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Abstract: From 2002 to 2017, the Gravity Recovery and Climate Experiment (GRACE) mission’s
twin satellites measured variations in the mass redistribution of Earth’s superficial fluids, which
disturb polar motion (PM). In this study, the PM excitation estimates were computed from two recent
releases of GRACE monthly gravity field models, RL05 and RL06, and converted into prograde and
retrograde circular terms by applying the complex Fourier transform. This is the first such analysis of
circular parts in GRACE-based excitations. The obtained series were validated by comparison with
the residuals of observed polar motion excitation (geodetic angular momentum (GAM)-atmospheric
angular momentum (AAM)-oceanic angular momentum (OAM) (GAO)) determined from precise
geodetic measurements of the pole coordinates. We examined temporal variations of hydrological
excitation function series (or hydrological angular momentum, HAM) in four spectral bands: seasonal,
non-seasonal, non-seasonal short-term, and non-seasonal long-term. The general conclusions arising
from the conducted analyses of prograde and retrograde terms were consistent with the findings
from the equatorial components of PM excitation studies drawn in previous research. In particular,
we showed that the new GRACE RLO06 data increased the consistency between different solutions and
improved the agreement between GRACE-based excitation series and reference data. The level of
agreement between HAM and GAO was dependent on the oscillation considered and was higher for
long-term than short-term variations. For most of the oscillations considered, the highest agreement
with GAO was obtained for CSR RL06 and ITSG-Grace2018 solutions. This study revealed that both
prograde and retrograde circular terms of PM excitation can be determined by GRACE with similar
levels of accuracy. The findings from this study may help in choosing the most appropriate GRACE
solution for PM investigations and can be useful in future improvements to GRACE data processing.

Keywords: GRACE; Earth rotation; polar motion excitation; complex Fourier transform

1. Introduction

Polar motion (PM) is disturbed by many processes with diverse temporal variability ranging from
several days to many decades [1]. For time scales of a few years or less, the major contributors to
changes in PM are angular momentum changes induced by mass redistribution of Earth’s surficial
fluids (atmosphere, ocean, and land hydrosphere). These contributions are described as PM excitation
functions or angular momentum functions, namely atmospheric angular momentum (AAM), oceanic
angular momentum (OAM), and hydrological angular momentum (HAM), and can be determined
with several geophysical models. However, while the role of AAM and OAM has been extensively
investigated [2-8], the main source of uncertainties in PM excitation is HAM.

HAM estimates obtained from different hydrological and climate models exhibit visible
discrepancies, both with respect to each other and with respect to the reference hydrological signal
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in observed PM excitation, derived from precise geodetic measurements [9-15]. The main reason for
the discrepancies between estimations of HAM by different models is the differences in meteorological
model forcing data, processing algorithms, temporal and spatial resolution, and the number of parameters
estimated [16]. Disagreement with observed PM data is caused by the lack of accounting for some
water storage components within the model or unrealistic simulations of other variables. In addition,
other geophysical effects, such as earthquake-induced co- and post-seismic deformations [17] or Earth’s
core-mantle coupling [18], are usually not considered by models in a rigorous way.

As an alternative to the use of hydrological models, PM excitation can be obtained from
observations of temporal variations in the gravity field that are caused by changes in the Earth’s
mass redistribution. Such data were provided by the Gravity Recovery and Climate Experiment
(GRACE) mission between 2002 and 2017 [19]. The high-precision observations of global mass
change are being continued thanks to the May 2018 launch of the successor of the mission, GRACE
Follow-On. The so-called GRACE Level 2 data (or GRACE satellite-only model; GSM), having a form
of spherical harmonics coefficients of Earth’s geopotential (or Stokes coefficients), can be used for
designation of mass-related PM excitation. The variations of degree-2, order-1 coefficients (ACp1, ASy1)
are proportional to the equatorial components (x;, x2) of the PM excitation [20]. After reducing
GRACE-based excitations by tidal contributions (atmospheric tides, ocean tides, pole tides, and solid
Earth tides), as well as non-tidal atmospheric and oceanic impacts, the remaining signal indicates
the land hydrosphere effects with barystatic sea-level contributions [21] and earthquake signals [22]
retained. Such PM excitation functions have been variously named in previous research: gravimetric
excitation functions, gravimetric-hydrological excitation functions, GRACE-based HAM functions,
or GSM-based angular momentum (GSMAM) functions.

Recently, new GRACE solutions (RL06) have been developed and made available to the scientific
community by the official GRACE data centres at the Center for Space Research (CSR) in Austin, USA;
Jet Propulsion Laboratory (JPL) in Pasadena, USA; and GeoForschungsZentrum (GFZ) in Potsdam,
Germany. However, at the same time, other data centres also joined the network, for example, Institute
of Theoretical Geodesy and Satellite Geodesy (ITSG) of the Graz University of Technology in Austria
released their ITSG-Grace2018 series, and the Centre National d’Etudes Spatiales/Groupe de Recherche
de Géodésie Spatiale (CNES/GRGS) in France processed the CNES/GRGS RL04 solution. The first
attempts to validate these solutions with respect to the observed PM excitation have been made in
recent works [23-25]. These studies have all shown that both the consistency between particular
solutions and the agreement with reference data have increased when applying the newly processed
GRACE data. However, full agreement between GRACE-based and observed hydrological excitation
has not yet been achieved.

The PM excitation is commonly described using either the two equatorial components of PM
excitation function, x; (along the Greenwich Meridian) and x, (along 90°E), or their complex form
(x1 + ix2). However, it is well known that PM excitation exhibits two circular terms: xR (retrograde
or clockwise) and xp (prograde or counter-clockwise). In previous research, Earth’s PM excitation
was generally decomposed into xp and xr terms, but at one fixed frequency; seasonal oscillations
(annual, semi-annual, or ter-annual) were usually the main focus, and xp and xr terms of seasonal
variations were represented by amplitudes and phases of annual, semi-annual, and ter-annual
oscillations [1,3,9,11-15,26-28]. Previous studies [1,28] have shown that annual geodetic excitation,
derived from precise measurements of pole coordinates, has an elliptic character with the semi-major
axis of longitude 80°-90°E and a stable ellipticity.

The first attempt to investigate the prograde and retrograde terms of PM excitation independently
from the frequency was undertaken by the authors of [29]. The circular terms of geophysical PM
excitations derived from different atmosphere, ocean, and land hydrosphere models were reconstructed
in the time domain by the author. The time series of xp and xR obtained in this way were then compared
with the corresponding estimates computed from geodetic observations. The author aimed to prove a
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dependence between the xp and xr parts of PM excitation in the spectral and time domains, and found
a visible correlation between them.

In this paper, we extend this type of PM excitation analysis, by evaluating GRACE-based HAM
functions. We reconstructed total prograde and retrograde terms of gravimetric HAM in the time
domain from x; and ¥, equatorial components, using the complex Fourier transform (CFT) [30].
This is the first study to analyse the GRACE excitation data in this manner. The circular terms of
investigated series were then separated into seasonal and non-seasonal parts and the latter were filtered
to separately assess long-term and short-term variations. Our objective was to validate these oscillations
in xp and xr terms of gravimetric-hydrological excitation functions using geodetically observed PM
excitation. The focus was to consider what the new GRACE RLO06 solutions might contribute to the
understanding of residual PM excitations as observed by space geodetic techniques. On the basis of
the comparison with a data series from a previous GRACE release (RL05), we aimed to determine the
scale of the improvement in correlation and variance agreement between gravimetric-hydrological
and observed PM excitation functions. By comparing our results with those obtained from the analyses
of x1 and X, components of PM excitation from previous works, we aimed to assess whether a
different representation method produces similar findings. In particular, we attempted to indicate the
GRACE solutions that best matched the geodetic observations of PM for seasonal and non-seasonal
oscillations, and compared these designations with results obtained from previously published analyses
of equatorial PM excitation components. The results of this study could be used to recommend the
GRACE solutions that are most appropriate for PM excitation determination on certain oscillations.
Furthermore, our attempt to quantify the size of increase in consistency between new GRACE series
and geodetic observations of PM may be useful in future improvements to GRACE and GRACE
Follow-On data processing.

2. Data

2.1. Reference Series

The x1, x» equatorial components of the observed geodetic PM excitation function (GAM) can be
computed from observed coordinates (x, y) of the Earth’s pole by solving Liouville’s equation [31,32].
The pole coordinates are routinely delivered as daily C04 series of Earth orientation parameters (EOP),
derived from the combination of very long baseline interferometry (VLBI), satellite laser ranging (SLR),
and global navigation satellite systems (GNSS) space geodesy techniques. The newest version of
EOP data, EOP 14 C04 [33], is fully consistent with the International Terrestrial Reference Frame 2014
(ITRF 2014) [34], provided by the International Earth Rotation and Reference System Service (IERS)
(https://www.iers.org/), and updated on a regular basis with monthly latency.

To separate hydrology-related effects from observed GAM, the impacts of atmosphere and ocean
(described by AAM and OAM functions, respectively) were removed using geophysical models:

GAO = GAM - (AAMmass + AAMmotion + OAMmass + OAMmotion)/ (1)

where AAMp,ss represents the impact of atmospheric pressure, AAMpotion represents the impact
of zonal wind speed, OAMpass represents the impact of ocean bottom pressure, and OAMyotion
represents the impact of ocean currents.

