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Abstract we provide a new analysis of glacial isostatic adjustment (GIA) with the goal of assembling
the model uncertainty statistics required for rigorously extracting trends in surface mass from the Gravity
Recovery and Climate Experiment (GRACE) mission. Such statistics are essential for deciphering sea level,
ocean mass, and hydrological changes because the latter signals can be relatively small (<2 mm/yr water
height equivalent) over very large regions, such as major ocean basins and watersheds. With abundant new
>7 year continuous measurements of vertical land motion (VLM) reported by Global Positioning System
stations on bedrock and new relative sea level records, our new statistical evaluation of GIA uncertainties
incorporates Bayesian methodologies. A unique aspect of the method is that both the ice history and 1-D
Earth structure vary through a total of 128,000 forward models. We find that best fit models poorly capture
the statistical inferences needed to correctly invert for lower mantle viscosity and that GIA uncertainty
exceeds the uncertainty ascribed to trends from 14 years of GRACE data in polar regions.

1. Introduction

As society now faces the long-term consequences of a warming climate, a primary goal of space gravime-
try is to determine trends in surface water transport: in the cryosphere, oceans, and in land hydrology.
The Gravity Recovery and Climate Experiment (GRACE) satellite mission has three official data processing
centers (Center for Space Research (CSR), University of Texas; Jet Propulsion Laboratory (JPL), Pasadena;
and GeoForschungZentrum, Potsdam) that produce monthly Stokes coefficients (Wouters et al., 2014), from
which gravity changes can be reconstructed over 2002-2017. While one of the great challenges to GRACE
scientists is to minimize the impact of various sources of uncertainty (e.g., Chen, Wilson, et al., 2017; Eicker
et al.,, 2016; Wiese et al., 2016), there is an agreement that after spatial and temporal filtering is applied
(e.g., Save et al,, 2012; Swenson & Wahr, 2006), the uncertainty level for inferring mass changes is ~1 cm/yr
water height equivalent over spatial scales of 300-450 km, though this estimate is highly dependent upon
the target geometry and submonthly time dependence (e.g., Velicogna & Wahr, 2013). Only through very rig-
orous treatment and propagation of uncertainties can a reliable trend in GRACE data be retrieved below the
5 mm/yr level at watershed scales (Schumacher et al., 2016). This is essential for determining secular change
in the water cycle (e.g., Eicker et al., 2016; Famiglietti & Rodell, 2013). In large ocean basins, GRACE trends are
more accurate, generally by an order of magnitude (Johnson & Chambers, 2013; Quinn & Ponte, 2010). These
accuracies impact our ability to improve closure of global water budget (Reager et al., 2016; Rietbroek et al.,
2016) and to both quantify and disambiguate the sources of heat and mass change in the global oceans (Chen,
Zhang, etal,, 2017; Llovel et al., 2014). The recovery of surface mass trends from GRACE requires a background
glacial isostatic adjustment (GIA) model.

GIA models compute the solid Earth viscoelastic response to forcing applied by surface mass redistributions
during waxing and waning of Pleistocene glaciations. A host of improvements in global GIA models have
evolved over the past decades. New models (including the ICE-6G model, Peltier et al., 2015; Purcell et al.,2016;
Roy & Peltier, 2017, and the latest version of the Australian National University (ANU) model, Lambeck et al.,
2014, 2017) use considerably more data that constrain moraine position and dating during the ice sheet col-
lapse phase (e.g., Gowan et al.,, 2016; Simon et al,, 2017; Tarasov et al., 2012). Space geodesy has a growing
role (Milne et al,, 2001), along with an ever greater volume of relative sea level (RSL) data (Murray-Wallace
& Woodroffe, 2014). Combined Global Positioning System (GPS) and space gravimetry now impact current
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model constraint paradigms (Bevis et al., 2012; Blewitt et al., 2016; lvins et al., 2013; Khan et al., 2016; Tamisiea
et al,, 2007). The advancements have led modelers to consider ever more sophisticated approaches to assim-
ilating data (e.g., Caron et al.,, 2017; Martinec et al., 2014). We propose such an advancement here using
Bayesian framework with a wealth of new GPS time series from 459 sites and 11,451 RSL data.

