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Abstract. In Antarctica, uncertainties in mass input and out- vide an 18-year mass balance history for the sector. While
put translate directly into uncertainty in glacier mass balanceThwaites Glacier lost the most ice in the mid-1990s, Pine Is-
and thus in sea level impact. While remotely sensed obsertand Glacier’s losses increased substantially by 2006, over-
vations of ice velocity and thickness over the major out-taking Thwaites as the largest regional contributor to sea-
let glaciers have improved our understanding of ice loss tdevel rise. The trend of increasing discharge for both glaciers,
the ocean, snow accumulation over the vast Antarctic inte-however, appears to have leveled off since 2008.

rior remains largely unmeasured. Here, we show that an air-

borne radar system, combined with ice-core glaciochemical

analysis, provide the means necessary to measure the accu-

mulation rate at the catchment-scale along the Amundsen. Introduction

Sea coast of West Antarctica. We used along-track radar-

derived accumulation to generate a 1985-2009 average acciine Island (PIG) and Thwaites (THW) glaciers are two
mulation grid that resolves moderate- to large-scale featuresf the largest Antarctic contributors to recent sea-level rise
(>25km) over the Pine Island—Thwaites glacier drainage(SLR) (Rignot et al., 2008; Shepherd et al., 2012) and will
system. Comparisons with estimates from atmospheric modlikely continue contributing substantially over the next cen-
els and gridded climatologies generally show our results agury (Joughin et al., 2010; Gladstone et al., 2012). Differ-
having less accumulation in the lower-elevation coastal zonences between snow accumulation and ice discharge (i.e.,
but greater accumulation in the interior. Ice discharge, meaicebergs or ice shelf melting) to the ocean define the glacier
sured over discrete time intervals between 1994 and 2012nass balance. While measuring these processes at the catch-
combined with our catchment-wide accumulation rates pro-ment scale was once difficult, satellite observations in the
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1376 B. Medley et al.: Constraining the recent mass balance of Pine Island and Thwaites glaciers

vicinity of the grounding line have improved estimates of termined the recent mass balance history of the Amundsen
ice discharge. Remotely sensed measurements of ice-surfa@ea coast glaciers and their contribution to SLR.

velocity over the past few decades revealed that the rate of

ice discharge from Pine Island and Thwaites glaciers is in-

creasing (Rignot, 2001, 2008; Joughin et al., 2003), result? Study area

ing in extensive thinning near their margins (Thomas et al., . .
2004: Pritchard et al., 2009). This rapid dynamical ChangeLocated in West Antarctica along the Amundsen Sea coast,

the Pine Island and Thwaites catchments cover areas of

Is likely the' consequence of warm ocean currents meltmgl67x 10% and 176x 10° km?, respectively. Their combined
and thus thinning the buttressing ice shelves, an effect ob-

0, 1 -
served over much of West Antarctica (Shepherd et al., 2004?22::}(;?? l;/ntsff?r:esaﬁczfniEleafcijg(r)]u(r]Lc:aii(Ia(:rfsSt;e:It azrgfi,z)b ut
Joughin et al., 2012; Pritchard et al., 2012; Rignot et al., 0 - )

2013; Depoorter et al., 2013). While our understanding ofWhIIe ng Island and Thwane; are Fhe primary mte_rest,
X ) . . smaller adjacent catchments are investigated as well (Fig. 1).
the dynamics of these glaciers has improved substantially L :
. though the Crary Mountains in the Thwaites catchment
over the past decade, snow accumulation over large areas 0 s
. reach over 3500 mabove sea level (a.s.l.), the majority of
these glaciers has only been sparsely sampled (van de Berg

al., 2006) limiting a complete understanding of their overall both catchmer_nts lie belqw 2300ma.s.l. (Fig. 2).
mass change. These glaciers receive large amounts of snowfall be-

3 . . . _cause their low-elevation coastal slopes allow moisture-rich
Determining catchment-wide snow accumulation using : o :

o RN - ~cyclones to penetrate well into the interior (Nicolas and

traditional methods is difficult because rates vary consider- : . .

