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Abstract Long-term monitoring of global mass transport within the Earth system improves our
ability to mitigate natural hazards and better understand their relations to climate change. Satellite gravity
is widely used to monitor surface mass variations for its unprecedented spatial and temporal coverage.
However, the gravity data contain signals from visco-elastic deformation in response to past ice sheet
melting, preventing us from extracting signals of present-day surface mass trend (PDMT) directly. Here
we present a global inversion scheme that separates PDMT and visco-elastic glacial isostatic adjustment
(GIA) signatures by combining satellite gravimetry with satellite altimetry and ground observations. Our
inversion provides global dual data coverage that enables a robust separation of PDMT and GIA spherical
harmonic coefficients. It has the advantage of providing estimates of Earth's long wavelength deformation
signatures and their uncertainties. Our GIA result, along with its uncertainty estimates, can be used in
future GRACE processing to better assess the impact of GIA on surface mass change. Our GIA estimates
include a rapid GIA uplift in the Southeast Alaska and the Amundsen Sea Embayment, due to the visco-
elastic response to recent glacial unloading. We estimate the average surface mass change rate from 2002—
2010 to be —203 = 3 GT-a~' in Greenland, —126 = 18 GT-a"" in Antarctica and, —62 + 5 GT-a"' in Alaska.
The GIA low degree spherical harmonic coefficients are sensitive to rheological properties in Earth's deep
interior. Our low-degree GIA estimates include geocenter motion and J, which provide unique constraints
to understand Earth's lower mantle and ice history.

Plain Language Summary Surface mass exchange between Earth's “spheres”—atmosphere,
hydrosphere, cryosphere, biosphere, and pedosphere— are enormous. Monitoring surface mass change
helps to understand climate change and mitigate hazardous effects such as extreme drought or flooding.
Measurements of surface mass change are perturbed by subsurface processes, such as mantle flow
underneath Earth's crust. Often, a model is used to correct the subsurface signals from observations, and
likely to introduce un-modeled process errors into the surface mass estimates. We use a mostly data-driven
method to extract present-day surface mass change trends along with their error estimates. The results
give an enhanced view of the surface mass processes and can help improving the accuracy of future
surface mass estimations. Moreover, we get a more accurate picture of the subsurface processes, that are
mainly caused by Earth's viscous response to past ice sheet melting. We find that Earth's crust bounces
back more rapidly after glacier melting events than we assumed before, especially in places where the
mantle viscosity is low.

1. Introduction

Global climate change modifies the mass redistribution process within Earth system. Present-day surface
mass transport, in turn, changes the geoid and global sea level. Surface mass transport, mainly from fluid
water moving between Earth's “spheres” impacts societies and its relation to climate change needs to be bet-
ter understood. Global monitoring of present-day surface mass trend (PDMT), thus, is vital in itself and to
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understand climate change. Before the Gravity Recovery and Climate Experiment (GRACE) satellites were
launched, large-scale components of mass movement within Earth system were inferred from satellite laser
ranging (SLR) observations (Cheng et al., 2013; Cox & Chao, 2002; Dickey et al., 2002). The time-varying
gravity field has been monitored continuously with unprecedented accuracy since the GRACE era (Tapley
et al., 2004; Wouters et al., 2014). However, GRACE is not only sensitive to PDMT, but also to subsurface
mass changes mainly caused by Earth's viscous response to the removal of ice sheets, known as glacial iso-
static adjustment (GIA) (Peltier, 2004; Wouters et al., 2014). Although efforts have been made recently to
improve our capability to monitor surface mass transport, the current method is still subject to GIA model
errors. The presence of the residual GIA signals, specifically GIA signals due to the recent past ice loss, in
most geodetic data and unquantified GIA model errors make the direct observation of surface mass trans-
port trend a difficult endeavor.

Present-day surface mass redistribution can be estimated by measuring the instantaneous elastic response
of Earth's crust to surface loading changes (Farrell, 1972; Wahr et al., 1998). In practice, the GIA process
complicates the interpretation of the linear trend observations. Physical models have been developed to
reconstruct present-day GIA signals (Ivins et al., 2013; Peltier et al., 2015, 2018), but such models are largely
based on forward-fitting approaches, partial-domain viscosity inversions, piecewise subsequent iterative
modifications with new data, and are, thus, subject to ambiguities and uncertainties in the past ice history,
Earth rheology, and flow constitutive laws. Consequently, such development processes make the quantifi-
cation of model uncertainties particularly hard (Caron et al., 2018; van der Wal et al., 2015), although for
some cases such as in North America, uncertainty estimates due to lateral viscosity have been presented (Li
et al., 2020). Furthermore, ice loading histories in global models generally do not include ice changes in the
last centuries in regions of low viscosity such as Antarctica, Alaska, Patagonia, Iceland (Jacob et al., 2012).
Thus, mass change estimates in those regions will be biased when global models are used for the correct
GIA signal. On the other hand, GIA models with parameters that are fit to regional GIA observations in ar-
eas of low viscosity such as in West Antarctica (e.g., Nield et al., 2014) do not capture the low degree signal,
while the far-field GIA signal can contribute 40% of the total Antarctic signal (Caron & Ivins, 2020).

Earlier studies suggest that PDMT- and GIA-induced elastic and viscoelastic signatures have distinct spa-
tial-temporal patterns in different observation types (Wahr et al., 1995; Wu et al., 2010). In light of this,
regional inversion models that combine multi-type observations have been developed to separate PDMT
and GIA (Gunter et al., 2014; Martin-Espafol et al., 2016; Sasgen et al., 2017; Simon et al., 2017). These
regional inversions solve GIA and PMDT simultaneously, and are successful in providing mass transport
information on a local scale. However, they cannot assess the impact of geocenter motion, nor deliver global
long-wavelength spherical harmonic coefficients. On the other hand, global inversion of GIA and PDMT is
difficult due to the paucity of dual observation types in both the oceans and the interior of the Greenland
and Antarctic ice sheets.