The approach to treating uncertainties in GIA models has generally been to employ a limited number of models
(<100), often with similar model parameters. GIA uncertainties are especially troublesome in ice covered areas,
and specialized treatments of GIA have been generated for Alaska, Canadian Arctic, Greenland by Sasgen et
al. (2012). Antarctica is especially problematic, as the gravimetrically recorded secular change signature and
GIA have similar size and geometry (lvins et al., 2011; King et al.,, 2012; Shepherd et al., 2012). However, none
of these specialized models are global in nature and therefore fail to predict the secular variations of the
low-degree geoid, nor do they leverage advantage from the expanding global RSL data sets. The low order
field aids our understanding of bulge migration (Sella et al., 2007), rotational feedback (Mitrovica et al., 2015),
geocenter motion, and changes detected by satellite laser ranging (SLR) (e.g., Bonin et al., 2018; Eanes &
Bettadpur, 1996; Sosnica et al., 2015). GIA uncertainty on ocean mass and sea level trends have been treated
by Tamisiea (2011), and the influence of forebulge collapse on North American hydrology has been discussed
by Roy and Peltier (2017). However, such studies rely on comparison in prediction spreads rather than on rigor-
ously derived uncertainties. Here we provide trends with formal uncertainty estimation that can be employed
in multidisciplinary studies emerging from GRACE, SLR, and other geodetic data sets.

2. Method

2.1. Constraining Data Set and Forward Modeling

We solve the classical loading equations for a compressible Maxwell solid Earth and a surface loading driven
by the buildup and collapse of ice sheets during the last 122 kyr (e.g., Vermeersen et al., 1996). Our calculations
are performed using spherical harmonic truncated at degree 89 (1° spatial resolution) in the center of mass
frame. Included are feedbacks from Earth rotation (Milne & Mitrovica, 1998) and coastlines that migrate in
accordance with mass change and solution of the sea level equation (e.g., Lambeck et al., 2003). Although
the method follows Caron et al. (2017), several new features are introduced that are both fundamental and
significant. We expand the compilation of RSL constraints by 5,371 new records, bringing the total to 11,451
(see Figure 1), now incorporating minimum and maximum RSL bounds over North America from Dyke et al.
(2002) and local mean sea level from Milne et al. (2005) in South America and Briggs and Tarasov (2013) and
Verleyen et al. (2017) in Antarctica.

VLM trends determined by 459 GPS stations distributed in Europe, North America, and Antarctica are also
incorporated here. The data are processed using the JPL's GIPSY OASIS Il software and the GPS raw RINEX files
that are provided by the UNAVCO and International GNSS Service data centers. The time series are generated
via the method described by Blewitt et al. (2016) and available on the Nevada Geodetic Laboratory web portal.
We culled these time series, noting that the pertinent data are generally located within 2,500 km of the for-
mer Last Glacial Maximum (LGM) ice domes. Especially important is avoidance of sites south of 34°N in North
America, wherein non-GIA processes can easily manifest ~1 mm/yr signatures (Jones et al., 2016; Kuchar et al.,
2017). Time series were required to be longer than 3.4 years, exhibit a signal-to-noise ratio of at least 3, and
did not include stations susceptible to any known sources of corrupting tectonic or anthropogenic signal.
A few exceptions were made by including time series as short as 2.4 years but located in places where mea-
sured GIA uplift rates were >10 mm/yr and of signal-to-noise ratio above 10. To correct Antarctic sites from
elastic rebound caused by present-day ice mass change, we employ CryoSat-2 altimetry surface elevation
change estimates following the processing of Nilsson et al. (2016), with several modifications; rates of eleva-
tion change are solved for on a 500 m grid, similar to McMillan et al. (2014), and interpolated to 1 km using
inverse distance interpolation to fill empty grid nodes. The estimated rates are also corrected for changes in
scattering regime, using the waveform parameters described in Flament and Rémy (2012). Finally, we use the
method of Adhikari et al. (2016) to compute the high-resolution elastic response assuming the load density
to be between 450 and 917 kg m~—3.

A scaled version of the ANU ice history (Lambeck et al., 2010, 2014) was employed, except for Antarctica and
Patagonia where ice models having more contemporary constraints are available (Briggs & Tarasov, 2013;
Ivins & James, 2004; lvins et al., 2013; Whitehouse, Bentley, Milne, et al., 2012). Improving the Southern Hemi-
sphere model over that used by Caron et al. (2017) is key to developing improved global constraints on the
parameters and to reduce trade-offs between ice history and mantle viscosity. The ice regions allow separate
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Figure 1. Data distribution used for glacial isostatic adjustment inversion constraint. Blue circles: mean local relative
sea level (RSL) from the compilation used in Caron et al. (2017); orange and green triangles: RSL maximum and
minimum bounds, respectively, from Dyke et al. (2002); teal circles: mean local RSL from the compilations of Briggs
and Tarasov (2013), Milne et al. (2005), and Verleyen et al. (2017); and red crosses: Global Positioning System trends
from Blewitt et al. (2016).

load adjustment parameters to apply for Laurentide and Cordilleran ice sheets (see supporting information
Figure S1). Mountain glaciers area also included from the ANU model (Lambeck et al., 2010, 2014).