. : . Bromwich, 2011). Until recently, few reliable measurements

ably in space and time, and field measurements of accumu-

. . . . . . of snow accumulation existed from these glaciers (Favier
lation typically sample one dimension with exclusion of the .
. . et al., 2013). Kaspari et al. (2004) presented accumula-
other. For example, ice-core records of accumulation (e.g.

tion records from several ice cores collected during the In-

Kaspari et_ aI.., 2004) capture the temporg | signal but areternational Trans-Antarctic Scientific Expedition (ITASE),
sparsely distributed. Stake-farm accumulation measurementﬁ

(e.q., Frezzotti et al., 2005; Kameda et al., 2008; Agosta e ut only four of these lie within the Pine Island—Thwaites

al., 2012) are collected over broader areas to capture the Spg_ralnage system. Based on three of these records (one is dis-

tial variability yet typically span only a few years. In addi- regarded as it is just over 20 years in length), they found that

. e . chent accumulation (between 1970 and 2000) had increased
tion, these in situ measurements are inadequate for mass bal-

ance studies because recovery at the catchment scale is nroetlauve o the 1922-1991 average. While the recent period

. . ) IS relatively high, radar-derived annual accumulation shows
possible. Accumulation measurements using ground-based .~ ) .
. no significant trend over Thwaites Glacier between 1980 and
radar systems overcome some of the disadvantages of the tr

ditional in situ measurements: they capture the spatial vari—3009 (Medley et al,, 2013). While recent work by Burgener

o . . ; . et al. (2013) found a negative trend in several shallow cores
ability in accumulation over discrete (i.e., annual to multi-

. . : . _straddling the divide between the Ross Sea and Amundsen
decadal) and consistent time horizons over hundreds of kilos . : : o
e Sea drainages, the three cores presented in this work indi-

meters (Rotschky et al., 2004; Spikes et al., 2004). Ground- . o . )
cate that accumulation rates within the Pine Island—-Thwaites

based systems, however, are insufficient for regional studies . - . )
. . rainage system do not exhibit a recent trend, consistent with
because of the scale issue discussed above. Recent work
e snow radar record from Medley et al. (2013).

Medley et al. (2013) indicates that accumulation rates de-
rived from airborne radar provides spatial and temporal ac-
cumulation rates over large areas, highlighting their potential3 Data and methods

for more comprehensive and improved mass balance studies.

Here, we use data from two airborne radar systems to calGround-based radar imaging of both near-surface (Sinisalo
culate the 1985-2009 average annual accumulation over thet al., 2003; Rotschky et al., 2004; Spikes et al., 2004; Eisen
Pine Island-Thwaites drainage system along the Amundsest al., 2005; Anschutz et al., 2007, 2008; Frezzotti et al.,
Sea coast of West Antarctica. The spatial coverage limitatior2007; Urbini et al., 2008) and deep (Nereson et al., 2000;
that makes in situ accumulation measurements disadvanteésiegert and Payne, 2004; Waddington et al., 2007; Huy-
geous for regional mass balance studies is overcome by aeriékechts et al., 2009; MacGregor et al., 2009) internal hori-
surveys. Using two radar systems developed by the Cenzons has provided the basis for calculating recent and histori-
ter for Remote Sensing of Ice Sheets (CReSIS) (Rodriguezeal spatiotemporal snow accumulation rates over Antarctica.
Morales et al., 2013), we tracked a few near-surface horizon8ecause radar-derived accumulation measurements capture
over hundreds of kilometers of the flight surveys. The radar-the spatial variability better than widely spaced point mea-
derived accumulation survey was spatially extensive, whichsurements, they provide a more accurate representation of the
enabled us to generate a complete map of the recent accumapatial mean, and thus are more appropriate for mass balance
lation rate. Combining these basin-wide accumulation meastudies (Richardson et al., 1997). While these ground-based
surements with flux-gate estimates of ice discharge, we destudies capture the spatial variability over large areas, we
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Figure 1. The Amundsen Sea coast glaciers and locations of the radar flight surveys. Here, the MODIS mosaic is overlaid transparently

by measured ice velocities from Joughin et al. (2010) and elevation contours (200 m intervals). The catchments are outlined and labeled.
The complete accumulation radar survey consists of the white and grey lines. A dashed white line indicates no horizon was mapped, a solid
white line indicates H1 was mapped, and light (dark) grey indicates that H2 (H3) was mapped. The solid black lines show where snow radar

accumulation measurements were taken from Medley et al. (2013). The three 2010 ice cores are labeled and indicated by a yellow circles.
The ITASE cores are displayed as blue triangles, and the WAIS divide and Byrd camps are labeled and indicated by light purple squares.
With the exception of Byrd, density measurements from all the ice-core sites were used to create a regional density profile in Fig. 3. The

inset map shows the location of our study area.