The residual signal series obtained from Equation 1 are often denoted as geodetic residuals,
GAM-AAM-OAM or simply GAO. They mainly reflect the impact of the land hydrosphere on PM
excitation, but also some other effects, including barystatic sea-level changes owing to the inflow of
water from land into the oceans (sea-level angular momentum, SLAM) [35], tectonic signals from large
earthquakes [36,37], or signatures of geomagnetic jerks [38].

In this study, we used the following datasets to compute GAO:
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e  GAM: x; and x» components of observed geodetic PM excitations, obtained from the EOP 14 C04,
were taken from the IERS website (https://www.iers.orgy).

o  AAMpass + OAMpass: we computed X1 and xp components of joint AAM plus OAM mass
terms from ACy;, ASy; coefficients of the GRACE average non-tidal atmosphere and ocean
de-aliasing time series GAC JPL RL06, by applying the formulas shown in Section 3 (Equations (2)
and (3)). The GAC data have the form of monthly time series of spherical harmonic coefficients
with a maximum degree and order of 180. They represent anomalous contributions of the
non-tidal atmospheric surface and dynamic ocean pressure variations, and upper-air density
anomalies [39,40]. The GAC RL06 time series are consistent with GRACE AOD1B RL06 (GRACE
Atmosphere and Ocean De-Aliasing Level 1B Release 6 [39,40]. The data were accessed from
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/L2/JPL/RLO6.

o  AAMpotion: X1 and x» components for the motion term of AAM were provided by the GFZ and
accessed from ftp://esmdata.gfz-potsdam.de/../EAM/. They were computed from the European
Centre for Medium-Range Weather Forecasts (ECMWF) operational atmospheric model [26].
The current AAM version provided by GFZ is consistent with GRACE AOD1B RL06.

o  OAMpotion: X1 and X, components for the motion term of OAM were provided by GFZ and
accessed from ftp://esmdata.gfz-potsdam.de/./EAM/. They were computed from the Max Planck
Institute Ocean Model (MPIOM) [41] and forced with ECMWF atmospheric data. The current
OAM version provided by GFZ is consistent with GRACE AOD1B RLO06.

2.2. Evaluated Series

2.2.1. GRACE Level 2 Data

The PM excitation series evaluated here were computed from monthly GRACE satellite-only
models (GSM), also denoted as GRACE Level 2 data. To do so, we converted ACy1, ASy; coefficients
of the geopotential into x; and X, equatorial components of mass-related PM excitation function
(see Section 3). In the GSM coefficients of Earth’s geopotential, the non-tidal atmospheric and oceanic
impacts, associated with AOD1B product (or its spherical harmonic representation, GAC), are removed.
Consequently, the resulting excitation functions describe the effects from terrestrial water storage with
SLAM, glacial isostatic adjustment (GIA), tectonic signals, or geomagnetic jerks remaining. It is well
known that GIA has a non-negligible impact on polar motion excitation trends. This signal is contained
in both GRACE data and GAO. We eliminated this effect from all time series by removing trends,
because they are out of the scope of this paper.

In this paper, we evaluated gravimetric PM excitation functions calculated from the following
GRACE GSM fields provided by five different processing centres:

e (SR, Austin, USA—CSR RLO05 [42] and CSR RLO06 [43] solutions;

e JPL, Pasadena, USA—JPL RLO05 [44] and JPL RLO06 [45] solution;

e  GFZ, Potsdam, Germany—GFZ RL05 [46] and GFZ RL06 [47] solutions;

e CNES/GRGS, Toulouse, France—CNES/GRGS RLO03 [48] and CNES/GRGS RL04 [49] solutions;

e ITSG, Graz University of Technology, Austria—ITSG-Grace2016 [50] and ITSG-Grace2018 [51]
solutions.

The time series were accessed from: PO.DAAC Drive (https://podaac-tools.jpl.nasa.gov/drive/files/
GeodeticsGravity/grace/L2) for data processed by the official GRACE data centres at CSR, JPL, and GFZ;
from Graz University of Technology data server (http:/ftp.tugraz.at/outgoing/ITSG/GRACE/ITSG-
Grace2018/monthly/) for ITSG-Grace2016 and ITSG-Grace2018 solutions; and from the CNES/GRGS
website (https://grace.obs-mip.fr/) for CNES/GRGS RL03 and CNES/GRGS RL04 solutions.

It should be noted that ITSG-Grace2016 and CNES/GRGS RL03 solutions were specifically designed
to be compatible with official RLO5 solutions from CSR, JPL, and GFZ, while ITSG-Grace2018 and
CNES/GRGS RL04 were designed to correspond to official CSR RLO6, JPL RL06, and GFZ RL06 solutions.
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Therefore, we used the RLO5 designation for all five older solutions. Consequently, RL06 generation
includes CSR RLO6, JPL RL0O6, GFZ RL06, CNES/GRGS RL04, and ITSG-Grace2018 throughout the
remainder of this paper.

2.2.2. HAM and SLAM Functions Processed by GFZ

For comparison with GRACE-based excitations, we also consider HAM computed from the land
surface discharge model (LSDM) and made available by GFZ (ftp://esmdata.gfz-potsdam.de/../EAMY)).
The LSDM, given at 0.5° X 0.5° spatial resolution and 24 h temporal resolution, provides simulations
of lateral and vertical water transport and water storage on continents [52,53]. The model is forced
with precipitation, evaporation, and temperature from the ECMWF operational atmospheric data.
The X1, X2 LSDM-based hydrological excitation functions were taken directly from the GFZ website
(ftp://esmdata.gfz-potsdam.de/../EAM/).

At this point, it should be reminded that both GRACE models and GAM (as well as GAO, which
was computed after removing AAM and OAM from GAM) include barystatic sea level changes due to
inflow of water from lands into the oceans (described by sea-level angular momentum SLAM). However,
SLAM is not included in hydrological models that provide the data from lands only. Therefore, to
make LSDM-based HAM more comparable with GAO and GRACE estimates, we added SLAM to
it. The SLAM series considered here, available in the form of x1, X2, were based on ECMWF and
LSDM data, and provided by the GFZ (ftp://esmdata.gfz-potsdam.de/../EAM/) [54,55]. Therefore, GAO,
GRACE-based HAM, and LSDM-based HAM considered here should be consistent in the sense that
each of them include SLAM. In the following, the HAM obtained from LSDM with SLAM added is
simply called LSDM.

3. Methods

3.1. Time-Series Processing

The equatorial components of gravimetric-hydrological PM excitation function were computed
from ACyy, ASy; coefficients of the geopotential using the following formula (based on the work of [32]
and Chapter 3.09.5 in the work of [20]):

[5 1.608-R2-M
= - —-—AC
X1 3 C_A 21,

[5 1.608-R2-M
= — —-—A , 2
X2 3T oA BSu 2

where R, and M are the Earth’s mean Earth’s radius (6378136.6 m) and mass (5.9737 x 10* kg),
respectively; A = 8.0101 x 10 kg:m?, B = 8.0103 x 10% kg:m?, and C = 8.0365 x 10% kg:m? are
the principal moments of inertia for Earth; A’ = (A + B)/2 is an average of the equatorial principal
moments of inertia; and ACy; and ASy; are the spherical harmonics coefficients of the gravity field
(Table 1 in [20]).

All PM excitation series considered here (GAO, HAM computed from LSDM and GRACE-based
HAM) were processed in the following manner:

1.  All series were down-sampled to monthly time steps using a Gaussian filter because of the
different sampling resolutions of the data sources (3 h for ECMWF and MPIOM models; 24 h for
GAM, SLAM, and HAM from LSDM; and only monthly for GRACE GSM and GAC).

2. The linear trends and seasonal signals were estimated together using the least squares methods,
by fitting the model comprising of the first degree polynomial and the sum of sinusoids with
the periods of 1, 1/2, and 1/3 year. Then, to analyse seasonal variations, we removed the trends.
It should be noted that removing of trends allowed to effectively eliminate GIA. The trends in
GAO and HAM are out of the scope of this paper.


ftp://esmdata.gfz-potsdam.de/../EAM/
ftp://esmdata.gfz-potsdam.de/../EAM/
ftp://esmdata.gfz-potsdam.de/../EAM/

Remote Sens. 2020, 12, 138 6 of 29

3. The non-seasonal changes were obtained after removing linear trends and seasonal variations
from the series.

4.  The prograde and retrograde terms (xp, Xr) of the PM excitation function (seasonal and
non-seasonal separately) were computed using the CFT method [29] (see Section 3.2).

5. The non-seasonal prograde and retrograde terms of PM excitation function were separated into
short-term (<730 days) and long-term (>730 days) oscillations using a higher-order eight-pole
sine wave Butterworth filter [56].

In the study, we considered the same period for all data sets, namely between January 2003 and
December 2015.

3.2. Complex Fourier Transform

Over a given time interval, the complex equatorial components of PM excitation can be decomposed
into a complex Fourier series as follows [29]:

X(t) - ZO’ >0 az:elo-t + ZO'>O a(_)*a_io-t + XO, (3)

where a{ is the complex amplitude of the prograde term of angular frequency o, a5 is the complex
amplitude of retrograde term of the same frequency, xg is a constant term, and i is an imaginary unit.
In time domain, prograde and retrograde PM excitation terms at a given frequency can be
determined by the following:
Xz: (t) = ageiot _ A;ei@;eidt,

Xo(t) = agelt = Age!Poe™, @

where A and A, express amplitudes, and @ and @ express phases.
The total prograde and retrograde components of PM excitation function in time domain can be
obtained by adding the individual frequency terms of the Fourier decomposition:

xT(t) = Z alelot

o>0

X () =) age 5)

o>0

4. Results

Our results comprise time series comparison (Section 4.1) and the study of agreement between
HAM and GAO, which included correlation, relative explained variance, and coefficients of
determination analysis (Section 4.2). We analysed the following oscillations in PM variation: seasonal
(sum of annual, semi-annual, and ter-annual changes), non-seasonal, non-seasonal short (<730 days),
and non-seasonal long (>730 days).