Here, for the first time, we develop a high-resolution method to combine data from multiple observation
platforms to assure global coverage of dual observation types in estimating PDMT and GIA simultaneously.
Our results provide nearly data-driven estimates of PDMT, including global non-steric sea level change,
and valuable spherical harmonic coefficient constraints on ice history and lower mantle viscosity. Com-
pared to global dynamic GIA models, coefficient ambiguities and uncertainties are reduced by our use of
precise global geodetic data, and the effect of recent ice unloading is included. Our estimates also include
long-wavelength signal that is missing in regional inversions (empirical GIA estimates). GRACE and GNSS
have been used to measure precisely the load induced deformation at both local and global scales (Blewitt
et al., 2001; Wahr et al., 1998; Wu et al., 2010). Although both data sets have the potential to reach global
coverage, for our inversion needs, gaps in both spatial and temporal domains exist. The following are a few
examples: the GRACE data system is not sensitive to degree-1 geocenter motion; GNSS station distribution
is sparse over the ocean and near glaciers; GNSS data gaps and discontinuities exist in the time series;
crustal deformation signals from tectonics also complicate the interpretation. For our purpose of separating
global PDMT and GIA, it is vital to use complementary data for global dual coverage and reconcile infor-
mation from overlapping observations to reduce uncertainties. We, therefore, present a kinematic inversion
that takes advantage of the multiple globally distributed data sets to separate PDMT and GIA with a robust
uncertainty estimation. In addition to GRACE observations, we included 786 geodetic stations on land to
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Figure 1. Distribution of global data sets. We use surface geodetic station velocities (black dots, GNSS/VLBI/

SLR), ocean bottom pressure from the ECCO model (black triangles), ICESat (red dots) elevation change rate over
the Greenland and Antarctic ice sheets, and GRACE spherical harmonic coefficients (not shown here). All data are
sampled from 2002 to 2010. ECCO, Estimating the Circulation and Climate of the Ocean; GRACE, Gravity Recovery
and Climate Experiment; SLR, satellite laser ranging.

help separate GIA and PDMT (Figure 1). Ocean bottom pressure (OBP) results from JPL's Estimating the
Circulation and Climate of the Ocean (ECCO) model (https://ecco.jpl.nasa.gov/products/all/) were includ-
ed to help separate GIA and PDMT in the ocean (Fukumori et al., 1999). Previous work by Wu et al. (2010)
suffered from a lack of dual observation types in the interior of the Greenland and Antarctic ice sheets,
resulting in considerable GIA uncertainties in these two regions. Here, we supply new ICESat elevation
change rates over these ice sheets to fill the data gaps (Figure 2) that arose in Wu et al. (2010).

In this study, we present a simultaneous PDMT and GIA estimation using the method mainly developed in
Wu et al. (2010), but with a much improved globally distributed observation network of multiple satellite
and ground data, including ICESat altimetry in particular, and improved resolution and accuracy from a
number of observation techniques. We first describe the three data types and the OBP model as well as their
processing strategies in detail in Section 2. We conduct the inversion in the spectral domain from degree 1
to 60 for the GIA signatures and up to degree 180 for the PDMT. The inverse methodology is presented with
detail in Section 3. Our inverted results for both GIA and PDMT in spherical harmonic and spatial domains
are presented in Section 4, followed by discussion and conclusions in Section 5.

2. Observation Types and Data Processing Methods

GIA-induced deformation and gravity changes have long relaxation times and, thus, are reasonable to be
approximated by linear rates over the time scale of our study, except for a few areas of low viscosity where
relaxation time can be in the order of decades such as parts of the Antarctica (e.g., Nield et al., 2014). On the
other hand, PDMT has considerable annual and inter-annual variability, and is accelerating in the Polar Re-
gions and certain glaciated mountain regions (Harig & Simons, 2015; Jiang et al., 2010; Scambos et al., 2004;
Shepherd et al., 2018, 2020). To minimize the effect of nonlinear PDMT variations in different data sets,
and to maximize the overlapping time from multiple observations, we choose to pre-process all the data to
derive linear change rates from the period of 2002-2010 which is the only time window when all four data
sets are available. Longer data sets exist for GRACE, OBP, and GPS, but not for ICESat, and the PDMT rate
has changed considerably since 2010 (Shepherd et al., 2018).

We use CSR RL06 GRACE monthly solutions with spherical harmonics degree and order 60. GRACE C,,
coefficient time series are replaced with estimates from SLR (Cheng et al., 2013). The GRACE data system
is insensitive to geocenter motion, which is driven by degree-one mass changes of both PDMT and GIA. We
do not correct the PDMT and GIA degree-one coefficients, but estimate them in the subsequent global in-
version. Calibrated full covariance matrices up to a degree and order 60 (John Ries, private communication)
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Figure 2. (Left) Enlarged map of Antarctica ICESat elevation change rate and uncertainty. We have excluded ICESat data over floating ice shelves. Each
colored dot represents a 100 by 100 km grid box on the ice sheet. The average vertical rates within that grid box are color-coded. The rate uncertainty defined
as 2-sigma confidence values of the residual elevation rates after subtracting the mean rate of the 100 by 100 km grid. The ICESat elevation rate uncertainty
reflects not only the noise character of ICESat data itself, but also changes in ice surface topography, and heterogeneity in ice dynamics within the grid. We
find that data uncertainties on the periphery of the ice sheet are 2-3 times larger than in the interior, reflecting a smoother topography and less change in ice
dynamic behaviors in the interior of the ice sheet. Note the difference in color scale for the Antarctica and Greenland plot. (Right) Enlarged map of Greenland
ICESat elevation change rate and uncertainty.

are used in deriving the trends and their full covariance matrix. in order to reduce regional tectonic effects,
we fit and remove the spherical harmonic co-seismic deformation patterns of the 2004 Sumatra Earthquake
and the 2007 Southern Sumatra Earthquake near Benkulu from GRACE coefficient rates (Han et al., 2013).

We use monthly ECCO-JPL OBP products (Fukumori et al., 1999) to derive linear trends in 3° x 3° grid
cells. The assimilated OBP results provide oceanographically induced surface load information, and do not
account for tectonic and non-tectonic signals, such as earthquake, and GIA induced deformation. In the
inversion, the OBP trends are modeled as mass changes within the water column between the sea surface
and the time-variable geoid due to dynamic ocean circulation. However, the OBP products are not actual
measurements and contain random and spatially correlated errors. Although Wu et al. (2010) included a
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large random error component in their diagonal covariance matrix, spatial correlation was neglected. Such
an approach significantly simplified and underestimated the true errors in the OBP trends, especially in the
long-wavelength domain. To mitigate this problem, we add a spatially correlated error component to the
covariance matrix of the OBP trends to allow for likely long-wavelength errors. We add a 500-km Gaussian
correlated error component in the construction of the covariance matrix for the OBP trends. The amplitudes
of the random and correlated components are chosen to be consistent with the grid point differences and
low-degree spherical harmonic differences of two OBP models (ECCO and the Ocean Model for Circulation
and Tides [Dobslaw & Thomas, 2007]). Such an empirical covariance matrix will serve to strengthen the
error statistics of the global inversion.