2.2, Cost Function and Bayesian Probability

To address the heterogeneity in our set of constraints, our analysis applies weighting, respecting three aspects
of the data: its reported formal uncertainty, inherent redundancy of information content, and the necessity
for creating a balance among RSL and GPS data sets.

As is classically done, we translate formal uncertainty into inversely proportional weights.

To suppress the effects of redundant information, we generate an ensemble of model predictions at the space
and time coordinates of each data point from a random and uniform exploration of the parameter space,
without consideration of the residuals. We assume that if two data sites reveal any correlation of their model
predictions, despite blind variation of the parameters, they contain partially redundant information. This may
occur, for example, when data points have similar coordinates. A weight for this redundancy is expressed as
follows:

w=_ K (1)

! ENdata ”’
j=1 pl,j

where p;; is the Pearson correlation coefficient between the ensembles of predictions at sites j and j, Nyq, the
total number of data, and K a normalization constant so that ), NL =1
data
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Both GPS and RSL data sets are treated as having equal importance in our inversion, despite the number of
data in each set being vastly different. An additional layer of weighting is thus applied such that each data set
a priori accounts for 50% of the misfit:

Nggi X WésL = Ngps X Wéps = (Ngs + Ngps)/2, )

where Ngg; and Ngps are the number of RSL and GPS data points and wyg and wgps weights attributed to RSL
and GPS data points, respectively.

For a given forward model and data point i, our misfit function is expressed as follows:

0, if Yimodeli — Ydata > 0 @and data point i is a RSL minimum bound,

=30 if Yimodeli — Ydata; < 0 @nd data point i is a RSL maximum bound, 3)
(ymodel‘i_;‘;data.i)wiwd ; OtherWise,
i
where w, indicates either wgpg or wgg, , depending on data i, y,,,o4e the model predictions, y4,., the constrain-
ing data set, and o the associated uncertainty. This allows us to compute the likelihood probability density
function (PDF), assuming a uniform prior:

Ndata
1 2
p=exp| - ). (4)
< 2Ndata ; ’>

This probability represents how likely a given model is to explain our constraining data set and serves as a
weighting factor in our statistics of GIA parameters and signal. A simulated annealing algorithm samples the
PDF in the space formed by both the Earth structure and ice history parameters.

3. Results and Discussion

3.1. Character of the GIA PDF

Figure 2 shows the PDF derived from our model ensemble and projected against every pair of parameters
varied in the inversion (see supporting information Figures S7 and S8 for the role of RSL and GPS data sets,
respectively). Caron et al. (2017) previously found a notable trade-off of lower mantle viscosity with the coef-
ficient scaling the Antarctic ice sheet, leading the latter to accommodate the mass budget requirements
derived from the far-field RSL record (Briggs & Tarasov, 2013; Ivins et al., 2013; Whitehouse, Bentley, & Le Brocq,
2012), especially at LGM (Hanebuth et al., 2009). This trade-off is now substantially reduced, owing to the
inclusion of direct constraint data in Antarctica. Note the breadth of the red region in Figure 2: a large range
of models exhibits a likelihood comparable with the best fitting model (white circle). However, the latter is a
quite poor indicator of this range of models. For example, the “best fit” lower mantle viscosity is more akin to
an end-member solution, rather far from an average (white cross). This illustrates the potential danger in using
single best fit models for formulating GIA corrections (e.g., Karegar et al., 2017), especially without associated
uncertainty (also see Geruo et al., 2013; Paulson et al., 2007; Peltier, 2004). This systematic underestimation
of the lower mantle viscosity is responsible for an enhanced degree 2, 1 pattern associated with rotational
feedback (see supporting information Figure S2). Here we argue that robust statistical characterization of
GIA must elucidate properties of the entire distribution of models, and hence, the use of expected values is
more meaningful than best fitting values. The former are accompanied by robust uncertainty quantification
(see supporting information Table S1) by using the statistics derived from our model ensemble.

