(1):17-39. https://doi.
org/10.1007/511600-018-0227-x

Sliwiriska J, Nastula J, Dobslaw H, Dill R (2020a) Evaluating gravimetric polar
motion excitation estimates from the RLO6 GRACE monthly-mean gravity
field models. Remote Sens 12:930. https://doi.org/10.3390/rs12060930

Sliwiriska J, Wiriska M, Nastula J (2020b) Preliminary estimation and valida-
tion of polar motion excitation from different types of the grace and
grace follow-on missions data. Remote Sens 12(21):1-28. https://doi.
0rg/10.3390/rs12213490

Swenson SC, Wahr J (2006) Post-processing removal of correlated errors in
GRACE data. Geophys Res Lett 33:L08402. https://doi.org/10.1029/2005G
1025285

Swenson S, Chambers D, Wahr J (2008) Estimating geocenter variations
from a combination of GRACE and ocean model output. J Geophys Res
113:8410. https://doi.org/10.1029/2007JB005338

Tapley BD, Bettadpur S, Watkins M, Reigber C (2004) The gravity recovery and
climate experiment: mission overview and early results. Geophys Res Lett
2004(31):L09607. https://doi.org/10.1029/2004GL0O19920

Tapley B, Watkins MM, Flechtner F, Reigber C, Bettadpur S, Rodell M, Famiglietti
J, Landerer F, Chambers D, Reager J, Gardner A, Save H, Ivins E, Swenson
S, Boening C, Dahle C, Wiese D, Dobslaw H, Tamisiea M, Velicogna | (2019)
Contributions of GRACE to understanding climate change. Nat Clim
Change. https://doi.org/10.1038/541558-019-0456-2

Taylor KE (2001) Summarizing multiple aspects of model performance in
a single diagram. J Geophys Res Atmos 106:7183-7192. https://doi.
0rg/10.1029/2000JD900719

Velicogna | (2009) Increasing rates of ice mass loss from the Greenland and
Antarctic ice sheets revealed by GRACE. Geophys Res Lett 36(19):2-5.
https://doi.org/10.1029/2009GL040222

Velicogna |, Sutterley TC, Van Den Broeke MR (2014) Regional acceleration
in ice mass loss from Greenland and Antarctica using GRACE time-
variable gravity data. Geophys Res Lett 41(22):8130-8137. https://doi.
0rg/10.1002/2014GL061052

Wahr J, Molenaar M, Bryan F (1998) Time variability of the Earth’s grav-
ity field: hydrological and oceanic effects and their possible detec-
tion using GRACE. J Geophys Res 103(B12):30205-30229. https://doi.
org/10.1029/98J802844

Watkins MM, Wiese DN, Yuan D-N, Boening C, Landerer FW (2015) Improved
methods for observing Earth’s time variable mass distribution with
GRACE using spherical cap mascons. J Geophys Res Solid Earth
120:2648-2671. https://doi.org/10.1002/2014JB011547

Winska M, Sliwifiska J (2019) Assessing hydrological signal in polar motion
from observations and geophysical models. Stud Geophys Geod
63(1):95-117. https://doi.org/10.1007/511200-018-1028-z

Wiriska M, Nastula J, Kotaczek B (2016) Assessment of the global and regional
land hydrosphere and its impact on the balance of the geophysical
excitation function of polar motion. Acta Geophys 64(1):1-23. https://doi.
org/10.1515/acgeo-2015-0041

Wiriska M, Nastula J, Salstein DA (2017) Hydrological excitation of polar motion
by different variables from the GLDAS model. J Geodesy 17:7110. https.//
doi.org/10.1007/500190-017-1036-8

Wouters B, Bonin JA, Chambers DP, Riva REM, Sasgen I, Wahr J (2014) GRACE,
time-varying gravity, earths system dynamics and climate change.
Rep Progr Phys 77(11):6801-116841. https://doi.org/10.1088/0034-
4885/77/11/116801

Youm K, Seo KW, Jeon T, Na SH, Chen J, Wilson CR (2017) Ice and groundwater
effects on long term polar motion (1979-2010). J Geodyn 106:66-73.
https://doi.org/10.1016/}j0g.2017.01.008