We choose space-geodetic stations in tectonically stable regions that have more than three years of data to
calculate the long-term crustal motion rate. To increase spatial resolution in areas of rapid mass changes, we
densify the station coverage by adding regional GPS networks in Greenland, SE Alaska, and Antarctica. We
only use vertical results for the sites located in SE Alaska to avoid possible bias in horizontal velocities from
regional tectonics. We include additional stations that are installed after 2010, but near GIA deformation
centers (e.g., Hudson Bay, Canada), and whose time series are only exhibiting linear motion. We process
daily GPS data in five-minute batches with JPL's GIPSY 6.4 software. We estimate wet tropospheric delay
and receiver clocks together with station coordinates. The Vienna Mapping Function (Boehm et al., 2006)
is used to map zenith tropospheric delay to lower-elevation angles. We use the FES2004 ocean tide model
(Lyard et al., 2006) to correct the surface displacements caused by ocean tides. JPL's non-fiducial orbits are
used for data reduction, and then we align all station coordinates to the IGb0S8 reference frame (Rebischung
et al., 2012). Finally, station velocities in the east, north, and up directions are derived separately (Jiang
et al., 2012), and are further projected to remove the ITRF network translation information to avoid con-
tamination from a possible origin drift of the reference frame (Wu et al., 2010).

NASA's ICESat mission measures long-term surface elevation changes in the Polar Regions (Schutz
et al., 2005; Zwally et al., 2002). In this study, we use ICESat data in Greenland and Antarctica from 2003.0-
2010.0 to provide additional information on present-day ice mass change. We process both ICESat RL633
and RL634 data in a consistent way, but report only results from the RL 634 data set. The major differences
are that the RL634 data have been corrected for the Gaussian Centroid (G-C) error (Borsa et al., 2014),
which will have impacts on the ICESat inter-campaign bias (ICB). The ICB has been estimated to be in the
range of 1-2 cm-a~" (Scambos & Shuman, 2016; Zwalley et al., 2015). In our inversion, we do not correct
for ICB from the raw ICESat observations, but estimate the inter-campaign bias trend as an additional pa-
rameter in the inversion. We assume that the ICB trend is constant in both Greenland and Antarctica, and
estimate one auxiliary ICB trend parameter to mitigate possible biases introduced by ICESat. We first per-
form data reduction based on a set of quality flags indicating the health of the space segment, signal quality,
saturation level, return surface character, and cloud cover. Then we use along-track ground repeat track
data from early 2003 to the end of 2009 to calculate surface elevation changes accounting for topography,
slope, and elevation at each 1 km by 1 km grid cell. We convert the volumetric change to ice mass change
using estimates from regional climate models. In Greenland, the ICESat derived elevation rate is first cor-
rected for firn compaction rate (Serensen et al., 2011) using results derived from a regional climate model
HIRHAMS5 RCM (Lucas-Picher et al., 2012; Simonsen et al., 2013) within each grid cell. Then the corrected
volumetric change is converted to a mass change rate using density values derived from the HIRHAMS5. We
use a simple glaciological criterion to determine the density in each grid box. We assume that the volume
change is caused purely by ice dynamics when the grid cell is located below the equilibrium line (at which
the surface mass balance is zero), and an ice density of 917 kg/m’ is used for conversion. When the grid cell
is located above the equilibrium line, a composite density that represents the average density for all layers
in the vertical column is used during the conversion. In Antarctica, the volume to mass conversion is based
on the regional atmosphere and climate model RACMO2.3p2 (van Wessem et al., 2018). We first determine
a firn compaction rate and its uncertainty for the period of ICESat operation from the firn densification
model (FDM). The FDM calculates time-varying firn depth and density variations by accounting for the
information on firn processes such as melt percolation and refreezing air content. We correct the ICESat
elevation rate using the firn compaction velocity. The elevation rate uncertainty includes both the standard
deviation of ICESat and the formal error of the firn correction. The residual elevation rate is considered the
result of elevation change due to ice dynamics only. In converting volumetric change to mass change for the
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ice layer, we use ice density for the entire Antarctic ice sheet except where large positive residuals are found.
When the positive residual values are larger than the 95% confidence level, we attribute the residual uplift to
un-modeled snow accumulation, and an average firn density is used. We then add the surface mass balance
from the firn layer in the RACMO2.3p2 model to derive the total mass change rate. The volume-to-mass
conversion in Antarctica differs from Greenland in that we assume that the firn compaction corrected ICE-
Sat elevation rates are due to ice dynamics only and mass balance in the firn layer is derived from the RAC-
MO2.3p2 model output. Lastly, we average ICESat results in both Greenland and Antarctica into 100 km by
100 km grid boxes for them to be consistent with the spatial resolution of our global inversion (Figure 2).

3. Global Kinematic Inversion Methodology

Our inversion separates PDMT and GIA signatures in the spectral domain using information from multi-
ple data sets. GRACE measures geoid change rates due to both PDMT and GIA with near global coverage.
Surface geodetic stations measure the sum of elastic and viscous crustal deformation rates in response to
current and past mass redistribution. ICESat data are sensitive to current ice and firn volume changes and
total bedrock uplift due to both elastic and viscous deformation in the polar regions. OBP products comple-
ment these data sets by providing partial PDMT constraints in the ocean basins.

3.1. Measurement Models

The observation equations for ground geodetic velocities, GRACE geoid coefficient rates, and OBP rates
were described in the supplementary material of Wu et al. (2010). These are listed and briefly reviewed here
for reference and ease of discussion, along with the new observation equation for ICESat altimetry data.
Throughout this paper, we will use a coordinate system with its origin defined at the center-of-mass of solid
Earth (CE) with consistent load Love numbers. In this system, the ground station velocities at (9, (p) relative
to the center-of-mass of the total Earth system (CM) can be written as follows:

3 w n
sy !

