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Abstract We construct long-term time series of Greenland and Antarctic ice
sheet mass change from satellite gravity measurements. A statidical reconstruc-
tion approach is developed based on a Principal Component Analysis to combine
high-resolution spatial modes from the Gravity Recovery and Clim ate Experiment
(GRACE) mission with the gravity information from conventional s atellite track-
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ing data. Uncertainties of this reconstruction are rigorously ass essed; they include
temporal limitations for short GRACE measurements, spatial lim itations for the
low-resolution conventional tracking data measurements, and limitations of the es-
timated statistical relationships between low and high degre e potential coe cients
re ected in the PCA modes. Trends of mass variations in Greenland and Antarc-
tica are assessed against a number of previous studies. The redting time series
for Greenland show a higher rate of mass loss than other methods kefore 2000,
while the Antarctic ice sheet appears heavily in uenced by int erannual variations.

Keywords time-variable Gravity Mass Change Greenland Antarctica

1 Introduction

E orts to assess the mass balance of the Greenland and Antarctic ice sheets
hinge on a number of di erent satellite-based data types (InS AR, radar altimetry,
gravimetry, etc.) and regional models (surface mass balance, atnmospheric pres-
sure, etc.), some with longer time series than others (Rignot et al., 2011; Shep-
herd et al., 2012; Velicogna and Wahr, 2013). One way of monitoring these mass
change variations is from satellite-based, time-variable gravity estimates (Wahr
et al., 1998). Since April 2002, the Gravity Recovery and Climate Expe riment
(GRACE) mission has used high-precision K-band microwave ranging to deliver
estimates of time-variable gravity on a monthly basis and with spatial resolution
equivalent to a disk of radius 330 km (Tapley et al., 2004). However, the short
span of the GRACE-derived time series (less than two decades) gaces limitations
on the interpretation of scienti ¢ products and on the proper dete ction and isola-
tion of trends and interannual gravity variations. This study se eks to extend the
record of Greenland and Antarctic mass change observed by GRACE by merging
them with complementary time-variable gravity information that  spans back to
November 1992, thereby adding a full decade of perspective priorto the GRACE
time frame. Complementary time-variable gravity information come s from the con-
ventional tracking of a suite of satellites via Satellite Las er Ranging (SLR) and
Doppler Orbitography and Radiopositioning Integrated by Satel lites (DORIS).

A number of studies have already investigated the use of SLR products as a
basis to detect and interpret time-variable gravity signals. Cox and Chao (2002),
Nerem and Wahr (2011), and Cheng et al. (2013) have shown that time series ofJ2
estimates, where J; is the zonal coe cient describing the oblateness of the Earth,
provide a reliable metric to measure the combined contribution of the Greenland
and Antarctic ice sheet balance. Morrow et al. (2013) argue, however, that the
next even zonal coe cient J4 provides a metric of even higher reliability because
of smaller contamination from other signals, such as the Glacial Isostatic Adjust-
ment (GlA), the 18.6-year solid Earth body tide, and core-mant le coupling. Zonal
harmonics can also be used as observations and/or constraints b invert for various
geodetic parameters: James and Ivins (1997) show that polar mass balance esti-
mates are highly sensitive to odd-degree zonal harmonic, while Tosi et al. (2005)
nd that the Greenland and Antarctic ice sheets lose 280 and 60 G t/yr of ice mass,
respectively, using 26 years of secular variations in SLR-derived zonal harmonics
(presumably starting soon after the launch of LAGEOS-1). Matsuo et al. (2013)
employ an SLR-based eld of degree and order four to show that SLR tracking



ICE SHEET MASS CHANGE RECONSTRUCTION 3

provides a consistent benchmark to assess the history of mass veations in Green-
land. Similarly, Cerri et al. (2013) estimated Greenland mass change solely from
DORIS-based tracking solutions. The high-low, satellite-to -satellite, GPS-based
tracking data of the Challenging Minisatellite Payload (CHA MP) satellite have
been used to extract trends and annual amplitude of mass changein Greenland
over CHAMP's lifetime (2000-2010) ( Baur, 2013; Weigelt et al., 2013). Finally, the
recently launched, three-satellite mission Swarm also holds much promise for time-
variable gravity studies, as well as other high-low GPS-based approaches Sahica
et al., 2015; Zehentner and Mayer-Garr , 2015).

In contrast to the studies described above that use uniquely th e conventional
tracking data, this study seeks to combine SLR and DORIS with GR ACE time-
variable products. Indeed, the GRACE elds are high spatial reso lution but cover
a relatively shorter timespan (April 2002 onward) while the SLR/ DORIS elds
are low spatial resolution but cover a longer timespan (Novemb er 1992 onward).
By combining these datasets into a single and distinct set of monthly elds, our
analysis seeks to overcome their respective shortcomings and xtends the time-
variable gravity information by a full decade prior to the GRACE peri od, placing
the changes observed by GRACE since April 2002 into a longer-term context. As
such, the resulting gravity elds, obtained from the combinatio n of GRACE and
SLR/DORIS measurements, provide the rst perspective of ice sheet mass change
starting in the early 1990s from satellite gravimetry at a resolutio n higher than
degree four. While other studies sought to combine the two types of elds at the
normal equation level (e.g., Haberkorn et al. (2015)) and only low degree and order
coe cients, this study combines the nal products including all available Stokes
coe cients.

In Section 2, the data and processing strategies are discussedThe reconstruc-
tion method for combining the elds is presented in Section 3. | n Section 4, the
resulting mass change curves and their associated errors are desdnied, while in
Section 5 we discuss the validity of the mass change curves dumg the GRACE
interval and before using comparisons against GRACE-only solutions and another
independent estimate for Greenland, respectively.

2 Data

There are two types of satellite gravity solutions used in our an alysis (Table 1).
The rst type originates from the latest processing (RL05) of GRAC E data from
the Center for Space Research (CSR) at UT-Austin ( Bettadpur, 2012). These
gravity products are monthly elds up to degree and order 60. The se cond type
is from a suite of satellites tracked via SLR and DORIS, where observations are
accumulated into weekly normal equations used to solve for 33 Sokes coe cients
and their associated full covariances at Goddard Space Flight Center (GSFC)
(Lemoine et al., 2014).

The GSM component of the GRACE data is used without adding any of the
background models from AOD1B ( Flechtner et al., 2015; Dobslaw et al, 2013).
The remaining di erences in background models between SLR/DORI S and the
GRACE elds are not treated in this study. We believe that their  in uences are
smaller than other sources of errors introduced by the method desaibed in Sec-
tion 3.
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While low-resolution SLR solutions are available starting in 1 976 with the
launch of LAGEOS-1, the SLR/DORIS solutions used in this study (Lemoine
et al., 2014) start in November 1992 because only then can full solutions larger
than degree two be estimated. In addition, the focus of this part icular SLR/DORIS
solution was to develop a time-variable gravity time series that could be used to
improve the orbits of altimetry satellites ( Lemoine et al., 2010) and to contribute
reprocessed data to the realization of ITRF2014 (Lemoine et al., 2016). Expand-
ing the spherical harmonic time series backwards would require a nev processing
strategy to accommodate for a di erent, time-evolving satell ite constellation and
challenges in the SLR data quality. Finally, the weekly SLR/ DORIS solutions and
associated covariances are averaged to monthly solutions to mach the GRACE
monthly time steps.

