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Abstract

Time-variable gravity measurements from the Gravity Recovery and Climate Experi-
ment (GRACE) and GRACE Follow-On (GRACE-FO) missions have opened up a new
avenue of opportunities for studying large-scale mass redistribution and transport in the
Earth system. Over the past 19 years, GRACE/GRACE-FO time-variable gravity measure-
ments have been widely used to study mass variations in different components of the Earth
system, including the hydrosphere, ocean, cryosphere, and solid Earth, and significantly
improved our understanding of long-term variability of the climate system. We carry out a
comprehensive review of GRACE/GRACE-FO satellite gravimetry, time-variable gravity
fields, data processing methods, and major applications in several different fields, including
terrestrial water storage change, global ocean mass variation, ice sheets and glaciers mass
balance, and deformation of the solid Earth. We discuss in detail several major challenges
we need to face when using GRACE/GRACE-FO time-variable gravity measurements to
study mass changes, and how we should address them. We also discuss the potential of
satellite gravimetry in detecting gravitational changes that are believed to originate from
the deep Earth. The extended record of GRACE/GRACE-FO gravity series, with expected
continuous improvements in the coming years, will lead to a broader range of applications
and improve our understanding of both climate change and the Earth system.
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Article Highlights

e A comprehensive review of major applications of GRACE/GRACE-FO satellite
gravimetry

e Discussions in detail of some major challenges in GRACE/GRACE-FO mass change
estimation

e Discussions of the potential detection of deep Earth signals by GRACE/GRACE-FO
gravimetry

1 Introduction

Since the Gravity Recovery and Climate Experiment (GRACE) was launched in March
2002, satellite gravimetry has brought a new era of studying global mass variation and redis-
tribution through measuring the time-variable gravity field with unprecedented accuracy
(Tapley et al. 2019). GRACE is a twin satellites mission utilizing a state-of-the-art technique
to map variations of the global gravity field by accurately tracking variations of inter-satellite
range between the two satellites via a K-band ranging (KBR) system. GRACE time-variable
gravity measurements have been widely used in studies of mass variation in different com-
ponents of the climate system, including regional to global scale terrestrial water storage
(TWS) change, flood and drought detection, groundwater depletion, water storage change in
snow and surface reservoirs, polar ice sheets and mountain glacier ice-mass change, global
sea level change, and others (Tapley et al. 2019). GRACE satellite gravimetry provides a
unique tool for studying solid Earth deformation due to large earthquakes (Han et al. 2006;
Li et al. 2016) and Glacial Isostatic Adjustment (GIA) (Tamisiea et al. 2007; Riva et al.
2009). GRACE-derived TWS change can also be used to investigate terrestrial water effects
on the carbon cycle variability at global to regional scales (Humphrey et al. 2018).

After well exceeding the planned five-year life span, GRACE was decommissioned in
November 2017, and the GRACE Follow-On (GRACE-FO) mission was launched in May
2018 to continue the endeavor. GRACE-FO is basically a duplicate of GRACE with a simi-
lar satellite orbit configuration and improved system design. In addition, the GRACE-FO
satellites also carry a Laser Ranging Interferometer (LRI) for experimenting purposes (LRI
is designed for future generations of satellite gravimetry missions). The combined GRACE
and GRACE-FO observations provide an extended record of precise measurements of
the Earth’s time-variable gravity field, which will continuously improve our understand-
ing of mass variations in the climate system, especially at long-term time scales. So far,
over three years of GRACE-FO time-variable gravity solutions with comparable accu-
racy as from GRACE have been released (Landerer et al. 2020). There is an about 1-year
gap (July 2017-May 2018) between the GRACE and GRACE-FO missions, which is not
ideal, but would not affect most of related applications focusing on seasonal and long-term
time scales. Initial analyses using GRACE-FO data show encouraging results with accu-
racy mostly consistent with pre-launch expectations (Landerer et al. 2020; Velicogna et al.
2020; Boergens et al. 2020).

Despite the tremendous success of GRACE and GRACE-FO (noted as GRACE/
GRACE-FO hereafter unless for separate discussions), accurate quantification of mass
variations using GRACE/GRACE-FO gravity measurements has been challenging due
to its coarse spatial resolution and limited accuracy. In addition to the KBR system, each
GRACE/GRACE-FO satellite is equipped with a SuperSTAR Accelerometer (ACC),

@ Springer



Surveys in Geophysics

GPS receiver/antenna, Star Cameras, and Laser Retro Reflectors to complement the sci-
ence instruments. The GRACE/GRACE-FO Science Data System (SDS) consisting of the
Center for Space Research at the University of Texas at Austin (CSR), NASA’s Jet Propul-
sion Laboratory (JPL), and the German Research Centre for Geosciences (GFZ) uses the
ranging and ancillary data to estimate a new gravity field every month, in the form of cor-
rections to a background gravity model used in the data processing procedure (Bettadpur
2018; Yuan 2018; Dahle et al. 2019). Apart from the SDS, several other processing centers
also generate monthly gravity field solutions, many of which contribute to a recently estab-
lished Combination Service for Time-variable Gravity Fields (COST-G; Jaggi et al. 2020).
The spatial resolution and accuracy of GRACE/GRACE-FO time-variable gravity solu-
tions depend on many factors, including (but not limited to) the accuracy of KBR and ACC
measurements, uncertainty of geophysical background models (ocean tides, solid Earth
tides, atmospheric tides, atmosphere and ocean models), orbits of the satellites (altitude,
inclination and inter-satellite distance), data editing and calibration (satellite measurements
to gravity field) procedures. The orbit configurations of GRACE/GRACE-FO satellites,
with initial altitudes of ~500 km and inter-satellite distance of ~220 km, place some funda-
mental limitations on the spatial resolution of GRACE-derived gravity (or mass) changes
on Earth’s surface, so that resolution is not expected to be better than a few hundred km.

In addition, GRACE/GRACE-FO high-degree and -order spherical harmonic (SH)
coefficients are dominated by noise, and spatial filtering and/or smoothing are needed in
order to suppress the noise and extract meaningful mass change signals. The applied spa-
tial filtering (i.e., down-weighting of high-degree and -order coefficients) further degrades
GRACE/GRACE-FO spatial resolution and creates an additional spatial leakage error and
bias in GRACE/GRACE-FO estimates. The leakage error reflects the attenuation of the
amplitude of the signal and the spread of the signal into neighboring areas as the conse-
quence of spatial smoothing. Even though improved geophysical background models and
data processing methods can somewhat reduce these limitations, errors remain, especially
at basin and regional scales. GRACE/GRACE-FO very low degree SH coefficients, espe-
cially the degree-2 zonal coefficient AC, , (and also AC;  during late stage of GRACE and
the GRACE-FO period) are also poorly estimated. The late stage GRACE and GRACE-FO
are both operated with only one ACC functioning properly, which introduces significantly
large noise in the AC,, and AC; coefficients (Landerer et al. 2020). Correctly defining
the reference frame also affects GRACE/GRACE-FO estimated mass change at the global
scale, because the Earth gravity field and mass change are defined in different reference
frames. As GRACE/GRACE-FO can only measure the total mass change of a given area,
to quantify mass change associated with the climate system, solid Earth contributions (e.g.,
the GIA effect) need to be removed from GRACE/GRACE-FO gravity solutions using
model predictions. This brings in another source of uncertainty.

The main objectives of this study are to (1) provide a basic introduction of gravity field
theory and mass inversion from GRACE/GRACE-FO time-variable gravity solutions, (2)
discuss major challenges in GRACE/GRACE-FO mass change estimation and how we
could address them, and (3) demonstrate GRACE/GRACE-FO potential applications in
various components of the climate system and solid Earth deformation. We will also dis-
cuss the possibility of satellite gravimetry to detect deep Earth gravitational change sig-
nal. In theory, satellite gravimetry is unable to separate contributions to observed gravity
change from surface and deep Earth sources, due to the non-uniqueness of mass inversion
(Chao 2005). However, when combined with information from other independent sources
or knowledge, it is possible to detect certain signals likely originated from the deep Earth
using GRACE/GRACE-FO satellite gravimetry measurements.
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2 Time-Variable Gravity Field and Mass Change
2.1 Gravitational Field

Governed by Newton’s universal law of gravitation, the gravitational potential (geopoten-
tial) V at a given point in space (r) produced by a body of internal mass distribution is

given by (Chao 2005),
V(r):G// p(r) dA (1)
Ay |I‘ - I‘0|

in which G is the universal gravitational constant, and r is the position vector repre-
sented by radius r, co-latitude 6, and longitude A point in spherical coordinates. p(ro) and
dA are mass density and volume element at position r, and the integration is over the entire
internal mass body (A).

For the Earth gravity field, the above equation can be conveniently expressed as spheri-
cal harmonic expansion as (Kaula 1966),

o ! I+1
U(r,0,2) = % >y (g) P, (c0s8)(C,y, cos mA + S, sinmA) ®)
=0 m=0

in which, M is the mass, a the mean equatorial radius of the Earth, and P, the
4n-normalized Legendre function. C,, and S,,, are SH coefficients of degree / and order m.
C,, and S, are related to the internal density distribution as,

Ci \ _ 1 / cosma
<Slin > = i Dvd ///v() p(r)r' P, (cos 6)( sin mA >dV 3)

The above equations describe the Earth’s static gravity field from the mass distribution
in the Earth system. Given a 3D internal mass redistribution p(r), the gravity (or geopoten-
tial) SH coefficients at any point in the space can be uniquely determined by 3D integra-
tion over the internal mass body. However, the inversion of mass density change p(r) from
observed time-variable gravity change C;,, and S,,, is non-unique. The non-uniqueness of
mass inversion from gravity field was discussed in detail in Chao (2005). Temporal vari-
ations of mass distribution in the Earth system will also affect the gravity field, causing
time-variable gravity changes that can be observed by GRACE/GRACE-FO. In theory, to
describe the full spectrum of the gravity field, one would need SH coefficients C,,, and S,
up to degree and order of infinity. Limited by the number of observations or spatial reso-
lutions of observational techniques, observed gravity fields, either static or time-variable,
are always expressed by SH coefficients up to a certain degree and order, which typically
define the spatial resolution of the gravity fields when no noise or error exists. More dis-
cussions of gravity field resolution can be found in Devaraju and Sneeuw (2015) in a con-
text of satellite gravimetry.

2.2 GRACE/GRACE-FO Time-Variable Gravity Field and Mass Variation
GRACE/GRACE-FO time-variable gravity solutions are provided by the three GRACE/

GRACE-FO SDS data processing centers CSR, JPL, and GFZ, and other institutions, e.g.,
TU Graz in Austria, Tongji University in China, the International Combination Service
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for Time-variable Gravity Fields (COST-G), etc. The current SDS Release 6 (RL06) solu-
tions are expressed in the form of SH coefficients up to a maximum degree and order of
60 (degree and order 96 products are also available). These monthly solutions are rou-
tinely distributed by NASA’s Physical Oceanography Distributed Active Archive Center
(PODAAC, http://podaac.jpl.nasa.gov/grace/) and GFZ’s Information System and Data
Center (ISDC, http://isdc.gfz-potsdam.de/grace-isdc/) with a typical latency of less than
60 days. The truncation of GRACE/GRACE-FO gravity solutions at degree and order 60
(or 96) is mainly determined by GRACE/GRACE-FO satellite orbit configuration (satellite
altitude and inter-satellite distance).

Atmospheric and dynamical oceanic mass variations are largely removed during
GRACE/GRACE-FO gravity field processing by using a non-tidal atmosphere and ocean
de-aliasing model (Dobslaw et al. 2017a). The high-frequency atmospheric and oceanic
signals, if not removed, will introduce artifacts (at lower frequencies) in the GRACE/
GRACE-FO monthly fields. For each monthly GRACE/GRACE-FO gravity solution (the
so-called GSM product), the processing centers provide some supplementary datasets that
contain the monthly means of the removed atmosphere and ocean de-aliasing model. For
example, the supplementary GAC product represents the combined non-tidal atmospheric
and oceanic mass changes removed from GRACE/GRACE-FO GSM solutions. Please
see Dobslaw et al. (2017b) for detailed definitions of the supplementary fields (e.g., GAC,
GAD, and GAA). These removed signals need to be restored to GRACE/GRACE-FO
GSM products for certain applications (e.g., total gravity change over land or bottom pres-
sure change over the ocean).

Gravity change as observed by GRACE/GRACE-FO represents integrated contribu-
tions from 3-dimensional (3D) mass redistribution in the Earth system, from the top of the
atmosphere to the deep solid Earth, which can be described by a variable form of Eq. (3)

as,
AC0 ) _ 1 I cosmA
(AS,;(I) > T @+ HMd ///V 0 Ap(r, t)r P,m(cos9)< sinmA )dV (4)

Similar to the static gravity field, time-variable gravity changes AC,,,(t) and AS,,(f) can
be uniquely determined by 3D integration of mass density change Ap(r, ) over the internal
mass body (i.e., from the center of the Earth up to the satellite altitude for satellite gravim-
etry), but the inversion of mass density change Ap(r, r) from observed time-variable gravity
change AC,, () and AS,,,(?) is non-unique (Chao 2005).

If we can assume that, at decadal or shorter time scales, mass variations in the Earth
system mainly occur as air and water mass redistributions in the atmosphere, ocean, hydro-
sphere, and cryosphere (i.e., the geophysical fluids envelope), surface mass density change
Ao (0, 4) can be readily estimated from GRACE/GRACE-FO observed time-variable grav-
ity solutions as (Chao et al. 1987; Wahr et al. 1998),

I}

M oy 2+1 .
Ac(0, 1) = " ; ,,,z;(’) s le(cose)(AC,m cosmA + AS,,, sin mxl) 3)

where k; are the load Love numbers accounting for load deformation of the solid Earth
due to changes of surface loads. The above equation simplifies the mass inversion on to a
2-dimensional (2D) spherical shell on the Earth surface.

The degree-0 SH coefficients (AC, ) reflect variations of the total mass of the Earth sys-
tem, and the degree-1 coefficients (AC, |,AS; ;, and AC ) represent the three components
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of geocenter motion (AX,,, AY,., and AZ, ). Considering that the total mass of the Earth
system is a constant and the gravity field is commonly defined in the center of mass (CM)
reference frame, GRACE/GRACE-FO gravity SH coefficients are provided for degree 2

and above.

2.3 Major Challenges in GRACE/GRACE-FO Mass Estimation

The high-degree and -order SH coefficients observed by GRACE/GRACE-FO are domi-
nated by noise, characterized by strong longitudinal stripes and other errors. Swenson and
Wahr (2006) indicated that the longitudinal stripes in GRACE gravity solutions appeared
to be related to the correlation between the even and odd degree pairs of GRACE SH coef-
ficients of the same order, and can be mostly removed using a decorrelation filtering. Other
noise in the high-degree and -order coefficients can be further suppressed by Gaussian
smoothing, i.e., down-weighting contributions from high-degree coefficients by applying
the Gaussian spectral weight as a function of degree [ (W)) to AC,,, and AS,,, in Eq. (5) as,

o I

M 20+ 1 .

Ao@,)=— D ﬁW,P,m(cosﬂ)(AClm cosmA + AS,, sinmA) ©6)
dra* = A1+ k

Equations for calculating the Gaussian weights as a function of degree / for a given
spatial radius (e.g., 300 km) are provided in Wahr et al. (1998). The 2-step spatial filter-
ing, decorrelation plus Gaussian smoothing at certain spatial radius has been widely used
in GRACE/GRACE-FO related applications. Some other filtering methods have also
been developed over the years to help reduce the stripes and other noise, e.g., the empiri-
cal orthogonal function filter (Wouters and Schrama 2007), non-symmetric filter based on
GRACE variance—covariance matrix (Klees et al. 2008), and DDK filter mimicking a regu-
larization of the GRACE normal equations (Kusche et al. 2009). In the following, we sum-
marize some major challenges in GRACE/GRACE-FO mass change estimation.

2.3.1 Leakage Bias

One of the biggest challenges in GRACE/GRACE-FO applications is the coarse spatial
resolution of GRACE/GRACE-FO derived mass change fields (at best about three hun-
dred km). GRACE/GRACE-FO spatial resolution is mainly controlled by two factors: (1)
the availability of limited degree and order (60 or 96 in this case) of SH coefficients, and
(2) the attenuation effect due to spatial filtering and smoothing applied to the GRACE/
GRACE-FO fields. Limitation to degrees below 60 or 96 and filtering are necessary due to
the low sensitivity of the GRACE/GRACE-FO measurements to high-degree components
(Eq. 4). The truncation of SH coefficients (e.g., at degrees and orders of 60 or 96) and spa-
tial filtering lead to attenuation of the magnitude of the true signal, which is called leakage
bias (Swenson and Wahr 2002; Chen et al. 2005).

To illustrate this challenge, Fig. 1 shows the comparisons of four mass fields (with dif-
ferent smoothing schemes) using experiments based on synthetic data model over West
Antarctica (see Chen et al. 2015 for details). In this particular case, the degree-60 trun-
cation of gravity SH coefficients alone would reduce the magnitudes of the ice loss sig-
nals (e.g., in the centers of the two modeled areas) by about half. With 300 km Gaussian
smoothing (on top of degree-60 truncation), the signals were further attenuated by as much
as~80% for over Antarctic Peninsula (e.g., —30 vs. — 6 cm/year). Therefore, without other
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Fig. 1 Illustration of leakage and attenuation effects in GRACE/GRACE-FO derived mass change using
synthetic mass rates (in cm/year of equivalent water height) over the Antarctic Peninsula and West Ant-
arctica. a the synthetic mass rate model with uniform distribution of ice loss of 30 Gigatonne per year (Gt/
year) over the Northern Peninsula, and 120 Gt/year over Amundsen Sea Embayment (ASE) coastal regions,
corresponding to~— 30 cm/year mass rates in the two modeled (blue) regions; b mass rates as they would
appear when the gravity SH coefficients are truncated at degree and order 60 (with no filtering or smoothing
applied); ¢ similar to (b), but with 300 km Gaussian smoothing applied; d similar to (b), but with 500 km
Gaussian smoothing applied. Different color scales are purposely chosen for the 4 panels to better illustrate
the effect (see Chen et al. 2015 for details of the simulations)

means to correct the leakage bias, GRACE/GRACE-FO time-variable gravity solutions
will not provide any meaningful mass change estimates at small basin or regional scales.
The actual leakage effect of GRACE/GRACE-FO mass fields depends on the spatial scales
and distribution of the mass change signals and on the particular filter used.