E n=lm=0gq=c,s 21’[ +1 (1)

dra

F =Ty =@, X1+

"o v ~ ;o oy n 1 n .
x (hnMnmq + Mnmq)Ynmqer + (lnMnmq + Mnmq) aSYnmqu + sin 9 awaSYnmqe(ﬂ = Tem>

where the vectors 7 and r,,, are the station velocity and the velocity of CM in our coordinate system respectively.
o, is the angular velocity of the pth plate, p = 1, ..., 15 including major tectonic plates with at least 3 surface geo-
detic sites. a and M, are the radius and mass of the Earth, respectively. ¥,,,,, is the real normalized spherical har-
monic function (with geodetic convention) of degree n and order m, with q = ¢, or s indicates the cosine or sine
term. Note that there is no sine term if m = 0. hn and l;, are vertical and horizontal elastic load Love numbers, re-
spectively. M, , , are the spherical harmonic coefficients of present-day surface mass density trend (a typical form

of PDMT) in units of kgm™a™". M ,f;,f’q and M , are spherical harmonic coefficients of GIA induced surface ver-

tical and horizontal velocities, respectively, expressed in units of apparent surface mass density rate, and describe
kinematic GIA signatures in ground geodetic data. ¢, and the like indicate unit spherical coordinate vectors.

Nominally, the velocity of CM relative to CE (our coordinate origin) has two components, 7., =7, + 7., Where
the superscript e and v indicate the PDMT and GIA contributions, respectively. GIA does not cause current var-
iations of water mass in the surface layer other than its passive response to the changing gravity potential due
to GIA. This passive response is included as a part of PDMT in our study. Therefore, 7, = 0. Consequently, geo-

center motion between CM and the center-of-figure of the solid Earth surface (CF) can be expressed as follows:
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where M{;ﬂq = h{Mlmll + Ml‘,,,’;, and Mllmq = l{Mlmq + Mlv,,fq The first term for each coordinate component
on the right-hand side of Equation 2 is in fact the component for r,,, =7, which should be substituted
into Equation 1. The terms containing elastic load Love numbers (not including the negative sign) are the

components for rff Fan — rf,r is, thus, the PDMT contribution to geocenter motion. The remaining terms in-

dicated by superscript v are the visco-elastic components for 7, and 7., — 7oy = —7.r is the GIA contribution
to geocenter motion.

Similarly, GRACE measured gravitational geoid rate spherical harmonic coefficients can be described by
the following equation:

v 471'03 "\ . Cvk
Nnmq = m((l + kn)Mnmq + M)1;nq)’ (3)

where k, is the potential load Love number and M,‘,’,;’,‘q is the spherical harmonic coefficients for the GIA-in-

duced geoid change rate expressed in units of apparent surface mass density rate. Here, n = 2, 3, ... 60 in
GRACE's level-2 data release RL-6.

The JPL ECCO OBP product is derived in a closed oceanic system with no water mass input or output.
ECCO products use the Boussinesq approximation where the density variations are ignored. As is usually
done, we apply a mass conservation correction to the OBP values by removing a uniform layer of excess
water mass resulting from the Boussinesq approximation. For such corrected OBP values, it is adequate
to model the dynamic OBP as the difference between the total PDMT OBP and its hydrostatic equilibrium
part. In other words, the oceanographic OBP is the bottom pressure caused by the water column between
the sea surface and the equilibrium (time-varying) gravitational geoid changes due to PDMT. The latter sur-
face change depends only on instantaneous global surface mass distribution and reflects the self-attraction
and loading effects on the geoid. Again, the hydrostatic part due to GIA with the present-day water redistri-
bution is considered a part of PDMT here. Thus, the following is true at the oceanic grid points:

o0 n

P =8 Z Z z Mnmanmq _gMEQ’ (4)

n=lm=0gq=c,s

where g is normal gravity on the Earth's surface. M £o 1s hydrostatic equilibrium surface mass density over
the oceans and is a function of M, only.

nmq

The ICESat surface elevation rates are modeled as follows:

N ) e . L. N
h=b+ ;{ zl 20 Z Mnmanmq - Matm + (I‘ - r(m) “€ps (S)
n=1m=0g=c,s

where b is a bias drift parameter to accommodate a possible drift error due to inter-campaign biases. p is
ice or modeled firn density depending on the ground track location. M,,, is the atmospheric mass change
rate per unit surface area computed by the ECMWF Re-Analysis ERA-Interim model. Equation 1 can be
substituted into the bedrock uplift rate term (the third term on the right-hand side) so that the observation
is completely described by the bias drift, PDMT, and GIA parameters.

3.2. Parameterization and a Priori Information

We parameterize our inverse problem similar to that of Wu et al. (2010), except that PDMT coefficients are
estimated up to a higher degree and order to accommodate ICESat's high-resolution data. It is well known
that in the approach of spherical harmonic inversion, the truncated higher-degree terms, although small,
will alias into the low-degree harmonic estimates along with data noises. The total uncertainty, including
the aliasing effect and data noise, can be assessed using a properly constructed data and a priori parameter
covariance matrix in a constrained least square method. Here, the truncation degree is chosen in a tri-
al-and-error manner. Benefiting from the dense ICESat vertical velocity estimates in the polar regions, we
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extend the PDMT spherical harmonic degree to 180 to account for large spatial variability of the ice mass
change. In doing so, we are able to limit the aliasing errors from high-degree PDMT parameters to lower-de-
gree PDMT and GIA parameters.

We use a similar degree and order 60 parameterization for the GIA spherical harmonics, as the GIA related
deformation is generally longer-wavelength in nature. These include vertical and horizontal coefficients
from n = 1 to 60. The geoid GIA coefficients are approximately proportional to the corresponding vertical
coefficients (Wahr et al., 1995) as follows:

v,k v,h
Mang = Mapg X o7y form 2 2 ©)

However, this relation contains significant errors at low-degrees and does not account for the rotational
feedback effects of the GIA process. We therefore retain M, ,‘L,,’,(q for 2 < n < 7 as additional unknown GIA pa-
rameters, and use the approximate relation above to substitute higher-degree M,‘;,;fq in Equation 3 with ver-

tical coefficients M ,f;,f'q multiplied by the corresponding proportionality constants in Equation 6. As shown
in the observation equations, our parameter vector also includes 15 X 3 plate rotation parameters and a
constant altimeter bias drift.

Despite the use of multiple globally distributed data sets, our inverse problem remains a rank deficient and
underdetermined problem. For example, the relative velocities used to remove ITRF origin drift are only
sensitive to Mf;’,f; -M 1‘;;fq rather the individual n = 1 GIA coefficients. As another example, ICESat's dense
ground tracks require a high spherical harmonic truncation. But away from the ice sheets, high spatial res-
olution data coverage above GRACE's truncation degree of 60 is generally not available. To overcome these
problems, careful assessment and incorporation of a priori information are required. Instead of using math-
ematically convenient models to stabilize the inversion, we construct our a priori parameter information
based on physically plausible Earth models. Since the values of PDMT are barely known before, we set all a
priori values of PDMT parameters to 0. The a priori GIA parameter values are computed from the average
of global ICE-5G and Antarctic 1J05 (Ivins & James, 2005) ice models based on a simplified VM2 Earth
rheology profile. The degree-2 and order 1 GIA coefficients are from Paulson et al. (2007a) that is also based
on ICE-5G and VM2 models, but includes a revised rotational feedback mechanism (Mitrovica et al., 2005;
Peltier, 2015). The a priori values of plate rotations and ICESat bias drift are all set to 0.