4.1. Time-Series Comparison

Figure 1 presents retrograde and prograde seasonal terms of GAO and HAM computed from
different GRACE solutions and the hydrological LSDM. The xp and xr parts reveal similar amplitudes
within each GRACE solution; however, for GAO and the LSDM-based HAM, xR terms exhibited visibly
stronger amplitudes than those observed for xp terms. With the new GRACE solutions, only the JPL
and GFZ series revealed a reduction in amplitudes, whereas very little amplitude change was detected
for other GRACE data. This was also revealed by the standard deviation (STD) values (see Table A1
in the Appendix A). Notably, a reduction of STD for both xp and xr was observed for JPL and GFZ,
whereas we noted an increase in this parameter for other solutions. Figure 2 compares the mean xp and
Xr values with ranges between minimum and maximum for the RL0O5 and RL06 solutions. Updating
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some background models and processing algorithms in the GRACE RL06 data resulted in increased
compliance of HAM between individual solutions (indicated by reduced range), especially for the
XRr term. However, there was still no full agreement between GAO and mean HAM obtained from
the GRACE observations. In particular, the xr part for the GRACE-based mean HAM data clearly
underestimated seasonal variations of both GAO and LSDM-based HAM.

Xgs seasonal Xpr seasonal —GAO
20 T 20 T —CSR RL05
CSR RL06
—JPL RL0O6
2 20 —arz RLot
WA YARAVATAVARATAYA 5 hox Pex Py Pn Pen M Py sy P Pn iy s N T
VVVVVVVVVV NAMAMSMMMY —ITSG-Grace2016
-40 -40 ITSG-Grace2018
— PVWWWWYWW | VWYYYVYYYYYY — CNESIGRGS RLO3
g -60 g -60 CNES/GRGS RL04
E oSS oo o fi e ) £ WIATANNNNFATANARN LSDM
-80 -80
LYAYAVAVAVEVEVAVEVAVAYAYA afafnfafafafaafmfiafiafnf
-100 -100
MWW WWwWwWaw/wMmMmMmMmA wwMmMmMMMAMMMMMA
-120 120
-140 -140
2002 2006 2010 2014 2002 2006 2010 2014
year year

Figure 1. Retrograde and prograde parts (xg and xp, respectively) of seasonal variation in geodetic
angular momentum (GAM)-atmospheric angular momentum (AAM)-oceanic angular momentum
(OAM) (GAO), in hydrological angular momentum (HAM) computed from different Gravity Recovery
and Climate Experiment (GRACE) solutions, and HAM from the land surface discharge model (LSDM).
The units are milliseconds of arc (mas). For better visibility, a bias was added to various HAM in order
to shift them relative to each other. ITSG, Institute of Theoretical Geodesy and Satellite Geodesy; GFZ,
GeoForschungsZentrum; CSR, Centre for Space Research; JPL, Jet Propulsion Laboratory; CNES/GRGS,
Centre National d’Etudes Spatiales/Groupe de Recherche de Géodésie Spatiale.

Xr seasonal Xp’ seasonal
. . —GAO
20 1 20 1 I Range GRACE-Old
——Mean GRACE-Old
0 0 WWWWWW B Range GRACE-New
——Mean GRACE-New
-20 -20 LSDM
A 0
E -60 £ -60
-100 -100
-120 -120
-140 -140
2002 2006 2010 2014 2002 2006 2010 2014
year year

Figure 2. Comparison of mean value with ranges between minimum and maximum for xg and xp of
seasonal variation in HAM for the old and new GRACE solutions. Time series of GAO and HAM from
the LSDM are provided for comparison. The units are milliseconds of arc (mas). For better visibility, a
bias was added to various HAM in order to shift them relative to each other.

The xr and xp parts of non-seasonal oscillations in GAO and HAM are shown in Figure 3. The xr
circular term in non-seasonal variation appeared to be stronger than the xp term for most of the old
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GRACE HAM series, as indicated by the STD values presented in Table A1. However, this was not
apparent for GAO and HAM computed from the new GRACE solutions and the LSDM. The comparison
of the mean xp and xr non-seasonal changes with ranges between minimum and maximum (Figure 4)
showed that with the new GRACE RLO06 solutions, different estimations of HAM were more similar;
however, visible discrepancies were still present. Nevertheless, the HAM from the mean of all new
GRACE solutions seemed to be more consistent with GAO and LSDM-based HAM than the HAM
from any single GRACE solution.

—GAO
——CSR RLO5
, non- | , non- 1
" XR non-seasona " XP non-seasona CSR RLO6
—JPL RLO5
0 0 —JPL RLO6
20 A 20 | g A ——GFZ RLO5
[ "\ fian , ——GFZ RLO6
-40 AN X /“/\ 401 WA S T S\
—ITSG-Grace2016
P AN W ol V 4 \v\,\/\ﬂ SG-G

WW ITSG-Grace2018
-80 80 WM%WW ——CNES/GRGS RL03
-100 -100 CNES/GRGS RL04
@120 MMNWM -120 L\W/@W LSDM

‘E’-14o -140

(mas)

WA | : A .

-160 /\/“ W A \/A A RATW BT BN WPWARL LS, “/“J‘W v \, J/
v uvy v Vv W

180 v , 180

-200 /\,m N ey NAAA -200 ﬁ A /\'“/ A ALV ey
\/m VoA Ny WM

-220 -220

-240 -240

-260 -260

2002 2006 2010 2014 2002 2006 2010 2014
year year

Figure 3. Retrograde and prograde parts (xr and xp, respectively) of non-seasonal variation in GAO, in
HAM computed from different GRACE solutions, and HAM from the LSDM. The units are milliseconds
of arc (mas). For better visibility, a bias was added to various HAM in order to shift them relative to

each other.
X, NON-seasonal X, NON-seasonal
il . P . —GAO
20 1 20 1 Il Range GRACE-Old
——Mean GRACE-OId
0 0 Il Range GRACE-New
——Mean GRACE-New
.20 .20 LSDM
-40 -40
A g
£ -60 £ -60
-80 -80
-100 -100
-120 -120
-140 -140
2002 2006 2010 2014 2002 2006 2010 2014
year year

Figure 4. Comparison of mean value with ranges between minimum and maximum for xg and xp of
non-seasonal variation in HAM for old and new GRACE solutions. Time series of GAO and HAM from
the LSDM are provided for comparison. The units are milliseconds of arc (mas). For better visibility,
a bias was added to various HAM in order to shift them relative to each other.

As shown in Figure 3, the non-seasonal oscillations in GAO and HAM were characterized by both
long-term and short-term oscillations. The main contributors to long-term non-seasonal variations in
HAM are groundwater changes [57] and mass loss of ice sheets and glaciers caused mainly by the



Remote Sens. 2020, 12, 138 9 of 29

warming climate [57-59]. Other contributors include core-mantle coupling [60] and the flattening of
the inner core and its tilt angle with respect to the outer core and mantle [61,62]. At shorter timescales
(a few years or less), the main contributors to PM changes are atmosphere and land hydrosphere [4,63].
Keeping this in mind, we now decompose GAO and HAM series into long-term and short-term
variations with periods of <730 days (Figures 5 and 6) and >730 days (Figures 7 and 8), respectively.

The comparison of Figures 1 and 2 with Figures 5 and 6 and values in Table A1 shows that the
seasonal variations (Figures 1 and 2) appeared to have weaker amplitudes than non-seasonal short
ones (Figures 5 and 6). However, previous research [4,63] emphasized that the land hydrosphere had
the highest impact on PM excitation at seasonal time scales. Similar to the non-seasonal variations
(Figures 3 and 4), for shorter non-seasonal periods obtained from old GRACE data, the xg produced
higher amplitudes than xp, which was especially evident for JPL RLO5 and ITSG-Grace2016. With the
new GRACE solutions, these characteristics were less apparent. We observed a decrease in amplitudes
and STD in the new HAM series and noted that this change was most evident for xr terms of JPL- and
ITSG-based excitation functions. Most of the short-term non-seasonal variations computed from old
GRACE solutions had amplitudes comparable or larger than the amplitude variability observed in
GAO, especially in the xr part, whereas both the new solutions and the LSDM rather underestimated
GAO amplitudes (Figures 5 and 6). The comparison of the mean xp and xR short-term non-seasonal
changes with ranges between minimum and maximum (Figure 6) shows that results from the new
GRACE solutions were more consistent in the xr part, but visible differences between particular
solutions remained for the xp part, despite decreased amplitudes.
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Figure 5. Retrograde and prograde parts (xg and xp, respectively) of short-term (<730 days)
non-seasonal variation in GAO, in HAM computed from different GRACE solutions, and HAM
from the LSDM. The units are milliseconds of arc (mas). For better visibility, a bias was added to
various HAM in order to shift them relative to each other.