Reducing leakage bias plays a critical role in quantifying mass variations at basin and
regional (and even continental) scales using GRACE/GRACE-FO time-variable gravity
solutions. Quantification of GRACE/GRACE-FO leakage bias needs additional informa-
tion from other independent sources. One commonly used method to correct GRACE/
GRACE-FO leakage bias is to use model-derived scale factors (Landerer and Swenson
2012). Land Surface Models (LSMs) can simulate TWS changes at much higher spatial
resolution. Despite the expected large uncertainty of LSM TWS estimates, if we assume
that GRACE/GRACE-FO and LSM estimates share similar temporal and spatial spectra of
TWS changes over land, we can use LSM TWS grids as the synthetic model to carry out
similar simulations as illustrated in Fig. 1. Scale factors are derived as the ratios between
amplitudes of the original “true” signal and the truncated and filtered signal (e.g., Figs. la
vs. 1c) at either grid or basin scales. The model-derived scale factors can be applied to
GRACE/GRACE-FO estimated mass changes (with similar truncation and spatial filtering
applied) to help correct the leakage bias. Similar scale factors can be also derived for polar
ice sheets and mountain glaciers mass change, as long as we can construct a reasonable
high-resolution mass model from other measurements or model predictions. To overcome
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the model dependency of the scale factor method, Vishwakarma et al. (2017) explored a
data-driven method to reduce leakage error at catchment basin scales, and validated the
method using GRACE-type closed-loop simulations. The results show that this improved
data-driven method outperforms other methods in 22 out of 32 selected catchment basins
of different sizes and located in different climate zones. A recent study (Dobslaw et al.
2020) applied a similar method to approximate leakage effect using the differences of two
differently filtered gravity fields to derive a globally constant and time-invariant scale fac-
tor that can help correct the leakage bias.

The leakage bias can also be quantified by integrating GRACE/GRACE-FO observa-
tions with independently determined source location information through forward mod-
eling (FM). FM was first developed for estimating regional ice loss rates of the Greenland
Ice Sheet (GrIS) and Antarctic Ice Sheet (ALS) (Chen et al. 2006a, b). In these cases, the
sources and locations of the mass losses are reasonably known. GRACE could easily cap-
ture the signals, but with significantly attenuated amplitudes (just like in the experiments
shown in Fig. 1). The FM method was designed to reconstruct the “true” magnitude of the
mass change through iterative numerical simulations. The simulations start from an a priori
mass model that can be arbitrarily defined or simply set to zero. After the same trunca-
tion and spatial filtering (applied to GRACE data) are applied to the a priori mass model,
the resulted field is compared with GRACE observation (after truncation and spatial filter-
ing), and the difference between the two fields is added back to the a priori model, and
then repeat the simulation until the difference reaches a predefined threshold. The process
has been proved to converge. Details of the FM method and simulation procedures can
be found in Chen et al. (2015). The FM method is also widely used in studies of ice-mass
change of mountain glaciers (Chen et al. 2007a, b; Wouters et al. 2008), global mean ocean
mass change (Chen et al. 2013; Yi et al. 2015; Jeon et al. 2018), and large lake water stor-
age change (Ni et al. 2017; Chen et al. 2017).

2.3.2 Low-Degree SH Coefficients and Geocenter

The lowest degree SH coefficients of GRACE/GRACE-FO gravity solutions, in particu-
lar the degree-2 zonal term AC, show substantially larger uncertainty (likely due to a
heating issue of ACC). For the late stage of GRACE and the GRACE-FO period, AC;
solutions are also subject to relatively larger uncertainty. To improve GRACE/GRACE-FO
mass variations of the longest wavelength, independent AC, ; and AC;  solutions observed
by Satellite Laser Ranging (SLR) are provided by the GRACE/GRACE-FO SDS (GRACE
Technical Note 14), as recommended replacements of GRACE/GRACE-FO solutions
(Loomis et al. 2019). SLR has been a proven space-geodetic technique for monitoring low
degree gravitational changes (Yoder et al. 1983; Cox and Chao 1998; Cheng and Tapley
1999), and SLR AC, and AC;, solutions are generally believed to be more reliable than
those from GRACE/GRACE-FO. However, due to limited number of SLR satellites sam-
pling only a few orbit inclinations, SLR C,, and C; solutions are expected to be affected
by difficulties in separating contributions from different zonal terms. This is mitigated
by Loomis et al. (2019) in part by forward-modeling the higher-degree zonals based on
GRACE results which significantly has improved the estimates of both C, ; and C;

The degree-1 SH coefficients (AC, ,AS; |, and AC, ;) are linearly related to the three
components of geocenter motion, defined as variations of CM with respect to the center of
figure (CF) via the following equations (Heiskanen and Moritz 1967; Crétaux et al. 2002;
Swenson et al. 2008),

@ Springer



Surveys in Geophysics

1
ACH = EAXgC

i
ASU = EAYgC 7)
ACy, = ﬁAZgC

These degree-1 coefficients are set to zero in GRACE/GRACE-FO gravity solutions, as
the gravity field is defined in the CM reference frame. When we estimate mass variations
or redistributions in the Earth system using GRACE/GRACE-FO gravity measurements,
the mass changes are actually defined in the CF reference frame (e.g., water mass moves
from land to ocean, or redistributes among different regions on land). These mass redis-
tributions do not change the CM in the inertial space, but will affect the position of the
CF with respect to the CM, or vice versa. Therefore, independently determined geocenter
motion or degree-1 SH coefficients (AC, ;, AS; ;, and AC| , are needed to complement the
GRACE/GRACE-FO time-variable gravity solutions (now in the CF frame). Geocenter
motion is expected to mainly affect GRACE/GRACE-FO global and large basin or regional
mass change estimates, as the degree-1 SH coefficients represent the longest wavelength
mass change in the Earth system. The impact on small basin or regional mass changes
should be minimal or negligible.

There are several methods to estimate geocenter motion. One is to use space-geodetic
techniques, e.g., observations from SLR, DORIS (Doppler Orbitography and Radio Posi-
tioning Integrated by Satellites), and GNSS (Global Navigation Satellite System). SLR is
regarded as the most suitable single technique for geocenter variation determination. Accu-
rate quantification of geocenter motion using these geodetic techniques is difficult due to
various limitations of these techniques (Wu et al. 2012). Combining GNSS observed land
surface deformation with model predicted ocean bottom pressure (OBP) offers another
means to solve geocenter motion (Wu et al. 2017). Although GRACE/GRACE-FO grav-
ity solutions do not provide geocenter terms, geocenter motion can be estimated by using
GRACE mass change observations over land, combined with model predicted OBP over
the ocean (Swenson et al. 2008). This method was later improved by combining GRACE
data over land and barystatic sea level change constrained by sea level equation (Sun et al.
2016; Jeon et al. 2018). The updated method leads to significantly improved geocenter
motion determinations at long-term time scales. For the GRACE/GRACE-FO SDS RL06
gravity solutions, geocenter motion series are estimated by the SDS using the improved
method (Sun et al. 2016), and provided as supplementary datasets (GRACE Technical Note
13, Landerer 2019).

2.3.3 Independent Validations of GRACE/GRACE-FO Observations

Another major challenge is how to validate GRACE/GRACE-FO observed time-variable
gravity solutions and mass changes at different spatial scales. The difficulty is mainly due
to the lack of independent measurements of mass (or gravity) changes that are compa-
rable to GRACE spatial resolution. Low-degree gravitational changes (up to degree and
order 5) can be derived from SLR tracking data of multi-satellites, including LAGEOS-1,
LAGEOS-2 and Starlette, Stella and Ajisai (Cheng et al. 2011). These independently
determined low-degree SH coefficients offer important validations of GRACE/GRACE-
FO gravity solutions at the longest wavelengths. The two degree-2 order-1 SH coefficients
(AG,; and AS, ) are linearly related to polar motion (PM), the equatorial components of
Earth rotational axis (Eubanks 1993; Gross 2007). Polar motion (PM) is regarded as one of
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the most accurately measured geodetic quantities, thanks to advancements of modern space
geodetic techniques. Therefore, PM-derived AC, | and AS, , are believed to be more accu-
rate than GRACE/GRACE-FO and SLR observations, especially at long time scales, and
can be used to validate GRACE/GRACE-FO solutions [see example applications in Chen
et al. (2016) and Gottl et al. (2018)].

Satellite altimetry has been a well-established technique for accurately measuring global
sea level change since 1992 (Ablain et al. 2015; Nerem et al. 2018). Altimeter-observed
global mean sea level (GMSL) change is driven by two major contributions, barystatic
sea level change due to water mass redistribution between the oceans and land (including
polar ice sheets), and ocean volume or density change (steric change) due to temperature
and salinity variations. The difference between satellite altimeter GMSL and Argo derived
steric change provides an independent estimate of barystatic sea level change, and a unique
validation of GRACE/GRACE-FO observed mass change on global scale (barystatic sea
level represents the largest scale mass change signal in the climate system). Accurate
quantification of barystatic sea level from altimeter and Argo data is also challenging, and
the uncertainty is mainly from Argo ocean temperature and salinity data due to limited
spatial coverage in coastal and high latitude regions and the lack of observations in deep
ocean (below 2000 m). Chen et al. (2013) compared GRACE and Argo estimated GMSL
changes with altimeter observations over the period 2005-2011, and found remarkable
agreements at both seasonal and long-term time scales (e.g., the GRACE + Argo and altim-
eter GMSL rates are 2.40+0.54 vs. 2.39+0.48 mm/year). The good agreements between
GRACE + Argo and altimeter estimates were confirmed by several other studies (Yi et al.
2015; Chambers et al. 2017; Dieng et al. 2017; WCRP 2018). The closure of the GMSL
budget is strongly dependent on the choice of GIA corrections (Uebbing et al. 2019).

At regional scales, validation of GRACE/GRACE-FO observed mass (or gravity)
changes is even more difficult. In some regions of the world (e.g., the Central Valley and
High Plain Aquifer in the US and Murray-Darling Basin in Australia), in situ groundwater
level observations from dense well networks are available. These in situ groundwater level
observations can be useful for validating GRACE/GRACE-FO observed TWS change,
if we can separately estimate water storage changes in surface components of the terres-
trial water cycle (i.e., lake, snow, and soil moisture) from other sources (i.e., models) and
remove them from GRACE/GRACE-FO observations. Over the past decade, GRACE/
GRACE-FO time-variable gravity measurements have captured some significant ground-
water depletions in different regions of the world, including Northwest India (NWI), Cen-
tral Valley (CV) in the US, and North China Plain (NCP). Cross comparisons between
GRACE/GRACE-FO gravity and in situ well observations can help validate each other at
regional scales. Scanlon et al. (2012) combined GRACE observed TWS change with LSM
soil moisture and snow water estimates to study groundwater storage change in the Califor-
nia CV, and found significant groundwater depletion (totaling 31.0+3.0 km?) during the
period October 2006-March 2010. GRACE estimated CV groundwater depletion agreed
with those from in situ well data. Feng et al. (2013) carried out a similar comparison of
groundwater depletion in NCP, and also showed good agreement between GRACE-based
estimates and well data.

In addition, the Caspian Sea level change offers a unique opportunity for validating
GRACE/GRACE-FO gravity solutions at a broad band of frequencies at regional scales
(Swenson and Wahr 2007; Chen et al. 2017). The large magnitude and the spatial scale
of the Caspian Sea level change within a well-defined geographical location in an arid
continental region make its change an ideal signal for validating GRACE observations at
regional scales. The Caspian Sea level change is thought to be dominated by water mass
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change, with a minor steric contribution. As the largest enclosed inland body of water on
Earth with a surface area of ~371,000 km?, the Caspian Sea has undergone substantial fluc-
tuations during the past several hundred years. Driven by imbalanced water fluxes in the
Caspian Sea drainage basin, over the GRACE/GRACE-FO period, the Caspian Sea level
is dropping at a substantial rate up to —9 cm/year (for periods after 2005), and the ampli-
tudes of seasonal oscillations of Caspian Sea level change can reach to~20 cm (Chen et al.
2017). To validate GRACE/GRACE-FO estimates at regional scales, a particular challenge
is to address GRACE/GRACE-FO leakage bias. The leakage correction methods discussed
above (see Sect. 2.3.1) have proven to be helpful. As demonstrated in Chen et al. (2017),
after the leakage corrections, GRACE estimated Caspian Sea level change agrees well with
independent altimeter observations (e.g., the linear Caspian Sea level trends from GRACE
and altimeter are 6.00+0.39 and 6.07 +0.26 cm/year, respectively, for the period April
2002-April 2015).

As another independent method to evaluate the quality of time-variable gravity field
solutions, orbit tests using ESA’s GOCE mission are used (Dahle et al. 2019; Jiggi et al.
2020). Due to the very low altitude (~255 km) of this satellite, its sensitivity to the Earth’s
gravity field is rather high. The monthly gravity fields to be validated are used as part of
the background modeling in a purely dynamic determination of GOCE orbits which are
fitted to kinematic orbit positions used as pseudo-observations. Looking at the resulting
orbital fit RMS values for different monthly gravity field solutions provides a valuable met-
ric to compare the different solutions in a relative sense or, when comparing with the fit
RMS of a high-resolution static gravity field model, even to assess the absolute accuracy of
a time-variable gravity field.

2.3.4 Uncertainty Assessment

Quantification of the uncertainty of GRACE/GRACE-FO-estimated mass change is dif-
ficult due to the lack of adequate independent observations at scales comparable to the
GRACE/GRACE-FO observations. The formal errors provided along with GRACE/
GRACE-FO GSM SH coefficients appear too optimistic for quantifying the real uncer-
tainty of GRACE/GRACE-FO mass change estimates, as errors of the background geo-
physical models and processing methods are mostly unknown. The characterization of
errors and error correlations of GRACE gravity solutions has improved significantly over
the years (Kvas et al. 2019). A limited number of available other independent datasets are
useful for validating GRACE/GRACE-FO observations (see Sect. 2.3.3), but not accurate
enough to provide an accurate quantitative assessment of GRACE/GRACE-FO uncertainty
level. Differences between similar GRACE/GRACE-FO gravity solutions from different
processing centers are evident, and offer a means for evaluating internal consistency among
the different solutions. But that is certainly not an ideal or accurate measure of GRACE/
GRACE-FO’s real uncertainty, because those solutions are clearly not independent to each
other, due to the use of the same background geophysical models and similar data process-
ing methods.

Considering atmospheric and dynamic oceanic mass variations have been largely
removed from GRACE/GRACE-FO gravity solutions, the residual signal over the ocean
represents only barystatic sea level change (i.e., sea level change introduced by mass
exchange between land and ocean), errors of the atmospheric and oceanic models used in
GRACE data processing, plus other noise. Barystatic sea level change is mostly governed
by the equilibrium ocean surface. The average annual amplitude of barystatic sea level
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change is~10 mm, with a long-term trend of ~2 mm/yearover the GRACE/GRACE-FO
time span (Chen et al. 2020; Dieng et al. 2017). If we remove the seasonal and long-term
signals in GRACE/GRACE-FO mass fields, the residuals over the open oceans would be
a representative measure of noise in GRACE/GRACE-FO mass fields over land, assuming
that the noise levels over land and ocean are similar. This provides a means to indirectly
quantify the uncertainty of GRACE TWS (and ice mass) change estimates.

Figure 2 shows an example of estimating the global ocean mean RMS of GRACE/
GRACE-FO CSR RLO06 solutions over the period April 2002 till April 2020, covering the
GRACE period (April 2002 till June 2017) and the first two years of GRACE-FO (June
2018 till April 2020). The GRACE/GRACE-FO mass fields are computed from CSR RL06
GSM solutions with 300 km Gaussian smoothing and without considering the geocenter
terms and SLR AC, /AC;, replacements. For each monthly solution, the global ocean
mean RMS was computed over the open ocean using an ocean basin kernel that excludes
a 500 km buffer zone along the coasts. Similar ocean RMS for CSR RL05 GSM solutions
are also provided for comparison. Before computing the ocean RMS, seasonal and long-
term signals are first removed from the ocean mass residuals at each grid point.

The RLO6 solutions show significantly smaller RMS than those from RLO5 (over the
GRACE period), benefitting from improved geophysical background models and data pro-
cessing procedures. For most part of the GRACE period, the RLO6 RMS are ~2 cm, which
can be taken as an approximate mean RMS level for GRACE RLO6 mass change estimates.
GRACE-FO appears to show a generally comparable, but slightly higher RMS level com-
pared to GRACE. The relatively higher RMS of the late stage of GRACE and GRACE-FO
are likely related to the single accelerometer operating modes of both missions. The accel-
erometer on one GRACE satellite failed during the late stage of the mission and the same
issue happened on GRACE-FO upon launch, and result substantially large noise in the

14 Global Ocean RMS of GRACE/GFO CSR RL06 & RL05 GSM Solutions (300km)
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Fig.2 Monthly RMS of GRACE/GRACE-FO global ocean mass change residuals (in cm of equivalent
water height) estimated from the CSR RL06 GSM gravity solutions over the period April 2002 and April
2020 (without SLR AC, (/AC;  replacements). The RMS are computed over the open ocean using a 500 km
ocean basin kernel and with 300 km Gaussian smoothing. Similar RMS for CSR RL05 GSM solutions are
also provided for comparisons
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low-degree SH coefficients (in particular AC, 5 and ACj ). It is worth noting that the open
ocean RMS analysis only provides a pointwise assessment of GRACE/GRACE-FO noise
level. It involves many other factors when assessing the uncertainty of GRACE/GRACE-
FO observed mass change time series averaged over a given region (Groh et al. 2019).