We construct a loose but plausible high-resolution a priori PDMT covariance matrix that stipulates much
higher PDMT variability over ice and land areas than over the oceans to accommodate the previously ob-
served large variability in ice mass balance and terrestrial water storage. The covariance matrix also in-
cludes both random and correlated components in space. With realistic high-resolution geographic bound-
aries, this a priori information will strengthen isolation of signal sources and improve spatial resolution.
Although the a priori GIA model is fairly close to state-of-the-art, unfortunately, its uncertainties are largely
unknown. To account for plausible uncertainties in our kinematic GIA parameters, we construct an a priori
covariance matrix by perturbing the GIA model dynamically with large ice history and mantle viscosity
variations. We use a simplified layered viscoelastic Earth model based on VM2 with an elastic lithosphere,
two viscoelastic mantle layers, and an inviscid fluid core for our calculations and propagate the covariance
matrices to the kinematic parameter domain. The horizontal extent of the deglaciation is fixed liberally
over possible areas, either confirmed or suspected, in the literature, including Alaska. We use random ice
thickness uncertainties that are roughly 75% of the ICE-3G model values (Tushingham & Peltier, 1991).
Spatially correlated thickness errors are also assumed with an uncertainty of 750 m and a correlation length
of 600 km. For Greenland and Antarctica, we include additional correlated thickness errors with an uncer-
tainty of 1 km and a correlation length of 250 km to reflect the less constrained deglaciation history there.
We assume that the a priori upper and lower mantle viscosity values have uncertainties of 4 x 10 Pa s
and 7.8 x10*' Pa s. The covariance matrices of these errors are propagated to our parameter domain and
summed up with an additional small diagonal matrix so that the resulting a priori covariance matrix is full
ranked and roughly reflects the differences of various ice history and Earth rheology models. It also includes
cross-correlations between low-degree GIA geoid coefficients and vertical coefficients, and other intrinsic
information on GIA dynamics. While the ice thickness history and Earth rheology constraints are pretty
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loose, the dynamically constructed full a priori GIA covariance matrix provides valuable tight constraints
for the remainder linear combinations of the GIA spherical harmonic model coefficients based on physical
laws that govern the GIA process, and global horizontal extent of historical deglaciation.

To obtain a meaningful solution of the parameters and their realistic uncertainties, we adopted a least
squares estimation method with reduced a priori information. The observation equation in matrix form is
as follows:

L=HX+A (7

where L is the / x 1 observation vector which includes the projected surface geodetic vertical and horizontal
velocity, gridded OBP rate and height change rate of the ICESat, plus the GRACE geoid coefficients. Note
that the displacement equations in Equation 7 are the projected version of Equations 1-5. X is the k x 1
parameter vector. Equation 7 is further re-organized as follows to include the a priori parameter vector X,
by subtracting HX,, from both sides of Equation 7:

A, = HA +A (8)

where A, = L - HX, and A, = X — X,,. This observation equation can be solved using the classical least
squares method with a priori information. Here we adopt the method used in Wu et al. (2010) to improve
the solution by using a customized singular value decomposition (SVD) method to compare the data and
parameter covariance matrices. The data and a priori parameter covariance matrices C, and C, are first
square root decomposed into the following:

C, =Ry'R;", (9)

C,=R'R", (10)
where R, and R, are upper triangular square root information matrices. We then multiply Equation 8 by R,
R\A, = RyHA_ + R,A. 11)
we re-write Equation 11 in terms of the normalized vectors as follows:
y=Bz+96, (12)
where the normalized data, noise, and parameter vectors are defined as follows:
y=R\A;,0=R\Az=RA,,
and
B = R HRy'

We obtain the solution to Equation 12 using the following singular value decomposition of the new obser-
vation matrix:

B = UAV, (13)

where U and V are [/ x [ and k x k orthogonal matrices, and A is the / x k rectangular diagonal matrix, where
the first k x k diagonal matrix containing the singular values 4, in descending order. We define the first k£ x k

diagonal matrix of A as
A A O
FTl0 A, (14
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Figure 3. Global simulation results. We have combined an arbitrary global GIA geoid rate truth with PDMT truth. Both GIA and PDMT truth are truncated

to spherical harmonic degree and order 60. We then produce synthetic data sets for all surface geodetic sites, ICESat (Greenland only), OBP, and GRACE
measurements. We show inversion results with and without ICESat data to highlight the improvements of including ICESat data in Greenland. (a) Input GIA
geoid rate truth. (b) Inversion results without including Greenland ICESat data. (c) By including ICESat data in Greenland, we are able to recover GIA signal in
Greenland better. The result shows negligible difference in Greenland GIA with the truth data. GIA, glacial isostatic adjustment; OBP, ocean bottom pressure;
PDMT, present-day surface mass trend.

A cutoff threshold A, is set to separate all singular values into group A, and A,, where all values in A, are
greater than A, and A, includes all singular values less than or equal to 4,.

We obtain the final solution as follws:

X = X, +R;'V'TU"R, (L - HX,) (15)

where the regulation matrix I" defined as follows:

A0 0
r= -1 (16)
0 (A3+1) A, 0

The key elements in the inversion are the data and a priori parameter covariance matrices and the cutoff
threshold 4. The cutoff threshold reflects the relative strength of data and a priori information to the solu-
tion. It is apparent that, when the singular values are large, the solution does not depend on the a priori
model. This avoids unnecessary contamination from possible large model errors. However, the a priori
model helps to stabilize the inversion when the singular values are small. The choice of 4, is done in an ad
hoc manner and we use the value of 1 in our study.