The xp and xr parts of long-term non-seasonal GAO and HAM are presented in Figures 7 and 8.
In general, comparison of new GRACE data with old data revealed that the amplitudes of longer
oscillations changed less than those for shorter periods. The magnitude of HAM was affected only
slightly for the JPL and GFZ solutions. Notably, HAM series computed from the LSDM revealed an
overestimation in the amplitudes of observed PM excitation, whereas they visibly underestimated them
in the case of shorter variations (Figure 5). Regardless of whether old or new GRACE data were used,
for the xr term, GRACE-based HAM series were characterized by higher STD and bigger amplitudes
than GAO. For the xp part of the oscillations, the STDs of HAM were more consistent with the STDs
of the reference series. The small amplitude change obtained after updating GRACE models from
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RLO5 to RL06 resulted in a small increase in consistency between different HAM estimations (Figure 8).
Different GRACE solutions were revealed to be more consistent for the xg term than for the xp term.

Xo» < 730 days Xo, < 730 days
R . P i —GAO
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——Mean GRACE-Old
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2 2
E 60 £ 60
-100 -100
-120 -120
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year year

Figure 6. Comparison of mean value with ranges between minimum and maximum for xg and xp of
short-term (<730 days) non-seasonal variation in HAM for old and new GRACE solutions. Time series
of GAO and HAM from the LSDM are provided for comparison. The units are milliseconds of arc (mas).
For better visibility, a bias was added to various HAM in order to shift them relative to each other.

Xg» > 730 days Xp» > 730 days —GAO
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| SUEPCN S ST I . S v B CSR RL06
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Figure 7. Retrograde and prograde parts (xg and xp, respectively) of long-term (>730 days) non-seasonal
variation in GAO, in HAM computed from different GRACE solutions, and HAM from the LSDM. The
units are milliseconds of arc (mas). For better visibility, a bias was added to various HAM in order to
shift them relative to each other.
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Figure 8. Comparison of mean value with ranges between minimum and maximum for xg and xp of
long-term (>730 days) non-seasonal variation in HAM for old and new GRACE solutions. Time series
of GAO and HAM from the LSDM are provided for comparison. For better visibility, a bias was added
to various HAM in order to shift them relative to each other.

We now extend our assessment of variability of time series shown in Figures 1-8 by introducing a
more detailed analysis of their STDs. The STD values for each oscillation are given in Table A1l in the
Appendix A. To compare the STD of different HAM with STD of reference GAO series, we computed
percent error in STD as follows:

STD error = [(STDHAM - STDGAQ) / (STDGAo)} '1000/0, (6)

where positive results indicate higher STD for HAM series and negative results indicate higher STD
for GAO (Table 1). For seasonal variations, almost all GRACE solutions underestimated the STD of
HAM as each value of STD error is negative (except xr for JPL RL05), and a higher disagreement
with GAO was observed for the xg term. This result corresponds with Figure 1, which reveals that
seasonal amplitudes of xp for GAO were visibly stronger than for GRACE-derived HAM. Conversely,
in the long-term non-seasonal spectral band, GRACE-based HAM series overestimated the STD of
the reference data. For non-seasonal and non-seasonal short-term variations, the results are mixed
and depend on the solution considered. In general, the highest STD agreement between HAM and
GAO was obtained in the non-seasonal spectral band, whereas the lowest was found for seasonal
oscillations. Taking into consideration absolute values of STD error, we can generally conclude that,
with the new GRACE RLO06 data, a percent error of STD has decreased for long-term non-seasonal
changes, but increased for short-term oscillations.

Finally, to quantify the change of STD in HAM from new GRACE solutions compared with the
old solutions, we computed the percentage of STD change as follows:

STD change = [(STDnew — STDg1q) / (STDo14)]-100%, (7)

where positive values indicate an increase of STD and negative values indicate a decrease of STD
(Table 2). Besides seasonal changes for CSR, CNES/GRGS, and ITSG solutions, all HAM from new
GRACE solutions had a decreased STD for all oscillations, and the highest change was observed for
JPL and GFZ solutions. These results correspond with findings from our previous work [64], in which
we compared equatorial components of HAM derived from different GRACE solutions. In that study,
we noted that JPL data revealed the highest STD and amplitude change in RL06 compared with RL05
of all evaluated solutions for both seasonal and non-seasonal HAM variation.



Remote Sens. 2020, 12, 138 12 of 29

Table 1. Percentage error of standard deviation (STD) of hydrological angular momentum (HAM)
computed from Gravity Recovery and Climate Experiment (GRACE) solutions and HAM from the land
surface discharge model (LSDM). ITSG, Institute of Theoretical Geodesy and Satellite Geodesy; GFZ,
GeoForschungsZentrum; CSR, Centre for Space Research; JPL, Jet Propulsion Laboratory; CNES/GRGS,
Centre National d’Etudes Spatiales/Groupe de Recherche de Géodésie Spatiale.

Percentage Error of STD

Series Seasonal Non-Seasonal Non-Seasonal Short Non-Seasonal Long
XR Xr XR Xr XR Xr XR Xr
CSR RLO05 —68 -29 2 8 -36 -5 77 19
CSR RL06 -63 -13 =20 -15 —41 -37 23 8
JPL RLO5 -52 8 48 -5 37 -14 79 -1
JPL RLO6 -69 =31 =21 -17 -39 =31 13 -2
GFZ RLO05 —68 -36 8 28 -14 6 66 49
GFZ RL06 =77 —44 -26 -11 -32 =31 -6 7
CNES/GRGS RLO03 -73 -49 1 13 =31 1 72 23
CNES/GRGS RL04 =72 -39 -11 -10 -35 =21 43 0
ITSG-Grace2016 -76 -55 13 2 0 -24 49 23
ITSG-Grace2018 -71 -28 -29 -14 -51 -32 14 5
LSDM -34 -38 -10 -3 -58 -58 70 43

Table 2. The change of STD for HAM from new GRACE solutions compared with HAM from the older
GRACE solutions.

STD Change (%)

Series Seasonal Non-Seasonal Non-Seasonal Short Non-Seasonal Long
XR Xr XR Xr XR Xp XR Xr
CSR 16 23 =22 =21 -8 -33 -3 -9
JPL -37 -36 —46 -12 -55 =20 -37 -1
GFzZ -29 -13 =31 =31 21 -35 —44 -28
CNES/GRGS 5 19 -12 -20 -6 =22 -17 -19
ITSG-Grace 19 62 -37 -16 -51 -10 -23 -15

4.2. Agreement between HAM and GAO

We now analyse the agreement between different HAM series and GAO by computing correlation
coefficients, relative explained variance, and standard deviation of differences between HAM and GAO,
for each oscillation separately (Figures 9-12 and Tables A2—-A5 in the Appendix A). The correlation
plots were supplemented with information about the critical value of the correlation coefficient and the
standard error of the difference between two correlation coefficients. The critical value of the correlation
coefficient can be determined based on interpretation of autocorrelation function and statistical tables
for Student’s t-test [8]. The autocorrelation function of the time series shows how rapidly the series
changes and does not consider its previous values [65,66]. It shows the length of the time lag after
which an evaluated series becomes decorrelated, meaning that the correlation between one series and
the same series shifted with a lag is zero. Usually, the decorrelation time is assumed using one of the
following four methods: (1) it is assumed to be the time required for autocorrelation function drop to
the first zero crossing, (2) it is assumed to be the time required for autocorrelation function drop to 1/e,
(3) it is assumed to be double the time required for autocorrelation function drop to 1/2, or (4) it is
assumed to be double the time required for autocorrelation function drop to 1/e [66]. In this paper, we
first determined decorrelation time using method (2) and then computed a number of independent
points by dividing the number of series points by the decorrelation time. Finally, the critical value of
correlation coefficient for computed number of independent points and assumed significance level
(here we assumed 95%) was read from the Student’s t-test statistical tables. The standard error of a
difference between two correlation coefficients was computed as /2/(N — 3), where N is a number of
independent points.
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Relative explained variance (Varexp) is commonly used for estimating the discrepancy between a
model (evaluated series, here HAM) and actual data (reference series, here GAO). It is the part of the
total variance of reference data that is explained by evaluated data. The percentage of GAO variance
explained by HAM was computed here as follows:

VarGAO _ y/,p(GAO-HAM)

VareXlD = Var(GAO)

]-100%, (8)

where Var(GAO) yar(HAM) 4nd Var(GAO-HAM) 46 variance of GAO (reference series), variance of HAM
(evaluated series), and variance of a difference between GAO and HAM, respectively. The higher the
value of Vareyp, the stronger the association between the evaluated and reference series. The optimal
Vareyp value is 100%, which means in our case that HAM explains the full variance of GAO. For
this case, the differences between reference and evaluated series are the same for all points of the
time series. In other words, the variance of these differences is equal to zero. As the variance of
differences Var(CAO-HAM) potveen GAO or HAM increases, the Vareyp decreases. A similar method of
quality assessment of the time series is to compute standard deviation of differences (STDgj¢f) between
reference and evaluated data. The lower the STDygjs values, the better the evaluated series (optimal
value of STDy;¢t is 0). However, because the computation of both Vareyp and STDyjgt is based on STD or
variance of differences between GAO and HAM, these parameters show the same characteristics of
assessed data, and can lead to the similar conclusions. Therefore, we focused here only on detailed
Varexp analysis. The values of STDgjgt are given in Tables A2-A5 (Appendix A)

We also look closer into the magnitude of improvement in correlation and variance agreement
between GRACE-based HAM and GAO after releasing new GRACE solutions. To quantify the level of
increase or decrease of these parameters in each new solution, we computed the percentage change of
these parameters (Corr change and Vareyxp change). Using these parameters, we examined how much
correlation coefficients and Varexp for RL06 were improved compared with correlation coefficients and
Vareyp for RLO5. The computations were performed for each pair of GRACE new and old solutions:
CSR RLO06 versus CSR RL05, JPL RLO5 versus JPL RL06, GFZ RL06 versus GFZ RL05, CNES/GRGS
RLO04 versus CNES/GRGS RLO03, and ITSG-Grace2018 versus ITSG-Grace2016. We used the following
equations (Tables 3 and 4):

Corr change = [(Corrpew — Correlg) /abs(Corrmean o1d)]-100%, 9)

Varexp change = [(Varexp new — Valexp old)/ abs(VarexP mean 01d)]-100%, (10)

where abs means absolute values, Corryean 014 1S @ mean correlation coefficient for all old GRACE
solutions, Varey, mean old is @ mean relative explained variance for all old GRACE solutions, positive
results indicate improvement, and negative results indicate deterioration. Tables 5 and 6 were
supplemented with values for the mean GRACE correlations and variances.