For this analysis, the GRACE and SLR/DORIS gravity elds are proc essed al-
most similarly. But rst, speci ¢ corrections are applied to GRAC E elds: destrip-
ing (Swenson and Wahr, 2006), Gaussian smoothing with 300 km radius (Jekeli,
1981), C21 and Sy trend corrections (Wahr et al., 2015), and Cyo value replace-
ment (Cheng et al, 2011). For both elds, we then remove the in uence of Glacial
Isostatic Adjustment (GIA) via the ICE-6G _C (VM5a) model ( Peltier et al., 2015),
the mean of the elds over the GRACE timespan, and the annual a nd semi-annual
components of seasonal signals. We choose to remove the seasal signals because
we are interested in interannual signals. Furthermore, the degree-one coe cients
in GRACE are neglected because degree-one coe cients were not stimated in the
SLR/DORIS elds. While the point of the study is to resolve high er degree and
order coe cients prior to the GRACE period using SLR/DORIS, we be lieve that
resolving the longest wavelength coe cients (i.e., degree-one) is not adapted to
the technique presented here.

A comparison of the GRACE and SLR/DORIS coe cients indicates g ood
agreement, especially for degree two coe cients, Cszg, and the sectorals (Lemoine
et al., 2016). Correlations between GRACE and SLR/DORIS coe cients a re il-
lustrated in Figure 2 of the Supplemental Information in Lemoine et al. (2014).

3 Method

Combining gravity elds from GRACE and SLR/DORIS relies on one fund amen-
tal step: the projection of global gravity eld modes onto SLR/DO RIS elds (Sec-
tion 3.1). A notable feature of the proposed approach is that the P CA is applied
to GRACE elds in the spectral domain (Section 3.2). The projecti on of these
global gravity modes onto SLR/DORIS elds is estimated via a Le ast Squares
Adjustment (LSA) (Section 3.3), in which incorporating the info rmation from
the SLR/DORIS covariances is necessary given the existing correlations between
Stokes coe cients. The solution of this LSA is a set of tempora | amplitudes as-
sociated with each global gravity mode. Finally, the number o f modes N modes
used for combining GRACE and SLR/DORIS products is justied in Se ction 3.4
(although the determination of this number is not a critical st ep). All in all, the
reconstructed elds are computed by summing the combination of the Npodes
global gravity modes with their temporal amplitude.
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3.1 Overview of the PCA Reconstruction

In this section, we provide an overview of the Principal Compone nt Analysis (PCA)

method and its relation to the reconstruction process. Though a d etailed descrip-
tion of PCA and its application for analyzing time-variable gra vity products is
provided in Forootan (2014) and Preisendorfer (1988), we provide the main equa-
tions to better understand the reconstruction algorithm.

The global time-variable gravity products used here (SLR/DORIS a nd GRACE)
show mass redistribution concentrated mostly over land. Each component pos-
sesses its own set of subcomponents that operate at di erent spatial and temporal
scales. The PCA approach is applied here to extract orthogonal (uncorrelated) spa-
tial and temporal patterns that capture the dominant variabilit y in the GRACE
elds.

The rst step of a PCA is to build a data matrix X consisting of monthly time
seriesx;, wherei represents the time index (i = 1;:::; Nmonths ) Of the global elds.
In this study, the time series x; are column vectors each comprised OfN coeffs
temporally centered Stokes coe cients (i.e., the mean is remov ed from each row
of X).

Then, an auto-covariance matrix C is built from X (C = X T X =Nmontns ) and
decomposed into its eigenvector basisH o of size N coefts Nmonths - H represents
a reduced version ofH ¢ and only contains the rst Nmedges dominant modes, where
Nmodes iS de ned in Section 3.4. H therefore has a sizeN¢gefts ~ Nmodes - Columns
of this matrix H are the eigenvectorshy (k = 1;::;; Nmodes ) Of length Ncgetts -
They are also known as the Empirical Orthogonal Functions (EOFs ) and contain
the spatial information of the multi-dimensional data matrix  X.

To determine the temporal evolution of each EOF hy, H is projected onto the
data matrix X (i.e., Y = HT X). The matrix Y contains the Principal Components
(PCs) of size Nmodes ~ Nmonths , Where the Nmonths  €ntries of each row represent
a PC yy that is uniquely associated with an EOF by describing its temp oral
behavior. In other words, over each epochi, an EOF hy is scaled byy(t;).

An approximation of the original multi-dimensional data Zrec is reconstructed
from a|ynear combination of each mode's EOF and its respective PC: Zgec =
HY = E':mf”es hkyk. The reconstructed data matrix Zgec is a set of time series
of Stokes coe cients of size Ncoeffs N months

The key of the study is the fact that the EOFs H come from GRACE and
the PCs Y from the SLR/DORIS elds. Hence, the reconstruction entails that
information from GRACE, which contains spatial information of hig h resolution, is
combined with temporal information from SLR/DORIS, which o ersana dditional
decade of coverage compared to GRACE.

Analogous reconstruction techniques (i.e., combining two datasets, each with
its distinct temporal or spatial resolution advantage) have b een applied in sea-
level reconstructions, whereby high-resolution and global spatial modes obtained
from satellite altimetry are combined with decades of relatively spatially inhomo-
geneous times series from tide gaugesKaplan et al., 2000; Church and White,
2002; Hamlington et al., 2011; Ray and Douglas, 2011).



6 Matthieu J. Talpe et al.

3.2 Data Matrix and EOFs of Stokes Coe cients

To combine SLR and GRACE products, we apply PCA to a data matrix o f monthly

time series of Stokes coe cients. The use of Stokes coe cients as data contrasts
with applying a PCA on a data matrix of grid cells. This choice is motivated by the

inability to calculate full-rank covariances matrices in the gri d cell approach. Full-
rank matrices are necessary in order to compute the temporal modes, as outlined
in Section 3.3. .

There are N gqts = 33 coe cients per epoch in SLR/DORIS elds, as opposed

G

to NSes = 3627 coe cients for GRACE elds. Each covariance matrix P, ..

(G =1;:5Np2 s ) and its inverse, the weighting matrix WL .., are therefore a
square matrix of of size 33 33. Mapping Stokes coe cients to a grid of Equivalent
Water Thickness (EWT) is straightforward as outlined in  Wabhr et al. (1998)," but
mapping the weighting matrices of Stokes coe cients from the SL R/DORIS eld
to the grid space (as required in Section 3.3) is hindered by singuar matrices.

An EWT gridded eld at an epoch i is computed as follows:

a.® X 241

EWT( 1; 1;ti) = 3 k1 Pim (cos( 1))( C m (ti)cos(m 1)+ S im (ti)sin(m 1))
W =0 m=0
EWT (ti) =[EWT( 1; 1;t);EWT( 2; 2;t); 5 EWT ( No + Nopix )]
= Qz(t) 1)

where a is the mean radius of the Earth,  the density of water, . the average
density of the Earth, and the co-latitude and longitude, respectively, k; the
Love numbers of degreel, and Pj,, the normalized associated Legendre functions
(Wahr et al., 1998). The matrix EWT contains all spatio-temporal EWT infor-
mation. The column vector z(t;) contains NS2, Stokes coe cients of a monthly
SLR/DORIS eld and the matrix Q is the mapping function from spectral domain
to grid space. The matrix Q has a sizeN pix Ncsg,gffs , where Npix is the desired
numbers of pixels in the grid. A grid with 5 degree/pixel would trans late to 2592
pixels (36  72) and, therefore, a size forQ of 2592 NZSB, .