To validate our inversion algorithm and demonstrate the improved resolution in the polar regions from
added ICESat data, we perform a simulation study using synthetic data with and without ICESat data in
Greenland (Figure 3). We generate synthetic surface geodetic/ICESat/OBP/GRACE observations from
reference GIA (Figure 3a) and PDMT scenarios as well as MORVEL plate model (DeMets et al., 2010).
We also generate data noise according to the data covariance matrices from real observations. To con-
vert PDMT into ICESat elevation change, we use a uniform firn density of 600 kg/m?. For simplicity, we
include only Greenland ICESat data in the simulation. Adding more ICESat data in Antarctica will not
change our conclusion. We compare inversion results with and without ICESat data to show the achieved
improvement. In the presence of noise, the inversion without ICESat recovers the truth to within un-
certainty (Figure 3b). Nevertheless, when we include the ICESat data, the truth is recovered with better
accuracy (Figure 3c).
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Table 1

Geocenter Motion and Regional Mass Transportation From Our Joint

Global Inversion

ICESat derived mass change rates depend on the average density profile
used for the firn layer. As presented in the above section, the density pro-
file is determined from ICESat residual values after the firn compaction

Velocity (mm-a™) correction. The ICESat residual velocity is a function of GIA and PDMT

GIA geocenter motion (CE w.r.t. CF)

induced vertical velocities. Thus, our method requires iteration to update
the firn density. We first compute the surface uplift from our initial GIA

x — 2Ll (] and PDMT values, then we iterate our inversion to update the firn density
Y 0.13 + 0.02 profile. Our inversion commonly converges within 1-2 iterations, indi-
Z —0.72 + 0.06 cating small GIA and PDMT vertical rates compared to ICESat elevation
PDMT geocenter motion (CM w.r.t. CF) rates.
X —0.19 = 0.07
Y 0.07 +0.08 4. Inversion Results
Z —0.16 = 0.08 . . . .

Table 1 summarizes the key parameters in our inversion. Our PDMT
ICESat elevation bias drift 6.03 = 1.70

Non-steric global sea level

“PDMT induced J,

“GIA induced J,

Alaska

Antarctica: Total
‘West Antarctica

East Antarctica
Antarctica Peninsula
Greenland

CAA

Arctic Ocean

results show strong mass loss in Greenland and West Antarctica, up to

1.37£0.13 10 cm-a~" water equivalent mass change (Figure 4). The average total
(6.0 £ 0.5)-107* mass loss rate from 2002-2010 is 126.4 + 18.4 GT-a~! for Antarctica and
203.3 + 3.1 GT-a™! for Greenland. Our Greenland mass loss estimate is
significantly larger than that of Wu et al. (2010), who accidentally used
a smaller Greenland land mask function. Their revised estimate with the
new land-sea mask yields 160 + 16 GT-a™' mass loss (Wu et al., 2011).

(-3.9+0.3)-107"

Mass change rate (GT-a™")

02448 Despite the large inter-annual variability in mass loss rate as shown in
—1264 £ 184 Shepherd et al. (2020), our Greenland estimate agrees well with the lat-
ShLEsal est IMBIE Greenland result. Based on the IMBIE data sets, the average

5.6 +16.7 Greenland ice sheet mass change rate is 199 GT-a™" from 2002.0 to 2010.0.

—203+22 We include a handful of GPS sites in Greenland that were installed after
—203.3 + 3.1 2007, these sites are recording faster melting rate between 2007 and 2010

494+ 56 that can lead to slightly increased overall melting rate in Greenland. Our

15487 new estimate in Greenland is smaller than recent GRACE based results

Abbreviations: CAA, Canadian Arctic Archipelago; GIA, glacial isostatic
adjustment; PDMT, present-day surface mass trend.

*Unit for J yisa™

because our high-resolution inversion is able to separate mass losses in
Greenland proper from those over its peripheral areas. Mass redistribu-
tion due to glacier melting has been found in the Canadian Arctic Archi-
pelago, Iceland, Svalbard, the Arctic Ocean, and SE Alaska, the Antarctic
Peninsula, Patagonia, and high mountain glacier regions in Asia. We re-
port an average of 5.6 + 16.7 GT-a~' mass change rate in East Antarctica
over the period of 2002-2010, statistically indistinguishable from zero. Our results reconcile with other
results in East Antarctica averaged over the past two decades (Shepherd et al., 2018). However, we recall the
large inter-annual variability in surface mass balance in Antarctica, and therefore, comparing results of dif-
ferent periods may lead to incorrect conclusions. Although the coseismic deformation patterns for the two
largest earthquakes during the study period are removed from the geoid change rate, a residual pattern can
be seen in this region possibly due to slightly different post-seismic deformation patterns. But such aliasing
effects are very much localized and will not impact our global results. We find a general pattern of mass
increase in the US high plains and the Prairies in Canada, likely caused by an increased precipitation. The
patterns are significant, because the uncertainties for PDMT are generally an order of magnitude smaller
than the PDMT values themselves. The largest uncertainty is located in the interior of Antarctica, due to a
lack of land-based GPS data.

Our method provides a robust estimation of global GIA and its uncertainty. Although our GIA estimate
is different from other global GIA models as it also includes the effect from recent ice mass changes,
it recovers the large-scale global GIA pattern in recent models, while differs considerably in some re-
gions (Figure 5). The most striking difference is the uplift found in West Antarctica, near the Amundsen
Sea Embayment (ASE). The uplift center near the ASE is suggested to be due to the fast mantle viscous
response to recent ice melting (Nield et al., 2014). Recent seismic tomography studies reveal drastical-
ly different S wave velocity contrast for East and West Antarctica, with the latter inferred to have an
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Figure 4. Global distribution of PDMT from 2002 to 2010 from the global inversion, expressed in EWH in cm-a™". A
350-km Gaussian filter is applied to the PDMT spherical harmonic coefficients to smooth the result. The lower panel
shows the uncertainty associated with the PDMT estimates, expressed in EWH. Note that most areas have uncertainties
less than 0.5 cm-a~!. EWH, equivalent water height; PDMT, present-day mass transport.

anomalously high upper mantle temperature and a thin lithosphere (An et al., 2015). This combination of
high mantle temperature and thin lithosphere likely leads to the fast visco-elastic response to the melting
in the recent past, which induces regional uplift rates of more than 20 mm-a~" near ASE. Few GIA mod-
els consider lateral heterogeneity in the Earth structure (van der Wal et al., 2015) and recent ice melting
(Nield et al., 2014), making a direct comparison of GIA models with our results difficult in areas similar
to ASE. Our inversion shows enhanced viscous response in areas of low effective viscosity, thin astheno-
sphere and rapid melting in the recent past, such as Southeast Alaska, the west coast of Canada, Iceland,
Svalbard, and the Antarctica Peninsula. Global GIA models built on data from other regions, and data
from before the ice change in the last centuries (e.g., RSL data) generally do not show enhanced viscous
response of GIA, and can introduce errors if used to correct observations for present-day ice mass change
estimates.