Figure 9 shows that, in the seasonal part of the spectrum, the CSR RLO06 solution provided the
highest correlation of HAM with GAO (0.87) for the xr term, whereas the best result for the xp part was
obtained for CNES/GRGS RL03 and CNES/GRGS RL04 (0.74 and 0.73, respectively). For both xg and
xp terms, HAM from JPL solutions (both RLO5 and RL06) provided the worst agreement with reference
data, with correlations far below the required level for statistical significance. Very low correlation
coefficients for JPL data were a result of phase differences between the two sinusoids representing
seasonal variations for GAO and JPL-based HAM. We found an increase of correlation coefficients with
GAO for HAM from new GRACE data compared with the older ones (except ITSG for the xr term and
JPL for the xp term). For the xr term, the biggest correlation improvement was detected for the JPL
solution, whereas for the xp term, correlation improvement was highest for ITSG (Table 3). Similar to
the correlation results, the highest relative explained variance was obtained for CSR RL06 in xR (51%)
and for CNES/GRGS RL03 and CNES/GRGS RL04 in xp (49% and 52%, respectively). The highest
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variance improvement was detected for the JPL solution in the xg part and for the ITSG solution in
Xxp part of the seasonal variation (Table 4). It should be noted that the HAM function obtained from
LSDM revealed a very good agreement with reference GAO series, but only in the xr part (correlation
coefficient of 0.74 and relative explained variance of 54%).

Table 3. Improvement in correlation between HAM and GAO for new GRACE solutions compared
with the older solutions (positive, increased correlation; negative, decreased correlation).

Correlation Improvement (%)

Series Seasonal Non-Seasonal Non-Seasonal Short ~ Non-Seasonal Long
XR Xp XR Xp XR Xp XR Xp
CSR 8 30 34 30 47 38 10 23
JPL 186 =52 11 =37 -18 -103 21 -3
GFZ 54 41 -26 -33 -15 -99 -19 -11
CNES/GRGS -9 -2 -1 6 -2 -6 2 17
ITSG-Grace -34 83 30 3 49 9 9 -8

Mean 23 20 10 -6 12 -32 5 3

Table 4. The improvement in relative explained variance between HAM and GAO for new GRACE
solutions compared with the older solutions (positive, increased relative explained variance; negative,
decreased relative explained variance).

Relative Explained Variance Improvement (%)

Series Seasonal Non-Seasonal Non-Seasonal Short Non-Seasonal Long
XR Xxp XR Xr XR Xxp XR Xr
CSR 65 198 165 1127 86 1637 272 211
JPL 563 200 384 -621 366 —-1681 349 -16
GFZ 5 345 56 -8 32 —1495 182 102
CNES/GRGS -6 37 37 646 9 586 123 221
ITSG-Grace =21 539 207 328 216 332 134 16
Mean 121 264 170 294 142 —124 212 107
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Figure 9. Correlation coefficients of xg and xp parts of seasonal variation between GAO and HAM
computed from GRACE solutions and the LSDM and percentage of variance in GAO explained by HAM
functions. The critical value of the correlation coefficient for 25 independent points and a confidence
level of 0.95 was 0.34. The standard error of the difference between two correlation coefficients for 25
independent points was 0.30.
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In the non-seasonal spectral band, for xg, the correlation and variance agreement improved
notably in all new solutions except for GFZ; however, for xp, a visible correlation increase was observed
only in CSR (Figure 10, Table 3). The best correlation agreement with GAO for both xp and xr
terms was detected for CSR RL06 (0.66 and 0.68 for xr and xp, respectively) and ITSG-Grace2018
(0.64 and 0.59 for xr and xp, respectively). The comparison of relative explained variances provided
similar conclusions, with the best results for CSR RL06 (42% and 44% for xr and xp, respectively) and
ITSG-Gace2018 (40% and 28% for xr and Xp, respectively). However, despite some improvement in
the results using the new GRACE RLO06 data, the variance agreement was still unsatisfactory as none of
the values exceeded 45% and many negative variances occurred. In the xp part of the hydrological
excitation, LSDM-based HAM provided results comparable with those obtained for CSR RL06 and
ITSG-Grace2018 (correlation coefficient of 0.64 and relative explained variance of 29%).
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Figure 10. Correlation coefficients of xg and xp parts of non-seasonal variation between GAO and HAM
computed from GRACE solutions and the LSDM and the percentage of variance in GAO explained
by HAM functions. The critical value of the correlation coefficient for 25 independent points and
a confidence level of 0.95 was 0.34. The standard error of the difference between two correlation
coefficients for 25 independent points was 0.30.

For short-term non-seasonal variation in HAM, only CSR RL06 and ITSG-Grace2018 provided
correlation coefficients visibly above the statistical significance level for both xg and xp circular terms
(Figure 11). These GRACE models are the only ones to show a visible improvement in HAM correlation
with GAO compared with the previous releases (Table 3). Notably, HAM from the GFZ RLO5 solution
was characterized by the best correlation agreement in the xp part of the hydrological excitation (0.65);
however, in the xR part, this consistency was poor. HAM computed using the new GFZ and JPL
solutions was revealed to decrease correlation with GAO compared with the older GRACE data, and
this was visible especially in xp (Table 3). Similar findings were shown from an analysis of relative
explained variances—in xR, the best results were provided by CSR RL06 and ITSG-Grace2018 (40%
and 31%, respectively), whereas in xp, the highest variances were obtained for HAM derived from
GFZ RLO05, CSR RL06, and ITSG-Grace2018 (25%, 29%, and 20%, respectively). Apart from xp for JPL
and GFZ data, all new solutions revealed an improvement in variance agreement with GAO compared
with the old solutions.
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Figure 11. Correlation coefficients of xg and xp parts of short-term (<730 days) non-seasonal variation
between GAO and HAM computed from GRACE solutions and the LSDM and the percentage of
variance in GAO explained by HAM functions. The critical value of the correlation coefficient for
25 independent points and a confidence level of 0.95 was 0.34. The standard error of the difference
between two correlation coefficients for 25 independent points was 0.30.

The data presented in Figure 12 suggest that long-term changes in the hydrological part of PM
excitation are much better determined by GRACE observations than the shorter period variations.
This is unsurprising as short oscillations are more diverse than long ones, which could affect the
magnitude of correlation coefficients between HAM and GAO. Moreover, the fact that GRACE solutions
are provided in only monthly intervals with occasional gaps in data might also have contributed.
Similar conclusions were drawn from our previous work [10], where we focused on analysis of the
equatorial components (x1, x2) of PM excitation. As shown in Figure 12, for the xr part, almost
all new solutions provided correlation agreement between HAM and GAO at the level of 0.80 or
more (except GFZ RL06), with the best results for JPL RL06, CNES/GRGS RL04, and ITSG-Grace2018
(correlation coefficients equal to 0.87, 0.86, and 0.85, respectively). Similarly, for xp, correlation
coefficients exceeded 0.70 for all HAM functions and the highest value was obtained for CSR RL06
(0.81). However, a notable correlation improvement in new GRACE data was detected only for CSR
and JPL solutions in xg, and for CSR and CNES/GRGS in xp (Table 3). In terms of relative explained
variance, the most satisfactory results were for JPL RL06 (69%) and ITSG-Grace2018 (64%) for xg,
and CSR RLO6 for xp (57%). Notably, for the xr part of excitation, we observed visible variance
improvement in HAM functions obtained from the GRACE RL06 solutions compared with the RL0O5
solutions (Table 4). Similar to the seasonal xgr and non-seasonal xp terms, long-term xp oscillations
were very well modelled by the LSDM.
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Figure 12. Correlation coefficients of xg and xp parts of long-term (>730 days) non-seasonal variation
between GAO and HAM computed from GRACE solutions and the LSDM and the percentage of
variance in GAO explained by HAM functions. The critical value of the correlation coefficient for
25 independent points and a confidence level of 0.95 was 0.34. The standard error of the difference
between two correlation coefficients for 25 independent points was 0.30.