are unaware of any surveys that were designed to map a.1 Accumulation radar

cumulation rates over entire catchment areas for the purpose

of determining mass balance, as we intend to do here. FoWe use two CReSIS radars in this study. The first, referred

this study, we recovered three intermediate-depth firn coresto as the “accumulation radar,” is an ultra-wideband stepped-

which are connected by an airborne radar survey designeftequency chirped pulse radar system that operated between

to capture regional variations in snow accumulation over the600 and 900 MHz and is designed to image horizons in

entire Pine Island—-Thwaites drainage system (Fig. 1). the upper 300 m of the ice sheet (Lewis, 2010; Rodriguez-
Morales et al., 2013). The near-surface horizons represent
contrasts in dielectric permittivity, which are likely caused
by seasonal variations in the physical and chemical proper-
ties of the firn (Arcone et al., 2005). The theoretical vertical
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2500 : cores were collected between 2000 and 2010, because no re-
e cent trend in accumulation is found over the pas0 years.
I THW Any variations from steady state would be manifested in the
! near-surface firn, which is most susceptible to the interan-
nual variability in accumulation. Thé-t profile is generated
incrementally at 1 cm intervals throughout the firn column
(Fig. 3b). Previous studies have interpolated the density pro-
file between two ice cores (e.g., Spikes et al., 2004), thereby
presuming that the dominant variation is a linear trend and
that the cores represent the average conditions at either end
(i.e., are not biased substantially in an area of higher/lower
accumulation). Because accumulation is highly variable over
short distances, both the former and latter inherent assump-
tions are challenged. Thus, we use the regional mean pro-
file and attempt to capture the potential error in using a pre-
9 5 i - e o scribed profile in our error estimates. Use of a regional den-
Area (10° km?) sity profile assumes that the-r and cumulative mass pro-
files are spatially invariant; this potential source of uncer-
Figurg 2. The. hypsometric distributions of. thg Pine Islgnd and tainty is discussed further below.
T_hwalteS glacier _catchments. The sub-ba;nns included in PIC_; are |4 'order to create a spatially complete and temporally con-
Pine .|5|and glacier and the We.dge and in THW the .Thwa't.es.’sistent map of snow accumulation, we tracked a strong and
Thwaites East, and Haynes glaciers. The median elevations within .
the PIG and THW are 1210 and 1540 ma.s.|., respectively. Contlnuqus reﬂ.ector (H1) over as much Of. the radqr survey
as possible (Fig. 4). The depth of H1 varied considerably,
ranging from 4.3 to 36.9 m. Tracking such a shallow (and
thus young) horizon is possible because any undulations in
range resolution in ice is 50 and 62 cm in firn (for density the stratigraphy due to accumulation rate variations have not
of 550 kg nT3). The vertical resolution of this system is too yet been substantially steepened over the short time interval.
coarse to image annual stratigraphy, and consequently, adsing a consistent horizon over multiple flight surveys is im-
independent ice-core depth—age scale is necessary to detgrertant to generate accumulation rates over the same tem-
mine horizon ages. The radar data and full documentatiorporal interval. In the few areas where H1 was not traceable
are available aftp://data.cresis.ku.edu/data/accive pro-  with confidence, we mapped other brightly visible horizons
cessed the echograms by (1) zeroing the ice-sheet surfadd2 and H3, which respectively are deeper and shallower than
under the assumption that it is represented by the stronges$il (Fig. 1). We next determined the ages of these mapped
return from each trace, (2) stacking every 12 traces to reducésochrones using depth—age scales derived from firn cores in
noise, (3) normalizing the range bin return (i.e., quantizedorder to estimate accumulation rate. All horizon tracking be-
radar-range value) relative to the average bin return from allgan at the PIG2010 site where the horizons were dated using
traces in order to brighten deeper horizons, and (4) applythe PIG2010 depth—age scale (see Sect. 3.2).
ing a horizontal Sobel edge-detection filter to enhance hori-
zon contrast. The Twin Otter survey took place in December3.2 Firn cores
2009 through January 2010 and was designed to maximize
spatial coverage over the Pine Island—Thwaites drainage ardaata from the radar survey were used to select sites for three
(Fig. 1) with nearly 10 000 km of flight surveys covering an intermediate-depth firn cores that we drilled during the field
area of about 30& 10° km?2. The second radar system is dis- season following the accumulation radar survey (Decem-
cussed in Sect. 3.5. ber 2010 and January 2011). The cores were extracted in ap-
We calculate depth ag = 0.5cte=%°, wheret is mea-  proximately 1 m sections (diameter: 81 mm) using a Badger-
sured two-way travel time andis the wave speed in a vac- Eclipse drill provided by the US Ice Drilling Program. The
uum (3x 108 ms™1), and the dielectric permittivity is cal- Pine Island glacier (PIG2010) and Thwaites (THW2010)
culated using a mixture model (Looyenga, 1965) for ice andcores were~ 60 m long, while the core collected along the
air and is dependent on density, which increases with depthdivide between the two catchments (DIV2010) was10m
To estimate a density profile, we fit a steady-state densityTable 1). Specifically, the PIG2010 site was selected be-
model (Herron and Langway, 1980) to the average of ninecause of its location at the convergence of several flight sur-
firn core density profiles from the region (Fig. 3a), which veys (see Fig. 1). The DIV2010 was selected based on its
is integrated to obtain a cumulative mass profile (kg°m  proximity to the coast and the presence of a sequence of
Fig. 3c). The density profiles should approximate the steady+elatively flat radar horizons. The THW2010 core was se-
state density profile from the late 2000s, even though thdected on the westernmost flight path to ensure we could date
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Figure 3. Profiles of(a) density,(b) two-way travel time(c) cumulative mass, andl) age with depth(a) The density profiles from nine firn
cores from the region are plotted in light grey and the model fit to their mean is shown as a solid black line. The dashed black lings show
standard deviatiors() from the mean.k) The solid line was produced using the formulas 0.5cte =05, for conversion between two-way
travel time and depth using the density mode(d) and the dashed lines were generated fromtthe deviations in(a). (c) The cumulative