A previous study (Chen et al. 2016) used the Three-Cornered Hat (TCH) method to
evaluate the uncertainties of six different estimates of degree-2 gravitational changes
(AC,,, AS, | and AC, ) from Earth rotation, SLR, model prediction, and three GRACE
RLOS5 solutions. The TCH method is a useful tool for quantifying the uncertainty of each
individual series when a number of different estimates of the same variable are available,
with the assumption that the different series contain the same signal but independent noise
(Tavella and Premoli 1993). This can be expressed as,

X, () =Y(®) +0,00)
X, () = Y() + 0,(0)
X3() = Y (1) + 05(0) ®)

k,;(t) =Y + 0,01

Under the independent noise assumption, the variance of the difference of any two of
the estimates can be expressed as,

var(o;) + var(o;) = var(X; — X;) )

Given the number of estimates (n), we can construct n - (n — 1)/2 variance equations,
and solve o; using least-squares fit. The TCH method can be readily used to quantify uncer-
tainty levels of GRACE/GRACE-FO estimated mass changes at different spatial scales as
well. However, errors in the different GRACE/GRACE-FO solutions are not completely
independent due to similar background models and processing methods, and TCH only
provides approximate estimates of the uncertainty. Nevertheless, the TCH method can be
useful for assessing at least internal or relative accuracy of different solutions of the same
variable. For example, the TCH analysis in Chen et al. (2016) indicated that among the
three GRACE RLOS solutions, the CSR AC, | and AS, ; showed the best agreements with
Earth rotation, SLR, and model estimates, and among the six solutions, the CSR RL05 and
Earth rotation estimates yielded the best agreements (with the lowest RMS residuals and
highest correlation coefficients).

2.3.5 Separation of Different Geophysical Signals

With the 2D assumption, we are able to estimate mass change on the Earth surface using
GRACE/GRACE-FO gravity solutions. However, the estimated mass change may involve
different contributing sources, e.g., different components of the surface geophysical fluid
envelope and mass transport within the solid Earth (e.g., from GIA and earthquakes).
Separating the different contributing sources requires independent knowledge from either
numerical model predictions or other observational techniques. For example, quantifica-
tion of groundwater storage change using GRACE/GRACE-FO data relies on the effective
removal of surface water storage change using model estimates and/or limited available
observations, which largely affect the accuracy of GRACE/GRACE-FO groundwater esti-
mates (Rodell et al. 2009). Different LSMs can lead to significantly large different estimates
of water storage changes, due to limitations and immaturity of the models. This is clearly
illustrated by the comparisons (in Fig. 3) of global surface water storage changes (i.e., in
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Fig.3 Surface water storage changes (in cm of equivalent water height) between April 2012 and October
2012 (October 2012—-April 2012) estimated by a the GLDAS Noah and b WGHM (version 2.2). Water stor-
age in surface reservoirs is not included in GLDAS Noah

soil moisture, snow, and surface reservoir) between October 2012 and April 2012 from two
commonly used LSMs, the Global Land Data Assimilation System (GLDAS) Noah (Rodell
et al. 2004) and the WaterGAP Global Hydrology Model (WGHM) (D¢l et al. 2003). At
seasonal scales, the differences between the two models can reach to~10-20 cm of equiva-
lent water height (e.g., in South Asia and Africa). Large discrepancies between the models
also exit at other time scales. Improved accuracy of model-predicted surface water storage
change plays a key role in studying groundwater change using GRACE/GRACE-FO data.
Uncertainty of model predicted GIA deformation is a major error source for GRACE/
GRACE-FO estimated mass rates of the Antarctica and Greenland ice sheets and mountain
glaciers. GIA is a slow uplift of the solid Earth as a delayed viscoelastic response to mass
load removal following the Last Glacial Maximum (Peltier 2004). GIA is often represented
by linear deformation of the Earth surface (at hundreds to thousands years time scales). To
estimate ice-mass change rate using GRACE/GRACE-FO gravity solutions, GIA effects
in the studied region need to be removed from GRACE/GRACE-FO measurements using
estimates from models. The uncertainty of model-predicted GIA effects is believed to be
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the largest error source of Antarctic ice-mass rates estimated by GRACE/GRACE-FO,
which can be as large as+72 Gt/year (Velicogna and Wahr 2013). Over Greenland, the
GIA uncertainty is significantly smaller, ranging from+7 to+21 Gt/yearbased on differ-
ent estimations (Barletta et al. 2013; Velicogna and Wahr 2013; IMBIE Team 2020). GIA
uncertainty also affects GRACE/GRACE-FO estimates of ice-mass balance of mountain
glaciers, although GRACE/GRACE-FO leakage error may play a more significant role
for mountain glaciers due to their relatively smaller spatial scales. In addition, accurate
quantification of global ocean mass change using GRACE/GRACE-FO measurements also
depends on successful removal of solid Earth geophysical signals. The GIA uncertainty in
terms of GRACE/GRACE-FO derived global ocean mass rates is estimated ~ +0.3 mm/
year (Chambers et al. 2010; WCRP Sea Level Budget Group 2018).

2.3.6 Other Issues

In addition to the major challenges discussed above, there are many other issues we need
to deal with as well when using GRACE/GRACE-FO satellite gravity measurements to
study mass variations in the Earth system. As we mentioned above, in GRACE/GRACE-
FO GSM gravity solutions, the AC, coefficients are set to zero due to global mass conser-
vation. This mass conservation only applies to the entire Earth system, i.e., the total gravity
field including the atmosphere (GSM + GAC), which means that at any given time, the sum
of the ACy, coefficients of the GSM and GAC fields equals to zero (ACGH™ + ACFHC = 0).
Since atmospheric and dynamic oceanic mass variations (i.e., GAC fields) have been
removed from GRACE/GRACE-FO GSM solutions during the data processing by using a
de-aliasing model, if the total mass of the GAC fields (ACSQC) is not conserved, then nei-
ther is the total mass of GSM, as

ACGM = —ACH© (10)

For each GSM solution, the corresponding GAC field equals to the sum of atmospheric
and dynamic oceanic mass change estimated models. The ocean model estimates used in
the RLO6 GAC fields are based on the Max-Planck-Institute for Meteorology Ocean Model
(MPIOM). MPIOM runs with the Boussinesq approximation to conserve the total water
volume. A separate so-called Greatbatch correction was implemented when generating
RLO06 AOD1B dealiasing products (Dobslaw et al. 2017b). That means the total mass of the
ocean part of the GAC field is conserved. However, the total mass of the atmosphere is not
constant, which means that AngC represents variations of global mean atmospheric mass
(GMAM). Therefore, to correctly implement global mass conservation, —ACSAC needs to
be added to GRACE/GRACE-FO GSM solution. Please note AC(/o© and Acgj%\’g should be
exactly the same by definition, as GAA fields represent atmospheric mass change.

The AC&SM effect is rather small, but has notable impact on GRACE/GRACE-FO
observed global mean ocean mass change, also known as barystatic sea level change
(Gregory et al. 2019). Although GRACE/GRACE-FO observed barystatic sea level
change generally agrees well with the difference between satellite altimeter sea sur-
face height and Argo steric results, there appear a slight and systematic annual phase
lag (of ~10° or 10 days) between GRACE/GRACE-FO and altimeter GMSL minus
Argo steric effect (see Fig. 4a). This phase lag was found to be attributed to the “miss-
ing” of the ACy, terms in the GSM solutions. When the AC, terms are considered
(using —Anggc provided in the GRACE/GRACE-FO supplementary GAC fields), the
annual phase lag between the two independent estimates is significantly reduced (see
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Fig.4 a Annual phasor diagram of barystatic sea level changes observed by satellite altimeter and Argo
(Altimeter-Argo) and GRACE CSR RL06 GSM solutions over the period January 2005-December 2015.
The five GRACE GSM estimates are based on different treatments of AC,(noted as J2 in the legend),
ocean basin kernel, and latitude ranges of integration (see Chen et al. 2019 for details); b Annual pha-
sor diagram of barystatic sea level from Altimeter-Argo and GRACE GSM (500 km, GRC J2,+64.5) with
ACFM effect considered

Fig. 4b), and the agreement between the two estimates at seasonal time scale is greatly
improved. The AC, effect on basin and regional TWS and ice-mass changes is clearly
negligible. A related analysis was discussed in details in Chen et al. (2019).

A spherical Earth model has been used in most mass inversions from GRACE/
GRACE-FO time-variable gravity fields, for the sake of mathematical convenience
(Wahr et al. 1998). The ellipsoidal shape of the actual Earth has a small but clearly
non-negligible effect on GRACE/GRACE-FO estimated surface mass changes, espe-
cially in polar regions and at small basin scales (Li et al. 2017; Ditmar 2018; Ghobadi-
Far et al. 2019). The ellipsoidal correction to GRACE observed Greenland ice-mass
rate is estimated to be ~4% of the signal, and the effect can be up to~7% for smaller
regions like Svalbard (Li et al. 2017). On a positive note, the ellipsoidal effect has been
considered in the current GRACE/GRACE-FO JPL RL06 and CSR RL06 (v2) mascon
solutions (Wiese et al. 2016).

Seismic deformation of large earthquakes may also have a notable effect on
GRACE/GRACE-FO estimated mass changes that are related to the climate system. A
recent study (Tang et al. 2020) suggests that sea floor deformations due to several large
off-shore earthquakes during the GRACE era could affect GRACE-estimated global
ocean mass change rate by ~0.07 mm/year. The correction is fairly small compared to
the GRACE uncertainty level; however, the consideration of this effect is expected to
slightly improve GRACE estimates (Tang et al. 2020).

In the following sections, we will discuss applications of GRACE/GRAC-FO in dif-
ferent components of the Earth system, including land hydrology, cryosphere, ocean,
solid Earth geophysics, and deep Earth process using some example analyses.
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Fig.5 GRACE/GRACE-FO based mass trends calculated from the CSR RL06 mascon solutions over April
2002—August 2020 in mm/year of equivalent water height. The CSR RL06 mascon solutions were corrected
for GIA using the ICE6G-D model (Peltier et al. 2018)

3 Terrestrial Water Storage Change from GRACE/GRACE-FO

The regional mass trends in GRACE/GRACE-FO records are shown in Fig. 5 for the April
2002—August 2020 time period (with GIA removed). Strong positive or negative trends,
sometimes exceeding 10 mm/year, are clearly visible over major river basins.

Over river basins, GRACE and GRACE-FO missions measure the vertically integrated
water storage change, without separating the contributions from the different components
(surface waters, upper few meters of soil and groundwater). This is one fundamental term
of the water balance equation relating the derivative of total water storage to precipitation
(P), evapotranspiration (E) and runoff (R) over land:

dTWS(t)/dt = P(t) — E(t) — R(t) (11)

where TWS means vertically integrated water storage, and ¢ is time.

No other space technique is able to provide such a quantity of invaluable interest for
studying the continental water cycle and quantifying water resources on global scale (e.g.,
Famiglietti et al. 2015). While global climate and hydrological models can estimate TWS
change, in situ networks are unable to provide this information at regional basin scale (e.g.,
Rodell and Famiglietti 1999, Shiklomanov et al. 2002).

Over 700 articles have been published so far (e.g., ISI Web of Science) since the launch
of the GRACE mission on the use of GRACE to estimate temporal changes in land water
storage at river basin scale. The recent review by Tapley et al. (2019) summarizes the main
contributions of GRACE to land hydrology.

In most river basins, TWS changes observed by GRACE/GRACE-FO are caused by
natural climate variability. These changes exhibit complex modes of variability at inter-
annual and decadal timescales, often masking secular trends due to climate change or
other geophysical signals. A recent study (Vishwakarma et al. 2021) argued that one
should not take GRACE/GRACE-FO trends at face value, but rather relative to the nat-
ural variability (trend-to-variability ratio). Emerging trends in TWS indeed show the
effect of recent droughts in Europe, Southeast Brazil and Southwestern US. We can also
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Fig.6 Hydro-meteorological impacts felt worldwide during El Nifio (top panel) and La Nifia (bottom
panel) events (courtesy of World Meteorological Organization)

see a progression from dry to wetter conditions in central North America, along the
Amazon and Parana rivers in South America, in Southwest Africa, across the Zambezi
basin and in Northeast Australia. Despite the large influence of natural climate vari-
ability, we can also see anthropogenic influences emerging in TWS changes, often due
to groundwater extraction, such as in NWI, NCP, CV in California, and Middle East. In
most cases, anthropogenic drivers are convoluted with the natural variability of TWS,
making it particularly difficult to assess the impact of climate change on freshwater
resources (Asoka and Mishra 2020).

At interannual time scales, TWS change is mostly driven by natural climate modes,
such as ENSO (EI Nifio Southern Oscillation), PDO (Pacific Decadal Oscillation), NAO
(North Atlantic Oscillation) and AMO (Atlantic Multidecadal Oscillation) (Fasullo
et al. 2016; Ni et al. 2018; Pfeffer et al. 2021). ENSO is the dominant mode of inter-
nal/natural variability of the climate system. Changes in weather systems during both
warm (El Nifio) and cold (La Nifia) events give rise to extreme events (Cai et al. 2015).
Among these, severe floods and droughts lasting several months, regularly cause highly
negative impacts on human societies and economy (Ropelowski and Halpert 1987).
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Figure 6 illustrates the regions affected by extreme hydro-meteorological impacts dur-
ing El Nifio and La Nifia events.

During El Nifio phases, there is a precipitation excess over the tropical Pacific and a
precipitation deficit across tropical continental areas (Dai and Wigley 2000; Gu and Adler
2011). The inverse is observed during La Nifia phases, although the continental areas
impacted are not necessarily the same. Here we provide a few examples of impacts on
land hydrology during recent ENSO events based on GRACE data. Figure 7 shows the
GRACE-based TWS during the 2011 La Nifia. The map clearly shows the water excess
over the eastern part of Australia during that period.

Boening et al. (2012) and Fasullo et al. (2013) reported strong precipitation over the
Australian continent during the 2010-2011 La Nifia. They highlighted wetter than normal
conditions in various regions of the world, in particular in northern Australia. During an El
Nifio, other tropical basins are affected by droughts. For example, the 2015-2016 El Nifio
led to one of the most intense droughts ever recorded over southern Africa (e.g., Siderius
et al. 2018). This event prevented groundwater from recharge, hence produced groundwater
decline over two consecutive years as reported from an analysis of GRACE data (Kolosu
et al. 2019). The extreme drought affecting the Amazon basin in 2005 was also reported
in satellite altimetry (Pfeffer et al. 2014) and GRACE observations (Chen et al. 2009;
Frappart et al. 2019) and attributed to rainfall deficit in prior years in connection with the
2002-2003 El Nifio event. Many other studies have been published on the influence of
ENSO events on flood risk and droughts around the world (e.g., Ward et al. 2014; Fok et al.
2018).

While it is the most widely studied example, the impact of climate modes on the water
storage variability is not limited to ENSO. The PDO and AMO are two major drivers of
the climate system, with large impacts on the terrestrial water storage reported in South
America (Ndehedehe and Ferreira, 2019), North America (Kuss and Gurdak 2014) and
West Africa (Ndehedehe et al. 2017). The Arctic Oscillation (AQO), sometimes associated
with NAO, was found to impact the water mass redistribution measured by GRACE in

-120

Fig.7 Mean terrestrial water storage anomaly (in mm equivalent water height) during the 2010-2011 La
Nifia (average over June 2010 and February 2011) calculated from detrended and deseasoned CSR RL06
mascon solutions. Blue (red) colors correspond to an excess (a deficit) in terrestrial water storage with
respect to the mean for the January 2003—December 2015 time period
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the Northern hemisphere (Matsuo and Heki, 2012). More and more often, it is found that
a combination of climate modes is necessary to better represent complex and ephemeral
climate conditions, impacting the wind regime, temperature and precipitations, hence
TWS (e.g., Xie et al. 2019; Kundzewicz et al. 2019). Due to the global warming of the
Earth’s climate, the influences of ENSO (Cai et al. 2015) and other modes such as AMO
(Barichivich et al. 2018) are expected to grow and intensify, leading to more frequent and
more severe extreme events (e.g., droughts, floods, cyclones, and wildfires). More frequent
and larger extremes are thus to be expected in the integrated TWS as well, making the
GRACE-FO and future gravity missions critical observation systems, needed to monitor
and predict the evolution of water resources under global climate change.

GRACE is also unique in providing information on aquifers depletion due to groundwa-
ter pumping for crop irrigation and domestic water use. Several studies have highlighted
the importance of GRACE to monitor groundwater resources, in particular some signifi-
cant groundwater depletions in several large aquifers around the world due to human activi-
ties (e.g., Rodell et al. 2009; Tiwari et al. 2009, Famiglietti et al. 2011, Tapley et al. 2019).

Changes in TWS are routinely estimated by global hydrological models that compute
water and energy balances at the Earth surface, in response to prescribed atmospheric data
(temperature, humidity and wind) and the incident water and energy fluxes from the atmos-
phere (precipitation and radiation). Meteorological forcing, usually based on atmospheric
model reanalyses, represents the largest source of uncertainties in model-based TWS esti-
mations (e.g., Beck et al. 2017; Schellekens et al. 2017). Another source of uncertainty is
the treatment of subsurface storage in soils and aquifers, as well as dynamic changes in
storage capacity. The study by Scanlon et al. (2018) compared water storage trends from
two global hydrological models to GRACE storage trends, and found that models estimated
the opposite trend in net land water storage to GRACE over the 2002-2014 period. They
attributed this discrepancy to model deficiencies, in particular soil depth limitations.