The more detailed analysis of values given in Table 3 allows us to conclude that CSR is the only
solution for which there was correlation improvement between HAM and GAO in RL06 compared with
RLOS5 for both xp and xr and for all oscillations. The biggest correlation improvement was detected
for the JPL solution in the xR seasonal term (186% improvement) and for the ITSG solution in the xp
seasonal term (83% improvement). Our previous work, which evaluated x; and x; [64], also showed
that, for the seasonal part of HAM, the JPL solution was distinguished by the greater improvement in
consistency with GAO than other solutions. This was mainly because new the JPL data were smoother
than the older data. Notably, we also observed a decrease in correlation, which mostly affected the GFZ
and JPL solutions and was highest for the xp part of the non-seasonal short-term variations (maximum
decrease for JPL—103% and for GFZ—99%). With the release of new GRACE solutions, HAM from
the CNES/GRGS series produced the lowest correlation change, which did not exceed +9% (except
for the xp term in the non-seasonal long-term variation). Taking into account the mean correlation
change, the seasonal correlations showed the greatest improvement (23% improvement for xg and
20% improvement for xp), whereas the smallest change was observed for the long-term non-seasonal
spectral band. We noted a correlation decrease for the xp part of the non-seasonal short-term variation
(32% decrease) and for the xp part of non-seasonal variation (6% decrease).

Table 4 shows that only HAM derived from the CSR solution improved variance agreement with
GAO for both xp and xr and for all oscillations. However, in contrast to the correlation changes, there
were fewer cases in which there was a notable decrease in variance agreement between HAM and
GAO (only for xp in non-seasonal short-term variation for JPL and GFZ, and for xp in non-seasonal
variation for JPL). The highest variance improvement for both xp and xr was observed for CSR in
the non-seasonal spectral band and for JPL in seasonal spectral band. Taking into consideration the
mean variance change, apart from the xp term of short-period changes, we detected a notable variance
improvement for all oscillations, which exceeded 100%. These findings reveal that the mean variance
improvement was several times greater than the mean correlation improvement.

At this point, it should be mentioned that our validation of xp and xr terms in GRACE-based
HAM was based on correlation coefficients with GAO and relative explained variances, but there are
other metrics that can be helpful in such an evaluation. The use of coefficient of determination (R?)
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values from a linear regression analysis is a common method for such interpretation of the results.
The R? value shows quality of the model’s fit to the data and ranges between 0 and 1 (with 1 being
the best value). R? is often used in validation of hydrological models [67], but it can be also used in
assessment of other data types. Therefore, we computed R? between GAO and different HAM and
showed the results in Figure 13 (for seasonal and non-seasonal changes) and Figure 14 (for non-seasonal
short-term and non-seasonal long-term changes). However, the analysis of R? led us to the similar
conclusions as a comparison of correlation coefficients. In particular, for seasonal variations, the highest
R? values were obtained for CSR RLO06 (for xr), GFZ RLO06 (for xr), and CNES/GRGS RL04 (for xp); for
non-seasonal and non-seasonal short-term variations, the highest R? values were observed for CSR
RLO6 (for xr and xp), ITSG-Grace2018 (for xr), and GFZ RLO5 (for xp); for non-seasonal long-term
changes, the highest R? values were obtained for JPL RL06 (for xgr), CNES/GRGS RL03 and RL04
(for xr), ITSG-Grace2018 (for xg), CSR RLO06 (for xp), GFZ RL05 (for xp), and LSDM (for xp).
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1 1
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Figure 13. Coefficients of determination (R?) for xg and xp parts of seasonal (top panel) and non-seasonal
variation between GAO and HAM computed from GRACE solutions and the LSDM.

In contrast to the previous studies, which demonstrated good results for x, and clearly worse
results for x; [3,7,9-14,23,27,63,68], it was difficult to conclude whether the xp term or the xR term is
better modelled by GRACE as results depended on the solution and oscillation considered. Moreover,
in terms of correlation and variance agreement with GAO, there was no noticeable difference between
Xxp and Xr. To make the results more general and readable, we next computed the mean correlation
and variance from all old GRACE solutions, and then the mean correlation and variance from all new
GRACE solutions, for different variations separately (Tables 5 and 6). The tables are supplemented
with corresponding values for HAM from LSDM. In terms of the correlations, the differences in results
between the xp and xR terms was small and did not exceed 0.1, and for new GRACE RL06 solutions,
they were even smaller (Table 5). Similarly, the variance explained values obtained for these new
GRACE data reveal that HAM agreed better in the xg than in the xp term only for non-seasonal
short-term variations (11% and —7%, respectively) (Table 6). For other oscillations in HAM determined
from GRACE RL06 data, the variance results were almost identical for both terms as the variance
differences between xp and xr did not exceed one percentage point. For GRACE RLO05 solutions, these
discrepancies were slightly higher, but it remains unclear which term is better modelled by GRACE
RLO5 data. For HAM obtained from the LSDM, the discrepancies in results between xp and xgr were
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more evident—both correlation coefficients and relative explained variances were higher for the xr
term in the seasonal spectral band, whereas for all non-seasonal variations, these parameters were
higher for the xp term. For LSDM, the maximum correlation difference between xp and xr reached
0.63 (for seasonal changes), whereas the maximum variance difference was equal to 129 percentage
points (for non-seasonal long-term changes).
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Figure 14. Coefficients of determination (R?) for xg and xp parts of short-term (<730 days) non-seasonal
(top panel) and long-term (>730 days) non-seasonal (bottom panel) variation between GAO and HAM
computed from GRACE solutions and the LSDM.

Tables 5 and 6 also indicate that, in general, the highest improvement in correlation with the
new GRACE RLO06 data was obtained for seasonal variation. However, in the short-term spectral
band, the correlation with GAO dropped for the xp term, which contributed to a slight correlation
decrease in this term for non-separated non-seasonal change (short-term plus long-term). In terms
of relative explained variances, the agreement with GAO was improved in almost all considered
spectral bands (except xp in non-seasonal short-term variations), which might be a result of amplitude
changes in HAM computed from the new GRACE data. Nevertheless, it should be kept in mind that
such conclusions are general and are based on the mean of GRACE solutions. The results for various
solutions differed from each other (see Figures 9-12).

Table 5. Mean values of correlation coefficients between GAO and GRACE-based HAM for each
oscillation considered: mean GRACE old (the mean of correlations for CSR RLO05, JPL RL05, GFZ RLO05,
CNES/GRGS RLO03, and ITSG-Grace2016) and mean GRACE new (the mean of correlations for CSR
RLO06, JPL RL06, GFZ RL06, CNES/GRGS RL04, and ITSG-Grace2018). Correlation coefficients for HAM
from the LSDM were added for comparison.

Mean Correlation Coefficients

Series Seasonal Non-Seasonal Non-Seasonal Short ~ Non-Seasonal Long
XR Xp XR XpP XR Xp XR Xp
Mean GRACE old 0.47 0.44 0.47 0.57 0.36 0.45 0.73 0.71
Mean GRACEnew  0.58 0.53 0.52 0.53 0.41 0.30 0.77 0.73

LSDM 0.74 0.11 0.35 0.64 0.26 0.45 0.60 0.86
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Table 6. Mean values of percentage variances in GAO explained by GRACE-based HAM for each
oscillation considered: mean GRACE old (the mean of variances for CSR RL05, JPL RL05, GFZ RL05,
CNES/GRGS RL03, and ITSG-Grace2016) and mean GRACE new (the mean of variances for CSR RL06,
JPL RL06, GFZ RL06, CNES/GRGS RL04, and ITSG-Grace2018). Relative explained variance for HAM
from the LSDM were added for comparison.

Mean Relative Explained Variance (%)

Series Seasonal Non-Seasonal Non-Seasonal Short Non-Seasonal Long
XR Xr XR Xr XR Xr XR Xr
mean GRACE old 12 7 =27 4 -25 -3 -38 21
mean GRACE new 25 24 19 18 11 -7 43 44
LSDM 54 -25 -19 29 5 20 -86 43

5. Discussion

In this section, we would like to address a few issues that should be discussed during the
comparison between GAO and HAM and between different HAM. First of all, our results showed that
both prograde and retrograde terms of polar motion excitation can be determined by GRACE with
similar accuracy. However, it is well known [3,7,9-14,23,27,63,67] that, when equatorial components of
HAM are considered, HAM is in better consistency with GAO for x; than for x,. The main reason
for that is the spatial distribution of the main continents and oceans. The x; component, which is
directed towards the Greenwich Meridian, is closely related to the impact of ocean and Greenland
ice mass changes, whereas the x, component, directed towards 90 °E, is more sensitive to the mass
redistribution on continents of the Northern Hemisphere. Therefore, it is not surprising that the x»
component of the hydrological excitation function, which is more sensitive to mass changes over land,
is better correlated with GAO than ;.

The paper compared HAM from the newest RLO6 GRACE solution with previous RL05. It should
be kept in mind that RLO5 series are no longer recommended for use. There are many updates in RL06
data, but there are also differences among new solution from various data centres. The newly available
RLO06 from GRACE has benefited from a thorough reprocessing of the Level 1 sensor data, in particular
the K-band range-rate observations and the star tracker data. Improvements were also realized from
using a re-processed GPS (Global Positioning System) constellation, from refined data screening
procedures that lead to a reduced number of apparently detected outliers, and from the revision
of various parametrization schemes of both the K-band ranging and the accelerometers [43,45,47].
In addjition, various background models were updated for RL06 including the new GRACE Atmosphere
and Ocean De-Aliasing Level 1B [39,40] product, a new mean pole model [69], improved static gravity
field and ocean tides models, and updated planetary ephemerides for perturbations induced by the
large planets of the solar system [43,45,47]. The summary information on background models used for
processing GRACE solutions that were considered here, together with data sources and references, is
given in Table A6 in the Appendix A.