mass profiles were created by integrating the mean (solid) density profile with depth as welkdstdeviations (dashed) frorta). (d)

The depth—age profiles for the three 2010 cores determined from glaciochemical analysis.

PIG2010 DIV2010 THW2010
A4 A4

Depth (m)

Horizontal Distance (km)

Figure 4. Echograms at each 2010 core site and the tracked H1 horizon. From left to right, we display echograms from the P1G2010,
DIV2010, and THW2010 sites along with H1 mapped in dashed red and H2 and H3 in dashed green. The vertical white line shows the
location closest to each core, which extends from the surface to the actual recovery depth.

the radar horizons in case we were unable to track horizonannual layer counting, indicating a dating uncertainty of less
continuously from the PIG2010 site. Density profiles for than 1 year.

DIV2010 and THW2010 were measured in the field, while The PIG2010 core was selected to date horizons because
the PIG2010 profile was measured at the US National Iceof its optimal location at the intersection of several radar sur-
Core Laboratory in Denver, Colorado. Water isotope ratiosveys (Fig. 1), and we evaluated the isochronal accuracy by
and concentrations of more than 30 elements and chemicalating H1 at the DIV2010 and THW2010 core sites. The
species were measured at high depth resolutioh¢dm wa-  depths of H1 at the PIG2010, DIV2010, and THW2010 cores
ter equivalent) using a continuous ice-core melting systemwere 19.75+0.33, 18.95:0.35, and 14.15-0.34m (er-
(McConnell et al., 2002, 2007; Maselli et al., 2013). Most ror calculations described below), respectively, which corre-
species exhibited pronounced annual cycles (e.g., Criscispond to ages of 25#40.4, 25.74-0.4yr, and 25.2- 0.6 yr.
tiello et al., 2013), but here we used the summer maxima inAlthough the depth uncertainties at each core are compara-
hydrogen-peroxide concentration, water-isotope ratios, andble, the age uncertainty for THW2010 is larger because of
non-sea-salt sulfur to sodium ratio to identify annual layers.the relatively low accumulation rate at this site. As a result,
Known volcanic horizons identified by marked increases inthe THW2010 depth—age curve is shallower (Fig. 3d), which
wintertime sulfur concentration provided verification of the translates into a larger age uncertainty. Nonetheless, the H1

www.the-cryosphere.net/8/1375/2014/ The Cryosphere, 8, 1371392 2014
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Table 1. Summary of ice-core accumulation records.