However, in order to remove the TWS signal over continental areas in GRACE observa-
tions, for detecting solid Earth geophysical signals, independent information on TWS will
be needed, and this will mostly be based on the use of global hydrological model outputs.
An increased accuracy in the GRACE-FO measurements, extended length of the satellite
gravity record and expected improvements in modeling should nevertheless help separating
hydrological from geophysical signals in order to unveil low amplitude signals originating
from the deep Earth interior.

4 Mass Change of Polar Ice Sheets and Glaciers from GRACE/GRACE-FO

Mass changes of the polar ice sheets and mountain glaciers have become more and more
of scientific as well as societal interest during the past decades since global warming has
led to an increased melting of ice masses, which is a major driver of global mean sea level
rise and an indicator of climate change worldwide. Several geodetic techniques provide
ice sheet mass balance estimates, including satellite altimetry, space-borne interferometric
synthetic aperture radar (InSAR), and satellite gravimetry (Shepherd et al. 2012). The latter
is the only technique which directly observes mass change from space. Furthermore, with
its temporal resolution of typically one month, GRACE does not only provide information
about long-term trends but also measures seasonal mass fluctuations. From shortly after
release of the first time-variable GRACE gravity field solutions until present, a large num-
ber of studies related to ice-mass changes have been published. With increasing length of
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the time series and improved quality of the solutions, mass trend estimates became more
and more robust and accurate. A broad overview of cryospheric applications and important
scientific studies is provided by, e.g., Tapley et al. (2019) and Chen (2019); however, they
naturally include publications where the use of satellite gravimetry is limited to a maxi-
mum time span from 2002 till 2017, i.e., only GRACE data is used. In the following, the
focus is on summarizing recent results and studies which also include data of the GRACE-
FO mission.

When first analyzing GRACE and GRACE-FO data together as one single gravim-
etry time series, a key challenge was to properly evaluate whether there are any poten-
tial biases or discontinuities between the two missions. As there is no temporal overlap
between GRACE and GRACE-FO, this question cannot be answered by a direct compari-
son but requires independent data sets (e.g., Yi and Sneeuw 2021). By assessing the differ-
ence between surface mass balance from regional climate models and ice discharge into the
ocean, Velicogna et al. (2020) demonstrate data continuity for the GRACE and GRACE-
FO missions over the GrIS and AIS at both the continental and regional scales. For the
GrlS, Sasgen et al. (2020a) confirm these findings using a similar approach. For glaciers
and ice caps outside Greenland and Antarctica, Ciraci et al. (2020) use atmospheric rea-
nalysis data to also confirm consistency of the two missions.

Already about 3 years after launch, GRACE-FO has justified the strong request by the
scientific user community to prolong the GRACE gravimetry time series. Recent results
from Sasgen et al. (2020a) show that large year-to-year variability over the GrIS makes
it crucial to have continuous satellite observations: while estimating an average ice-mass
loss of —235 +29 Gt/year in the period from January 2003 till December 2018, they report
that during 2017 and 2018 mass loss rates reached their minimum during this period,
just to be followed by the largest annual mass loss recorded since mid of the past cen-
tury with —532+58 Gt/year in 2019. For the slightly longer period from April 2002 till
September 2019, Velicogna et al. (2020) estimate the average mass loss for Greenland to
be —261+45 Gt/year, while for the AIS they report —104 +57 Gt/year. During the same
period, the total average mass loss for glaciers and ice caps amounts to —281.5+30 Gt/
year, dominated mostly by regions in the Arctic (Ciraci et al. 2020). According to these
rates, the total mass loss of the polar ice sheets and worldwide glacier systems since the
beginning of the GRACE era is equivalent to about 30 mm of global mean sea level rise.
It has to be emphasized again that annual mass loss rates strongly depend on the period
of considered observations and a longer continuous time series of satellite gravimetry is
required, in particular if one aims at separating long-term accelerations in ice-mass loss
from short-term ice sheet variability (Wouters et al. 2013).

Such continuous ice-mass change time series for the GrIS and AIS which are regularly
updated on an operational basis are, e.g., provided by GFZ via the Gravity Information
Service (GravIS; http://gravis.gfz-potsdam.de) portal. GravIS offers both gridded products
as well as regional basin average products of the polar ice sheets based on the GFZ RL06
(Sasgen et al. 2019a) and the COST-G RLO1 (Sasgen et al. 2020b) GRACE/GRACE-FO
time series. Figure 8 shows that mass change estimates from these two different gravity
field time series for the GrIS are generally in good agreement. Unsurprisingly, the COST-G
time series which is a combination of various individual time series from different process-
ing centers looks slightly less noisy and its monthly uncertainties are, except for the last
few GRACE months, significantly smaller. Visible variations in the uncertainty time series
mostly reflect the ground track coverage, i.e., large peaks correlate with known short-
period repeat orbit patterns of the satellites. The total ice-mass loss from January 2003 till
December 2020 amounts to approximately 4000 Gt which is equal to about 11 mm of sea
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Fig.9 Monthly mass change estimates for the AIS (solid lines) based on the GFZ RL06 (blue) and COST-
G RLO1 (red) time series and their associated 1-sigma uncertainties (dotted lines). Shown data are Level-3

ice-mass change products (Sasgen et al. 2019a, 2020b) from GFZ’s GravIS portal (http://gravis.gfz-potsd
am.de)

level rise. Similar conclusions can also be drawn for the AIS (Fig. 9). However, uncertain-
ties are about twice as large as for Greenland, and the mass change time series looks nois-
ier. This is likely because the Antarctica covers a much larger area and different parts of the
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Antarctica show distinctively different characters in terms of ice-mass changes. Another
source is the poorly constrained dealiasing products in this region (Kim et al. 2016; Dob-
slaw et al. 2017a). Here, the cumulated ice-mass loss from January 2003 till December
2020 adds up to nearly 2500 Gt contributing about 7 mm to the global mean sea level.

As already discussed above, there are several sources of uncertainty in gravimetric
mass change estimates. Leakage errors (see Sect. 2.3.1) are generally larger when assess-
ing ice-mass change for smaller sub-regions of the polar ice sheets or mountain glaciers.
Besides leakage from surrounding continental masses (i.e., either hydrological or cry-
ospheric leakage), also leakage from sea level change will play a significant role in ice
sheet mass balance estimates, especially with further increasing mass losses (Sutterley
et al. 2020). A potential way to mitigate leakage errors which are inherently present due
to the rather coarse spatial resolution (few hundreds of kilometers) of GRACE/GRACE-
FO could also be a combination with satellite altimetry data which offers a much higher
spatial resolution (few kilometers). Sasgen et al. (2019b) combined GRACE and CryoSat-2
in the spectral domain to obtain ice-mass balance for the AIS with smaller uncertainties
and reduced systematic noise compared to single-sensor analysis. Regarding the not well-
determined C, and (only since November 2016) C; , coefficients from GRACE/GRACE-
FO (see Sect. 2.3.2), one can deal with by replacing these coefficients with more robust
ones estimated from SLR. Yet it is worth to be mentioned in this section that the C;  coef-
ficient has a large impact particularly on mass balance estimates for Antarctica due to its
geographic location (Loomis et al. 2020). The uncertainty of GIA models is another error
source which affects ice-mass balance from satellite gravimetry. For the AIS, this is even
supposed to be the dominant error source (Velicogna and Wahr 2006; Ivins et al. 2013),
whereas GIA model errors are relatively smaller for the GrIS. In an extensive comparative
study, The IMBIE Team (2020) shows that estimates of six different GIA models agree
well with a standard deviation of ~20 Gt/year, which is a rather small fraction of the total
signal of ice-mass loss in Greenland.

5 Global Mean Oceanic Mass Change from GRACE/GRACE-FO

In this section, we discuss different approaches to estimate the global mean ocean mass
change known as barystatic sea level change (Gregory et al. 2019). Mountain glaciers are
melting and ice sheets have been losing mass for decades leading to net continental fresh-
water discharges into the oceans. In addition, TWS changes also influence the decadal vari-
ability in ocean mass (Reager et al. 2016).

5.1 Direct Estimate Based on GRACE/GRACE-FO Data

GRACE and GRACE-FO have offered the opportunity to directly estimate the barysta-
tic sea level on a monthly basis. We consider GRACE and GRACE-FO RL06 monthly
mean solutions provided by the three data processing centers CSR, JPL and GFZ covering
the period from January 2003 to December 2019. Level-3 (L3) ocean mass change fields
derived from CSR, JPL and GFZ RL06 gravity spherical harmonic solutions are available
through  https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/L3/ocean_mass/RL0O6/
v03 and https://podaac-tools.jpl.nasa.gov/drive/files/allData/gracefo/L3/ocean_mass/RLO6/
v03 (Landerer 2020a, b, c, d, e, f). We also take advantage of the JPL and CSR RL06
mass concentration (mascon) solutions available via https://podaac.jpl.nasa.gov/dataset/
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TELLUS_GRAC-GRFO_MASCON_CRI_GRID_RL06_V2 and http://www2.csr.utexas.
edu/grace/RL0O6_mascons.html (date of download: 29.12.2020) (Save et al. 2016, 2020;
Wiese et al. 2016). As we are interested in barystatic sea level change, all these solutions
were corrected for atmospheric and dynamic ocean effects using the GAD product which
contains the monthly mean ocean bottom pressure caused by non-tidal oceanic and atmos-
pheric mass variations. In addition, we have considered the GFZ RL06 ocean bottom pres-
sure L3 product from the GravIS portal (Dobslaw et al. 2019). For this product, individual
variables for barystatic sea level variations, residual ocean circulation and modeled oceanic
and atmospheric variations are provided. Consequently, we only use the barystatic sea level
variable here. Because of the coarse spatial resolution of GRACE and GRACE-FO, con-
tinental signal may leak into the coastal areas. To correct this, we follow the procedure
described by Chen et al. (2020) based on using an ocean mask with a 500-km buffer zone
from the coasts. For the CSR mascon solutions, we considered a 200-km buffer zone (as
in Chen et al. 2020), to reduce the relatively smaller but still evident leakage effect in the
CSR mascon solutions. The leakage errors are already addressed for the JPL. mascon solu-
tions by the Coastal Resolution Improvement (CRI) filter, which is designed to remove
leakage between land and ocean signals (Wiese et al. 2016). Prior to spatially averaging the
data, we masked out the region in the Eastern Indian Ocean and the Japan coastlines both
affected by earthquakes in 2004 and 2011, respectively.

Figure 10a presents the different barystatic sea level time series (in mm). These esti-
mates show a fairly good agreement between each other. The main differences between the
solutions appear at the end of the GRACE mission, from half of 2016 and into 2017. This
period is known to have degraded data mainly due to problems in the accelerometer instru-
ment, which lead to increased errors in GRACE gravity solutions (Landerer et al. 2020).
Figure 10b shows the barystatic sea level corrected for the annual signal. We subtracted the
monthly climatological averages to every month to remove the annual signal. These clima-
tological averages are computed only over the GRACE period (over January 2003—Decem-
ber 2016). The estimated linear trends and uncertainties are listed in the legend of Fig. 10b
using a least-squares regression model. The actual uncertainties of GRACE/GRACE-FO
estimated barystatic sea level rates are expected to be significantly larger due to errors in
the GIA correction, geocenter motion contribution, and GRACE/GRACE-FO data. The
GIA error alone may contribute ~ +0.3 mm/year to GRACE/GRACE-FO barystatic sea
level rate uncertainty (Chambers et al. 2010), and the geocenter motion uncertainty may
contribute ~ +0.21 mm/year (Blazquez et al. 2018). We find positive trends for barystatic
sea level ranging from 1.88 to 2.15 mm/year over January 2003 to December 2019. It has
to be mentioned that differences in these numbers are not only due to the different GRACE/
GRACE-FO time series but might also have their origin in slightly different postprocessing
choices applied to the shown barystatic sea level time series (Dobslaw et al. 2020). Yet, our
trend estimates are in line with recent literature (Amin et al. 2020; Barnoud et al. 2021) in
spite of being estimated over slightly different time periods. Note that the quoted uncertain-
ties only represent the misfit from the linear regression.

5.2 SeaLevel Budget Approach

GMSL rises not only because of the increase of freshwater coming from land, but also
from ocean volume change due to temperature and salinity variations. This contribution
is known as steric sea level. Since 1993, satellite altimetry records a global mean sea level
trend of 3.1 mm/year (WCRP Sea Level Budget Group 2018). We considered here the
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Fig. 10 a Monthly mean estimates of barystatic sea level change from GRACE/GRACE-FO spherical har-
monic Level-3 (L3) fields and mascon solutions over the period January 2003 and December 2019. b Same
as (a) but without the annual signal. Linear trends over 2003—2019 are stated in panel (b)

mean estimate from 4 different solutions (CMEMS data available at https://marine.coper
nicus.eu/, CU from https://sealevel.colorado.edu/, CSIRO downloaded at https://www.
cmar.csiro.au/sealevel/sl_data_cmar.html, and JPL data downloaded at https://podaac.
jpl.nasa.gov/dataset/SEA_SURFACE_HEIGHT_ALT_GRIDS_L4_2SATS_5DAY_
6THDEG_V_JPL1812) to assess the GMSL evolution.

Since the beginning of the 2000s, with the launch of the Argo international program, we
have now access to an unprecedented amount of temperature and salinity measurements
down to 2000 m depth. Those profiles are most valuable to directly assess the expansion
or contraction of ocean volume due to temperature and salinity changes. Argo network
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Fig. 11 Barystatic sea level change inferred from the mean of the different GRACE and GRACE-FO solu-
tions (black curve with its 2-sigma envelope uncertainty) and from the sea level budget approach (blue
curve) over January 2005 and December 2019. Annual signals have been removed

reaches a quasi-global coverage since 2005 with a nominal spatial resolution of 3° by 3°.
We consider here also 4 different solutions from SCRIPPS (Roemmich and Gilson 2009),
IPRC  (http://apdrc.soest.hawaii.edu/projects/Argo/data/Documentation/gridded-var.pdf),
JAMSTEC (Hosoda et al. 2008) and EN4 (Good et al. 2013- all available at https://argo.
ucsd.edu/data/argo-data-products/). The first three solutions are also used in Chen et al.
(2020). All the Argo data have been interpolated over the SCRIPPS spatial domain for con-
sistency (as in Llovel et al. 2019).

Therefore, correcting the GMSL changes by the steric contributions provides an indi-
rect estimate of the barystatic sea level change. This approach is valuable to assess the
robustness of GRACE and GRACE-FO data. This method has been used in several previ-
ous studies of GMSL change since 2005 at both global scale (Llovel et al. 2014; WCRP
Sea Level Budget Group 2018) and regional scales (Llovel et al. 2011; Marcos et al. 2011),
and also for periods over the past decades (Llovel et al. 2013). In the mean time, GRACE/
GRACE-FO derived barystatic sea level change provides important validations of altimeter
and Argo estimates, especially the Argo estimates (Chen et al. 2020; Barnoud et al. 2021).

Figure 11 shows the barystatic sea level change (black curve with its uncertainty shown
in the gray envelope) from the ensemble mean of the different GRACE/GRACE-FO solu-
tions discussed in 5.1. For consistency, GRACE and GRACE-FO data have been interpo-
lated over the same spatial domain as for Argo gridded products. The blue curve represents
the indirect barystatic estimate from altimetry data corrected for Argo-based steric sea
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level. Comparisons are very good until the end of 2015 meaning that the sea level budget is
closed. However, this is no longer the case since around 2016. This disagreement appears
coincidentally when GRACE data start to degrade and when parts of Argo floats present
positive salinity drifts (Wong et al. 2020; Ponte et al. 2021). A recent study (Barnoud et al.
2021) indicates that instrumental biases in the Argo salinity data can explain about 40%
of the discrepancies (since 2016), and the wet tropospheric correction uncertainty of the
Jason-3 radiometer (Jason-3 was launched in early 2016) only plays a minor role. Leakage
biases in the GRACE/GRACE-FO mascons-based ocean mass estimates can be another
major error source. Further investigations are needed to fully understand the causes of the
discrepancies.

6 Solid Earth Mass Change from GRACE/GRACE-FO
6.1 The Earthquake Cycle

Through its worldwide coverage of the Earth’s major plate boundaries and its sensitivity
to mass redistributions at all depths, GRACE has proved a unique tool for studying great
earthquakes, especially at subduction boundaries, which record the largest and most devas-
tating events. Earthquakes redistribute mass through the displacement of the density inter-
faces (mainly the crust surface and base) and the rocks density changes induced by the sud-
den plates motion. Co-seismic gravity variations associated with 7 recent large events have
been detected: the Mw 9.1 Sumatra 2004, the Mw 8.6 Nias 2005, the Mw 8.5 Bengkulu
2007, the Mw 8.8 Maule 2010, the Mw 9.1 Tohoku-Oki 2011 earthquakes, the Mw 8.6/8.2
2012 Sumatra/Indian Ocean doublet, and a deep-focus event: the Mw 8.3 2013 Okhotsk
earthquake at 610 km depth (Han et al. 2006; Chen et al. 2007a, b; Panet et al. 2007; de
Linage et al. 2009; Heki and Matsuo 2010; Cambiotti and Sabadini 2013; Chao and Liau
2019). The GRACE signal has revealed the importance of co-seismic crustal dilation of
the upper plate, leading to a decrease of gravity as a predominant signal (Han et al. 2006).
Although crucial for the assessment of seismic hazard, the distribution of the co-seismic
slip and the extent and geometry of the ruptured fault plane of such events remain difficult
to determine unambiguously from seismic data and geodetic ground networks. The latter
are indeed often too distant from the epicentral area, a limitation that can be overcome by
the homogeneous spatial coverage of satellite gravimetry especially for undersea events.
For the Mw 9.1 Sumatra 2004, an analysis of the GRACE spatial gravity gradients thus
clearly delineated the fault line (Wang et al. 2012a). The current resolution of GRACE
is still insufficient to decipher the detailed slip distribution of earthquakes as the Maule
2010 or the Tohoku 2011 one (Wang et al. 2012b, 2012c), but the fault geometric param-
eters and the average slip can be constrained (Wang et al. 2012b; Dai et al. 2014, 2016).
For instance, in the case of the 2011 Tohoku earthquake, the GRACE-based slip orienta-
tion appeared tilted as compared to the GPS/seismic determination, and its mean location
shifted southwest (Dai et al. 2016). This was shown consistent with a much broader pattern
of deformation offshore and at depth than previously known, where the spatial extent of the
GRACE co-seismic signal largely exceeded that obtained from slip distributions based on
surface displacement and tsunami data (Panet et al. 2018). GRACE has the unique ability
to characterize the full magnitude of an earthquake and quantify its entire seismic moment,
including all of the slowest components. This way the ultra-long seismic periods of the
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2004 Sumatra earthquake have been confirmed, beyond the maximum timescale of a few
hundred seconds of most classical seismological inversions (Han et al. 2013).