By standard error propagation, the covariance matrix P gokes Can be converted
to EWT grid space as Pgida = QP stokes Q'. The equivalent weighting matrix
W grig is simply the inverse of Pgg . But considering the fact that Pgokes has a
rank of N52s , the propagated P gig is a square matrix of size Npix , which for
Npx >>N 3P , is rank-de cient. Two common methods to mitigate this issue of
rank-de ciency include reducing the dimensionality of Pgokes and adding a priori
information. Reducing the matrix's dimensionality to match th e rank of the input
data translates to Npix ~ Ngors = 33, i.e., a map with 33 pixels. The resolution
of such a map is not only unacceptably small for the purposes of this study, but
its equivalent Pgokes also still possesses a high condition number (187) (Koch,
1988). Regarding the second method, there is currently no known way to estimate
a priori information for covariances of global gravity eld coe cie nts starting in
1992.

The limitations that arise from estimating SLR/DORIS weighting  matrices
force us to keep the data and covariances in Stokes space, in whig the recon-
struction can be applied more consistently. When applying PCA , the columns
of data matrix X should represent a comparable quantity. For instance to apply
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PCA in the grid domain, Forootan and Kusche (2012) suggest to weight X by
a latitude-dependent cosine function to account for the di ere nces in grid area.
In the spectral domain, we assign a degree-dependent weightirg function because
lower degree coe cients should have a larger contribution to th e data matrix.

In summary, building the data matrix X involves two speci ¢ steps particular
to this study. First, limitations in computing SLR/DORIS weig  hting matrix (nec-
essary for later steps) forces us to construct the data matrix X using Stokes coef-
cients. Second, the Stokes coe cients are weighted accordin g to their wavelength
to normalize the contribution of each coe cient to the data mat rix X. Finally,
we use this data matrix of Stokes coe cients X in a regular PCA decomposition.
This inherently yields an EOF matrix H composed of Stokes coe cients.

3.3 Least Squares Adjustment (LSA) of PCs

Generally speaking, we assume that we can estimate the SLR/DORIS-derived
PCs (as opposed to the PCs from the GRACE PCA) by projecting the EOF s
from GRACE onto each SLR/DORIS monthly eld via a LSA. The advant age of
this projection is that the EOFs are basis functions that represen t the physical
characteristics of the gravity elds from GRACE. This contrasts wi th projecting
customized spatial patterns onto SLR/DORIS elds, such as dis tinct ngerprints
of continental basins. In that case, one would be forcing basis functions without
any direct connection to the physical reality seen by GRACE.

The matrix Y sp contains this temporal information (the PCs) from SLR/DORIS
observations. Each column yy, represents the principal components of all modes
at a speci c month j. The vector y% is estimated from a LSA of the truncated
GRACE spatial modes HZ"® (size N 3D Nmodes ) Onto a monthly set of
SLR/DORIS coe cients Xy, (size N3P 1) (see below for further clari ca-
tion on the meaning of HE"™ ). The observation equation can be described as
Xsp = HE™ yip and its equivalent LSA in Eg. 2.

) ) 1 ) )
y]SD - (ngnc )TWJSDngnc (Htéunc )TWJSD XJSD (2)

The weighting matrices are the inverses of the given SLR/DORIS co variances,
Wy (sizeNgis  N&os ). The reconstruction hinges on these weighting ma-
trices because the SLR/DORIS Stokes coe cients are correlated. W ithout the
covariances, the resulting temporal modes lead to reconstructed gravity elds that
are drastically di erent.

The observation equation is an approximation of the PCA decomp osition of
the SLR/DORIS elds. Normally, we would have Xsp = Hsp Y sp. However,
we replacedHsp with HE'"® . In other words, we have assumed that the cross-
correlations between the gravity coe cients over 11/1992 { 04/ 2014 (the time
frame of SLR/DORIS) are the same as those over 04/2002 { 06/2016 (the time
frame of GRACE). In the statistical language, we consider that the EOF patterns
are stationary over 11/1992 { 04/2014. The error of this assumpti on is estimated
in Section 4.3.2.

It is worth mentioning that to estimate the temporal modes Y, the original
EOFs H are truncated to match the resolution of the SLR/DORIS elds, as
illustrated in Figure 1. This truncation involves removing all S tokes coe cients of
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degree and order that do not match that of the SLR/DORIS elds to nd the as-
sociated temporal components (i.e., by reducing the size eachhy from NS 1

to NS2s  1). The option of truncating a eld provides an opportunity to ea  sily
switch between resolutions (e.g., 60x60 eld becomes a 5x5 dd by simply re-
moving all unwanted Stokes coe cients, and then back to 60x6 0 by adding the
Stokes coe cients back in) and therefore highlights another ad vantage of keeping
the data in spectral domain (Stokes coe cients) instead of gri ds, with which it
is much more complicated to switch resolutions. When truncatin g Stokes elds,
one should note that the orthonormality of EOFs is violated, i. e., h{ hy, =0,
but (hi™™ )Thi'" & 0. However, our numerical assessment indicates that the
truncation from the original GRACE to the SLR/DORIS resolution doe s not sig-
ni cantly harm the orthogonality. Therefore, this is an acceptab le step and would
have no signi cant in uence on the nal reconstruction results

The LSA yields a covariance term that contains the information on the errors
and cross-correlations of the PCsysp, P, = ((HE™ )TWL, HE™ ) *. The
resulting correlations are mostly due to existing correlations in the SLR/DORIS
covariances but also, to a lesser extent, from the fact that the columns of H %"
are no longer orthogonal. However, the highest correlations remain under 0.5 and
are statistically insigni cant.

3.4 Number of Modes

The number of modes Nodes determines how many parameters are solved for
in the LSA in Eq 2 at each epoch. Each parameter is the temporal amplitude
associated with each EOF spatial mode (see Section 3.3). In rggular PCA methods,
the number modes can be selected from dominant-variance rules, ampling error
rules such as North's rule of thumb (North et al., 1982), etc. Many of these rules
are summarized in Forootan (2014). We nd that 22 modes, for example, su ce
to explain 95% of the original variance in the GRACE elds.

However, in this study, we are limited by the ability of the mode 1in the LSA to
solve for parameters given the 33 observations per epoch. The moel is the EOF
matrix ( Nobs Nmodes ) @and the 33 observations are the SLR/DORIS coe cients.
On one hand, when the number of modes solved for is too low (belav three), this
means that the total global reconstructed elds are only based on two modes.
Therefore, independent regional variability is severely limited , which is an issue
for this study because we would like signals in Greenland and Antarctica to be
uncorrelated. On the other hand, when the number of modes is too high (above
six), the comparison between reconstructed global maps and GRACE maps over
similar time frames is clearly worst (i.e., the average RMS of the dierences be-
tween the maps is higher). We balance the two extremes by setting Nmoges = 4,
although the di erences between reconstructions using four thro ugh eight modes
are not signi cant.
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4 Results
4.1 Reconstruction Using Orthogonal Modes (EOFs & PCs)

The reconstructed global gravity elds Z.c are obtained by combining the full
GRACE spatial modes Hg (6 HEI" ) with the SLR/DORIS-based temporal
modes:Zrec = Hg Y sp . Figure 2 shows the modes.

The matrix Hg contains spatial information (the EOFs) derived solely from
the PCA of the GRACE data matrix X (hence the \G" subscript). These EOFs
re ect the spatial distribution of the geophysical processes t hat explain most of
the variance in the global, time-variable, monthly elds obta ined from GRACE
between 04/2002 and 06/2016.