Regarding changes in how the mean pole tide is considered, while all new GRACE solutions used
linear mean pole tide, in previous RL05 data, the cubic model was applied. Wahr et al. [70] suggested
that RLO5 solutions should be corrected by applying a pole tide correction to remove a non-hydrological
signal from GRACE Level 2 solutions. This correction would make RL05 data more compatible with
RL06. However, there are other drawbacks of RL0O5 data that have already been mentioned, which
is why scientific institutes decided to improve processing methods and to release RL06. We should
highlight that our intention was not to improve RL05 by including many corrections, but to compare
them with RL06 and to assess the level of improvement. We focused on checking how updating some
models and data processing methods in RL06 influenced an agreement between HAM and GAO.

Another difference between RL05 and RLO06 solutions is different AOD1B data product [39,40],
which provides non-tidal short-term mass variations in the atmosphere and the oceans. There are
many modifications of this data compared with the previous version (AOD1B RL05), such as increased
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spatial and temporal resolution, change of ocean model from the Ocean Model for Circulation and
Tides (OMCT; [71]) to the MPIOM [41], and improved long-term consistency [39,40]. However, despite
many changes in the GRACE dealiasing product, the authors of [23] showed that the update of this
model plays a minor role in HAM improvement. Updating dealiasing products from AOD1B RL05 to
AOD1B RL06 certainly benefits HAM in the short-term spectral band. Therefore, GAO and HAM series,
which were downsampled in this paper into monthly changes, should not be affected by different
AOD1B products. It should be also noted that, in the series from CNES/GRGS (both RL03 and RL04), in
contrast to other new GRACE solutions, the AOD1B RL06 model was not used. The CNES dealiasing
product was developed based on the ERA-interim (ECMWF reanalysis from January 1989 onward)
for the atmospheric part, and the TUGO (Toulouse unstructured grid ocean) barotropic model for the
oceanic response to the ERA-interim pressure and wind forcing [49].

We should emphasize that it is difficult to determine which processing changes caused the biggest
improvement in GRACE-based polar motion excitation. The discrepancies between RL05 and RLO06, and
between solutions from the same release, but processed by different institutes, resulted from not only
background models, but also calculation algorithms, methods of GRACE orbits determination, software,
and others. Moreover, not all data processing details are made available to the users by data centers.

Another issue is tidal effects resulting from gravitational impact of Moon, Sun, and planets, which
have a main impact on precession and nutation. However, it was reported that they also disturb
polar motion, because they induce deformations of solid Earth and Earth fluids, causing inertia tensor
changes [72]. Tidal changes in polar motion mainly concern ocean tides, which excite polar motion
in diurnal, subdiurnal, and long-term bands. These effects were removed from GRACE solutions
using the models (see Table A6), but they were not removed from GAM. It was reported in [33] that
high-frequency (sub-daily) tidal signals in polar motion reach about 1 mas. However, C04 EOP daily
series, which were used for computation of GAM and GAO, did not include these signals, because
they are provided on a daily time rate. Among long-term ocean tides, the most important and often
considered by studies (e.g., [72,73]) is a fortnightly ocean tide with frequency of 27 cycles per year.
In our paper, we considered monthly changes, so diurnal, subdiurnal, and fortnightly ocean tides
should not affect our results.

6. Summary and Conclusions

In this paper, we showed an alternative method of presenting the hydrological polar motion
excitation function. In contrast to previous works, where authors used two equatorial components of
HAM directed towards Greenwich Meridian (x;) and 90°E meridian (x;), we decomposed x; and ¥, into
prograde and retrograde circular terms (xp and xr), using the CFT method. We evaluated the xp and xr
components of HAM obtained from the GRACE RLO05 and RLO06 series and from the LSDM hydrological
model by comparing them with the hydrological signal in GAO, obtained from precise measurements of
the pole coordinates. The validation of GRACE-based and LSDM-based HAM was conducted for four
different oscillations: seasonal, non-seasonal, non-seasonal short, and non-seasonal long.

Despite different methods of representation, our general remarks are congruous with those
obtained in similar works dedicated to x; and x, analyses [23-25]. With the new GRACE RLO06 data,
the consistency between different solutions was increased. HAM from the new RL06 GRACE data
is smoother than HAM from RLO5 as STD and amplitudes of oscillations have decreased. The new
GRACE solutions provided better correlation and variance explained agreement with observed PM
excitation than the previous series. However, despite the improved agreement with reference data,
there is still no satisfactory variance compatibility. The level of agreement between HAM and GAO
depended on the oscillation considered and was higher for long-term variations than for short-term
ones. For most of the oscillations considered, the highest agreement with reference data was obtained
for the CSR RL06 and ITSG-Grace2018 solutions.

In new GRACE HAM functions, the correlation coefficients with GAO were improved by about
22-23% for seasonal and 3-5% for non-seasonal long-term variations. However, although correlation
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in xR increased for non-seasonal and non-seasonal short changes by 10-12%, xp results worsened.
In terms of average relative explained variance, apart from xp term in the non-seasonal short-term
spectral band, the mean value of this parameter increased in HAM from new GRACE solutions by
more than 100%. The average correlation coefficients between GAO and HAM from new GRACE
data were at the level of 0.53-0.58 for seasonal, 0.52-0.53 for non-seasonal, 0.30-0.41 for non-seasonal
short, and 0.73-0.77 for non-seasonal long variations. Accordingly, the relative explained variances
were 24-25% for seasonal, 18-19% for non-seasonal, —7-11% for non-seasonal short, and 43-44% for
non-seasonal long changes.

In contrast to x; and x; representation, where we observed significantly better results for the
X2 than for the x; component [23-25], the agreement with GAO was at a similar level for both
Xr and xp. The consistency in results between xr and xp terms increased with the new GRACE
solutions. The exception to this feature was the HAM function obtained from the LSDM model
processed by the GFZ, for which seasonal changes were better determined in xr, whereas non-seasonal
changes were better determined in xp. The LSDM-based HAM revealed a notable correlation with
GAO for non-seasonal xp and seasonal xg terms. We showed that xp and xr terms can be used in
evaluation of hydrological excitation functions and the method of describing HAM (classical equatorial
components or circular terms) does not affect the results. Our findings from GRACE data validation
provided information on which GRACE solutions are the most suitable for PM investigations in specific
spectral bands.
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List of Acronyms

AAM atmospheric angular momentum

AODI1B GRACE Atmosphere and Ocean De-Aliasing Level 1B
CFT complex Fourier transform

CNES/GRGS Centre National d’Etudes Spatiales/Groupe de Recherche de Géodésie Spatiale
CSR Center for Space Research

ECMWF European Centre for Medium-range Weather Forecasts
EOP Earth orientation parameters

ERA-interim ECMWE reanalysis (from January 1989 onward)

GAM geodetic angular momentum

GAO geodetic residuals GAM-AAM-OAM

GFZ GeoForschungsZentrum

GIA glacial isostatic adjustment

GNSSs Global navigation Satellite Systems

GPS Global Positioning System

GRACE Gravity Recovery and Climate Experiment

GSM GRACE satellite-only model

GSMAM GSM-based angular momentum

HAM hydrological angular momentum

IERS Rotation and Reference System Service
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ITRF
ITSG
JPL
LSDM
MPIOM
OAM
OMCT
PM

RZ
SLAM
SLR
STD
STDgift
TUGO
Varexp
VLBI

Appendix A

International Terrestrial Reference Frame
Institute of Theoretical Geodesy and Satellite Geodesy
Jet Propulsion Laboratory

Land surface discharge model

Max Planck institute ocean model
oceanic angular momentum

ocean model for circulation and tides
polar motion

coefficient of determination

sea-level angular momentum

satellite laser ranging

standard deviation

standard deviation of differences
Toulouse unstructured grid ocean
relative explained variance

very long baseline interferometry
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Table A1l. Standard deviation of GAO and HAM time series for seasonal, non-seasonal, short-term

(<730 days) non-seasonal, and long-term (>730 days) non-seasonal variation.

Series Seasonal Non-Seasonal Non-Seasonal Short Non-Seasonal Long
XR Xpr XR Xr XR Xr XR Xr

GAO 10.24 4.35 8.00 6.83 6.73 5.06 3.80 4.19
CSR RLO05 3.29 3.08 8.20 7.37 4.32 4.83 6.72 4.98
CSR RL06 3.82 3.80 6.43 5.80 3.96 3.22 4.68 4.53
JPL RLO5 4.95 4.69 11.83 6.49 9.20 4.34 6.82 4.15
JPL RLO6 3.14 3.00 6.35 5.69 4.12 3.48 4.29 4.09
GFZ RLO05 3.31 2.77 8.68 8.76 5.80 5.35 6.31 6.25
GFZ RL06 2.36 242 5.96 6.05 4.57 3.49 3.55 448
CNES/GRGS RLO03 2.73 222 8.12 7.71 4.66 5.10 6.54 5.15
CNES/GRGS RL04 2.86 2.64 7.15 6.13 4.37 3.98 5.44 4.19
ITSG-Grace2016 2.48 1.94 9.02 6.94 6.75 3.86 5.68 5.15
ITSG-Grace2018 2.95 3.14 5.65 5.84 3.29 347 4.35 4.38
LSDM 6.75 2.72 7.20 6.61 2.79 2.13 6.45 5.97

Table A2. Correlation coefficients of xg and xp parts of seasonal variation between GAO and HAM

computed from GRACE solutions and LSDM model, the percentage of variance in GAO explained
by HAM functions, standard deviation (STD) of differences between GAO and HAM, and coefficient
of determination (R2). The critical value of the correlation coefficient for 25 independent points and

a confidence level of 0.95 was 0.34. The standard error of the difference between two correlation

coefficients for 25 independent points was 0.30.