Understanding the deformation processes at plate boundaries also requires to consider
the coupling between the seismic slip and the viscous mantle. This coupling plays an
important role in the stress redistributions near the faults, thus in the assessment of the
seismic hazard. It is manifested in the spatially distributed viscous mantle relaxation after
an earthquake, which relative importance as compared to localized continued aseismic slip
after the rupture (afterslip) has been debated for decades (Biirgmann and Dresen 2008;
Wang et al. 2012a, b, ¢, d; Rollins et al. 2015).

Thanks to its homogeneous space—time coverage, GRACE provides unique informa-
tion on these post-seismic processes, clarifying ambiguities from GNSS observations when
they are too distant from the ruptured zone. At the regional scales, the mantle viscous flow
after recent large events should indeed appear as a broadscale gravity increase around the
ruptured zone (e.g., Einarsson et al. 2010; Panet et al. 2010), whereas the gravity signa-
ture of afterslip is expected to be relatively close to the co-seismic one, depending on its
depth (Broerse et al. 2015). By detecting different spatial structures of gravity variations
at shorter and longer timescales, GRACE has thus shown that both processes have been
ongoing after the 2004 Sumatra, 2010 Maule and 2011 Tohoku earthquakes (Tanaka and
Heki 2014). For the 2004 Sumatra—Andaman earthquake, the modeling of the observed
broadscale gravity increase around the trench in terms of viscous mantle relaxation has
provided constraints on transient rheologies in the asthenosphere (Han et al. 2008; Hochner
et al. 2011) and suggested low Maxwell viscosities (of order 10'° Pa.s) in the underlying
upper mantle (Panet et al., 2010), alternatively interpreted in terms of upward diffusion
of supercritical water (Ogawa and Heki 2007). These results have been further specified
by combining GRACE with surface deformation data, which exhibit a different sensitivity
to the mass displacements as a function of depth, ruling out afterslip as the predominant
deformation mechanism in the first year following the rupture as well as purely Maxwellian
viscosities for the upper mantle, in the case of the 2004 Sumatra earthquake (Panet et al.
2010; Hochner et al. 2011).

Finally, GRACE has led to unexpected observations in recent years. First, post-seismic
gravity variations largely exceeding the co-seismic ones have been detected in the case of
two earthquakes doublets: the 2006/2007 Mw 8.3/8.1 Kurils earthquakes and the 2009
Mw 8.1 Tonga earthquakes. Although their co-seismic signal was too small to be detected
by GRACE, a significant long-term post-seismic gravity variation has been observed in
both cases (Han et al. 2016, 2019). Second, a coherent pattern of gravity variations in the
months before the 2011 Tohoku-Oki earthquake has been observed and interpreted as
related to deeper motions preceding the rupture (Panet et al. 2018). Recently, these results
have been corroborated in an independent analysis of GNSS observations (Bedford et al.
2020). Thirdly, GRACE gravitational measurements have been used to detect tsunamis
after some major earthquakes during the GRACE period (Ghobadi-Far et al. 2020). Thus,
GRACE satellite gravimetry opens new windows for looking into seismic cycle processes.

6.2 GIA and the Earth’s Rheology

The Earth deforms over a wide range of timescales due to the rheological properties of its
constituent materials, and GRACE contributes to a better knowledge of the mantle viscosity,
a key parameter. In addition to controlling the stress distribution in the lithosphere at plate
boundaries or in their interior, the mantle viscosity also controls the patterns of the convective
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flows deep inside the Earth, as well as the Earth’s deformations in response to various forc-
ings. These forcings include the stress variations due to the water load applied at the surface or
due to the earthquakes’ sudden motions. The viscosity of the mantle remains difficult to deter-
mine only from laboratory experiments on the deformations of mantle minerals, which call for
appropriate conditions of pressure and temperature. At the geological timescales, constraints
can be obtained from the comparison of surface geophysical observations (as plate motions,
static gravity, heat flow) with mantle flow models (King 1995). At shorter timescales, when
combined with complementary geophysical observations, GRACE observations of the relaxa-
tion signals in the gravity field after excitations such as earthquakes or water/ice-mass redistri-
butions, can provide important information on the Earth’s rheological properties.

The major relaxation signal in response to a water/ice load in the GRACE time-varying
gravity field corresponds to the long-term gravity trends reflecting the still on-going viscous
mantle relaxation in response to stress variations from the melting of the Pleistocene glaciers.
It has been detected from GRACE in Northern America, in Fennoscandia and in Antarctica
(Tamisiea et al. 2007; Paulson et al. 2007b; Riva et al. 2009; Steffen et al. 2010; van der Wal
et al. 2011). By modeling this Glacial Isostatic Adjustment (GIA) signal, inferences have been
obtained on the lithospheric thickness, on the upper and the lower mantle viscosity in North-
ern America, Fennoscandia and Canada (Paulson et al. 2007a, 2007b; Tamisiea et al. 2007,
Steffen et al. 2010; van der Wal et al. 2011; Sasgen et al. 2012). Furthermore, the pattern of
the GRACE geoid rates over Northern America has provided new insights on the geometry
of the former Laurentide ice sheets, shown to comprise two domes (Tamisiea et al. 2007). A
major challenge of GIA modeling is indeed to jointly improve our knowledge of the Earth’s
rheology together with that of the ice model, as GRACE is sensitive to both (Steffen et al.
2012), and test or refine the existing ice models for the glaciation history. This is important in
order to reduce the current uncertainties in the GIA models, which are used in order to sepa-
rate the GIA signal from those of the present-day climate evolution in sea level observations
or over the ice sheets. More recently, the longer time series of available GRACE observations
have made possible to detect GIA signals of smaller magnitude and smaller spatial extent, as
that of the Svalbard-Barents-Kara Ice Sheet (Root et al. 2015). Modeling of the GRACE sig-
nal constrained the upper mantle viscosity in the considered area (Rovira-Navarro et al. 2020),
and enabled to discriminate between different models of ice loading history (Root et al. 2015).
By showing that regional ice loading models lead to a better fit of the gravity rates than global
ice loading models such as ICE-5G (Peltier 2004), GRACE is contributing to a better under-
standing of the deglaciation history of the Barents Sea.

At shorter timescales, the study of smaller GIA signals as the response of the low-viscosity
asthenosphere to ice thickness changes in the last centuries have remained beyond the reach
of GRACE. However, constraints on the transient visco-elastic rheology of the asthenosphere
at subannual timescales have been obtained by focusing on the mantle response to seasonal
water loads, in a combination of GRACE and GPS data (Chanard et al. 2018). Using GRACE
to constrain the hydrological water load, the comparison of the modeled and observed GPS
horizontal motions allowed to put a lower bound of 5x 10'” Pa.s to the asthenospheric viscos-
ity for global seasonal signals.
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7 Potential Detection of Deep Earth Signals by GRACE/GRACE-FO

The 2D assumption in GRACE/GRACE-FO mass inversion attributes the observed gravity
change to contributions from mass variations on the Earth surface. This is quite reasonable
considering that at the studied temporal and spatial scales, mass variations in the climate
system (atmosphere, ocean, hydrosphere, and cryosphere) and deformations of the solid
Earth are the exclusive or dominant contributors to the observed gravity change. However,
interactions between the core and mantle may also affect the time-variable gravity field at
interannual, decadal, and long-term time scales.

Core-mantle coupling has long been regarded as the major driving force of the strong
decadal variation in length-of-day (LOD) (Hide et al. 1993). LOD also exhibits a persis-
tent quasi six-year oscillation (SYO, at period of ~5.9 years) that is linked to interactions
between the core and mantle (Mound and Buffett 2006; Holme and de Viron 2013). Similar
SYOs are discovered in polar motion (Chen et al. 2019) and global GNSS surface defor-
mation observations (Watkins et al. 2018; Ding and Chao 2018) as well, which are both
believed to be from the same origin in deep Earth. Ding and Chao (2018) found clear evi-
dences of the SYO in both radial and horizontal components of global GNSS deforma-
tion data, which appear consistent with a westward propagating wave of deformation in
degree-2, order-2 (Y,,) sectoral spherical harmonic pattern. A conceptual explanation of
the observed SYO signals in ¥, , and LOD is the gravitational coupling between the mantle
and inner core, associated with a quasi six-year axial torsional libration of the inner core
controlled by the sectoral Y, , density anomalies, or the equatorial ellipticities, in the inner
core and the lower mantle (Ding and Chao 2018).

If that is the case, one would easily speculate that similar SYO likely exists in the
degree-2 order-2 SH coefficients (AC, , and AS, ,) of the time-variable gravity field as well.
This speculation was confirmed by a recent study (Chao and Yu 2020) by analyzing SLR
AC,, and AS, , variations over the period 1992-2018 and the shorter series from GRACE
for 2002-2017. Figure 12 shows the power spectrum densities (PSD) of SLR observed
AC,, and AS, , SH coefficients for the period January 1993 to December 2018, provided
by the Space Research Institute, Austrian Academy of Sciences (available at http://geodesy.
iwf.oeaw.ac.at/d_slr_monthly.html) (Maier et al. 2012). To better isolate interannual oscil-
lations, only signals with periods between 2 and 10 years have been retained in the monthly
AC,, and AS,, series using band-pass filtering, before computing the PSD. Consistent
with Chao and Yu (2020), both AC,, and AS,, show a clear peak at~5.8 years (marked
by the vertical dashed lines). Although there are still many uncertainties and the results
need to be further quantified and validated, the interesting findings shed important light on
the possible dynamic mechanisms involved in the process, and are anticipated to instigate
further studies.

The extended record of GRACE/GRACE-FO time-variable gravity solutions offer
another independent means to study the SYO in AC,, and AS, , variations. There could
be other interannual oscillations in the time-variable gravity field, which might be related
to dynamic processes in the core and mantle. A good understanding of these processes and
corresponding gravitational changes depends on both continuous accumulation of satel-
lite gravimetry observations with improved accuracy and good independent knowledge of
surface mass variations from other techniques or model predictions. Integration of satellite
gravimetry and other geodetic observations (e.g., GNSS deformation) can help to improve
the understanding of connections between time-variable gravity field and core-mantle
interactions.
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Fig. 12 Power spectrum densities of SLR observed a AC, , and b AS, , SH coefficients for the period Janu-
ary 1993-December 2018, provided by the Space Research Institute, Austrian Academy of Sciences. The
5.8-year peaks are marked by the vertical dashed lines

8 Discussion

GRACE/GRACE-FO satellite gravimetry has opened up a new avenue of opportuni-
ties for studying large-scale mass redistribution and transport in the Earth system. Over
the past 18 years, GRACE/GRACE-FO time-variable gravity measurements have been
widely used to study different components of our home planet system, and quantify dif-
ferent variables of the global water cycle (when combined with other available data
and/or model predictions). GRACE/GRACE-FO’s tremendous success has been dem-
onstrated by well over two thousand peer-reviewed journal articles based on GRACE/
GRACE-FO measurements (a list of GRACE/GRACE-FO related articles is compiled
at http://www-app2.gfz-potsdam.de/pb1/op/grace//references/sort_author.html). Since
the launch of GRACE in 2002, continuous improvements in the background geophysi-
cal models, understanding and analysis of the GRACE/GRACE-FO instrument data,
and gravity field determination procedure have significantly improved the accuracy of
GRACE/GRACE-FO time-variable gravity solutions.

Among the major challenges discussed in the paper, the coarse spatial resolution and
leakage error of GRACE/GRACE-FO gravity solutions are the key factors affecting
most GRACE/GRACE-FO applications in related fields. The spatial resolution is a fun-
damental limitation of GRACE/GRACE-FO satellite gravimetry related to satellite orbit
configurations (e.g., inter-satellite distance and satellite altitude). This is not expected
to change for GRACE/GRACE-FO, unless for future generations of satellite gravity
missions with different configurations of satellite pairs (e.g., multi pairs with different
inclinations). The non-uniqueness of mass inversion from GRACE/GRACE-FO grav-
ity solutions is another major factoring limiting GRACE/GRACE-FO applications.
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Other independent data or model estimates are needed for separating different sources
in GRACE/GRACE-FO observed mass change. Due to the non-uniqueness restraint, it
is impossible for GRACE/GRACE-FO to directly measure mass changes in the deep
Earth. However, certain interannual oscillations in the observed gravity field are likely
connected to interactions between the core and mantle.

Extending satellite gravity observations is essential for better understanding mass redis-
tribution and transport in the Earth system, especially the long-term variability of water
mass change in the hydrosphere, ocean and cryosphere. GRACE/GRACE-FO satellite
gravimetry plays an important role in helping understand climate change (e.g., ice melting,
sea level rise, and groundwater depletion), and offers a means for monitoring the severi-
ties and scopes of extreme climate events, such as major droughts and floods from a com-
pletely new perspective. With a nominal mission lifetime of five years (same as GRACE),
GRACE-FO has been in orbit for over 3 years, and is expected to well exceed the nominal
mission lifetime based on satellite and instrument design and the influence of solar activ-
ity on the atmospheric-induced decay of the spacecraft (Tapley et al. 2019). The extended
record of GRACE/GRACE-FO gravity series, with expected continuous improvements in
the coming years, will lead to a broader range of applications and improved our under-
standing of both climate change and the Earth system.

Acknowledgements The authors are grateful to the two reviewers (Martin Horwath and Bert Wouters)
and Associate Editor Nico Sneeuw for their comprehensive and insightful comments, which have led to
improved organization and presentation of the results. This paper is an outcome of the workshop “Prob-
ing the Deep Earth Interior by using in synergy observations of the Earth’s gravity and magnetic fields,
and of the Earth’s rotation” held at the International Space Science Institute (ISSI, Bern, Switzerland) on
1-4 September 2020. This project received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation program (GRACEFUL Synergy Grant agreement
No 855677). JC was supported by the NASA GRACE and GRACE Follow-On Projects (under contract #
NNL14AAO00C and JPL subcontract # 1478584), and NASA ESI and GRACE Follow-On Science Team
Programs (NNX17AG96G, 80NSSC20K1128 and 8ONSSC20K0820). WL was supported by the French
national program LEFE (Les Enveloppes Fluides de I’Environnement)—GMMC (Groupe Mission Mer-
cator-Coriolis) by the CRATERE project. IP was supported by CNES, focused on the GRACE/GRACE-
Follow-On missions. LM is supported by a post-doctoral fellowship from the International Space Science
Institute (ISSI).

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ablain M, Cazenave A, Larnicol G, Balmaseda M, Cipollini P, Faugere Y et al (2015) Improved sea level
record over the satellite altimetry era (1993-2010) from the climate change initiative project. Ocean
Sci 11:67-82. https://doi.org/10.5194/0s-11-67-2015

Amin H, Bagherbandi M, Sjoberg LE (2020) Quantifying barystatic sea-level change from satellite altim-
etry, GRACE and Argo observations over 2005-2016. Adv Space Res 65(8):1922—1940. https://doi.
org/10.1016/j.asr.2020.01.029

Asoka A, Mishra V (2020) Anthropogenic and climate contributions on the changes in terrestrial water
storage in India. J Geophys Res: Atmos 125:€2020JD032470. https://doi.org/10.1029/2020JD032470

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5194/os-11-67-2015
https://doi.org/10.1016/j.asr.2020.01.029
https://doi.org/10.1016/j.asr.2020.01.029
https://doi.org/10.1029/2020JD032470

Surveys in Geophysics

Barichivich J, Gloor E, Peylin P, Brienen RJ, Schongart J, Espinoza JC, Pattnayak KC (2018) Recent
intensification of Amazon flooding extremes driven by strengthened walker circulation. Sci Adv
4(9):eaat8785. https://doi.org/10.1126/sciadv.aat8785

Barletta VR, Sgrensen LS, Forsberg R (2013) Scatter of mass changes estimates at basin scale for Greenland
and Antarctica. Cryosphere 7:1411-1432. https://doi.org/10.5194/tc-7-1411-2013

Barnoud A, Pfeffer J, Guérou A, Denneulin M-L, Siméon M et al (2021) Contributions of altimetry and
Argo to non-closure of the global mean sea level budget since 2016. Geophys Res Lett. https://doi.
org/10.1029/2021GL092824

Beck HE, van Dijk Al de Roo A, Dutra E, Fink G, Orth R, Schellekens J (2017) Global evaluation of runoff
from 10 state-of-the-art hydrological models. Hydrol Earth Syst Sci 21(6):2881

Bedford J, Moreno M, Deng Z, Oncken O, Schurr B, John T, Baez JC, Bevis M (2020) Months-long
thousand-kilometre-scale wobbling before great subduction earthquakes. Nature 580:628-635

Blazquez A, Meyssignac B, Lemoine JM, Berthier E, Ribes A, Cazenave A (2018) Exploring the uncer-
tainty in GRACE estimates of the mass redistributions at the earth surface: implications for the
global water and sea level budgets. Geophys J Int 215:415-430. https://doi.org/10.1093/gji/ggy293

Bettadpur S (2018) CSR Level-2 processing standards document for product release 06, GRACE 327-
742, Revision 5.0, The GRACE project, center for space research, University of Texas at Austin
(https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/L2-CSR006_ProcStd_v5.0.pdf)