Each EOF hg is comprised of Stokes coe cients that are evaluated into a
global grid of EWT (see left column Figure 2). Mode 1 captures a secular trend
mainly indicating the mass loss of the polar regions (e.g., Forootan and Kusche
(2012)), which could be expected because the trend is the larget signal in time-
variable gravity elds in which seasonal signals are removed. Th e three other modes
re ect hydrologic signals, such as droughts in northeast Austral ia (mode 2), as
well as residuals from seasonal e ects (e.g., the Amazon basin)in several of the
modes (Rodell et al., 2004) and also residuals of stripes, especially observed over
Antarctica. The EOFs obtained from a PCA on GRACE products from othe r
processing centers (Jet Propulsion Laboratory (Watkins and Yuan, 2014) and
GeoForschungsZentrum (Dahle et al., 2013)) yield similar results: a trend mode
capturing 65-70% of the variance followed by modes showing variability in land
hydrology and residual non-tidal ocean, each capturing 2-8% of the variance. The
PCs from GRACE are shown against the PCs from SLR/DORIS in Figure 2.
There are inherent di erences between the two sets, since the GRACE PCs repre-
sent a direct output of the PCA process, while the SLR/DORIS PCs a re the solved
parameters from an inversion of the truncated GRACE EOFs onto SLR/DO RIS.
As such, the SLR/DORIS PCs contain high-frequency artifacts that can be traced
back to the variability in the SLR/DORIS covariances. Nonethel ess, there is broad
agreement between the two time series: for each mode, most longwavelength be-
havior is recovered.

It is worth mentioning that in order to distribute the variance in  a more bal-
anced way, one might rotate the dominant EOFs to derive a new basis, e.g., the
\varimax" criterion, which seeks to \maximize the contrast" bet ween the regions
containing the high variance via an optimal rotation (  Forootan and Kusche, 2012).
However, the rst mode of various Rotated EOF sets still containe d the combined
signal from Greenland and Antarctica and still dominated the oth er modes.

The matrix Y sp contains the temporal information (the SLR-DORIS-derived
PCs from the LSA, blue curves in Figure 2) from SLR/DORIS observations pro-
jected onto the EOFs, as discussed in Section 3.3. In Figure 2, ve also show the
PCs from the GRACE-only decomposition (red curve) for comparison.

4.2 Computing Regional Mass Change Curves

Time series of cumulative mass change of the Greenland and Antactic ice sheets
are obtained by convolving a regional kernel with the reconstruct ed gravity elds,
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as outlined in Swenson and Wahr (2002), and smoothed by applying a 12-month
moving average. It is worth noting that this 12-month smoothin g requires a 6-
month truncation on both ends of the time series, so the resultin g time series
span 04/1993 { 11/2013 instead of 11/1992 { 04/2014. In the sp atial domain, the
regional kernels are global grids with a value of zero outside the regon of interest
and one within. In the case of Greenland and Antarctica, the con tours are simply
chosen as the coastlines plus 300 km, which ensures that the lad signal is fully
captured. This extra area introduces signal from the residual non-t idal ocean signal
and is taken into account in the error budget in Section 4.3.4. T he conversion of the
kernel from the spatial domain to the spectral domain is set to a m aximum degree
of 60 in order to match the size of the gravity elds with which it is convolved.
This necessary cuto leads to an arti cial smoothing of the kern el. This arti cial
smoothing of the kernel yields an arti cial loss of mass that req uires compensation
via a scaling factor (Velicogna and Wahr, 2006). We estimate the scaling factor
by calculating the ratio of the kernel area in the spatial domain to the kernel
area in the spectral domain (see Egs. 3 and 4 inLonguevergne et al.(2010)). For
Greenland and Antarctica, the scale factors are 1.3 and 1.0, respetively.

4.3 Error Budget

The total error budget of each mass curve is composed of two broad types of errors:
those from the reconstruction process of two dierent gravity elds and those
inherent to satellite-derived, global gravity elds. The rst b road type of error
(from the reconstruction process, i.e., combining the GRACE EOFs with their

associated temporal amplitudes from the LSA of SLR/DORIS elds o nto GRACE

modes) is further classi ed in three separate errors called the measurement error,
the stationarity assumption error, and the truncation error. The sec ond broad type
of error is simply classi ed as an inherent geophysical error. In to tal, we treat the

four errors in the following sections and illustrate their magnitu de as a function
of time in Figure 3. All errors described here are added in quadrature.

4.3.1 Measurement Error

The errors derived from the given SLR/DORIS full covariances represent t he mea-
surement error component of the total error budget (blue curve in Fi gure 3).

First, the SLR/DORIS covariance at epoch | (size N32;.  NZ3Di. ) is prop-

agated to errors in the temporal components: P} = ((Hg"™ )TWL  HE™ ) !
(see also Eg. 2). Second, the covariance matrix of the temporal modes P}, (size
N modes Nmodes ) IS propagated to errors in the reconstruction step, in which
EOFs Hg from GRACE are combined with SLR/DORIS-derived PCs Y, so that
Pl.s = HePyHE. The third and last step is the propagation of this covariance

Pl INto a covariance of mass change in the basin of interest, as desribed in
Eqg. (17) in Swenson and Wahr (2002). This step uses the reconstructed Stokes
coecients C |, and S | to obtain the mass change in a region M. Because
this operation is a linear combination of the reconstructed Sto kes coe cients, it
can be written in matrix form, i.e., M’ = Az!, where A is a matrix containing
the linear coe cients (size 1 NS ) and Z a column vector of reconstructed
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Stokes coe cients at epoch | (size Ncoefts 1). Hence, the covariance matrix of
the mass calculation is now de ned as P}, = AP L, AT (size 1 1). This value
is the variance in the Greenland and Antarctic ice sheet mass recanstructions that
originally came from the SLR/DORIS covariances.

The measurement error evolves in time because the accuracy of theSLR/DORIS
elds is dependent on the number of satellites present in the solution and because
of the changing quality of the tracking system and of its observ ations. A notable
example is the tracking of Envisat (2002{2012), which strongl y in uences the solu-
tion by reducing the errors and correlations between the SLR/DORIS ¢ oe cients.
This is due to its relatively low altitude, high inclination, and continuous orbit
coverage (Lemoine et al., 2016). The error associated with the Greenland mass
change curve ranges between 60 and 140 Gt while the Antarctic error ranges be-
tween 30 and 50 Gt. The temporal behavior of this measurement error is similar
for Greenland and Antarctica because they are both mostly de ned by mode 1,
as seen in Figure 2. This dependence on mode 1 is carried through tle uncertain
propagation steps outlined above. Finally, the larger magnit ude of Greenland's
error compared to Antarctica's is a consequence of its larger sigral.

4.3.2 stationarity assumption Error

The assumption that the GRACE spatial modes Hg span the SLR/DORIS time
frame yields an error that we call the \stationary" assumption error  (yellow curve
in Figure 3). Indeed, this assumption is inherently imperfect be cause the geophys-
ical processes that dominated over the GRACE time frame are not exactly the
same over the SLR/DORIS time frame. To estimate these errors, we simulate 30
unique and separate reconstructions, each using EOFs calculagd from a PCA on
limited GRACE data. Limited GRACE data means that the GRACE elds do not
contain the full set of monthly elds, but rather have a unique p seudo-randomly
generated gap. \Pseudo-randomly" entails that gaps of constrained lengths (be-
tween three and six years) and constrained midpoints (between 2006 and 2012)
were, other than those two constraints, created randomly. This p seudo-randomness
is justi ed because other more speci ¢ families of gaps (with ei ther xed length,
or xed midpoint, or both, etc.) yielded similar results. The use of simulated gaps
seeks to recreate the lack of GRACE data over the SLR/DORIS time fra me. For
each simulated set of EOFs, we follow the method described in Setion 3 and
reconstruct 30 unique mass change curves for the Greenland and Anarctic ice
sheets.