Correlation Relative Explained STD of Differences

Series Coefficient Variance (%) (mas)
XR Xr XR Xp XR Xr XR Xr

CSR RLO5 0.84 0.48 43 18 7.70 3.93 0.70 0.23
CSR RLO06 0.87 0.62 51 32 7.18 3.60 0.75 0.38
JPL RLO5 -057 031 —-78 -50 13.68 5.33 0.32 0.09
JPL RLO6 —-0.07 0.08 -13 -37 10.91 5.09 0.00 0.01
GFZ RL05 0.67 0.40 33 11 8.39 411 0.45 0.16
GFZ RL06 0.84 0.58 34 34 8.35 3.54 0.71 0.34
CNES/GRGS RL03 0.63 0.74 27 49 8.78 3.10 0.40 0.54
CNES/GRGS RL04 0.60 0.73 26 52 8.82 3.03 0.36 0.53
ITSG-Grace2016 0.80 0.28 33 5 8.38 4.24 0.65 0.08
ITSG-Grace2018 0.68 0.64 31 41 8.53 3.34 0.46 0.42
LSDM 0.74 0.11 54 =25 6.93 4.86 0.55 0.01
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Table A3. Correlation coefficients of xg and xp parts of non-seasonal variation between GAO and
HAM computed from GRACE solutions and LSDM, the percentage of variance in GAO explained
by HAM functions, standard deviation (STD) of differences between GAO and HAM, and coefficient
of determination (R?). The critical value of the correlation coefficient for 25 independent points and
a confidence level of 0.95 was 0.34. The standard error of the difference between two correlation
coefficients for 25 independent points was 0.30.

Correlation Relative Explained STD of Differences

24 of 29

2
Series Coefficient Variance (%) (mas) R
XR Xp XR Xp XR Xp XR Xp

CSR RLO05 0.50 0.51 -3 ) 8.11 7.04 0.25 0.26
CSR RLO06 0.66 0.68 42 44 6.12 5.11 0.44 0.47
JPL RLO5 0.45 0.56 -87 16 10.94 6.25 0.20 0.31
JPL RL0O6 0.50 0.35 16 -12 7.33 7.21 0.25 0.12
GFZ RLO5 0.42 0.67 -26 8 8.97 6.56 0.18 0.45
GFZ RL06 0.30 0.48 -11 7 8.41 6.58 0.09 0.23
CNES/GRGS RL03 0.49 0.53 -4 -8 8.15 7.10 0.24 0.28
CNES/GRGS RL04 0.48 0.56 6 21 7.75 6.09 0.23 0.32
ITSG-Grace2016 0.49 0.57 -15 13 8.60 6.36 0.24 0.33
ITSG—Grace2018 0.64 0.59 40 28 6.20 5.80 0.40 0.35
LSDM 0.35 0.64 -19 29 8.72 5.74 0.12 0.40

Table A4. Correlation coefficients of xg and xp parts of short-term (<730 days) non-seasonal variation
between GAO and HAM computed from GRACE solutions and LSDM model, the percentage of
variance in GAO explained by HAM functions, standard deviation (STD) of differences between GAO
and HAM, and coefficient of determination (R?). The critical value of the correlation coefficient for
25 independent points and a confidence level of 0.95 was 0.34. The standard error of the difference
between two correlation coefficients for 25 independent points was 0.30.

Correlation Relative Explained STD of Differences R2
Series Coefficient Variance (%) (mas)

XR XpP XR Xp XR Xp XR Xp
CSR RLO5 0.46 0.37 18 -20 6.09 5.54 0.21 0.14
CSR RL06 0.64 0.54 40 29 5.21 4.28 0.40 0.29
JPL RL05 0.32 0.37 -99 -11 9.50 5.33 0.10 0.13
JPL RLO6 0.25 -0.10 -6 —60 6.94 6.41 0.06 0.01
GFZ RL05 0.34 0.65 -16 25 7.24 4.39 0.12 0.42
GFZ RL06 0.28 0.20 -8 -19 6.98 5.53 0.08 0.04
CNES/GRGS RL03 0.30 0.41 -6 -20 6.93 5.54 0.09 0.16
CNES/GRGS RL04 0.30 0.38 —4 -2 6.86 5.12 0.09 0.14
ITSG—-Grace2016 0.38 0.45 -24 11 7.50 4.79 0.14 0.20
ITSG—-Grace2018 0.56 0.49 31 20 5.60 4.52 0.31 0.24

LSDM 0.26 0.45 5 20 6.57 453 0.07 0.20
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Table A5. Correlation coefficients of xg and xp parts of long-term (>730 days) non-seasonal variation
between GAO and HAM computed from GRACE solutions and LSDM model, the percentage of
variance in GAO explained by HAM functions, standard deviation (STD) of differences between GAO
and HAM, and coefficient of determination (R?). The critical value of the correlation coefficient for
25 independent points and a confidence level of 0.95 was 0.34. The standard error of the difference
between two correlation coefficients for 25 independent points was 0.30.

Correlation Relative Explained STD of Differences

2
Series Coefficient Variance (%) (mas) R
XR Xp XR Xp XR Xp XR Xp

CSR RL05 0.69 0.65 -69 12 4.94 3.92 0.47 0.42
CSR RLO06 0.76 0.81 35 57 3.04 2.73 0.58 0.65
JPL RLO5 0.72 0.74 —65 48 4.88 3.02 0.51 0.54
JPL RL0O6 0.87 0.71 69 44 2.10 3.12 0.76 0.51
GFZ RLO5 0.64 0.82 -64 21 4.81 3.65 0.41 0.67
GFZ RL06 0.50 0.74 6 43 3.45 3.15 0.25 0.54
CNES/GRGS RL03 0.84 0.60 -7 -3 3.88 4.24 0.71 0.36
CNES/GRGS RL04 0.86 0.72 40 44 2.90 3.13 0.74 0.52
ITSG-Grace2016 0.79 0.73 13 28 3.54 3.54 0.62 0.53
ITSG—Grace2018 0.85 0.67 64 32 2.26 3.45 0.73 0.45
LSDM 0.60 0.86 -86 43 5.15 3.13 0.36 0.75

Table A6. Background models and data sources of temporal GRACE gravity field models *. ECMWE,
European Centre for Medium-Range Weather Forecasts; ERA, ECMWEF reanalysis.

Atmospheric and

Temporal . .
Pl Mean Gravity N Body . Ocean Oceanic
Gm;/[l:)}:lzll eld Field Model Perturbations Pole Tides Tides Non-Tidal Mass Data Source Reference
Variations

IERS 2010 https://podaac-tools.jpl.
CSR RLO05 GIF48 DE 405 (cubic) GOT4.8 AOD1B RL05 nasa.gov/drive/files/ [42]
GeodeticsGravity/grace/L2

IERS 2010 https://podaac-tools.jpl.
CSR RL06 GGMO05C DE 430 . GOT4.8 AODI1B RL06 nasa.gov/drive/files/ [43]
(linear) . Lo
GeodeticsGravity/grace/L2

1ERS 2010 h tlp%://podaaf-vtoo.ls,]‘pl. -
JPL RLO5 GIF48 DE 421 (cubic) GOT4.7 AOD1B RL05 nasa.gov/drive/files/ [44]
GeodeticsGravity/grace/L2

IERS 2010 http?://podaaf-vtoo.l&]\pl. .
JPL RLO6 GGMO05C DE 430 (linear) FES2014b AOD1B RL06 nasa.gov/drive/files/ [45]
GeodeticsGravity/grace/L2

Constant https://podaac-tools.jpl.
GFZ RL05 EIGEN-6C DE 421 onsta EOT11a AOD1B RL05 nasa.gov/drive/files/ [46]
mean pole ~ o Cravity .
GeodeticsGravity/grace/L.2

IERS 2010 https://podaac-tools.jpl.
GFZ RL06 EIGEN-6C4 DE 430 X FES2014 AOD1B RL06 nasa.gov/drive/files/ [47]
(linear) . .
GeodeticsGravity/grace/L2

ECMWF
CNES/GRGS ~ EIGEN-GRGS.RL03- IERS 2010 ERA-Interim http: )
RLO3 v2.MEAN-FIELD DE 405 (cubic) FES2012 (atmosphere) + //grgs.obs-mip.fr/grace (8]
TUGO (ocean)
ECMWF
CNES/GRGS  EIGEN-GRGS.RL03- IERS 2010 ERA-Interim http: )
RLO4 v2.MEAN-FIELD DE 405 (linear) FES2014 (atmosphere) + //grgs.obs-mip.fr/grace (91
TUGO (ocean)
ITSG-Grace2016  GOCOO4s DE 421 IERS 2010 gy, AODIBRL05 ~ |ttP¥/icgem gfz-potsdam. 501
(cubic) de/series
¥ g IERS 2010  FES2014b AODI1B RL06 + http://icgem.gfz-potsdam. -
ITSG-Grace2018 ITSG-GraceGoce2017 DE 421 (linear) + GRACE LSDM dejseries [51]

* Solid Earth tides for all solutions were based on the Rotation and Reference System Service (IERS) 2010 conventions
(Petit and Luzum, 2010) [69].
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