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Abstract We compare four independent estimates of the mass balance of the Amundsen Sea
Embayment of West Antarctica, an area experiencing rapid retreat and mass loss to the sea. We use ICESat
and Operation IceBridge laser altimetry, Envisat radar altimetry, GRACE time-variable gravity, RACMO2.3
surface mass balance, ice velocity from imaging radars, and ice thickness from radar sounders. The four
methods agree in terms of mass loss and acceleration in loss at the regional scale. Over 1992–2013, the mass
loss is 83 ± 5 Gt/yr with an acceleration of 6.1 ± 0.7 Gt/yr2 . During the common period 2003–2009, the mass
loss is 84 ± 10 Gt/yr with an acceleration of 16.3 ± 5.6 Gt/yr2 , nearly 3 times the acceleration over 1992–2013.
Over 2003–2011, the mass loss is 102 ± 10 Gt/yr with an acceleration of 15.7 ± 4.0 Gt/yr2 . The results
reconcile independent mass balance estimates in a setting dominated by change in ice dynamics with
signiﬁcant variability in surface mass balance.

1. Introduction
The glaciers ﬂowing into West Antarctica’s Amundsen Sea Embayment (ASE) are a focal point of glaciological studies due to their rapid acceleration, large negative mass balance, and unstable bed conﬁguration
[Hughes, 1973; Rignot, 1998, 2001]. The ASE glaciers ﬂow with some of the highest surface velocities in the
continent while draining a catchment that receives high rates of snowfall [Rignot et al., 2011a; Mouginot
et al., 2014; van den Broeke et al., 2006; Lenaerts et al., 2012; Medley et al., 2014]. Observations from satellite
radar interferometry have shown signiﬁcant surface velocity increases on the Pine Island (PIG) and Thwaites
(THW) glaciers since the 1990s in conjunction with signiﬁcant retreats of their grounding line positions
[Rignot, 1998, 2001; Rignot et al., 2002, 2014]. Increased mass ﬂuxes from the smaller regional glaciers of
Smith (SMI), Kohler (KOH), Pope (POP), and Haynes (HAY) have also contributed signiﬁcantly to the overall
acceleration in ice mass discharge into the embayment [Thomas et al., 2004; Rignot et al., 2008; Mouginot
et al., 2014]. Mouginot et al. [2014] report a 77% increase in total ice discharge of the ASE (145 ± 22 Gt/yr
increase) between 1973 and 2013, with 50% of the discharge increase occurring between 2003 and 2009.
Elevation measurements of PIG have shown strong and accelerated dynamic thinning over areas of fast ﬂow,
extending from the calving front to the upper tributaries [Park et al., 2013; Pritchard et al., 2009; Flament
and Rémy, 2012]. This sector has been identiﬁed as the largest contributor from Antarctica to present-day
global sea level rise using gravity data and the mass budget method [Rignot et al., 2011b]. Projections from
ice sheet numerical models suggest that the region will continue to be a considerable source of global
sea level rise over the next century [Seroussi et al., 2014; Joughin et al., 2014; Favier et al., 2014]. Still diﬀerences remain among published mass balance estimates for the ASE [Shepherd et al., 2002; Zwally et al., 2005;
Rignot et al., 2008; Sasgen et al., 2013; Medley et al., 2014]. In particular, radar altimeter estimates [Shepherd
et al., 2002; Zwally et al., 2005] are typically lower than estimates from the mass budget method [Rignot
et al., 2008]. These discrepancies can be partially resolved by comparing data over the same time period
and the same region but prior to this research had not yet been done.
Here we examine, during the overlapping periods, the mass balance of the ASE using four independent
methods: (1) satellite time-variable gravity, (2) mass budget method (MBM), (3) satellite radar altimetry, and
(4) satellite and airborne laser altimetry. We use 12 years of time-variable gravity measurements from the

SUTTERLEY ET AL.

©2014. American Geophysical Union. All Rights Reserved.