These 30 reconstructed mass change curves are then compared to th&ruth”
mass change curve from a reconstruction using the full GRACE data, denoted
as gray lines and a blue line, respectively, in Figure 4. To quantify the errors, we
examine the residuals (simulated minus truth), and their mean is plotted in purple
in Figure 4 and in yellow in Figure 3. The Greenland error time series ranges be-
tween 10 and 130 Gt, while the Antarctica error time series ranges between10 and
60 Gt. The magnitude is smallest over the GRACE time frame, whic h is expected
because the stationarity assumption should inherently be close to valid during the
middle years of the GRACE time frame (i.e., EOFs from limited GRACE data
should still be similar to the truth EOFs). The variability in t  he error indicates
that certain epochs are particularly sensitive to the choice of E OFs, especially
around 2002 and 2014 in Greenland.
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Similar results are seen even when we use only three reconstructios (instead
of 30), where each of them cover gaps of similar lengths at the beginning, end,
and middle part of the GRACE time frame. In other words, we believe that the
estimation of this stationarity assumption error is robust. We re cognize that this
approach only provides a lower bound estimate: Figure 2a in Rignot et al. (2011)
shows that the Greenland ice sheet had even larger mass balancewings before the
GRACE time frame. In fact, this approach is highly limited by the S LR/DORIS
elds themselves. We expect that this error estimation would b e more meaningful
if other independent SLR, DORIS, or SLR/DORIS elds with full co  variances were
available for testing.

4.3.3 Truncation Error

The need to truncate GRACE elds to match the low-resolution SL R/DORIS
elds in the LSA (see Figure 1) is designated as the truncation error (red curve in
Figure 3). To estimate its magnitude, we compare (1) another set of reconstructed
mass change curves using simulated SLR/DORIS elds against (2) the recon-
structed mass change curves using the original SLR/DORIS elds. The simulated
SLR/DORIS elds are truncated GRACE elds (i.e., using only 33 S tokes coe -
cients instead of 3627), with covariances that belong to the original SLR/DORIS
covariances. We t these simulated low-resolution elds onto GRACE EOFs to
obtain the associated PCs (as described in Section 3.3) and, ltimately, mass
curves for the Greenland and Antarctic ice sheets over the GRACE time frame.
Once again, inspection of the residuals (simulated minus trut h) provides a sense
of the errors. The resulting standard deviations of the residuals { 128 and 48 Gt
for Greenland and Antarctica, respectively { indicate that trunc ating the elds
leads to a larger error for Greenland. This is expected because theAntarctic ice
sheet is a relatively isolated signals in contrast to the Greenland. In a truncated,
low-resolution, long-wavelength gravity eld, Greenland is i n uenced by its neigh-
boring, dynamic regions (Canadian archipelago, Svalbard, Iceland, etc.). Given the
lack of time-dependent bias error over the GRACE time frame, we assume that
the truncation error is constant over the SLR/DORIS time frame.

4.3.4 Inherent Geophysical Errors

The reconstructed global gravity elds also contain uncertaint ies that are of geo-
physical origin and inherent to any GRACE-like data product ( Velicogna and
Wabhr , 2013). We determine that the major uncertainties stem from GIA tre nd er-
rors, omission of degree-1 terms, and leakage from non-tidal ocearsignals (green
curve in Figure 3).

Because of the long time scales associated with the viscoelgtic nature of the
GIA signal compared to GRACE timescales, one can represent the GIA signal as
a linear one: ygia = bgia t, where we de ne the time vector as t as covering
the time span of the reconstructed elds (size N months 1). The error in the
Greenland GIA trend is determined by taking the standard deviati on of several
GIA models: 4 Gt/yr from A et al. (2013), 1 Gt/yr from Peltier et al. (2015),
and 20 Gt/yr from Khan et al. (2016). With equal weighting applied to the three
models, the standard deviation is £'® = 10 Gt/yr. Similarly, for Antarctica, the

beia

various GIA trends are: 55 Gt/yr from Ivins et al. (2013), 69 Gt/yr from Peltier
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et al. (2015), and 110 Gt/yr for A et al. (2013), yielding a standard deviation of

ﬁgi = 29 Gt/yr. However, the GIA errors are only considered when comparing
trends because integrating this error from Gt/yr to Gt leads to an am biguous
choice of reference time (i.e., the integration constant).

We estimate the error due to omitting degree-1 terms (Cio, Ci1, and Si1)
from Swenson et al.(2008). The mass change associated to those time series adds
variability with an RMS (Root-Mean-Square) over the Antarctic  ice sheet of 68 Gt
and over the Greenland ice sheet of 22 Gt. We assume those errors tdoe constant
in time, but we note that these are a lower bound estimates, because the omission
of degree-1 errors may lead to even larger errors prior to the GRACE period (lvins
et al., 2013).

Similarly, the error due to ocean signal leaking into ice signal is estimated by
computing the mass change from the GRACE GAB elds. The GAB eld s are the
ocean component of the Atmosphere and Ocean De-aliasing LevellB (commonly
referred to as AOD1B) background model (Flechtner et al., 2015; Dobslaw et al,
2013) and zero over land. We nd that this signal has an RMS of 57 Gt and 32
Gt over the Antarctic and Greenland ice signal, respectively. B ecause the GAB
elds are removed from the GRACE solutions, only GAB model errors and /or
remaining non-tidal ocean signal should in uence the GRACE s olutions, so this
approach provides an upper bound estimate of ocean signal leakge. Finally, we
assume those errors are constant in time.

Velicogna and Wahr (2013) list a number of other error sources: errors in the
atmosphere background models, hydrology leakage, omission ofeustatic ocean,
scaling associated with the kernel-averaging step (see Sectin 4.2). We do not
consider these error sources because their magnitude are much saller than the
other errors presented here. In particular, the error on the scaling coe cient (1.3
for Greenland and 1.0 for Antarctica) originates from errors in the kerne Is areas
(spectral vs. spatial, see Section 4.2); we estimate that these kernel areas are well
constrained, so that the error on the scaling coe cient is negli gible. Finally, we
do not consider the errors in GRACE coe cients because they are si gni cantly
smaller than the errors in the SLR/DORIS coe cients.

4.4 Limits of the Reconstruction

We seek to address the main limits of the PCA approach: its possible inadequacy in
representing non-stationary processes within the longer SLR/DO RIS time frame.