Name Latitude Longitude Elevation Velocity Bottom depth Time Accumulation rate (m w.&)¥r

©) ) (m) (myr?d (m) interval 1920-2000 1970-2000 1985-2009
P1G2010 —77.96 —95.96 1590 275 59.4 1917-2010 0#0.06 0.43:0.06 0.42-0.07
DIV2010 —76.77 —101.74 1330 4.6 111.7 1786-2010 0480.07 0.410.07 0.41+0.07
THW2010 -76.95 —121.22 2020 5.5 61.8 1867-2010 028.04 0.28:0.05 0.29+-0.05

* Values represent thetilo.

ages differ by 0.5 yr, which is remarkable given that the sur- 038 1 1 1 bkt

vey distance between cores is 750 km. This comparison con- 1[ > snosategr H2 -y [
firms that radar-detected horizons are isochronous over large 1l j:’fﬁtgj b N A A% *
distances, consistent with others studies from this region (Ar- o7 1] & snnateaa| . SPNVCVEL ZANEY: o W |
cone et al., 2004; Spikes et al., 2004). { Le_senosa e : i, g

3.3 Accumulation rate calculations

At shallow depths, the spatial variation in the depth to a given
horizon is largely driven by variations in the accumulation
rate and, to a lesser extent, the density profile and the firn
compaction rate, which are also dependent on the accumula-
tion rate. The depth variations are combined with firn density
information to extract the accumulation rate along the radar
survey. The long-term accumulation rate (between the hori- : , :
zon and surface) is determined by dividing the cumulative 10 o N : .

firn mass per unit area (Fig. 3c) above the horizon by the time 87~ o : :

since horizon burial (i.e., the horizon age in years). While ~ ** e e T e T
the horizon age does not vary spatially, the horizon depth ' " H2 or H3 Accumulation Rate (m wie. yr") '

does vary, which results in variable firn mass above the hori-

zon. Over the survey portions where we were unable to magrigure 5. Bias correction regression models for five survey legs
H1, we measure accumulation using an alternate horizon (Hgvhere an alternate horizon was used to measure accumulation. Us-
or H3) and correct for the temporal bias. The bias correc-ing a robust regression model, we correct accumulation measure-
tions were based on accumulation measurements where bofRents derived from the alternate horizon (either H2 or H3) to more
H1 and the alternate horizon were coincidently mapped. Weapproprlately represent its H1 measurement where both horizons

were coincidently tracked. The relationship was then applied to the

completed a total of five robust regressions (Fig. 5), one formeasurements derived from the alternate horizons where H1 was

each flight survey segment _Where an_alternate h‘?”ZO” WaRot tracked. Four of the corrections use the same alternate horizon
used to measure accumulation (see Fig. 1). The different reg3 \hereas one leg uses H2. Interestingly, H2 dates to 1939 and the
lationships are the potential result of (1) different temporal resulting accumulation rates are found to be much lower than those
biases from using two alternate horizons and (2) spatial varifrom H1 (i.e., the regression model lies well above the 1:1 line).

ations in the bias. These corrected data make up only 8 % ofhis result is consistent with ice-core observations that recent accu-
the total accumulation measurements and are all located imulation has increased relative to the long-term mean. Corrections

H1 Accumulation Rate (m w.e. yr')

the northern Pine Island Glacier catchment. for measurements derived from H3, dated to 2002, hover around the
1:1line, especially in the areas of the majority of the measurements
3.4 Radar-derived accumulation rate errors (0.3-0.5mw.e.yrl).

Uncertainty in radar-derived accumulation rates arise from

uncertainties in the regional density profile and horizon agec) assuming that the density uncertainty could bias our re-
At any location, the deviation of the actual density profile sults, which means that errors accumulate with depth. This
from the regional mean translates into errors in the cumula-assumption is conservative and reasonable based on evalu-
tive mass and—t profiles and ultimately the measured accu- ation of the individual core profiles relative to the regional
mulation rate. To account for this error, we fit the aforemen-mean. Finally, a digitization error a1 range bin is included
tioned density model to thé 1o deviation of the measured in the depth error.