8421

Geophysical Research Letters

10.1002/2014GL061940

Figure 1. (a) Ice mass trend estimated using GRACE time-variable gravity in centimeter of water equivalent. The red contour delineates 0 cm yr−1 . (b) Change in
ice ﬂux density between 1996 and 2008 combining velocity changes from Mouginot et al. [2014] and ice thickness from Rignot et al. [2014]. (c) Elevation change
estimated using repeat Envisat radar altimetry from Flament and Rémy [2012]. (d) Elevation change from laser altimetry combining ICESat-1 (GLAS) with Operation
IceBridge (ATM and LVIS). Contours on Figures 1c and 1d denote surface ice speeds of 125 (red), 250 (blue), and 500 (green) m/yr from Rignot et al. [2011a]. Plots
are overlaid on a MODIS mosaic of Antarctica [Haran et al., 2013].

NASA/DLR GRACE (Gravity Recovery and Climate Experiment) satellite mission, 22 years of ice discharge
from interferometric synthetic aperture radar (InSAR) data and surface mass balance (SMB) output products from the Regional Atmospheric Climate Model (RACMO2.3) [van Wessem et al., 2014], ice thickness data
derived from Operation IceBridge (OIB) radio echo sounding, 9 years of radar altimetry data from the European Space Agency Environmental Satellite (Envisat) mission, 7 years of laser altimetry data from ICESat, and
3 years from OIB. We determine the diﬀerences between the diﬀerent methods in terms of mass balance,
dM(t)∕dt, and acceleration in mass balance, d2 M∕dt2 , and conclude with a reconciled and comprehensive
estimate of the ASE contribution to sea level in 1992–2014 evaluated using multiple techniques.