We separate large-scale PDMT and GIA-induced deformation and geoid changes by conducting an inver-
sion in the spectral domain with a global distribution of multiple observation types (Table 1). Our results
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Figure 5. Estimated GIA geoid rate and its uncertainty from the global inversion. Upper figure shows GIA induced
geoid change rate, with positive anomaly in red and negative anomaly in blue. We also calculated uncertainty of

the GIA geoid, which is roughly one order of magnitude smaller than the GIA geoid rate. The two regions of larger
uncertainty are found in Far North Russia and East Antarctica, presumably related to the lack of land geodetic stations
to separate GIA from PDMT. GIA, glacial isostatic adjustment; OBP, ocean bottom pressure; PDMT, present-day surface
mass trend.

show a GIA-induced J, similar to the one found by Wu et al. (2010). It is also very close to the SLR total J,
observation before the early 1990s (Roy & Peltier, 2011). PDMT J, shows a large positive value owing to the
increased Earth oblateness from polar ice melting since the 1990s (Roy & Peltier, 2011). Our determined
PDMT geocenter motion is small, with —0.16 = 0.08 mm-a~" along the Z-axis, contributing about 15 GT-a™*
to mass change in Antarctica. The values of the separate components differ from those in Wu et al. (2010),
most likely due to the increased a priori uncertainties in long-wavelength OBP rates and thus their reduced
weights in the inversion. The GIA-induced geocenter motion estimate remains very similar to that of Wu
et al. (2010), which is significantly larger in magnitude than —0.4 to —0.5 mm-a~" indicated by traditional
GIA models and much larger than that induced by PDMT.
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Figure 6. Comparison of global GIA geoid rate estimates. We compare our inverted GIA geoid rate with three model results, C18 (Caron et al., 2018), AW13
(A et al., 2013), and ICE6G-D (Peltier et al., 2018). All three geoid rates have been smoothed with a 300 km Gaussian filter and are downloaded from JPL's
PODAAC data center (Last accessed, 2020-04-25).

5. Discussions and Conclusions

Although advances have been made in GIA modeling during the past decades, for example, Peltier
et al. (2018) and quantification of GIA model uncertainty (Caron et al., 2018; Li et al., 2020), large discrep-
ancies remain in different GIA models and model-based GIA corrections to PDMT (Shepherd et al., 2018).
Further, errors in GIA models are difficult to quantify because most are built based on a forward-fitting
approach or partial domain inverse that suffers from non-uniqueness in the obtained earth and ice his-
tory parameters (e.g., Paulson et al., 2007b) and limited coverage of GIA observations which can bias the
predictions in data-sparse regions. Subsequent iterative modifications have also been carried out to adjust
the load and rheology parameters to forward-fit additional data. Also, most GIA models use a spherically
symmetric Earth structure, which ignores the impact of lateral homogeneity. More advanced numerical
models with realistic rheology are computationally expensive, and require more detailed observations of
Earth composition. Our inversion benefits from relatively dense globally distributed observation networks.
By exploiting intrinsic relations among gravity and deformation due to PDMT and GIA, we separate their
signatures and provide realistic uncertainty estimates. A spherically symmetric Earth structure is used and
only a few depth-dependent rheological parameters are perturbed in the construction of the a priori GIA
covariance matrix. However, very heterogeneous ice history and large mantle viscosity uncertainties are
allowed. Given the ambiguities between ice history and Earth rheology in interpreting modern geodetic
data, possible lateral heterogeneity in Earth rheology should not have a significant impact on our kinematic
inversion, because geodetic GIA signatures due to lower upper mantle viscosity may be compensated by
indiscernible signatures due to stronger melting, and vice versa.

Rapid visco-elastic response to deglaciation in the recent past in areas of low upper mantle viscosity and
thin crust is also suggested by our results. Most affected zones are near subduction zones (e.g., Western
Canada and SE Alaska; Patagonia) or close to known weak mantle zones (e.g., Iceland, ASE). Inferred upper
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Figure 7. Comparison of GIA geoid rate in the polar regions. The left panel are plots of the ICE6G-D (Peltier
et al., 2018) geoid rate in the North and South Pole. The right are two plots of our GIA inversion results in the same
region. GIA, glacial isostatic adjustment.

mantle viscosity from seismological and geodetic data in those regions are near 10" Pa-s (James et al., 2009;
Larsen et al., 2005), two orders of magnitude lower than the global average value. This brings the load-in-
duced solid earth response time down to 10'-10> years. Our result validates those regional models, and on
top of that provides estimates of low-degree spherical harmonic coefficients that can improve the accuracy
of our regional estimates and hence the accuracy of mass balance estimates obtained from joint inversion.
We compare our global present-day GIA geoid rate with three other dynamically constructed GIA models
(Figure 6). Even though our a priori GIA model differs from more recent GIA models, the long-wavelength
pattern of these models (Caron et al., 2018; A et al., 2013; Peltier et al., 2018) is recovered well, which could
indicate that effects of lateral heterogeneity that is allowed in our inversion are relatively small. Our GIA J,
is very close to that of ICE-6G and pre-1992 SLR observations (Roy & Peltier, 2011), although our inverted
GIA geoid includes the effect of enhanced GIA. This indicates a small effect of 3D Earth structure to global
scale deformation or this effect is balanced by a slightly different values of mantle viscosity. In addition, we
find our result showing enhanced GIA viscoelastic responses in areas with possible recent past ice mass
changes. In the Polar Region, our GIA geoid shows enhanced positive geoid rates in SE Alaska and West-
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ern Canada, Iceland, Svalbard, ASE, and in the coastal areas of East Antarctica (Figure 7). We also find a
negative geoid rate in southeast Greenland that is less clear in other models. This negative anomaly does
not affect the accuracy of PDMT estimates in Greenland as our result agrees well with the latest IMBIE esti-
mates in Greenland. We compare our GIA results and ICE-6G in Greenland and find the absolute difference
between them is less than 0.2 mm-a~". Such a difference is possible from variations in 3D Earth structures
(e.g., Milne et al., 2018). We speculate this signal could be real geophysical signal, for example, influence of
the lateral heterogeneous Earth structure (Milne et al., 2018), past ice mass fluctuations, or a combination
of both. Because GIA induced bedrock uplift serves to reduce the water depth near the marine based ice
sheet, it acts to slow down the rate of ice loss (Gomez et al., 2010). In regions of low mantle viscosity (e.g.,
ASE), the stabilizing effect will be stronger. Our result can provide better estimates of current vertical rate
in those regions, and contribute to better modeling of the coupled effect of tectonic and ice dynamics in
marine based ice sheets. Furthermore, using an ice history that includes late Holocene ice mass change and
accounting for Earth's lateral structural heterogeneity will improve estimates of present-day GIA signatures
on both local and global scales for the forward models.