By applying PCA, we are trying to establish a statistical relati onship between
the low and high degree Stokes coe cients, while considering a shorter GRACE

time series. Assume one selectsn PCA derived components, which in principle

represent an n-dimensional orthogonal sub-space. The orientation of this subspace
is optimum in a way that the variance of the projected original GRA CE signals
is maximum on to the subspace. At this stage, the PCA is an opti mum solu-
tion, since it does not care whether the variance is originated from a standing
waveform, cyclic, or an episodic (e.g., a sudden drought, ood, or sudden earth-
quake) phenomenon. One should note that PCA is consciously gplied here to
the global domain of time-variable gravity, which means that t he phenomenon of
interest should be dominant enough to be re ected in the global PCA modes. The
limitations of this assumption have been assessed in Sectio 4.3.2. We recognize,
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however, that the PCA sub-space is not the best choice to represert the cyclic and
episodic variations. For instance, changing the amplitude ( modulation) of seasonal
and interannual cycles might not be well presented by the PCA de rived sub-space.
The mixing of variability between PCA modes also limits achie ving the best t

in the reconstruction stage. This has been to some extent reduced by removing
the seasonal cycles from GRACE time series before applying the PCA However,
an application of non-stationary statistical approaches ( Forootan, 2014) might im-
prove the reconstruction results.

Another limitation of the reconstruction is its sensitivity t o the input data.
The nal results are in uenced by modi cations in the input dat  a in both steps of
the reconstruction process: the PCA step, in which the spatial m odes are de ned
(Section 3.1), and the LSA step, in which the temporal modes are calculated
(Section 3.3). The di erent versions of the GRACE data (JPL, CS R, or GFZ) do
not fundamentally alter the reconstruction. However, adding on e of the background
products (e.g., GAD) to the GSM component of the GRACE elds wil |yield mass
change curves that di er, especially for intra-annual signals. The discrepancy at
the high frequencies explains why we focus here on the shorter frequacy behavior
(interannual and trend behavior). Furthermore, preliminary work sho ws that using
another set of low-degree time-variable gravity solutions has an impact on the
reconstruction { neither more negative or positive than the GSF C solutions.

This study has been formulated to deliver a standard statistica | reconstruction
of time-variable gravity products (in the spectral domain), and to provide insights
about its performance and possible errors associated with this procedure. Con-
sidering an alternative approach for improving the reconstruction is beyond the
scope of this paper and will be treated in future contributions.

5 Discussion

In this section, the reconstructed global gravity elds and the ir errors are exam-
ined in the context of polar ice sheet mass change. We rst test the validity of

the reconstructed EWT maps in Greenland and Antarctica by compari ng them
against GRACE-only solutions over the GRACE interval. Compa ring EWT maps

sheds light on existing geographic di erences between the recastructions and the

GRACE elds. We then compare the reconstructed mass change data against two
types of data. First, two mass change curves derived only from GRACE elds are

used: Velicogna and Wahr (2013) and J. Wahr (personal communication) . Second,
three independent mass change data are used: Input-Output Method (IOM) data

digitized from Rignot et al. (2011), IOM from our own data ( Enderlin et al., 2014;
Nael et al., 2015), and data from an ensemble of methods Ghepherd et al, 2012).
The general comparison entails a comparison of trends and a compaison of full

mass change curves involving our own reconstructed vs. IOM curves.

5.1 Comparison of EWT Maps

The reconstructed EWT maps are compared to GRACE EWT maps over the
GRACE interval, as shown in Figure 5. We examine the residuals, i .e., truth EWT
maps minus reconstructed maps.
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The means of the residuals are small for both regions: less than 05 cm EWT
when the total change in EWT over the GRACE interval can reach 50 cm. The
values of the means are negative in areas that experience high mk (south-eastern
and western coast of Greenland and in West Antarctica) ( Velicogna, 2009; Rignot
et al., 2011; Shepherd et al, 2012), but the small values render any particular
interpretation of this bias negligible. Overall, the reconstruc tions show no large
systematic discrepancy compared to the truth elds over the GRA CE interval.
The residual variability re ects the reconstructions' inabilit y to recover short-term
changes and is illustrated by the standard deviation of the di erences (the middle
plot in Figure 5). This variability is pronounced along the sout h-eastern coast of
Greenland and West Antarctica.

We de ne a customized version of Signal-to-Noise Ratio (SNR) to re ect the
ability of a reconstruction to recover the truth signal as oppose d to noise. We
de ne the signal as the maximum range of change in EWT values (e.g., up to
50 cm of loss in areas of Greenland). The noise is the variability of the residuals
(the middle column in Figure 5), since the means of the residuals are negligible.
This SNR measure is skewed towards large values in pixels where tke trends are
large, but appropriately highlights the areas where the variabili ty in the residuals
is large compared to the signal. Such areas are the north-east coasof Greenland
and the interior of Antarctica, where the trend in mass loss is rela tively small
(Velicogna, 2009; Rignot et al., 2011; Shepherd et al, 2012). Overall, the fact that
areas of high mass loss contain high SNR values gives us con dece that the
reconstructions capture meaningful signal during the GRACE time frame.

5.2 Greenland Mass Change

Figure 6 shows the di erent mass change curves for the Greenland ice sheet.

First, we focus on the reconstruction, represented as the blue curvein Figure 6.
With the perspective of an additional decade of data, best-t trends applied to
our reconstructed mass change curve suggests two distinct epols of approximately
linear mass loss prior to and following 2005. From 1993 to 2005, the mass change
trend is -70 20 Gt/yr, while the next decade shows a trend of -360 28 Gt/yr.
The trend errors are the formal errors of the linear regression.

The transition to a faster rate of mass loss around 2005 is concurrert with an
increase in mass loss due to surface meltwater runo (van Angelen et al., 2014;
Enderlin et al., 2014). Independent polar motion data also indicate that rap id ice
mass loss is the cause of the observed change in the direction dche mean pole of the
Earth ( Chen et al., 2013; Wahr et al., 2015). Figure 2 in Chen et al. (2013) shows
the deviation of the annual mean pole from the long-term trend sta rting in 2005
using IERS pole motion data. Wahr et al. (2015) also discuss this deviation from
a long-term (20th century) trend of the mean pole (see Figure 1) and its impact
on GRACE Cz; and Sz1. On the other hand, we recognize that the mass change
of the Greenland ice sheet is in uenced by many factors, such as érculation in the
North Atlantic ( Seo et al, 2015), and that our current interpretation is limited in
its scope.

A comparison between the reconstruction and the GRACE-only sol ution (red
curve in Figure 6) shows that the reconstruction has higher arti ¢ ial variability,
but overall the GRACE-only curve is within the 1-  envelope.
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Furthermore, we compare the reconstructed mass curve before the GRACE
time frame. Despite the lack of independent time-variable gravit y data, we gener-
ate mass change curves extending back to 1992 from two other appr@aches. First,
we compute our own IOM curve, shown in black in Figure 6. The IOM o btains
mass change estimates by subtracting yearly ice discharge acros the grounding
line (Enderlin et al., 2014) from monthly surface mass balance (SMB) determined
from the RACMO2.3 atmospheric model ( Ncel et al., 2015; van den Broeke et al,
2016). We divide the yearly ice discharge data by 12 to obtain monthly discharge
values. One drawback of this simple conversion is that seasondvariations are ne-
glected, but this is acceptable because this study is focusedon interannual signals.
Furthermore, seasonal changes in the velocity of Greenland's fas- owing marine-
terminating glaciers, and presumably ice discharge as well, are rdatively small
Moon et al. (2014). The SMB data are also Itered in order to remove their sea-
sonal signals, both the annual and semi-annual components.Furthermore, the ice
discharge data only start in 2000 and are extrapolated to 1992 using two assump-
tions: (1) a linear trend from 1996 to 2000 and (2) ice discharge changes of zero
from 1992 to 1996, which are common assumptions for the computation of mass
loss estimates due to discharge change\an den Broeke et al, 2016; Enderlin et al. ,
2014). Second, we digitize mass balance data from Figure 2a irRignot et al. (2011)
and plot the integrated values, as seen by the green line in Figure 6.