2. Data and Methods
We use 135 monthly GRACE Release-5 (RL05) gravity solutions provided by Center for Space Research (CSR)
for the period April 2002 to May 2014 [Bettadpur, 2012]. Each CSR solution consists of fully normalized spherical harmonic coeﬃcients (C𝓁m , S𝓁m ) up to degree, 𝓁 , and order, m, 60. We substitute the GRACE-derived C20
coeﬃcients with monthly estimates from satellite laser ranging [Cheng et al., 2013], and we account for the
variation of the Earth’s geocenter using degree 1 coeﬃcients provided by Swenson et al. [2008]. Leakage
eﬀects from outside the ice sheet are calculated as described in Velicogna and Wahr [2013]. We correct the
GRACE mass changes for glacial isostatic adjustment (GIA), the Earth’s viscoelastic response to the glacial
unloading over the past several thousand years using GIA coeﬃcients from Ivins et al. [2013] regional ice
deglaciation model. We smooth the corrected GRACE spherical harmonics using a 250 km radius Gaussian
averaging function [Jekeli, 1981], and we generate regular latitude-longitude monthly ice mass grids. We
use the grids to calculate the linear trend in a least squares regression simultaneously ﬁtting annual and
semiannual signals [Velicogna, 2006; Wahr et al., 1998] to obtain digital maps of ice mass balance for the
ASE (Figure 1a).
We generate time series of ice mass balance for ASE by applying the least squares mass concentration
(mascon) approach described in Velicogna et al. [2014] to the Antarctic Ice Sheet. To do this, we cover the
entire ice sheet with a set of equal-area mascons (Figure S1 in the supporting information). Each mascon is
a 3◦ diameter spherical cap with a mass equal to a uniformly distributed centimeter of water [Farrell, 1972;
Sutterley et al., 2014]. For each mascon, we calculate a set of Stokes coeﬃcients, which we smooth with a
250 km Gaussian function and convert into mass. We simultaneously ﬁt the mascon Stokes coeﬃcients to
the monthly GIA-corrected GRACE coeﬃcients to obtain estimates of the monthly mass variability for each
mascon. This procedure retrieves scaled estimates of regional ice mass variation at each time step. We calculate the mass anomaly time series, M(t), for the ASE through summation of the regional mascons. To
calculate dM∕dt, we ﬁrst smooth the mass anomaly time series to remove annual variations and then calculate the derivative over 13 month windows using a Savitzky-Golay ﬁlter [Velicogna, 2009; Savitzky and
Golay, 1964]. Uncertainty in the GRACE estimates of ice mass changes are a combination of GRACE measurement error, leakage error, GIA uncertainty, and statistical uncertainty. Errors are calculated as described in
Velicogna et al. [2014].
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Ice mass balance from the mass budget method (MBM) is calculated combining estimates of ice discharge
(D) with surface mass balance (SMB) for each drainage basin as in [Rignot et al., 2011b]. For ice discharge,
we use the measurements provided in Mouginot et al. [2014]. For SMB, we use the monthly products calculated from a 1979–2013 climate simulation of RACMO2.3 [Ligtenberg et al., 2013; van Wessem et al., 2014].
Field data have been used to estimate the RACMO absolute precision [van de Berg et al., 2006]. In the
Antarctic, the uncertainty (1𝜎 ) in SMB over grounded ice averages 7% or 144 Gt/yr [Lenaerts et al., 2012].
In ASE, the uncertainty in SMB increases to 14.8% or 28 Gt/yr [Rignot et al., 2008]. RACMO2.3 products are
available through December 2013. To compare the results with GRACE, the rates of ice discharge are linearly interpolated into a set of monthly ﬂuxes assuming that seasonal variations in regional ice velocity are
minimal, which has been veriﬁed over short time periods. We calculate the monthly dM∕dt time series by
subtracting D from SMB. We generate monthly anomaly time series, M(t), from the MBM by subtracting
ice discharge monthly rates from surface mass balance monthly rates and calculating the cumulative M(t)
time series.
We use along-track repeat Envisat radar altimetry measurements from the Laboratoire d’Etudes en
Géophysique et Océanographie Spatiales at the Le Centre National de la Recherche Scientiﬁque [Flament
and Rémy, 2012]. The along-track altimetry technique increases the number of processed data points on the
Antarctic ice sheet compared to the traditional crossover analysis. We use 83 cycles of 35 day repeat orbits