density profiles from the mean (Fig. 3a). We then calculate Uncertainty in the age of the horizon also introduces an
the error in thed—t and cumulative mass profiles (Fig. 3b, uncertainty into our accumulation measurements. Using the
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regional mean density profile and its uncertainty, we deter-al., 2008). Prior to interpolation, we used an ordinary least
mined the H1 depth and error at each of the three core sitesquares (OLS) linear regression model with northing, east-
using their measured depth—age profiles shown in Fig. 3dng, and elevation as explanatory variables to create an ac-
(see above). While the measured age at each site falls withioumulation rate surface (Fig. 7a). The interpolation was then
the error bounds of the other two sites, the range of values iperformed on the OLS model residuals in order to recover
large enough that we must consider its impact. We assign théhe moderate-scale features. The distribution of the residu-
error in the age of H1 at1 year, which is likely an overesti- als showed only a small degree of skewness (<0.5), and,
mation based on the evaluation of the isochronal accuracy. as a result, we did not perform a log transformation on the

Finally, we must consider uncertainty in the bias correc-data as done by Arthern et al. (2006). We found that the best
tion for measurements based on the alternate horizons (H2fit to the measured semivariogram was an isotropic spheri-
H3). These measurements are assigned errors equal to tlwal model with a range of 175km. Sharp lines and edges in
root mean square error of the robust regression fits shown ithe radar survey result in unrealistic artifacts in the interpo-
Fig. 5, which vary from 0.018 to 0.069 m water equivalent lated map. Therefore, we smoothed the 3 km grid witha®

(w.e.)yr-! depending on survey leg. cell mean filter to minimize these high-frequency interpola-
tion artifacts. Finally, the OLS surface is added to the kriged

3.5 Snow radar residuals to generate the final accumulation map shown in
Fig. 7b.

The second CReSIS radar used in this study — referred to We created an accumulation error grid that accounts for
as the “snow radar” — is an ultra-wideband microwave radaimeasurement and interpolation uncertainties (Fig. 7¢). The
that operated over the frequency range of 4—6 GHz in 200%riging standard prediction error is based on the distances to
and 2—-6.5 GHz in 2010 and 2011. This system is a frequencythe nearest measurements (i.e., cells farther from measure-
modulated continuous-wave (FM-CW) radar that images thements have a greater error) and the spatial structure of the
stratigraphy in the upper 20-30 m of the ice sheet with finedata as described by the semivariogram. We also investigate
vertical resolution. The theoretical vertical range resolutionthe impact of measurement error on the final accumulation
for the 2009 (2010/11) survey is 8cm (4cm) in ice and map. Random error is added to each accumulation measure-
10cm (5cm) in firn (Panzer et al., 2013), which is much ment and these perturbed values are then interpolated to a
finer than the accumulation radar. The snow radar was flowrgrid using the same parameters described above. The error
as part of NASA's Operation IceBridge, which focused on added to each measurement point is randomly selected from
areas of rapidly changing ice in and around the major out-a normal distribution with a mean of zero and standard de-
let glaciers. While the survey was not designed to extendviation equal to the measurement error for that data point.
over the entire catchment, it provides additional measureThis process was repeated 200 times, and the measurement
ments over~ 2000 km of the survey tracks primarily within error for each grid cell was taken as the standard deviation
the Thwaites catchment. To be temporally consistent with theof these 200 realizations. The final accumulation error grid
accumulation radar measurements, here we use the 198%as generated by root-sum square (RSS) of the interpolation
2009 mean annual accumulation derived from the snow radaand measurement grids and was smoothed using @ 6ell
(Medley et al., 2013). mean filter.

3.6 Interpolation 3.7 Surface velocities and catchment discharge

While the along-track resolution of the radar data«i40s  We derived surface velocities from 1994 to 2012 using
of meters, we extract horizon depths at a sampling interval ola combination of interferometric synthetic aperture radar
500 m, which is small relative to the catchment size. Large(InSAR) and speckle-tracking techniques (Joughin, 2002).
data gaps still remain (up to 150 km between flight paths;Velocities from 2000 and before were determined using
Fig. 6a). The large gaps mean that the spatial resolution of adata from the European Space Agency’'s ERS-1/2 (Euro-
interpolated map will be substantially coarser than the alongpean Remote Sensing satellites) mission and later veloc-
track resolution: accumulation was not appropriately sam-ties were derived from a combination of data from the
pled to recover high-frequency (<10km) variations at the Japanese ALOS (Advanced Land Observing Satellite) and
catchment scale. To minimize the high-frequency variabil-German TerraSAR-X (Terra synthetic aperture radar) mis-
ity in the accumulation measurements, we applied a 25 knsion (Joughin et al., 2003, 2010). Our velocity measurements
running average filter to the profile data (Fig. 6b). Approach-are made at the ice-sheet surface but we assume they are
ing the ends of the surveys, the filtering length was taperecequivalent to column average velocity due to the high de-
down to 5km to maximize the spatial coverage for interpo- gree of sliding at near the grounding line. Based on analysis
lation. Using the smoothed accumulation measurements, wef estimated deformation velocities that are internal variables
generated a gridded map of accumulation using the geostaf a temperature model (Joughin et al., 2009), any biases in-
tistical interpolation technique of kriging (Leuangthong et troduced by this assumption are less than 1% and are not