3.2. Bayesian Prediction

Analogous insights are revealed in Bayesian GIA predictions. Figure 3 shows the expectation and standard
deviation of the present-day gravity rate due to GIA corresponding to our PDF. Supporting information
Figures S3 and S4 give the predictions and uncertainties of uplift and geoid rates, respectively. Note that our
measure of uncertainty is larger in the near field (areas close to the deglaciation centers) than in the far field
due to larger amplitude of the signal. Uncertainty peaks at a similar value for all ice sheets, despite the expec-
tation being larger around larger ice sheets. This simple balance is a property of the scaling process, wherein
a small variation of the larger ice sheets results in a similar amount of misfit to a larger percentage change
in the smaller model ice sheets. Improving local constraints from the data set and increasing the number of
scaling factors would obviously influence this pattern as well. Note that we employ few data for constraining
the Greenland and Cordilleran ice sheets.
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Figure 2. Likelihood probability distribution projected in 2-D spaces formed by each pair of parameters. nyp:
upper mantle viscosity (logyq (Pa s)), 7.: lower mantle viscosity (logqq (Pa s)), T: elastic lithosphere thickness (km),
ac, ap, aF, a4, and ag: regional ice scaling coefficients for the Cordilleran, Laurentide, Fennoscandian, Antarctic, and
Greenland ice sheets, respectively. Note that models with larger probability are plotted on top of lower probability
models. The white circle and white cross indicate the best fitting and expected values, respectively.

The lack of the aforementioned balance in the relative uncertainty measure has significant consequences.
It has local minima at the deglaciation centers, being as small as ~12.3% of the gravity rate expectation, and
then grows very large as the expectation tends to 0. We find its spatial median value to be ~43.7%, much larger
than the 20% recently reported by, for example, Karegar et al. (2017). The reason for this largely owes to the
contribution from oceanic regions, where the GlA signal is both small and poorly constrained, which highlights
the importance of considering uncertainties at the global scale when dealing with GIA corrections. This is
especially true for analyzing secular ocean mass trends in the intermediate and far field where GRACE can,
in theory, be a powerful tool for direct measurement of mass-related gravity changes (Cazenave & Cozannet,
2014; Chambers & Schroéter, 2011; Hsu & Velicogna, 2017). GIA produces large gravity changes in the environs
surrounding the Arctic Ocean, where GRACE has been used to decipher mass loss due to regional freshening
(Morison et al., 2007). Here GIA uncertainty is an extremely relevant issue and here-to-for has been treated
only with the best fit approaches.

3.3. Uncertainty Versus Bias

For our purpose, it is important to describe how the Bayesian GIA uncertainty can be compared to intrin-
sic biases that arise in the sets of Stokes coefficients delivered in official GRACE releases. These coefficients
have provided unique information about interannual, seasonal, and interseasonal surface mass transport
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Figure 3. Maps of expectation (a) and standard deviation (b) of present-day gravity trend, based on the probability
density function, in millimeter per year water height equivalent. Note that the color scale is nonlinear.

(Wabhr et al., 1998). The released fields are burdened by a layered complexity, and it is difficult to fully track
uncertainties. Many are inherent to ranging and other required measurements (including GPS clock uncertainty)
and to imperfections of the background dealiasing fields. Generally, the level of uncertainty to apply when
using GRACE is difficult to quantify (see Velicogna & Wahr, 2013), and the full covariance matrix for each of
the spherical harmonic coefficients is needed (Wu et al., 2010). Advanced mascon methods show promise for
providing fields of reduced uncertainty (Save et al., 2016; Watkins et al., 2015). In Figure 4, we show a polar
perspective comparison, motivated by the importance of GIA models for decontaminating GRACE trends of
GlA-related mass change when determining the ice sheet contribution to sea level rise (lvins et al., 2013;
Martin-Espanol et al., 2016; Sasgen et al., 2012; Shepherd et al., 2012) or to changes in the polar oceans (Morison
et al., 2007; Ponte & Piecuch, 2014). Note how GIA uncertainty clearly exceeds the discrepancy between CSR
and JPL GRACE solutions, especially in Greenland, the Canadian Arctic, and West Antarctica. As future space
gravimetry will improve accuracy and ameliorate many of the problems with correlated errors, it will be
essential to improve GIA models and to properly characterize their uncertainty.

3.4. Caveats

There are limitations in our approach. For example, we do not account for lateral heterogeneity in viscosity, as
our 1-D Earth structure model represents some azimuthal average. This fact creates a bias that retrieves struc-
ture more appropriate to cratonic mantle, where most of the signal is generated and measured (Caron et al.,
2017; Nordman et al., 2015). This is problematic when regional viscosity is significantly different, and there
has been robust Neoglacial or Little Ice Age mass transfer (e.g., Richter et al., 2016). For example, near the
coast of Marie Byrd Land where the upper mantle viscosity is thought to be very low, possibly near 108 Pa's,
our ensemble predicts 1.96 + 0.65, 1.33 + 0.49, and 1.64 + 0.60 mm/yr of uplift, while the observed val-
ues are 12.1 + 2.22, 22.6 + 2.71, and 37.0 £ 5.5 mm/yr, respectively. Deformation is relaxing much faster
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180°W