retrieved over the period September 2002 to October 2010. Relative surface elevations are calculated for
500 m radius disks using a least squares algorithm which simultaneously solves for radar waveform properties, along-track slope, cross-track slope, regional surface curvature assuming a quadratic shape, and the
elevation time series [Flament and Rémy, 2012; Rémy and Parouty, 2009]. The waveform properties are computed using the ice sheet-optimized ICE-2 retracking algorithm, which solves for leading edge amplitude,
leading edge width, trailing edge slope, waveform backscatter coeﬃcient, and the corrected range [Legrésy
et al., 2005]. Additional corrections to account for the varying electromagnetic properties of the ice sheet
surface are also included [Flament and Rémy, 2012; Rémy and Parouty, 2009]. Seasonal variations in radar
penetration due to snowpack properties may still account for part of the seasonal signal in ice sheet elevation. To compare with GRACE, we use the Envisat individual elevation time series obtained every kilometer
along track to build monthly 25 km2 grids for the same dates used by the GRACE ﬁelds when the Envisat
data are available on the 35 day repeat orbit. Error estimates for each grid point are calculated as described
in [Flament and Rémy, 2012]. Figure 1c shows the map of surface elevation change from Envisat for the
period September 2002 to October 2010. We use the two-step smoothing and Savitzky-Golay diﬀerentiation
procedure previously described in the GRACE analysis to calculate the dV∕dt time series.
We also use elevation measurements from ICESat-1, Operation IceBridge (OIB) Airborne Topographic Mapper (ATM) and Land, Vegetation and Ice Sensor (LVIS) to quantify the surface elevation change. Our ICESat
measurements are Release-33 of the GLA12 Antarctic and Greenland Ice Sheet Altimetry data provided by
the National Snow & Ice Data Center (NSIDC) [Zwally et al., 2012]. We remove cloud-aﬀected data points following the methods described in Howat et al. [2008], Pritchard et al. [2009], Smith et al. [2009], and Sørensen
et al. [2011]. Elevation changes are calculated in reference to the WGS-84 ellipsoid, corrected for saturation eﬀects with the GLA12 correction product [Zwally et al., 2012], and for Gaussian-Centroid (G-C) oﬀset
[Borsa et al., 2014]. OIB ATM, and LVIS data products are used as additional constraints to the surface shape
and elevation time series [Krabill, 2010; Blair and Hofton, 2010]. We use a least squares approach to simultaneously solve for the elevation time series and surface shape (e.g., along-track and cross-track slope) of 1
km surface patches [Schenk and Csatho, 2012]. The OIB aerial laser altimetry data sets greatly increase the
total number and spatial coverage of elevation data points within each surface patch [Schenk and Csatho,
2012; Rezvan-Behbahani, 2012]. For the temporal component, a low-order polynomial is chosen to reduce
the impact of annual variations, which may not be captured in the two to three campaign acquisitions per
year. Errors for each time step are calculated propagating the regression ﬁt error as described in Schenk
and Csatho [2012], and the GIA uplift uncertainty. From our reconstructed centroid time series, we calculate
interpolated maps of relative surface elevation using inverse multiquadric radial basis functions and calculate elevation change maps by diﬀerentiating sets of interpolated elevation maps [Hardy, 1971]. Figure 1d
shows the map of surface elevation change from ICESat/IceBridge for the period 2003–2009.
In order to convert the surface elevation measurements from Envisat and ICESat/OIB into ice mass, we
apply a simple density conversion assuming that the surface changes in areas of fast ﬂow (speed greater
than about 50 m/yr) are entirely due to ice dynamics, i.e., are taking place at a density of 900 ± 20 kg/m3
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Figure 2. (a) Rates of RACMO surface mass balance, SMB (blue), and ice discharge, D, from Mouginot et al. [2014] (black).
(b) Mass balance estimates, dM(t)∕dt, and (c) cumulative mass anomalies, M(t), for the Amundsen Sea Embayment (ASE)
of Antarctica from the Mass Budget Method, MBM (black), GRACE time-variable gravity (red), Envisat radar altimetry
(green), and ICESat/IceBridge laser altimetry (orange).