Boening C, Willis JK, Landerer F, Nerem S, Fasullo J (2012) The 2011 La Nifa: so strong, the oceans
fell. Geophys Res Lett 39:1.19602. https://doi.org/10.1029/2012GL053055

Broerse T, Riva R, Simons W, Govers R, Vermeersen B (2015) Postseismic GRACE and GPS observa-
tions indicate a rheology contrast above and below the Sumatra slab. J Geophys Res: Solid Earth
120:5343-5361

Boergens E, Giintner A, Dobslaw H, Dahle C (2020) Quantifying the central European droughts in 2018
and 2019 With GRACE Follow-On. Geophys Res Lett 47(14):e87285. https://doi.org/10.1029/
2020GL087285

Biirgmann R, Dresen G (2008) Rheology of the lower crust and upper mantle: evidence from rock
mechanics, geodesy, and field observations. Annu Rev Earth Planet Sci 36:531-567

Cai W et al (2015) Increased frequency of extreme La Nifia events under greenhouse warming. Nat Clim
Chang 5(111-116):111-116. https://doi.org/10.1038/NCLIMATE210

Cambiotti G, Sabadini R (2013) Gravitational seismology retrieving centroid-moment-tensor solution of
the 2011 Tohoku earthquake. J Geophys Res 118:183-194

Chambers DP, Wahr J, Tamisiea ME, Nerem RS (2010) Ocean mass from GRACE and glacial isostatic
adjustment. J Geophys Res (solid Earth) 115(B14):B11415. https://doi.org/10.1029/2010JB0075
30

Chambers DP, Cazenave A, Champollion N, Dieng H, Llovel W, Forsberg R, von Schuckmann K, Wada
Y (2017) Evaluation of the global mean sea level budget between 1993 and 2014. Surv Geophys
38:309-327. https://doi.org/10.1007/s10712-016-9381-3

Chanard K, Fleitout L, Calais E, Barbot S, Avouac JP (2018) Constraints on transient viscoelastic rheol-
ogy of the asthenosphere from seasonal deformation. Geophys Res Lett 45(5):2328-2338

Chao BF (2005) On inversion for mass distribution from global (time-variable) gravity field. ] Geodyn
39:223-230

Chao BF, Liau JR (2019) Gravity changes due to large earthquakes detected in GRACE satellite data via
empirical orthogonal function analysis. J Geophys Res: Solid Earth 124:3024-3035

Chao BF, Yu Y (2020) Variation of the equatorial moments of inertia associated with a 6-year westward
rotary motion in the earth. Earth Planet Sci Lett 542:116316. https://doi.org/10.1016/j.eps1.2020.
116316

Chen JL, Wilson CR, Famiglietti JS, Rodell M (2005) Spatial sensitivity of the gravity recovery and
climate experiment (GRACE) time-variable gravity observations. J Geophys Res (Solid Earth)
110(B9):B8408. https://doi.org/10.1029/2004JB003536

Chen JL, Wilson CR, Tapley BD (2006a) Satellite gravity measurements confirm accelerated melting of
greenland ice sheet. Science 313:1958-1960. https://doi.org/10.1126/science.1129007

Chen JL, Wilson CR, Blankenship DD, Tapley BD (2006b) Antarctic mass rates from GRACE. Geophys
Res Lett 33:L11502. https://doi.org/10.1029/2006GL026369

Chen JL, Wilson CR, Tapley BD, Grand S (2007a) GRACE detects coseismic and postseismic deforma-
tion from the Sumatra-Andaman earthquake. Geophys Res Lett 34:1.13302

Chen JL, Wilson CR, Tapley BD (2013) Contribution of ice sheet and mountain glacier melt to recent
sea level rise. Nat Geosci 6:549-552. https://doi.org/10.1038/ngeo1829

@ Springer


https://doi.org/10.1126/sciadv.aat8785
https://doi.org/10.5194/tc-7-1411-2013
https://doi.org/10.1029/2021GL092824
https://doi.org/10.1029/2021GL092824
https://doi.org/10.1093/gji/ggy293
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/L2-CSR006_ProcStd_v5.0.pdf
https://doi.org/10.1029/2012GL053055
https://doi.org/10.1029/2020GL087285
https://doi.org/10.1029/2020GL087285
https://doi.org/10.1038/NCLIMATE210
https://doi.org/10.1029/2010JB007530
https://doi.org/10.1029/2010JB007530
https://doi.org/10.1007/s10712-016-9381-3
https://doi.org/10.1016/j.epsl.2020.116316
https://doi.org/10.1016/j.epsl.2020.116316
https://doi.org/10.1029/2004JB003536
https://doi.org/10.1126/science.1129007
https://doi.org/10.1029/2006GL026369
https://doi.org/10.1038/ngeo1829

Surveys in Geophysics

Chen JL, Wilson CR, Tapley BD, Blankenship DD, Ivins ER (2007b) Patagonia icefield melting
observed by gravity recovery and climate experiment (GRACE). Geophys Res Lett 34:1.22501.
https://doi.org/10.1029/2007GL031871

Chen JL, Wilson CR, Li J, Zhang Z (2015) Reducing leakage error in GRACE-observed long-term ice
mass change: a case study in West Antarctica. J Geodesy 89:925-940. https://doi.org/10.1007/
s00190-015-0824-2

Chen JL, Wilson CR, Ries JC (2016) Broadband assessment of degree-2 gravitational changes from
GRACE and other estimates, 2002—-2015. J Geophys Res (Solid Earth) 121:2112-2128. https://doi.
org/10.1002/2015JB012708

Chen JL, Wilson CR, Tapley BD, Save H, Cretaux J-F (2017) Long-term and seasonal Caspian sea level
change from satellite gravity and altimeter measurements. J Geophys Res (Solid Earth) 122:2274—
2290. https://doi.org/10.1002/2016JB013595

Chen JL, Wilson CR, Tapley BD, Yang ZL, Niu G (2009) 2005 drought event in the amazon river
basin as measured by GRACE and estimated by climate models. J Geophys Res (Solid Earth)
114(B13):B5404. https://doi.org/10.1029/2008JB006056

Chen JL (2019) Satellite gravimetry and mass transport in the earth system. Geod Geodyn 10(5):402-415.
https://doi.org/10.1016/j.ge0g.2018.07.001

Chen JL, Tapley BD, Seo K-W, Wilson CR, Ries J (2019) Improved quantification of global mean ocean
mass change using GRACE satellite gravimetry measurements. Geophys Res Lett 46(23):13984—
13991. https://doi.org/10.1029/2019GL085519

Chen JL, Tapley BD, Wilson CR, Cazenave A, Seo K-W, Kim J-S (2020) Global ocean mass change
from GRACE and GRACE Follow-on and altimeter and argo measurements. Geophys Res Lett
47(22):¢90656. https://doi.org/10.1029/2020GL090656

Cheng M, Tapley BD (1999) Seasonal variations in low degree zonal harmonics of the Earth’s gravity field
from satellite laser ranging observations. J Geophys Res 104:2667-2682. https://doi.org/10.1029/
1998JB900036

Cheng M, Ries JC, Tapley BD (2011) Variations of the Earth’s figure axis from satellite laser ranging and
GRACE. J Geophys Res Solid Earth 116(B15):B1409. https://doi.org/10.1029/2010JB000850

Ciraci E, Velicogna I, Swenson S (2020) Continuity of the mass loss of the world’s glaciers and ice caps
from the GRACE and GRACE Follow-On missions. Geophys Res Lett 47:e2019GL086926. https://
doi.org/10.1029/2019GL086926

Cox CM, Chao BF (1998) Detection of a large-scale mass redistribution in the terrestrial system since 1998.
Science 297:831-833

Cretaux J-F, Soudarin L, Davidson FJM, Gennero M-C, Berge-Nguyen M, Cazenave A (2002) Seasonal
andinterannual geocenter motion from SLR and DORIS measurements: comparison with surface
loading data. J Geophys Res 107(B12):2374. https://doi.org/10.1029/2002JB001820

Dahle C, Murbock M, Flechtner F, Dobslaw H, Michalak G, Neumayer KH, Abrykosov O, Reinhold A,
Konig R, Sulzbach R, Forste C (2019) The GFZ GRACE RL06 monthly gravity field time series:
processing details and quality assessment. Remote Sens 11(18):2116. https://doi.org/10.3390/rs111
82116

Dai A, Wigley TML (2000) Global patterns of ENSO-induced precipitation. Geophys Res Lett
27(9):1283-1286

Dai C, Shum CK, Wang R, Wang L, Guo J, Shang K, Tapley B (2014) Improved constraints on seismic
source parameters of the 2011 Tohoku earthquake from GRACE gravity and gravity gradient changes.
Geophys Res Lett. https://doi.org/10.1002/2013GL059178

Dai C, Shum CK, Guo J, Shang K, Tapley B, Wang R (2016) Improved source parameter constraints for five
undersea earthquakes from north component of GRACE gravity and gravity gradient change meas-
urements. Earth Planet Sc Lett 443:118-128

de Linage C, Rivera L, Hinderer J, Boy JP, Rogister Y, Lambotte S, Biancale R (2009) Separation of coseis-
mic and postseismic gravity changes for the 2004 Sumatran earthquake from 4.6 year of GRACE
observations and modelling of the coseismic change by normal mode summation. Geophys J Int
176:695-714

Devaraju B, Sneeuw N (2015) On the Spatial resolution of homogeneous isotropic filters on the sphere.
In: Sneeuw N, Noviak P, Crespi M, Sanso F (eds) VIII Hotine-Marussi symposium on mathematical
geodesy. International association of geodesy symposia, vol 142. Springer, Cham. https://doi.org/10.
1007/1345_2015_5

Dieng HB, Cazenave A, Meyssignac B, Ablain M (2017) New estimate of the current rate of sea level rise
from a sea level budget approach. Geophys Res Lett. https://doi.org/10.1002/2017GL073308

Ding H, Chao BF (2018) A 6-year westward rotary motion in the earth: detection and possible MICG cou-
pling mechanism. Earth Planet Sci Lett 495:50-55. https://doi.org/10.1016/j.epsl.2018.05.009

@ Springer


https://doi.org/10.1029/2007GL031871
https://doi.org/10.1007/s00190-015-0824-2
https://doi.org/10.1007/s00190-015-0824-2
https://doi.org/10.1002/2015JB012708
https://doi.org/10.1002/2015JB012708
https://doi.org/10.1002/2016JB013595
https://doi.org/10.1029/2008JB006056
https://doi.org/10.1016/j.geog.2018.07.001
https://doi.org/10.1029/2019GL085519
https://doi.org/10.1029/2020GL090656
https://doi.org/10.1029/1998JB900036
https://doi.org/10.1029/1998JB900036
https://doi.org/10.1029/2010JB000850
https://doi.org/10.1029/2019GL086926
https://doi.org/10.1029/2019GL086926
https://doi.org/10.1029/2002JB001820
https://doi.org/10.3390/rs11182116
https://doi.org/10.3390/rs11182116
https://doi.org/10.1002/2013GL059178
https://doi.org/10.1007/1345_2015_5
https://doi.org/10.1007/1345_2015_5
https://doi.org/10.1002/2017GL073308
https://doi.org/10.1016/j.epsl.2018.05.009

Surveys in Geophysics

Ditmar P (2018) Conversion of time-varying Stokes coefficients into mass anomalies at the earth’s surface
considering the earth’s oblateness. J Geod 92:1401-1412. https://doi.org/10.1007/s00190-018-1128-0

Dobslaw H, Bergmann-Wolf I, Dill R, Poropat L, Thomas M, Dahle C, Esselborn S, Konig R, Flechtner
F (2017a) A new high-resolution model of non-tidal atmosphere and ocean mass variability for de-
aliasing of satellite gravity observations: AOD1B RL06. Geophys J Int 211:263-269

Dobslaw H, Bergmann-Wolf I, Dill R, Poropat L, Flechtner F (2017b) Product description document for
AODIB release 06. Tech Rep GRACE, 327-750

Dobslaw H, Boergens E, Dill R (2019) GFZ GravIS RLO6 ocean bottom pressure anomalies. V 0003 GFZ
Data Serv. https://doi.org/10.5880/GFZ.GRAVIS_06_L3_OBP

Dobslaw H, Dill R, Bagge M, Klemann V, Boergens E, Thomas M, Dahle C, Flechtner F (2020) Gravi-
tationally consistent mean barystatic sea level rise from leakage-corrected monthly GRACE data. J
Geophys Res: Solid Earth 125:€2020JB020923. https://doi.org/10.1029/2020JB020923

Doll P, Kaspar F, Lehner B (2003) A global hydrological model for deriving water availability indicators:
model tuning and validation. J Hydrol 270:105-134. https://doi.org/10.1016/S0022-1694(02)00283-4.

Einarsson I, Hoechner A, Wang R, Kusche J (2010) Gravity changes due to the Sumatra-Andaman
and Nias earthquakes as detected by the GRACE satellites: a reexamination. Geophys J Int
183(2):733-747

Eubanks TM (1993) Variations in the orientation of the earth. In: Smith D, Turcotte D (eds) Contribu-
tions of space geodesy to geodynamic: earth dynamics, Geodyn. Ser., vol 24. AGU, Washington,
D.C, pp 1-54

Famiglietti JS et al (2011) Satellites measure recent rates of groundwater depletion in California’s cen-
tral valley. Geophys Res Lett 38:2.03403

Famiglietti J, Cazenave A, Eicker A, Reager JT, Rodell M, Velicogna I (2015) Satellites provide the ‘big
picture’ for global hydrology. Science 349(6249):684—685

Fasullo J, Boening C, Landerer F, Nerem RS (2013) Australia’s unique influence on global sea level in
2010-2011. Geophys Res Let 40:4368—4373. https://doi.org/10.1002/gr1.50834

Fasullo JT, Lawrence DM, Swenson SC (2016) Are GRACE-era terrestrial water trends driven by
anthropogenic climate change? Adv Meteorol. https://doi.org/10.1155/2016/4830603

Feng W, Zhong M, Lemoine J-M, Biancale R, Hsu H-T, Xia J (2013) Evaluation of groundwater deple-
tion in North China using the Gravity recovery and climate experiment (GRACE) data and ground-
based measurements. Water Resour Res 49:2110-2118. https://doi.org/10.1002/wrcr.20192

Fok HS et al (2018) Application of ENSO and drought indices for water level reconstruction and prediction;
A case study in the lower Mekong river estuary. Water 10:58. https://doi.org/10.3390/w10010058

Frappart F, Papa F, Giintner A, Tomasella J, Pfeffer J, Ramillien G, Seyler F (2019) The spatio-tempo-
ral variability of groundwater storage in the Amazon river basin. Adv Water Resour 124:41-52.
https://doi.org/10.1016/j.advwatres.2018.12.005

Ghobadi-Far K, Sprlak M, Han S-C (2019) Determination of ellipsoidal surface mass change from GRACE
time-variable gravity data. Geophys J Int 219(1):248-259. https://doi.org/10.1093/gji/ggz292

Ghobadi-Far K, Han SC, Allgeyer S, Tregoning P, Sauber J, Behzadpour S, Mayer-Giirr T, Sneeuw N,
Okal E (2020) GRACE gravitational measurements of tsunamis after the 2004, 2010, and 2011
great earthquakes. J Geod 94(65):1-9. https://doi.org/10.1007/s00190-020-01395-3

Good SA, Martin MJ, Rayner NA (2013) EN4: Quality controlled ocean temperature and salinity pro-
files and monthly objective analyses with uncertainty estimates. J] Geophys Res Oceans 118:6704—
6716. https://doi.org/10.1002/2013JC009067

Gottl F, Schmidt M, Seitz F (2018) Mass-related excitation of polar motion: an assessment of the new
RL0O6 GRACE gravity field models. Earth, Planets and Space 70:195. https://doi.org/10.1186/
$40623-018-0968-4

Gregory JM, Griffies SM, Hughes CW, Lowe JA, Church JA et al (2019) Concepts and terminology for
sea level: mean, variability and change, both local and global. Surv Geophys 40:1251-1289

Groh A, Horwath M, Horvath A, Meister R, Sgrensen L et al (2019) Evaluating GRACE mass change
time series for the antarctic and greenland ice sheet—methods and results. Geosciences 9(10):415.
https://doi.org/10.3390/geosciences9100415

Gross RS (2007) Earth rotation variations: long period variations. In: Herring TA (ed) Treatise on geo-
physics, geodesy, vol 3. Elsevier, New York, pp 239-294

Gu G, Adler RF (2011) Precipitation and temperature variations on the interannual time scale: assessing
the impact of ENSO and volcanic eruptions. J Climate. https://doi.org/10.1175/2010JCLI3727.1

Han SC, Shum CK, Bevis M, Ji C, Kuo CY (2006) Crustal dilatation observed by GRACE after the 2004
Sumatran-Andaman earthquake. Science 313:658—-662

@ Springer


https://doi.org/10.1007/s00190-018-1128-0
https://doi.org/10.5880/GFZ.GRAVIS_06_L3_OBP
https://doi.org/10.1029/2020JB020923
https://doi.org/10.1016/S0022-1694(02)00283-4
https://doi.org/10.1002/grl.50834
https://doi.org/10.1155/2016/4830603
https://doi.org/10.1002/wrcr.20192
https://doi.org/10.3390/w10010058
https://doi.org/10.1016/j.advwatres.2018.12.005
https://doi.org/10.1093/gji/ggz292
https://doi.org/10.1007/s00190-020-01395-3
https://doi.org/10.1002/2013JC009067
https://doi.org/10.1186/s40623-018-0968-4
https://doi.org/10.1186/s40623-018-0968-4
https://doi.org/10.3390/geosciences9100415
https://doi.org/10.1175/2010JCLI3727.1

Surveys in Geophysics

Han SC, Sauber J, Luthcke SB, Chen J, Pollitz F (2008) Implications of postseismic gravity change
following the great 2004 Sumatra-Andaman earthquake from the regional harmonic analysis of
GRACE intersatellite tracking data. J Geophys Res: Solid Earth 113:B11413