Figure 4. Absolute differences (millimeter per year water height equivalent) between Center for Space Research and
Jet Propulsion Laboratory Release 05-based trend solutions (a and c) and uncertainty for Bayesian glacial isostatic
adjustment reconstruction (b and d) in polar regions north and south of 60° latitude. Figures 4a and 4c use a Gaussian
filter radius of 450 km (Jekeli, 1981). Gravity Recovery and Climate Experiment trends were determined using coefficient
releases from April 2002 to March 2016 and C,, replacement.

with low viscosity, and the prediction of both response amplitude and model load history would, therefore,
be poorly tuned to regional decay times operating in the real Earth. Our residuals (supporting information
Figure S5) suggest cautionary application to West Antarctica and the Antarctic Peninsula. Dedicated regional
models that include 3-D viscosity structure (Kaufmann et al,, 2005; Sasgen et al., 2017; van der Wal et al., 2015),
although not yet accounting for formal uncertainty, may be better suited for these regions.

Other limitations include the fact that we cannot account for every possible ice sheet position and tim-
ing scenario. Our discretization of the ice history assumes no more than six coefficients, each lacking time
dependence. This means that we are saddled to certain biases in the nominal ice history model that we scale,
thus underestimating the uncertainty in the PDF. Indeed, comparisons with the ICE-6G/VM5a (Purcell et al.,
2016, see supporting information Figure S2) model predictions suggest statistically irreconcilable discrep-
ancy. New constraints on dates and sizes of past ice complexes continue to emerge, and especially promising
are Arctic Russia, Siberia, and Canada for providing new RSL and VLM data. New evidence has recently reinvig-
orated the idea that northeasternmost Eurasia may have been more extensively glaciated at LGM than recent
models allow for (Cronin et al., 2017). Such ice complexes should be considered as forward model features of
our algorithms in the future.

4, Conclusion

An ensemble of 128,000 forward model runs is informed by a data set of 11,451 RSL and 459 GPS data, jointly
varying both the Earth rheological structure and ice history. Through Bayesian statistics, we characterize the
present-day GIA signal and find the following:

1. Most GIA correction for GRACE have focused on providing a best fitting model and ranges based on dif-
ferentiating a small set of models, which lead to underestimating the lower mantle viscosity and biases
in some long-wavelength characteristics (e.g., forebulge extent). In contrast, the use of Bayesian statistics
provides better representation of the distribution of likely GIA models and their parameters.
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2. We provide formal estimations of the expectation and uncertainty of present-day GIA signal, which can be
used as corrections to geophysical interpretations of present-day geodetic measurements and, in particular,
those for GRACE gravimetry.

3. The uncertainty here is generally greater than in past scientific reports. We find the global median of relative
uncertainty to be about 44% of the gravity rate. We may still be somewhat underestimating this uncertainty
due to limitations in our treatment of ice history and azimuthally averaged rheology.

4.1n regions above 60° latitude, our uncertainty in gravity trends clearly exceeds the discrepancy between
CSR and JPL GRACE Release 05.

Further progress to obtain realistic GIA uncertainties can be made by improving the available constraints.
For Greenland, there are additional GPS and RSL data sets that can be used to reduce our estimates of uncer-
tainties in a future analysis. Future work should also more closely scrutinize lateral variations of the viscosity
and associated local ice history, particularly in Antarctica and Greenland.

The results presented in this paper are extremely important for improving long-wavelength error statistics.
Comparing our results with Stokes coefficient rates derived from SLR (Cheng et al., 2011) (see supporting
information Table S2), we can see that 1¢ for GIA modeled C20 is a full 50% of the SLR retrieved value, which is
commonly used as a replacement for GRACE analysis (Chen, Wilson, et al., 2017; Watkins et al., 2015; Wouters
etal, 2014).In other cases, the GIA 16 value is close to the SLR-determined rate. It is critical that these statistics
be properly folded into analyses of ice mass balance for the space gravimetry observing period extending
back to 1992 such as recently treated by Sosnica et al. (2015) and Bonin et al. (2018).

Many VLM features recovered from the Bayesian model are tantalizingly robust and will be reported in a
follow-on paper. The features shown in supporting information Figure S3 include subsidence of —1 to —1.5
mm/yrin the southwesternmost United States and the —2.0+0.4 mm/yr peak subsidence in the Gulf of Mexico,
regions lacking GPS model constraint, as these are susceptible to a myriad of other geophysical origins.
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