[Shepherd et al., 2012]. This assumption is justiﬁed by the fact that changes in surface elevation (Figures 1c
and 1d) are strongly correlated with the changes in speed (Figure 1b), not with changes in SMB. In
slower-moving regions, changes in surface elevation are assumed to be dominated by changes in SMB
rather than ice dynamics (the latter is also not observable over the entire domain). Over the slow-moving
interior, we employ a density of 550 ± 250 kg/m3 , i.e., we include a 45% uncertainty. Our ﬁnal error combines
the errors from both regions.

3. Results
Figure 1 shows the map of GRACE ice mass trend for January 2003 to May 2014, the change in ice ﬂux density (product of ice velocity by ice thickness) between 1996 and 2008 combining ice motion from InSAR with
ice thickness from BEDMAP2 [Fretwell et al., 2013], Envisat radar altimetry dH∕dt for 2002–2010 and ICESat,
OIB, and LVIS dH∕dt for 2003–2009. GRACE trend (Figure 1a) shows a signiﬁcant mass loss in the region, with
a loss per unit area exceeding 20 cm water equivalent per year. The limited spatial resolution of the GRACE
data (∼350 km) compared to the size of the glaciers limits the interpretation of the spatial pattern of ice
mass change.
The map of ﬂux density change (Figure 1b) highlights the speed up of all glaciers in the region: PIG,
THW, SMI, KOH, POP, and HAY [Mouginot et al., 2014]. The maps of surface elevation change from Envisat
(Figure 1c) and ICESat/OIB (Figure 1d) indicate that ASE is dominated by ice thinning. The rate of thinning
is higher in regions of fast ﬂow, as denoted by the velocity magnitude contours from Rignot et al. [2011a],
and areas of larger change in ﬂow speed in Figure 1b. We ﬁnd thinning of PIG propagating upstream, broad
thinning of THW, and signiﬁcant thinning of the smaller HAY, SMI, POP, and KOH. The rates of surface thinning exceed several meters per year in the areas of fast ﬂow, and the spatial pattern of thinning is consistent
with the pattern of ice velocity change. This conﬁrms that the pattern of thinning is due to changes in ice
dynamics instead of changes in SMB.
SUTTERLEY ET AL.
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Table 1. Mass Balance of the Amundsen Sea Embayment of West Antarcticaa
Data Set