https://doi.org/10.1016/j.jhydrol.2019.124258
https://doi.org/10.1016/j.jhydrol.2019.124258
https://doi.org/10.1002/jame.20023
https://doi.org/10.2514/1.A34326
https://doi.org/10.1017/CBO9780511569579
https://doi.org/10.1017/CBO9780511569579
https://doi.org/10.1029/2011WR011453
https://doi.org/10.1029/2011WR011453
https://doi.org/10.1029/2020GL088306
https://doi.org/10.1029/2020GL088306
https://doi.org/10.1016/j.rse.2017.02.011
https://doi.org/10.1016/j.rse.2017.02.011
https://doi.org/10.3189/2013JoG12J147
https://doi.org/10.3189/2013JoG12J147
https://doi.org/10.1016/j.jog.2016.03.011
https://meetingorganizer.copernicus.org/EGU2017/EGU2017-11866-1.pdf
https://meetingorganizer.copernicus.org/EGU2017/EGU2017-11866-1.pdf
https://doi.org/10.3390/rs12010138
https://doi.org/10.1029/2006GL028983
https://doi.org/10.2478/s11600-011-0008-2
https://doi.org/10.1016/j.jog.2019.01.014
https://doi.org/10.1002/2014JB011176
https://doi.org/10.1002/2016JB013844
https://doi.org/10.3390/s17030566
https://doi.org/10.3390/s17030566
https://doi.org/10.1029/2009jb006546
https://doi.org/10.1029/2009jb006546
https://doi.org/10.1002/2013JB010923
https://doi.org/10.1002/2013JB010923
https://doi.org/10.1111/j.1365-246X.2009.04181.x
https://doi.org/10.1111/j.1365-246X.2009.04181.x
https://doi.org/10.1155/2011/174396
https://doi.org/10.1016/j.jog.2012.02.008
https://doi.org/10.1016/j.jog.2012.02.008
https://doi.org/10.3390/rs11151784
https://doi.org/10.3390/rs11151784
https://doi.org/10.1007/s11600-018-0227-x
https://doi.org/10.1007/s11600-018-0227-x
https://doi.org/10.3390/rs12060930
https://doi.org/10.3390/rs12213490
https://doi.org/10.3390/rs12213490
https://doi.org/10.1029/2005GL025285
https://doi.org/10.1029/2005GL025285
https://doi.org/10.1029/2007JB005338
https://doi.org/10.1029/2004GL019920
https://doi.org/10.1038/s41558-019-0456-2
https://doi.org/10.1029/2000JD900719
https://doi.org/10.1029/2000JD900719
https://doi.org/10.1029/2009GL040222
https://doi.org/10.1002/2014GL061052
https://doi.org/10.1002/2014GL061052
https://doi.org/10.1029/98JB02844
https://doi.org/10.1029/98JB02844
https://doi.org/10.1002/2014JB011547
https://doi.org/10.1007/s11200-018-1028-z
https://doi.org/10.1515/acgeo-2015-0041
https://doi.org/10.1515/acgeo-2015-0041
https://doi.org/10.1007/s00190-017-1036-8
https://doi.org/10.1007/s00190-017-1036-8
https://doi.org/10.1088/0034-4885/77/11/116801
https://doi.org/10.1088/0034-4885/77/11/116801
https://doi.org/10.1016/j.jog.2017.01.008

Sliwinska et al. Earth, Planets and Space (2021) 73:71

Yuan D (2018) JPL level-2 processing standards document for level-2 product
release 06. Technical Report GRACE 327-744. https://podaac-tools.jpl.
nasa.gov/drive/files/GeodeticsGravity/grace/docs/L2-JPL_ProcStds_
v6.0.pdf. Accessed 10 July 2020

Zhang L, Dobslaw H, Thomas M (2016) Globally gridded terrestrial water stor-
age variations from GRACE satellite gravimetry for hydrometeorological
applications. Geophys J Int 206(1):368-378. https://doi.org/10.1093/gji/
ggw153

Page 20 of 20

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://podaac-tools.jpl.nasa.gov/drive/files/GeodeticsGravity/grace/docs/L2-JPL_ProcStds_v6.0.pdf
https://podaac-tools.jpl.nasa.gov/drive/files/GeodeticsGravity/grace/docs/L2-JPL_ProcStds_v6.0.pdf
https://podaac-tools.jpl.nasa.gov/drive/files/GeodeticsGravity/grace/docs/L2-JPL_ProcStds_v6.0.pdf
https://doi.org/10.1093/gji/ggw153
https://doi.org/10.1093/gji/ggw153

	Evaluation of hydrological and cryospheric angular momentum estimates based on GRACE, GRACE-FO and SLR data for their contributions to polar motion excitation
	Abstract 
	Introduction
	Data and methods
	Hydrological and cryospheric signal in observed PM excitation
	HAMCAM determination from the GRACEGRACE-FO Level-2 data
	HAMCAM determination from the GRACE Level-3 data
	HAMCAM determination from SLR
	Time series processing and methods of evaluation

	Results and discussion
	Analysis of overall time series and trends
	Analysis of seasonal and non-seasonal variations
	Comparison between MAS and SH solutions
	Preliminary analysis of HAMCAM series from GRACE-FO

	Conclusions
	Acknowledgements
	References