Generally speaking, the three curves match well to each other and all indicate
an increase in mass change rate since the early 1990s, even tholgthe recon-
struction show larger mass change before 2000. The biggest di ererce is in the
rapid mass loss in 1998 followed by a multi-year mass gain. Thisdip is clearly not
observed in the other curves and remains unexplainable. We assaiate such dip
(along with smaller variability in 1996, 1997, 2002, and 2003) with the limits of
the SLR/DORIS solution that have not been accounted for in the e rror budget.
This highlights the need for independent conventional tracki ng data to account for
the unknown errors in the SLR/DORIS elds that in uence the recons tructions,
but are not captured in the covariances.

Comparisons of mass change trends from this study and previous andyses are
presented in Table 2. The Rignot et al. (2011) data are not included in this table
because the detailed and full time series required for a rigorous t are unavailable.
The comparisons are applied to matching time intervals. We noti ce that Greenland
trends for this study's reconstruction are consistently higher t han previous analy-
ses by 15-25%. One potential reason for this consistent bias issignal leakage from
surrounding melting regions (Ba n island, Ellesmere island, an d Iceland) that is
absorbed by temporal mode 1 during the process of tting SLR/DORIS coe -
cients onto spatial modes, due to resolution dierence in the t ting. An earlier
study estimates the mass loss in these regions to be 5117 Gt/yr ( Schrama and
Wouters, 2011) and 42 24 Gt/yr ( Rignot et al., 2011). Furthermore, di erences in
processing (e.g., the recently recommended corrections forC,1 and Sp; outlined in
(Wahr et al., 2015), which in uence the reconstructed Greenland trend by abo ut
-10 Gt/yr, but not Antarctica) also likely lead to discrepancie s in estimates of mass
loss between the di erent datasets in Table 2. Hence, these two sources of extra
loss in mass change could perhaps explain the di erences with the other studies.
Finally, the trends calculated using the earliest time frame ava ilable (1993 { 2000)
show higher mass loss by 102 and 78 Gt/yr for our reconstruction as compared to
the IOM and the ensemble solution in Shepherd et al.(2012), respectively.
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Although the mass loss acceleration t reported in previous stud ies could also
provide a useful metric for our comparisons, we refrain from using such ts as
a means for comparison because the acceleration estimates are ghly sensitive
to the time frames selected (Wouters et al., 2013). For reference, however, we
estimate that the acceleration of the full reconstructed Greenla nd mass change
time series is -24 6 Gtlyr 2. This value represents the quadratic coe cient a,
where M (t)  Zat® + bt+ c.

In summary, we nd that the magnitude of the Greenland ice sheet balance
appears to have increased approximately ve-fold after 2005. Despite the lack of
independent time-variable gravity data, we compare our reconstruction to two
separate IOM approaches. The reconstruction shows higher mass dss before 2000
and presents variability, in particular a large dip in the late 19 90s, that is not
visible in the IOM curves. However, our comparisons are hindered by a number
of assumptions (such as assuming linear mass loss before 2000nd zero changes
before 1996 for the extrapolated Enderlin et al. (2014) ice discharge) and the fact
that data are digitized (Figure 2 in Rignot et al. (2011)). The comparison of trends
over di erent time intervals shows that the reconstruction has a higher mass loss
rate of between 39-53 Gt/yr over the GRACE interval. Even when t aking into
account this additional rate, the mass loss from the reconstructi ons are still higher
than the other methods before 1993, suggesting higher mass los than previously
thought in the 1990s.

5.3 Antarctica Mass Change

Figure 7 shows the di erent mass change curves for the Antarctic ic e sheet.

Unlike the Greenland ice sheet, the behavior of the Antarctic i ce sheet as a
whole is heavily in uenced by interannual variations and coun ter-balancing re-
gional e ects (van de Berg et al, 2006). Although previous analyses found ac-
celeration of mass loss for the entire Antarctic ice sheet (Velicogna, 2009; Rignot
et al., 2011; Shepherd et al, 2012), our reconstructed mass change suggests three
distinct mass change regimes since 1993. Before 2000, the ice skt lost mass at
a rate of -56 28 Gt/yr before being in mass balance from approximately 2000 to
2005 as the ice sheet balance was 2041 Gt/yr. After 2005, the ice sheet lost mass
at almost twice the rate of the earlier mass loss rate of -103 20 Gt/yr. The error
on the trend values are large, highlighting the uncertainties th at stem from GIA
trend errors (see Section 4.3.4).

The GRACE-only mass curve, represented as the red curve in Figure 7, is in
excellent agreement with the reconstruction and well within it s error envelope. We
also compare the reconstruction against an IOM curve. The rst IOM approach
applied in Greenland that used ice discharge data and surface mas balance from
atmospheric models (black curve in Figure 6) was not reproduced because the
Enderlin et al. (2014) analysis was restricted to Greenland. We were still able to
digitize Figure 2b from Rignot et al. (2011) to provide perspective prior to 2003.
The large trend di erence between the two curves is prohibitively large and remains
unexplained. Potential explanations for this discrepancy wi Il be explored as part
of future work. On one hand, source of uncertainty in IOM include un certainty
in the SMB and uncertainty in discharge caused by bed elevation uncertainty
(which can be on the order of tens to hundreds of meters) and/or lo cation of the



18 Matthieu J. Talpe et al.

grounding line (which can in uence discharge estimates) (Enderlin et al., 2014).
On the other hand, re nements of GIA models will continue to in uence the trend
of GRACE-based estimates.

The ensemble study from Shepherd et al.(2012) shows similar trend numbers
to the reconstructions, even before 2003, despite the large error bas. Over the
GRACE time frame, the comparisons of trends against other gravim etric analyses
that use similar GIA models show strong agreement, as seen Tabk 2.

6 Summary

In this study, we reconstruct global, time-variable gravity el ds by combining
GRACE elds with low-resolution elds from SLR/DORIS tracking da  ta that start
in November 1992. We generate basis functions from a PCA on the GRACE elds
and project the truncated version of the basis functions onto SLR/ DORIS elds to
nd their temporal behavior. We reconstruct the global gravity e Ids by combining
these temporal amplitudes with the full basis functions. Smoot hed mass change
curves over Greenland and Antarctica spanning April 1993 to Nove mber 2013
are generated from these reconstructed elds. The additional decade prior to the
GRACE period allows for further interpretation of their mass chang e behavior in
time. The current time frame of the reconstructions are limited by th e SLR/DORIS
data, which for now only extend until April 2014. An error budgeti s assessed and
guanti es uncertainties that arise from the assumptions made in the reconstruction
process (stationary GRACE modes, truncated modes used in the LSA) as well as
uncertainties that are inherent to global gravity elds.

The mass change of the Greenland ice sheet can be described by ta periods
of linear mass loss with the rate of mass loss about ve times larger after 2005
than over the 1993 { 2005 time frame. The Antarctic ice sheet appears to have
experienced no noticeable mass change in the early 2000s, whél experiencing a
mass loss rate prior to 2000 that is less than half of the mass los rate of the
late 2000s. However, the validation of the mass change curves s limited by the
lack of glaciological data in the 1990s. Moreover, a comparisonover the GRACE
time frame shows robust agreement for Antarctica and some discreparncies for
Greenland, which shows extraneous variability.