www.the-cryosphere.net/8/1375/2014/ The Cryosphere, 8, 1371392 2014



1382 B. Medley et al.: Constraining the recent mass balance of Pine Island and Thwaites glaciers

90°W

110°W

Accumulation Rate (m w.e. / yr)

0.1 02 03 04 05 06 07 08 09 1.0

4 ITASE Cores Catchments
2010 Cores NPT Kilometers

Figure 6. The (a) raw and(b) smoothed radar-derived accumulation rate$.The raw accumulation rates derived from the accumulation
radar, including the bias-corrected rates as well as the 1985-2009 mean annual accumulation from the srby 3adse. as fronfa)
except a 25 km (tapered to 5 km approaching the ends) running average has been applied.

included in our error analysis. System noise produces errorfce-surface elevations for flux estimates before 2003 are cal-
of ~10myr! and there are additional velocity and slope- culated by linear extrapolation of the 2003—2007 elevation
dependent errors of 3 % (Joughin, 2002). rate of change. This extrapolated elevation difference is as-
Catchment discharge was estimated using ice-surface vesigned an error of 100 %.
locities and a time-varying estimate of ice thickness along We combined our ice-surface height estimates with ice-
a transect that is roughly parallel to the grounding line. thickness estimates derived from ice-penetrating radar (Holt
Ice-thickness estimates are sometimes confounded by thet al., 2006; Vaughan et al., 2006; Allen, 2013) to estimate
presence of basal crevasses downstream of the groundirg set of bed elevations. We applied a minimum-curvature
line and, because grounding lines have retreated during thgridding technique that minimized, in a least-squares sense,
decade considered in this study (Joughin et al., 2010), théhe second spatial derivative of the bed elevation, while also
transect was displaced 5-10km inland to ensure that highminimizing the data misfit. The cost function on the deriva-
quality ice-thickness data were available. tives was selected based on ice-velocity maps so that cur-
We constructed a high-resolution model of the time- vature in the along-ice-flow direction was penalized more
varying ice-surface height using ICESat (Ice, Cloud,and landheavily than the curvature in the across-flow direction, giv-
Elevation Satellite) altimetry data (Zwally et al., 2012), and ing bed-elevation estimates that preserve channel structures
airborne scanning laser altimetry data supplied by NASA'swhile suppressing small-scale noise in the data. The rms (root
IceBridge program (Blair and Hofton, 2012; Krabill, 2013). mean square) misfits between data and the fit surface were
These give irregular spatial and temporal coverage betweebetter than 7 m over the smooth basal topography near the
the late fall of 2002 and 2012, which we integrated into angrounding line. This small misfit suggests that the fit surface
estimate of surface elevation and elevation change by fittingadequately resolves the details of the bed topography; uncer-
a DEM (digital elevation model) surface for 2010 and a se-tainties in the data picking and in the location of radar foot-
ries of correction surfaces giving height differences betweerprints contribute substantially larger errors to the ice thick-
2002 and 2010. The solution was selected to minimize, in aness, which we conservatively estimate at 50 m.
least-squares sense, the difference between the model surfaceWe derived ice-discharge estimates using surface-height,
and the observed surface heights, while also minimizing thesurface-velocity, and ice-thickness estimates assuming that
second derivative of the DEM surface and the second derivaice flow is almost entirely due to sliding at the bed:
tive of the ice-surface change rate between any pair of years.
This technique provides an estimate of surface heights at any ;) = Pice/u(L y.1)-n[zs(x, y, 1) = b(x,y) — hair]ds. (1)
time and at any position on the grounded ice. The accuracy
of any estimate depends on the temporal and spatial sampling Herey . n is the component of the ice-surface velocity per-

of the input data; typically, surface-elevation error estimatespendicular to the transeat is the surface height at the time
for points within 2-4 km of a flight line are less than 10 m. o velocity was measuredl,is the bed elevation, arid, is
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Figure 7. Accumulation and error grids includin@) the accumulation surface derived from an OLS linear regression model with northing,
easting, and elevation as dependent variafigsiur final accumulation surface derived by adding the kriged OLS model residuals to the OLS
regression surface froii@a), (c) the combined measurement and interpolation errors displayed as a percentage of our gridded accumulation
map shown inb), and(d) the 1985-2009 average surface mass balance from RACMO2, widely used in mass balance studies, is shown for
comparison to our gridded map (h).