Han S-C, Riva R, Sauber J, Okal E (2013) Source parameter inversion for recent great earthquakes from
a decade-long observation of global gravity fields. J] Geophys Res: Solid Earth 118:1240-1267

Han S-C, Sauber J, Pollitz F (2016) Postseismic gravity change after the 20062007 great earthquake
doublet and constraints on the asthenosphere structure in the central Kuril Islands. Geophys Res
Lett 43:3169-3177

Han S-C, Sauber J, Pollitz F, Ray R (2019) Sea level rise in the Samoan Islands escalated by viscoelastic
relaxation after the 2009 Samoa-Tonga earthquake. J Geophys Res: Solid Earth 124:4142-4156

Heiskanen WA, Moritz H (1967) Physical geodesy. W. H Freeman and Company, San Francisco, London

Heki K, Matsuo K (2010) Coseismic gravity changes of the 2010 earthquake in central Chile from satel-
lite gravimetry. Geophys Res Lett 37:1.24306

Hide R, Clayton RW, Hager BH, Spieth MA & Voorhies CV (1993) Topographic core-mantle coupling
and fluctuations in the Earth’s rotation, In: Aki K & Dmowska R (eds) Relating geophysical struc-
tures and processes: the jeflreys volume, Geophys. Monog. Am. Geophys. Un., 76, 107-120

Hoechner A, Sobolev SV, Einarsson I, Wang R (2011) Investigation on afterslip and steady state and tran-
sient rheology based on postseismic deformation and geoid change caused by the Sumatra 2004 earth-
quake. Geochem Geophys Geosyst 12:Q07010

Holme R, de Viron O (2013) Characterization and implications of intradecadal variations in length of day.
Nature 499:202-204. https://doi.org/10.1038/nature12282

Hosoda S et al (2008) A monthly mean dataset of global oceanic temperature and salinity derived from
Argo float observations. JAMSTEC Rep Res Dev 8:47-59

Humphrey V, Zscheischler J, Ciais P et al (2018) (2018) Sensitivity of atmospheric CO2 growth rate
to observed changes in terrestrial water storage. Nature 560:628-631. https://doi.org/10.1038/
s41586-018-0424-4

Ivins ER, James TS, Wahr J, Schrama EJO, Landerer FW, Simon KM (2013) Antarctic contribution to
sea level rise observed by GRACE with improved GIA correction. J Geophys Res (Solid Earth)
118:3126-3141. https://doi.org/10.1002/jgrb.50208

Jaggi A, Meyer U, Lasser M, Jenny B, Lopez T, Flechtner F, Dahle C, Forste C, Mayer-Giirr T, Kvas A,
Lemoine JM, Bourgogne S, Weigelt M, Groh A (2020) International combination service for time-
variable gravity fields (COST-G): start of operational phase and future perspectives. In: International
association of geodesy symposia. Springer, Berlin, Heidelberg. https://doi.org/10.1007/1345_2020_
109

Jeon T, Seo K-W, Youm K, Chen JL, Wilson CR (2018) Global sea level change signatures observed by
GRACE satellite gravimetry. Sci Rep 8:13519. https://doi.org/10.1038/s41598-018-31972-8

Kaula WM (1966) Theory of satellite geodesy. Blaisdell, Waltham, MA

Kim B-H, Eom J, Seo K-W, Wilson CR (2016) Spurious barometric pressure acceleration in Antarctica and
propagation into GRACE Antarctic mass change estimates. Geophys J Int 206:1306—1314. https://doi.
org/10.1093/gji/ggw211

King S (1995) The viscosity structure of the mantle. Rev Geophys 33(S1):11-17

Klees R, Revtova EA, Gunter BC, Ditmar P, Oudman E, Winsemius HC, Savenije HHG (2008) The design
of an optimal filter for monthly GRACE gravity models. Geophys J Int 175:417-432. https://doi.org/
10.1111/5.1365-246X.2008.03922.x

Kolusu SR et al (2019) The El Nifio event of 2015-2016: climate anomalies and their impact on ground
water resources in East and southern Africa. HESS 23:1751-1762. https://doi.org/10.5194/
hess-23-1751-2019

Kundzewicz ZW, Szwed M, Pinskwar I (2019) Climate variability and floods: A global review. Water
11(7):1399. https://doi.org/10.3390/w11071399

Kusche J, Schmidt R, Petrovic S, Rietbroek R (2009) Decorrelated GRACE time-variable gravity solutions
by GFZ, and their validation using a hydrological model. J Geodesy 83:903—-913. https://doi.org/10.
1007/s00190-009-0308-3

Kuss AJM, Gurdak JJ (2014) Groundwater level response in US principal aquifers to ENSO, NAO, PDO,
and AMO. J Hydrol 519:1939-1952. https://doi.org/10.1016/j.jhydrol.2014.09.069

Kvas A, Behzadpour S, Ellmer M, Klinger B, Strasser S, Zehentner N, Mayer-Giirr T (2019) ITSG-
Grace2018: overview and evaluation of a new GRACE-only gravity field time series. J Geophys Res:
Solid Earth. https://doi.org/10.1029/2019J1B017415

Landerer FW (2019) Monthly estimates of degree-1 (geocenter) gravity coefficients, generated from
GRACE (04-2002-06/2017) and GRACE-FO (06/2018 onward) RL06 solutions, GRACE Technical

@ Springer


https://doi.org/10.1038/nature12282
https://doi.org/10.1038/s41586-018-0424-4
https://doi.org/10.1038/s41586-018-0424-4
https://doi.org/10.1002/jgrb.50208
https://doi.org/10.1007/1345_2020_109
https://doi.org/10.1007/1345_2020_109
https://doi.org/10.1038/s41598-018-31972-8
https://doi.org/10.1093/gji/ggw211
https://doi.org/10.1093/gji/ggw211
https://doi.org/10.1111/j.1365-246X.2008.03922.x
https://doi.org/10.1111/j.1365-246X.2008.03922.x
https://doi.org/10.5194/hess-23-1751-2019
https://doi.org/10.5194/hess-23-1751-2019
https://doi.org/10.3390/w11071399
https://doi.org/10.1007/s00190-009-0308-3
https://doi.org/10.1007/s00190-009-0308-3
https://doi.org/10.1016/j.jhydrol.2014.09.069
https://doi.org/10.1029/2019JB017415

Surveys in Geophysics

Note 13, The GRACE Project, NASA Jet Propulsion Laboratory (https://podaac-tools.jpl.nasa.gov/
drive/files/allData/grace/docs/TN-13_GEOC_CSR_RLO6.txt)

Landerer FW, Swenson SC (2012) Accuracy of scaled GRACE terrestrial water storage estimates. Water
Resour Res 48:4531. https://doi.org/10.1029/201 1WRO011453

Landerer FW, Flechtner FM, Save H, Webb FH et al (2020) Extending the global mass change data record:
GRACE Follow-On instrument and science data performance. Geophys Res Lett. https://doi.org/10.
1029/2020GL088306

Landerer FW (2020a) TELLUS_GRAC_L3_CSR_RL06_OCN_v03. Ver. RL06 v03. PO.DAAC, CA, USA.
Dataset accessed 2021-01-08 at 10.5067/TEOCN-3AC63

Landerer FW (2020b) TELLUS_GRFO_L3_CSR_RL06_OCN_v03. Ver. RL06 v03. PO.DAAC, CA, USA.
Dataset accessed 2021-01-08 at 10.5067/GFOCN-3AC63

Landerer FW (2020c) TELLUS_GRAC_L3_JPL_RLO06_OCN_v03. Ver. RL06 v03. PO.DAAC, CA, USA.
Dataset accessed 2021-01-08 at 10.5067/TEOCN-3AJ63

Landerer FW (2020d) TELLUS_GRFO_L3_JPL_RL06_OCN_v03. Ver. RL06 v03. PO.DAAC, CA, USA.
Dataset accessed 2021-01-08 at 10.5067/GFOCN-3AJ63

Landerer FW (2020e) TELLUS_GRAC_L3_GFZ_RL06_OCN_v03. Ver. RL06 v03. PO.DAAC, CA, USA.
Dataset accessed 2021-01-08 at 10.5067/TEOCN-3AG63

Landerer FW (2020f) TELLUS_GRFO_L3_GFZ_RL06_OCN_v03. Ver. RL06 v03. PO.DAAC, CA,
USA. Dataset accessed 2021-01-08 at 10.5067/GFOCN-3AG63

LiJ, Chen JL, Wilson CR (2016) Topographic effects on coseismic gravity change for the 2011 Tohoku-
Oki earthquake and comparison with GRACE. J Geophys Res (Solid Earth) 121:5509-5537.
https://doi.org/10.1002/2015JB012407

LiJ, Chen JL, Li Z, Wang SY, Hu X (2017) Ellipsoidal correction in GRACE surface mass change esti-
mation. J Geophys Res (Solid Earth) 122:9437-9460. https://doi.org/10.1002/2017JB014033

Llovel et al (2011) Steric sea level variations over 2004-2010 as a function of region and depth: infer-
ence on the mass component variability in the North Atlantic ocean. Geophys Res Lett 38:L.15608.
https://doi.org/10.1029/2011GL047411

Llovel et al (2013) Depth-dependent temperature change contributions to global mean thermosteric sea
level rise from 1960 to 2010. Global Planet Change 101:113-118. https://doi.org/10.1016/j.glopl
acha.2012.12.011

Llovel W, Willis J, Landerer F et al (2014) Deep-ocean contribution to sea level and energy budget not
detectable over the past decade. Nature Clim Change 4:1031-1035. https://doi.org/10.1038/nclim
ate2387

Llovel W, Purkey S, Meyssignac B, Blazquez A, Kolodziejczyk N, Bamber J (2019) Global ocean fresh-
ening, ocean mass increase and global mean sea level rise over 2005-2015. Sci Rep 9(1):17717.
https://doi.org/10.1038/s41598-019-54239-2

Loomis BD, Rachlin KE, Luthcke SB (2019) Improved earth oblateness rate reveals increased ice sheet
losses and mass-driven sea level rise. Geophys Res Lett 46(12):6910-6917. https://doi.org/10.
1029/2019GL082929

Loomis BD, Rachlin KE, Wiese DN, Landerer FW, Luthcke SB (2020) Replacing GRACE/GRACE-FO
C30 with satellite laser ranging: impacts on Antarctic Ice Sheet mass change. Geophys Res Lett
47:¢2019GL085488. https://doi.org/10.1029/2019GL085488

Maier A, Krauss S, Hausleitner W, Baur O (2012) Contribution of satellite laser ranging to combined
gravity field models. Adv Space Res 49(3):556-565. https://doi.org/10.1016/j.asr.2011.10.026

Marcos M et al (2011) Regional distribution of steric and mass contributions to sea level changes.
Global Planet Change 76(3—4):206-218. https://doi.org/10.1016/j.gloplacha.2011.01.007

Matsuo K, Heki K (2012) Anomalous precipitation signatures of the Arctic oscillation in the time-var-
iable gravity field by GRACE. Geophys J Int 190(3):1495-1506. https://doi.org/10.1111/j.1365-
246X.2012.05588.x

Mound J, Buffett B (2006) Detection of a gravitational oscillation in length-of-day. Earth Planet Sci Lett
243:383-389. https://doi.org/10.1016/j.epsl.2006.01.043

Ndehedehe CE, Ferreira VG (2019) Identifying the footprints of global climate modes in time-variable
gravity hydrological signals. Clim Change. https://doi.org/10.1007/s10584-019-02588-2

Ndehedehe CE, Awange JL, Kuhn M, Agutu NO, Fukuda Y (2017) Climate teleconnections influence on
West Africa’s terrestrial water storage. Hydrol Process 31(18):3206-3224. https://doi.org/10.1002/
hyp.11237

Nerem RS, Beckley BD, Fasullo JT, Hamlington BD, Masters D, Mitchum GT (2018) Climate-change—
driven accelerated sea-level rise detected in the altimeter era. J Procee Natl Acad Sci 115(9):2022—
2025. https://doi.org/10.1073/pnas.1717312115

@ Springer


https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/TN-13_GEOC_CSR_RL06.txt
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/TN-13_GEOC_CSR_RL06.txt
https://doi.org/10.1029/2011WR011453
https://doi.org/10.1029/2020GL088306
https://doi.org/10.1029/2020GL088306
https://doi.org/10.1002/2015JB012407
https://doi.org/10.1002/2017JB014033
https://doi.org/10.1029/2011GL047411
https://doi.org/10.1016/j.gloplacha.2012.12.011
https://doi.org/10.1016/j.gloplacha.2012.12.011
https://doi.org/10.1038/nclimate2387
https://doi.org/10.1038/nclimate2387
https://doi.org/10.1038/s41598-019-54239-2
https://doi.org/10.1029/2019GL082929
https://doi.org/10.1029/2019GL082929
https://doi.org/10.1029/2019GL085488
https://doi.org/10.1016/j.asr.2011.10.026
https://doi.org/10.1016/j.gloplacha.2011.01.007
https://doi.org/10.1111/j.1365-246X.2012.05588.x
https://doi.org/10.1111/j.1365-246X.2012.05588.x
https://doi.org/10.1016/j.epsl.2006.01.043
https://doi.org/10.1007/s10584-019-02588-2
https://doi.org/10.1002/hyp.11237
https://doi.org/10.1002/hyp.11237
https://doi.org/10.1073/pnas.1717312115

Surveys in Geophysics

Ni S, Chen JL, Wilson CR, Hu X (2017) Long-Term Water storage changes of lake volta from GRACE
and satellite altimetry and connections with regional climate. Remote Sens 9:842. https://doi.org/
10.3390/rs9080842

Ni S, Chen JL, Wilson CR, Li J, Hu X, Fu R (2018) Global terrestrial water storage changes and connec-
tions to ENSO events. Surv Geophys 39:1-22. https://doi.org/10.1007/s10712-017-9421-7

Ogawa R, Heki K (2007) Slow postseismic recovery of geoid depression formed by the 2004 Sumatra-
Andaman Earthquake by mantle water diffusion. Geophys Res Lett 34:L06313

Panet I et al (2007) Co-seismic and post-seismic signatures of the Sumatra December 2004 and March
2005 earthquakes in GRACE satellite gravity. Geophys J Int 171:177-190

Panet I, Pollitz F, Mikhailov V, Diament M, Banerjee P, Grijalva K (2010) Upper mantle rheology from
GRACE and GPS post-seismic deformation after the 2004 Sumatra-Andaman earthquake. Geochem
Geophys Geosyst 11(6):Q06008

Panet I, Bonvalot S, Narteau C, Remy D, Lemoine JM (2018) Migrating pattern of deformation prior to the
Tohoku-Oki earthquake revealed by GRACE data. Nat Geosci 11(5):367-373

Paulson A, Zhong S, Wahr J (2007a) Limitations on the inversion for mantle viscosity from postglacial
rebound. Geophys J Int 168:1195-1209

Paulson A, Zhong S, Wahr J (2007b) Inference of mantle viscosity from GRACE and relative sea level data.
Geophys J Int 171:497-508

Peltier WR (2004) Global glacial isostasy and the surface of the ice-age earth: the ICE-5G (VM2) model
and GRACE. Annu Rev Earth Planet Sci 32:111-149

Peltier WR, Argus DF, Drummond R (2018) Comment on "An assessment of the ICE-6G_C (VM5a) Gla-
cial isostatic adjustment model by Purcell et al. J] Geophys Res Solid Earth 123:2019-2018. https://
doi.org/10.1002/2016JB013844

Pfeffer J, Cazenave A, Barnoud A (2021) Analysis of the interannual variability in satellite gravity solu-
tions: impact of climate modes on water mass displacements across continents and oceans, submitted.
J Geophys Res

Pfeffer J, Seyler F, Bonnet MP, Calmant S, Frappart F, Papa F et al (2014) Low-water maps of the ground-
water table in the central Amazon by satellite altimetry. Geophys Res Lett 41(6):1981-1987. https://
doi.org/10.1002/2013GL059134

Ponte RM, Sun Q, Liu C, Liang X (2021) How salty is the global ocean: weighing it all or tasting it a sip at
a time? Geophys Res Lett 48:€2021GL092935. https://doi.org/10.1029/2021GL092935

Reager JT, Gardner AS, Famiglietti JS, Wiese DN, Eicker A, Lo M-H (2016) A decade of sea level rise
slowed by climate-driven hydrology. Science 351:699-703. https://doi.org/10.1126/science.aad8386

Rodell M, Famiglietti JS (1999) Detectability of variations in continental water storage from satellite obser-
vations of the time dependent gravity field. Water Resour Res 35:2705-2724. https://doi.org/10.1029/
1999WR900141.