Finally, by combining GRACE and SLR/DORIS over overlapping pe riods, the
PCA method augments the capability of gravity elds derived w ithout GRACE,
including over potential gaps between GRACE and its successor mission GRACE
Follow-On. Preliminary work with simulations of gaps in GRACE- like data show
that the long-term behavior of reconstructions will not be inu enced by one to
two year gaps. Furthermore, the in uence of the low-resolution elds (here, the
SLR/DORIS solutions from GSFC) on the nal reconstructions will b e further
assessed when other SLR solutions and their full covariances g available. Overall,
the reconstructed time series of Greenland and Antarctic ice sheeg mass change
provide a new perspective on the balance of polar ice sheets by ombining satellite
gravity products starting in the early 1990s.
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Fig. 1 Schematic of the truncation of GRACE elds to match the resol  ution of SLR/DORIS
elds. The triangle shape illustrates the underlying data o f gravity elds: Stokes coe cients
(Wahr et al. , 1998). Low degrees (I) have few orders (m =[0;::;1]) and are at the top of the
triangle, while high degrees have many more orders and are at the bottom. GRACE elds have
3627 coe cients while the SLR/DORIS only have 33. As such, th e Least Squares Adjustment
of SLR/DORIS coe cients on GRACE EOFs (Section 3.3) require s that GRACE EOFs are
truncated to similar resolution and that higher degree coe cients be removed.



24

Matthieu J. Talpe et al.

-1
1990 1995 2000 2005 2010 2015
Years

-0.5 . . . .
1990 1995 2000 2005 2010 2015 2020

Years

Mode 4 (1.7%)

5N

-1
1990 1995 2000 2005 2010 2015 2020
Years

Fig. 2 The four dominant spatial and temporal patterns from GRACE a nd SLR/DORIS
time-variable gravity data. The global spatial modes (EOFs ) from the PCA decomposition
of GRACE elds and the percent of variance captured are shown . Right below each global
map are their associated normalized temporal modes (PCs) di rectly from a GRACE PCA (red

curve) and from SLR/DORIS (blue curve, see Section 3.3).
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Error Budget for Greenland Error Budget for Antarctica
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Fig. 3 Error budget for the Greenland and Antarctic ice sheet mass ¢ hange reconstruction
in Gt. The blue curve denotes the measurement error (Section 4.3.1), the yellow curve the
stationarity assumption error (Section 4.3.2), the red cur  ve the truncation error (Section 4.3.3),

and the green curve the geophysical error (Section 4.3.4). T he total error budget is obtained
by adding all the errors in quadrature and denoted as the thic ker black curve.
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Fig. 4 Assessing the stationarity assumption error (see Section 4 .3.2). The blue curve denotes
the reconstruction using the full set of available GRACE dat  a, whereas the 30 gray lines denote
the simulated reconstructions that have simulated \pseudo -randomly"-generated gaps in the
GRACE data. The mean of the residuals (simulated minus truth ) is shown in purple and rep-
resents the stationarity assumption error. It is worth noti  ng that the simulated reconstructions
for Greenland are very similar to the reconstruction that us ed the full set of GRACE data.
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Fig. 5 Quality of reconstructed gravity elds in Greenland (top ro
row). The rst two columns show the mean and the standard devi
truth EWT maps (GRACE-only) and PCA reconstructions over the
column shows the signal-to-noise ratio.
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Fig. 6 Change in Greenland ice sheet mass in Gt. The red curve denote s the mass
change from GRACE and the blue curve denotes the mass change f rom the reconstruction
(GRACE+SLR/DORIS). The light blue area shows the 1- uncertainty envelope. The green
curve shows the integrated mass balance obtained from digit izing Figure 2a in Rignot et al.
(2011) and the black curve the integrated mass balance obtai ned from this study. This study's
mass balance used surface mass balance fromNcel et al. (2015) and the ice discharge from
Enderlin et al. (2014). The black and green curves are each shifted by 400 and 800 Gt to
provide a less cluttered view.
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Fig. 7 Change in Antarctic ice sheet mass in Gt. The red curve denote s the mass
change from GRACE and the blue curve denotes the mass change f rom the reconstruction

(GRACE+SLR/DORIS). The light blue area shows the 1-

uncertainty envelope. The green

curve shows the integrated mass balance obtained from digit izing Figure 2b in Rignot et al.

(2011).

Table 1 The two types of satellite-derived, global gravity dataset

s merged.

Name

SLR (Satellite Laser Ranging) /

Integrated by Satellite)

DORIS
(Doppler Orbitography and Radiopositioning

GRACE
periment)

(Gravity Recovery And Climate Ex-

Processing center

Goddard Space Flight Center

(Lemoine et al. , 2014)

(GSFC)

Center for Space Research (CSR) at UT-
Austin ( Bettadpur , 2012)

Orbital  con gura- 7-18 satellites in a variety of orbits and alti- Twin-satellite in polar orbit, 450 km altitude

tion tudes

Tracking Ground-based tracking: laser ranging and Satellite-to-satellite in low-low mode
Doppler

Harmonics 33 Stokes coe cients (incomplete degree and 3627 Stokes coe cients (degree and order 60
order 5 5): without Csp and with Cg; and  52), where the last eight orders are removed in
Se1 the destriping algorithm ( Swenson and Wahr ,

2006)
Resolution 3,300 { 4,000 km 330 km

Timespan

November 1992 { April 2014

April 2002 { June 2016
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Table 2 Comparison of trend values for the Greenland and Antarctic i ce sheet mass change
curves over several time frames. The trend t values are calc ulated from a least squares adjust-
ment of the time series. The 1-  trend errors are the formal errors obtained from the covaria nce
matrix of the linear regression. For each ice sheet, we show t he trend value from a study cited
in the left column and the equivalent trend value from the rec  onstructed mass change curves
in the column titled \G+SD" (meaning GRACE+SLR/DORIS). Velicogna and Wahr (2013)
use GRACE RLO5 gravimetry solutions and a combination of the  global ICE-5G GIA model
and the regional 1305 _R2 GIA model ( lvins et al. , 2013); [J. Wahr, personal communication ]
also uses GRACE CSR RLO05 and ICE-6G ( Peltier et al. , 2015); Shepherd et al. (2012) use
an ensemble of methods (gravimetry, altimetry, etc.) and ac ombination of W12a ( Whitehouse
et al., 2012) and 1J05_R2 (lvins et al. , 2013) as GIA models. See Section 5.2 for a description
of the Input-Output Method results computed in this study.

Name Timespan Greenland Trend [Gt/yr] Antarctica Trend [Gt/yr]
Study Talpe et al. (G+SD) Study Talpe et al. (G+SD)

Velicogna et al. (2013) 01/2003 { 11/2012 -258 41 -311 24 -83 49 -80 32

Shepherd et al. (2012) 06/2005 { 12/2010 -263 30 -311 50 -87 43 -98 46

01/1993 { 12/2011 -142 49 -130 22 -71 53 -30 33

01/1993 { 12/2000 -51 65 -129 35 -48 65 -54 36

Wahr, John (pers. comm.) 10/2002 { 11/2013 275 9 -321 22 -718 29 -80 31
Input-Output Method 01/1993 { 12/2011 -136 11 -129 26 - -
01/1993 { 12/2000 -27 11 -129 39 - -

Talpe et al. (GRACE only)  10/2002 { 12/2013 282 29 321 22 76 29 80 31