Date Range

Mass Balance (Gt/yr)

Change in Mass Balance (Gt/yr2 )

GRACE
MBM
Envisat
ICESat/OIB

2003–2009
2003–2009
2003–2009
2003–2009

−90 ± 8
−89 ± 7
−74 ± 8
−81 ± 16

−16.4 ± 2.6
−19.6 ± 3.5
−15.5 ± 3.6
−13.8 ± 9.6

GRACE
MBM
ICESat/OIB

2003–2011
2003–2011
2003–2011

−104 ± 7
−105 ± 6
−95 ± 14

−15.5 ± 1.7
−18.0 ± 2.3
−13.8 ± 6.3

GRACE
MBM

2003–2013
2003–2013

−108 ± 7
−110 ± 6

−11.9 ± 1.3
−13.6 ± 1.9

MBM

1992–2013

−83 ± 5

−6.1 ± 0.7

a Mean

mass balance and change in mass balance calculated for each period
simultaneously using a weighted least squares regression from the mass balance
time series, dM(t)∕dt.

Because of the inherent diﬀerence in spatial resolution and temporal coverage between the diﬀerent
data sets, it is diﬃcult to compare the spatial pattern of the mass balance results. Instead, we focus on
the basin-scale assessment of mass balance. During the entire time period (1992–2013), variations in
SMB modulate the dM(t)∕dt time series signiﬁcantly (Figure 2a). The average SMB for this time period is
185 ± 26 Gt/yr; yet interannual variations in SMB up to 150 Gt are not uncommon in the GRACE, Envisat, and
MBM time series (Figure 2b).
During the common period, 2003–2009, GRACE, MBM, and Envisat mass balance time series, dM(t)∕dt, are
in good agreement in terms of total magnitude and timing of the cyclic oscillations (Figure 2b). The three
dM(t)∕dt time series agree within ±13%. Over the same period, the GRACE, Envisat, and MBM time series of
cumulative mass anomaly, M(t), agree within ±5% (Figure 2c).
The ICESat/OIB time series does not capture interannual variations because of its low temporal sampling
(two to three measurements per year). Over the period common to all four techniques, 2003–2009, however,
we ﬁnd an excellent agreement with all the other techniques in terms of average mass balance and acceleration in mass balance. We ﬁnd a total mass loss of 81 ± 16 Gt/yr for ICESat/OIB, 90 ± 8 Gt/yr for GRACE, 89 ± 7
Gt/yr for MBM, and 74 ± 8 Gt/yr for Envisat. During the same period, the acceleration in loss are, respectively,
13.8 ± 9.6 Gt/yr2 for ICESat/OIB, 16.4 ± 2.6 Gt/yr2 for GRACE, 19.6 ± 3.4 Gt/yr2 for MBM, and 15.5 ± 3.6 Gt/yr2
for Envisat (Table 1).
We calculate a reconciled mass balance for the ASE during 2003–2009 as a linear average of the individual
estimates from GRACE, MBM, Envisat, and ICESat/OIB and the associated error as the sum in quadrature of each technique error. We ﬁnd a rate of mass loss of 84 ± 10 Gt/yr with an average acceleration of
16.3 ± 5.6 Gt/yr2 . For comparison, over the entire period of 1992–2013, the mass loss of ASE as determined
by the MBM averages 83 ± 5 Gt/yr with an acceleration of 6.1 ± 0.7 Gt/yr2 , or almost 3 times less than in the
more recent period.
Over the time period 2003–2011, we have coincident data sets from ICESat/OIB, GRACE, and MBM. We ﬁnd
a mass loss of 95 ± 14 Gt/yr for ICESat/OIB, 104 ± 7 Gt/yr for GRACE, and 105 ± 6 Gt/yr for MBM. During
the same time period, the acceleration in mass loss is 13.8 ± 6.3 Gt/yr2 for ICESat/OIB, 15.5 ± 1.7 Gt/yr2 for
GRACE, and 18 ± 2.3 Gt/yr2 for MBM (Table 1). This period includes the ICESat period (2003–2009) and the
period of yearly OIB campaigns (2009–2011) when ICESat is no longer available. During 2003–2011, our
reconciled estimate from GRACE, MBM, and ICESat/OIB is an average mass loss of 102 ± 10 Gt/yr with an
acceleration of 15.7 ± 4.0 Gt/yr2 , which is not signiﬁcantly diﬀerent for that in 2003–2009.