Till date, most data-driven GIA models developed are used to understand regional GIA or PDMT signals
(Gunter et al., 2014; Martin-Espafiol et al., 2016; Sasgen et al., 2017; Simon et al., 2017). By including mul-
tiple global data sets, our simultaneous global inversion separates long-wavelength PDMT and GIA sig-
natures and avoids the related biases in the regional approaches. On the other hand, since our method is
conducted in the spectral domain, the small scale results may be perturbed by the truncation error. We im-
prove the accuracy of our method by including a high-resolution land-sea mask, incorporating a physically
plausible a priori information, and a modified SVD solver to solve the least square problem. The low-degree
GIA spherical harmonic coefficients offer insights into deep Earth rheology and global change history. Our
results confirm that GIA-induced geocenter velocity is larger than the standard model predictions (Wu
et al., 2010), but GIA-induced j2 is consistent with the model value adopted from earlier SLR observations
(Peltier, 2004) and in stark contrast with the —(6.0-6.5) x 10™*! a™* value based on the SLR/ARS5 scenario
(Nakada et al., 2015).

Although it is not a dynamic inversion for earth rheology and ice history, our unique approach provides a
robust separation of GIA signatures from those of PDMT. We provide a snapshot view of GIA and PDMT
at present-day with realistic estimations of uncertainties. The derived GIA rates, along with their uncer-
tainties, can be used to reveal weakness in the data sets and chart for future improvements. Our method
has the potential to include more observations, such as paleo relative sea level (RSL) data to conduct a
global inversion with PDMT and dynamic GIA parameters. Current ice history models are largely built by
forward-fitting the RSL records without a quantitative uncertainty assessment. This unfortunate situation
led to the very conservative a priori GIA information which has to discard a large amount of information
contained in the global RSL records. A dynamic global inversion incorporating RSL data will not only reme-
dy this problem, but also gain insights into deep earth rheology, reconcile the difference in mantle viscosity
from geodetic and seismic data, and further constrain ice history, in an unambiguous way.

The causes and the validity of the ICB are still under debate (Borsa et al., 2019). Given the relatively small
ice sheet surface extent, the impact of the ICB on Greenland mass balance estimation is relatively small.
However, owing to the large extent of the Antarctic ice sheet, 1 cm-a™" of ice elevation change in Antarctica
roughly translates to 100 GT-a~! mass change. This implies that the accuracy of ICESat ICB estimates is
critical when evaluating Antarctic ice mass balance. Conventionally, the ICBs are validated/calibrated with
independent in situ measurements over time (Borsa, et al., 2019; Schrider, et al., 2017; Zwalley et al., 2015).
In this study, we take advantage of the globally distributed data sets to estimate the ICB trend directly
from data. We use RL634 GLA12 data products (Antarctica and Greenland Ice Sheet Altimetry Data). It
is reasonable to assume a constant ICB trend for ICESat measurement over the ice sheets in Greenland
and Antarctica. We parameterize the ICB trend into our inverse formulization. Although our parameter-
ization method does not determine ICBs on individual laser campaigns, the trend estimation has a small
uncertainty, probably reflects the improved statistics from stacking a large amount of data. Our ICB trend
agrees well with the latest result of Schroder et al. (2017), who estimated thw ICB trend (L2a-L2d) to be
6.8 + 4.1 mm-a~', although we notice a large increase of the ICB trend in their reported result if the last
two laser campaigns are included. The amount of data from the last two ICESat laser campaigns are rela-
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tively small, and will have very limited overall impact on our estimated trend. For the same period, Borsa
et al. (2019) determines the ICB trend to be 2 = 4 mm-a™’, suggesting a statistically insignificant ICB trend
in their study area (The salar de Uyuni, Bolivia). One source of the spatially varying ICB trends is the switch
of ITRF reference frames during the course of the ICESat mission. The ICESat elevations were geolocated to
the ITRF2000 (on and before November 5, 2006) and ITRF2005 (on and after November 6, 2006) separately
(Urban et al., 2011). This complication in reference frame introduces a —5.8 £ 0.3 mm translation and a
—1.8 + 0.3 mm-a~ translation rate in the Z axis start on the epoch of 2000.0. This origin drift in the Z-axis
will have limited impact on height change in the tropical area, and mostly will manifest itself as horizontal
deformation. But most of it will translates into height change in Antarctica. Since none of the studies cor-
rect for this frame change, it will introduce a cumulative subsidence of 2-3 cm for ICESat derived products
(campaign L2g-1.2d) in Antarctica and 1-2 cm uplift in Greenland. Although we did not consider the effect
of frame translation in ICESat height rate as its overall effect will be corrected by the additional ICB trend
parameter. It is advised that future studies utilizing the ICESat data should correct the bias introduced by
switching the ITRF frames.

In this paper, we present results from a mostly data-driven global inversion method that provides estimates
of PDMT and kinematic GIA signatures with their uncertainties. The PDMT and GIA results are only weak-
ly dependent on the a priori GIA model, and can be used to validate the dynamically constructed forward
model, or to provide GIA corrections to the GRACE-FO mission. Our results show enhanced GIA signals
in the regions of low mantle viscosity and recent deglaciation that are consistent with regional studies, but
which were not present in global GIA model results. We provide new estimates of low-degree GIA spherical
harmonic coefficients that are related to deep earth rheology. Our results confirm the earlier GIA J, esti-
mation from SLR data. The estimated ICESat inter-campaign bias trend is similar to the most recent study
using in situ data in Antarctica.

Data Availability Statement

ICESat data are available at the NASA distributed active archive center (https://nsidc.org/data/icesat/data.
html). GRACE level 2 data were obtained from the NASA Physical Oceanography Distributed Active Ar-
chive Center (PO.DAAGC, https://podaac.jpl.nasa.gov/GRACE). GPS data were obtained from the UNAVCO
(ftp://data-out.unavco.org/pub/rinex/obs/) and the IGS data center (https://cddis.nasa.gov/archive/gnss/
data/daily), and from the Canadian Geodetic Survey (https://www.nrcan.gc.ca/maps-tools-publications/
maps/data/10923). ECCO data are available are the NASA PO.DAAC data center (https://ecco-group.org/
products.htm). This is GSC contribution 2019003039.
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