Rodell M, Houser PR, Jambor U, Gottschalck J, Mitchell K, Meng C-J, Arsenault K, Cosgrove B, Rada-
Kovich J, Bosilovich M, Entin JK, Walker JP, Lohmann D, Toll D (2004) The global land data assimi-
lation system. Bull Am Meteorol Soc 85(3):381-394

Rodell M, Velicogna I, Famiglietti JS (2009) Satellite-based estimates of groundwater depletion in India.
Nature 460:999-1002. https://doi.org/10.1038/nature08238

Roemmich D, Gilson J (2009) The 2004-2008 mean and annual cycle of temperature, salinity and steric
height in the global ocean from the Argo program. Prog Oceanogr 82:81-100

Rollins C, Barbot S, Avouac J-P (2015) Postseismic deformation following the 2010 M=7.2 El Mayor-
Cucapah earthquake: observations, kinematic inversions, and dynamic models. Pure Appl Geophys
172:1305-1358

Root BC, Tarasov L, van der Wal W (2015) GRACE gravity observations constrain Weichselian ice thick-
ness in the Barents Sea. Geophys Res Lett 42:3313-3320

Rovira-Navarro M, van der Wal W, Barletta VR, Root BC, Sandberg Sorensen L (2020) GRACE constraints
on Earth rheology of the Barents Sea and Fennoscandia. Solid Earth 11:379-395

Riva REM, Gunter BC, Urban TJ, Vermeersen BLA, Lindenbergh RC, Helsen MM, Bamber JL, van de
Wal RSW, van den Broeke MR, Schutz BE (2009) Glacial Isostatic adjustment over Antarctica from
combined ICESat and GRACE satellite data. Earth Planet Sci Lett 288:516-523. https://doi.org/10.
1016/.epsl.2009.10.013

Ropelewski CF, Halpert MS (1987) Global and regional scale precipitation patterns associated with the El
Nifio/Southern oscillation. Mon Weather Rev 115:1606—1626. https://doi.org/10.1175/1520-0493

Sasgen I, Klemann V, Martinec Z (2012) Towards the inversion of GRACE gravity fields for present-
day ice-mass changes and glacial-isostatic adjustment in North America and Greenland. J Geodyn
59-60:49-63

@ Springer


https://doi.org/10.3390/rs9080842
https://doi.org/10.3390/rs9080842
https://doi.org/10.1007/s10712-017-9421-7
https://doi.org/10.1002/2016JB013844
https://doi.org/10.1002/2016JB013844
https://doi.org/10.1002/2013GL059134
https://doi.org/10.1002/2013GL059134
https://doi.org/10.1029/2021GL092935
https://doi.org/10.1126/science.aad8386
https://doi.org/10.1029/1999WR900141
https://doi.org/10.1029/1999WR900141
https://doi.org/10.1038/nature08238
https://doi.org/10.1016/j.epsl.2009.10.013
https://doi.org/10.1016/j.epsl.2009.10.013
https://doi.org/10.1175/1520-0493

Surveys in Geophysics

Sasgen I, Groh A, Horwath M (2019) GFZ GravIS RL06 ice-mass change products. V 0002 GFZ Data Serv.
https://doi.org/10.5880/GFZ.GRAVIS_06_L3_ICE

Sasgen I, Konrad H, Helm V, Grosfeld K (2019b) High-resolution mass trends of the Antarctic ice sheet
through a spectral combination of satellite gravimetry and radar altimetry observations. Remote Sens
11(2):144. https://doi.org/10.3390/rs11020144

Sasgen I, Wouters B, Gardner AS, King MD, Tedesco M, Landerer FW, Dahle C, Save H, Fettweis X
(2020a) Return to rapid ice loss in Greenland and record loss in 2019 detected by the GRACE-FO
satellites. Commun Earth Environ 1:8. https://doi.org/10.1038/s43247-020-0010-1

Sasgen I, Groh A, Horwath M (2020) COST-G GravIS RLOI ice-mass change products. V 0002 GFZ
Data Serv. https://doi.org/10.5880/COST-G.GRAVIS_01_L3_ICE

Save H, Bettadpur S, Tapley BD (2016) High resolution CSR GRACE RLO05 mascons. J Geophys Res
Solid Earth. https://doi.org/10.1002/2016JB013007

Save H (2020) CSR GRACE and GRACE-FO RL06 mascon solutions v02, https://doi.org/10.15781/
cgq9-nh24

Scanlon BR, Longuevergne L, Long D (2012) Ground referencing GRACE satellite estimates of ground-
water storage changes in the California central valley, USA. Water Resour Res 48:4520. https://
doi.org/10.1029/2011WRO011312

Scanlon BR, Zhang Z, Save H, Sun AY, Schmied HM, van Beek LP, Longuevergne L (2018) Global
models underestimate large decadal declining and rising water storage trends relative to GRACE
satellite data. PNAS 115(6):E1080-E1089. https://doi.org/10.1073/pnas.1704665115

Schellekens J, Dutra E, Martinez-de la Torre A, Balsamo G, van Dijk A, Weiland FS, Fink G (2017) A
global water resources ensemble of hydrological models: the eartH2Observe Tier-1 dataset. Earth
Syst Sci Data 9(2):389

Shepherd A, Ivins ERAG et al (2012) A reconciled estimate of ice-sheet mass balance. Science
338:1183-1189. https://doi.org/10.1126/science.1228102

Shiklomanov Al, Lammers RB, Vorosmarty CJ (2002) Widespread decline in hydrological monitoring
threatens pan-arctic research. Eos. https://doi.org/10.1029/2002EO000007

Siderius C, Gannon KE, Ndiyoi M, Opere A, Batisani N, Olago D, Pardoe J, Conway D (2018) Hydro-
logical response and complex impact pathways of the 2015/2016 El Nifio in Eastern and Southern
Africa. Earth’s Futur 6:2-22. https://doi.org/10.1002/2017EF000680

Steffen H, Wu P, Wang H (2010) Determination of the Earth’s structure in fennoscandia from GRACE
and implications for the optimal post-processing of GRACE data. Geophys J Int 182(3):1295-1310

Steffen H, Wu P, Wang H (2012) Optimal locations for absolute gravity measurements and sensitivity
of GRACE observations for constraining glacial isostatic adjustment on the northern hemisphere.
Geophys J Int 190:1483-1494

Sun Y, Riva R, Ditmar P (2016) Optimizing estimates of annual variations and trends in geocenter
motion and J2 from a combination of GRACE data and geophysical models. J Geophys Res (Solid
Earth) 121:8352-8370. https://doi.org/10.1002/2016JB013073

Sutterley TC, Velicogna I, Hsu C-W (2020) Self-consistent ice mass balance and regional sea level fFrom
time-variable gravity. Earth Space Sci 7(3):e00860. https://doi.org/10.1029/2019EA000860

Swenson S, Wahr J (2002) Methods for inferring regional surface-mass anomalies from gravity recov-
ery and climate experiment (GRACE) measurements of time-variable gravity. J Geophys Res
107(B9):2193. https://doi.org/10.1029/2001JB000576

Swenson S, Wahr J (2006) Post-processing removal of correlated errors in GRACE data. Geophys Res
Lett 33:1.8402. https://doi.org/10.1029/2005GL025285

Swenson S, Wahr J (2007) Multi-sensor analysis of water storage variations of the Caspian Sea. Geophys
Res Lett 34:1.16401. https://doi.org/10.1029/2007GL030733

Swenson S, Chambers D, Wahr J (2008) Estimating geocenter variations from a combination of GRACE
and ocean model output. J Geophys Res (Solid Earth) 113(B12):B8410. https://doi.org/10.1029/
2007JB005338

Tamisiea ME, Mitrovica JX, Davis JL (2007) GRACE gravity data constrain ancient ice geometries and
continental dynamics over laurentia. Science 316:881-883. https://doi.org/10.1126/science.11371
57

Tanaka Y, Heki K (2014) Long- and short-term postseismic gravity changes of megathrust earthquakes
from satellite gravimetry. Geophys Res Lett 41:5451-5456

Tang L, Li J, Chen JL, Wang SY, Wang R, Hu X (2020) Seismic impact of large earthquakes on esti-
mating global mean ocean mass change from GRACE. Remote Sens 12(6):935. https://doi.org/10.
3390/rs12060935

@ Springer


https://doi.org/10.5880/GFZ.GRAVIS_06_L3_ICE
https://doi.org/10.3390/rs11020144
https://doi.org/10.1038/s43247-020-0010-1
https://doi.org/10.5880/COST-G.GRAVIS_01_L3_ICE
https://doi.org/10.1002/2016JB013007
https://doi.org/10.15781/cgq9-nh24
https://doi.org/10.15781/cgq9-nh24
https://doi.org/10.1029/2011WR011312
https://doi.org/10.1029/2011WR011312
https://doi.org/10.1073/pnas.1704665115
https://doi.org/10.1126/science.1228102
https://doi.org/10.1029/2002EO000007
https://doi.org/10.1002/2017EF000680
https://doi.org/10.1002/2016JB013073
https://doi.org/10.1029/2019EA000860
https://doi.org/10.1029/2001JB000576
https://doi.org/10.1029/2005GL025285
https://doi.org/10.1029/2007GL030733
https://doi.org/10.1029/2007JB005338
https://doi.org/10.1029/2007JB005338
https://doi.org/10.1126/science.1137157
https://doi.org/10.1126/science.1137157
https://doi.org/10.3390/rs12060935
https://doi.org/10.3390/rs12060935

Surveys in Geophysics

Tapley BD, Watkins MM, Flechtner F, Reigber C, Bettadpur S et al (2019) Contributions of GRACE
to understanding climate change. Nat Clim Chang 9:358-369. https://doi.org/10.1038/
841558-019-0456-2

Tavella P, Premoli A (1993) A revisited tree-cornered hat method for estimating frequency standard
instability. IEEE Trans Instrum Meas IM—42:7-13

Tiwari VM, Wahr J, Swenson S (2009) Dwindling groundwater resources in northern India, from satellite
gravity observations. Geophys Res Lett 36:L.18401. https://doi.org/10.1029/2009GL039401.

The IMBIE Team: Shepherd A, Ivins E et al (2020) Mass balance of the Greenland Ice Sheet from 1992
to 2018. Nature, 579:233-239. https://doi.org/10.1038/s41586-019-1855-2

Uebbing B, Kusche J, Rietbroek R, Landerer FW (2019) Processing choices affect ocean mass estimates
from GRACE. J Geophys Res: Oceans 124:1029-1044. https://doi.org/10.1029/2018JC014341

van der Wal W, Kurtenbach E, Kusche J, Vermeersen B (2011) Radial and tangential gravity rates from
GRACE in areas of glacial isostatic adjustment. Geophys J Int 187(2):797-812

Velicogna I, Wahr J (2006) Measurements of time-variable gravity show mass loss in Antarctica. Sci-
ence 311:1754-1756. https://doi.org/10.1126/science.1123785

Velicogna I, Wahr J (2013) Time-variable gravity observations of ice sheet mass balance: precision and
limitations of the GRACE satellite data. Geophys Res Lett 40:3055-3063. https://doi.org/10.1002/
arl.50527

Velicogna I, Mohajerani Y, Geruo A, Landerer F, Mouginot J et al (2020) Continuity of ice sheet mass
loss in greenland and antarctica from the GRACE and GRACE follow-on missions. Geophys Res
Lett 47(8):e87291. https://doi.org/10.1029/2020GL087291

Vishwakarma BD, Horwath M, Devaraju B, Groh A, Sneeuw N (2017) A data-driven approach for
repairing the hydrological catchment signal damage due to filtering of GRACE products. Water
Resour Res 53:9824-9844. https://doi.org/10.1002/2017WR021150

Vishwakarma BD, Bates P, Sneeuw N, Westaway R, Bamber J (2021) Re-assessing global water stor-
age trends from GRACE time series. Environ Res Lett 16:1-9. https://doi.org/10.1088/1748-9326/
abd4a9

Wahr J, Molenaar M, Bryan F (1998) Time-variability of the Earth’s gravity field: hydrological and
oceanic effects and their possible detection using GRACE. J Geophys Res 103(B12):30205-30230

Wang L, Shum CK, Jekeli C (2012a) Gravitational gradient changes following the 2004 December 26
Sumatra-Andaman Earthquake inferred from GRACE. Geophys J Int 191(3):1109-1118

Wang L, Shum CK, Simons F, Tassara A, Erkan K, Jekeli C, Braun A, Kuo C, Lee H, Yuan D (2012b)
Coseismic slip of the 2010 Mw 8.8 great maule, Chile, earthquake quantified by the inversion of
GRACE observations. Earth Planet Sci Lett 335-336:167-179

Wang L, Shum CK, Simons FJ, Tapley B, Dai C (2012c) Coseismic and postseismic deformation of the
2011 Tohoku-Oki earthquake constrained by GRACE gravimetry. Geophys Res Lett 39:1.07301

Wang K, Hu Y, He J (2012d) Deformation cycles of subduction earthquakes in a viscoelastic Earth.
Nature 484:327-332

Ward PJ et al (2014) Strong influence of El Nifio Southern Oscillation on flood risk around the world.
PNAS 111(44):15659-15664

Watkins A, Fu Y, Gross R (2018) Earth’s subdecadal angular momentum balance from deformation and
rotation data. Sci Rep 8:13761. https://doi.org/10.1038/s41598-018-32043-8

WCRP Global Sea Level Budget Group (2018) Global sea-level budget 1993—present. Earth Syst Sci
Data 10:1551-1590. https://doi.org/10.5194/essd-10-1551-2018

Wiese DN, Landerer FW, Watkins MM (2016) Quantifying and reducing leakage errors in the JPL
RLO5SM GRACE mascon solution. Water Resour Res 52:7490-7502. https://doi.org/10.1002/
2016WR019344

Wong APS, Wijffels SE, Riser SC, Pouliquen S, Hosoda S et al (2020) Argo data 1999-2019: two mil-
lion temperature-salinity profiles and subsurface velocity observations from a global array of pro-
filing floats. Front Mar Sci 7:700. https://doi.org/10.3389/fmars.2020.00700

Wouters B, Schrama EJO (2007) Improved accuracy of GRACE gravity solutions through empirical
orthogonal function filtering of spherical harmonics. Geophys Res Lett 34:1.23711. https://doi.org/
10.1029/2007GL032098

Wouters B, Chambers D, Schrama EJO (2008) GRACE observes small-scale mass loss in Greenland.
Geophys Res Lett 35:L20501. https://doi.org/10.1029/2008 GL034816

Wouters B, Bamber J, van den Broeke M, Lenaerts JTM, Sasgen I (2013) Limits in detecting accelera-
tion of ice sheet mass loss due to climate variability. Nat Geosci 6:613-616. https://doi.org/10.
1038/ngeo1874

Wu X, Ray J, van Dam T (2012) Geocenter motion and its geodetic and geophysical implications. J Geo-
dyn 58:44-61

@ Springer


https://doi.org/10.1038/s41558-019-0456-2
https://doi.org/10.1038/s41558-019-0456-2
https://doi.org/10.1029/2009GL039401
https://doi.org/10.1038/s41586-019-1855-2
https://doi.org/10.1029/2018JC014341
https://doi.org/10.1126/science.1123785
https://doi.org/10.1002/grl.50527
https://doi.org/10.1002/grl.50527
https://doi.org/10.1029/2020GL087291
https://doi.org/10.1002/2017WR021150
https://doi.org/10.1088/1748-9326/abd4a9
https://doi.org/10.1088/1748-9326/abd4a9
https://doi.org/10.1038/s41598-018-32043-8
https://doi.org/10.5194/essd-10-1551-2018
https://doi.org/10.1002/2016WR019344
https://doi.org/10.1002/2016WR019344
https://doi.org/10.3389/fmars.2020.00700
https://doi.org/10.1029/2007GL032098
https://doi.org/10.1029/2007GL032098
https://doi.org/10.1029/2008GL034816
https://doi.org/10.1038/ngeo1874
https://doi.org/10.1038/ngeo1874

Surveys in Geophysics

Wu X, Kusche J, Landerer FW (2017) A new unified approach to determine geocentre motion using
space geodetic and GRACE gravity data. Geophys J Int 209:1398-1402. https://doi.org/10.1093/
gji/ggx086

Xie Z, Huete A, Cleverly J, Phin S, McDonald-Madden E, Cao Y, Qin F (2019) Multi-climate mode
interactions drive hydrological and vegetation responses to hydroclimatic extremes in Australia.
Remote Sens Environ 231:111270. https://doi.org/10.1016/j.rse.2019.111270

Yi S, Sun W, Heki K, Qian A (2015) An increase in the rate of global mean sea level rise since 2010.
Geophys Res Lett 42:3998-4006. https://doi.org/10.1002/2015GL063902

Yi S, Sneeuw N (2021) Filling the data gaps within GRACE missions using singular spectrum analysis.
J Geophys Res: Solid Earth 126(5):5. https://doi.org/10.1029/2020jb021227

Yoder CF, Williams JG, Dickey JO, Schutz BE, Eanes RJ, Tapley BD (1983) Secular variation of Earth’s
gravitational harmonic J coefficient from lageos and non-tidal acceleration of earth rotation.
Nature 303:757-762

Yuan DN (2018) JPL Level-2 processing standards document for level-2 product release 06, GRACE 327—
743, The GRACE Project, NASA JPL (https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/
docs/L2-JPL_ProcStds_v6.0.pdf)

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

@ Springer


https://doi.org/10.1093/gji/ggx086
https://doi.org/10.1093/gji/ggx086
https://doi.org/10.1016/j.rse.2019.111270
https://doi.org/10.1002/2015GL063902
https://doi.org/10.1029/2020jb021227
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/L2-JPL_ProcStds_v6.0.pdf
https://podaac-tools.jpl.nasa.gov/drive/files/allData/grace/docs/L2-JPL_ProcStds_v6.0.pdf

	Applications and Challenges of GRACE and GRACE Follow-On Satellite Gravimetry
	Abstract
	1 Introduction
	2 Time-Variable Gravity Field and Mass Change
	2.1 Gravitational Field
	2.2 GRACEGRACE-FO Time-Variable Gravity Field and Mass Variation
	2.3 Major Challenges in GRACEGRACE-FO Mass Estimation
	2.3.1 Leakage Bias
	2.3.2 Low-Degree SH Coefficients and Geocenter
	2.3.3 Independent Validations of GRACEGRACE-FO Observations
	2.3.4 Uncertainty Assessment
	2.3.5 Separation of Different Geophysical Signals
	2.3.6 Other Issues


	3 Terrestrial Water Storage Change from GRACEGRACE-FO
	4 Mass Change of Polar Ice Sheets and Glaciers from GRACEGRACE-FO
	5 Global Mean Oceanic Mass Change from GRACEGRACE-FO
	5.1 Direct Estimate Based on GRACEGRACE-FO Data
	5.2 Sea Level Budget Approach

	6 Solid Earth Mass Change from GRACEGRACE-FO
	6.1 The Earthquake Cycle
	6.2 GIA and the Earth’s Rheology

	7 Potential Detection of Deep Earth Signals by GRACEGRACE-FO
	8 Discussion
	Acknowledgements 
	References