4. Discussion
The excellent agreement and high correlation between independent time series from GRACE, MBM, Envisat,
and ICESat/OIB during their common period signiﬁcantly increases conﬁdence in the various analyzed techniques. The coincidence in magnitude and temporal oscillations of the time series provides a signiﬁcant
cross validation of the techniques at the regional scale in a glaciological setting where mass changes are
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signiﬁcant. The agreement within the conﬁdence intervals conﬁrms that the error estimates for the diﬀerent
techniques are realistic. Beyond the end of the MBM, Envisat, and ICESat/OIB record (mid-2012), the ongoing GRACE time series of M(t) measurements (Figure 2c) indicate that the mass loss of the ASE is continuing
at the same rate after 2012 until the middle of year 2014 which is the end of our current GRACE record. As
new SMB estimates are produced and longer time series of OIB laser data are acquired, we will extend the
duration and quality of the ice sheet mass balance record in the region.
Our mass balance numbers are within the error estimates of the recent CryoSat-2 estimates from [McMillan
et al., 2014] who report a mass loss of 120 ± 18 Gt/yr for the time period 2010–2013 for basins 21 and 22,
the equivalent of ASE in this study. For comparison, we calculate an average mass loss of 144 ± 7 Gt/yr from
the linear average of GRACE and MBM in 2010–2013. The lower number from CryoSat-2 is likely due to the
variability in ﬁrn depth and snowfall aﬀecting the short-term (3 year) Cryosat-2 time series. Overall, however,
the mass balance estimates agree within conﬁdence intervals.
Although the ICESat/OIB mass balance time series do not capture interannual variations in ice elevation, our
results suggest that it correctly captures the total change in mass balance of the ASE. Hence, campaign-style
measurements by OIB, combined with the long-term reference from ICESat, are suﬃcient to extend the time
series of laser altimetry data in time and maintain a consistent record of ice mass balance in the region.
In our estimate, we only use the OIB data within 1 km of the ICESat tracks. The elevation change results
could be improved by including additional ATM and LVIS tracks acquired in the region since 2002, but
the statistical analysis would become signiﬁcantly more complex. With our approach, we conﬁrm that the
resulting numbers are already consistent with those obtained with more comprehensive, complementary,
independent MBM and GRACE techniques.
In the ASE, the choice of the GIA correction only minimally impacts the GRACE mass balance estimates. Here
we use the Ivins et al. [2013] regional GIA model. Using any of the other available GIA changes the mass balance numbers by 8% or 9 Gt/yr for the Whitehouse et al. [2012] model and 2% or 2 Gt/yr for the A et al. [2013]
global model based on ICE-5G ice history [Peltier, 2004]. These errors are within the uncertainty bounds of
the reconciled estimates. Results using GIA coeﬃcients from the Whitehouse et al. [2012] deglaciation model
are included in the supporting information (Figure S2).
The Envisat and ICESat/OIB results fall within the error estimates of the GRACE and MBM time series when
changes in surface elevation in areas of fast ﬂow (speed greater than about 50 m/yr) are assumed to be
taking place at the density of ice, here 900 ± 20 kg/m3 , i.e., to be due to ice dynamics, and changes in
slower-moving regions are assumed to occur at 550 ± 250 kg/m3 , i.e., to be dominated by changes in SMB
rather than ice dynamics. Overall, most change in mass in the ASE occur at low elevation (97% of the loss
is contained below 1300 m elevation) and at high speed (87% of the loss for areas ﬂowing above 50 m/yr),
where changes are very likely to take place at the density of ice. We note that Envisat measurements may
miss some of the coastal region due to loss of signal along the edges of the ice sheet typical of satellite
radar altimeters.
The ASE receives high rates of snowfall compared to the average in Antarctica [Lenaerts et al., 2012; Medley
et al., 2014]. In 1992–2013, the RACMO2.3 SMB averages 185 ± 26 Gt/yr for the ASE. SMB varies signiﬁcantly
over short time scales (𝜎 = 27 Gt/yr in 2002–2013). Over the entire 22 year period, however, changes in SMB
are negligible, −0.2 ± 0.3 Gt/yr2 (Figure 2a). Our study conﬁrms that multidecadal periods of observation
are needed to determine the long-term trend in ice mass balance and its acceleration and to minimize the
impact of ﬁrn compaction on altimetry results [Rignot et al., 2011b; Shepherd et al., 2012; Wouters et al., 2013].
Similarly, it is diﬃcult to evaluate the exact partitioning between SMB and ice dynamics over short periods. For example, the partitioning in mass balance over 2003–2009 does not reﬂect the partitioning over
1992–2013.
The longer MBM record and its comparison with independent techniques provides evidence that the
increase in regional mass loss is caused almost entirely by changes in ice velocity. The long-term (1992–2013)
change in SMB (−0.2 ± 0.3 Gt/yr2 ) is small compared to the change in ice discharge (+5.7 ± 0.4 Gt/yr2 )
(Figure 2a). The SMB ﬂuctuations modulate the yearly mass balance yet never mask out the trend in
dynamic loss in the region. Most of the ice mass loss took place in the past decade. The cumulative loss of
1160 ± 30 Gt during the 2002–2013 GRACE period is 71% of the total loss of 1630 ± 30 Gt for the 1992–2013
SUTTERLEY ET AL.
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period. The losses correspond to equivalent rises of global sea level of 3.2 ± 0.1 mm and 4.5 ± 0.1 mm for
the 2002–2013 and 1992–2013 periods, respectively (Figure 2c).

5. Conclusion
In this study, we quantify the ice sheet mass balance of the ASE using four independent geodetic techniques. We ﬁnd an excellent agreement in mass loss and acceleration in mass loss from these independent
techniques during common periods at the regional scale in a sector that dominates the mass balance of the
continent. We show that OIB campaign style measurements are suﬃcient to extend the time series of mass
balance estimates using ICESat laser altimetry data in time and maintain a record of ice mass balance in the
region. We also show that the signiﬁcant ﬂuctuations in SMB observed over short periods average out after
a couple of decades. The comprehensive record, evaluated from multiple techniques, of mass loss in West
Antarctica, produced here shows a tripling in mass loss in recent years with respect to the entire analyzed
period 1992–2013. The rapid rate of convergence of the independent techniques examined herein indicates that the measurements have now reached maturity and may be used with increased conﬁdence for
glaciological interpretation and inclusion in ice sheet numerical models with data assimilation methods.
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