the depth-integrated thickness of air contained in the firn, asiorth edge of PIG and a few points along the Wedge. Because
estimated from van den Broeke (2008). We evaluate the fluxno usable velocity data were available for the tributary of PIG
integral on points spaced every 50 m along the transect.  (see Fig. 1) in 2006, we estimated the flux and its error for
When the velocity maps contain gaps, we interpolate spathat part of the profile using a linear interpolation between
tially within the same map to close gaps smaller than 4 km,the 2000 and 2009 values. Because the variation in flux for
and interpolate in time between temporally adjacent maps tdhis part of the profile is on the order of 1 Gt between 2000
fill larger gaps. Velocity values so interpolated are assignedand 2009, the error incurred by this interpolation should be
an additional error component of 100 nTyrin each direc-  small.
tion. If temporally adjacent maps do not supply a valid ve- We estimate errors in our flux estimate by propagating
locity estimate, the velocity is estimated from the mean of allthe measurement errors in Eg. (1), assuming components be-
available velocities for that point, and the error estimate istween 50 m grid points were independent. We then account
set to 250 myr?, which happens only for a few points at the for spatial correlation in the errors, which we conservatively
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assume to be spatially correlated on a 10 km scale, by mulWhile the general structure is correct, there are several
tiplying these initial error estimates by (10 km/504) or moderate-scale (25-50 km) features that are not reproduced
about a factor of- 14. Other reasonable choices of a corre- with the simple OLS model, which is clearly apparent when
lation scale would reduce the error estimates roughly in half,comparing the OLS model (Fig. 7a) with the smoothed mea-
but significantly larger errors are unlikely. surements (Fig. 6b). The final gridded accumulation map
(Fig. 7b) reproduces both the regional and moderate-scale
features observed in the measurements and will provide the
snow input values for our mass balance estimates. Unlike the
OLS model, the final grid captures the precipitation shadow
effect that is apparent, for example, along the northern slopes

Mean annual radar-derived accumulation (including the biaf the Pine Island catchment and is caused by the mountain

correction) over the period 1985-2009 are shown in Fig. 6a@nges of Eights Coast.

The ~ 20000 accumulation measurements span an order of 1N average£ standard deviation) gridded accumulation
magnitude ranging from 0.13 to 1.37 mw.e-yrand have ates over Pine Island and Thwaites glaciers are £.60.3

a mean £ standard deviation) of 0.4£0.12 mw.e.yr2. and 0.43:0.09mw.e.yr!, values similar to those from
The ~ 6300 measurements within the Pine Island Glacierthe radar-only measurements (Table 2). The accumulation

catchment vary from 0.18 to 1.37 mw.e-yrwith a mean grid errors range from 2.6 to 32.7% with an average of
of 0.43+0.15mw.e.yrl, and the 11400 measurements 8.6 %. Nearly 90 % of the cells have errors of less than 15 %

within the Thwaites Glacier catchment area vary from 0.21(Fig- 7¢). Maximum errors are found over the southern sector
to 0.84mw.e.yr® with a mean of 0.4 0.08 mw.e. yr®. of the upper Pine Island catchment where the accumulation

Rates exceeding 1.0 mw.eVrare found along coastal Pine rates are very low and the radar coverage is sparse. The low-

Island glacier and in isolated surface depressions. Rates b&St €rrors are in central Thwaites where multiple overlapping

low 0.2 mw.e. yr occur on bumps alongside those depres-{li9ht paths provide better spatial coverage.
sions as well as across the Thwaites southern divide to- VYVe compared several core-derived accumulation rate aver-
ward WAIS (West Antarctic Ice Sheet) and Byrd camps. 296S from within the Pine Island—Thwaites drainage system

Measurements outside the Pine Island—Thwaites catchmer their coincident gridded estimate. Specifically, we used
area (= 1568) are used in the OLS regression and in-the ITASE 01-1, 01-2, 01-3, and 01-6 average rates between

terpolation. The averagerlaccumulation-measurement er- 1985 and 2001 and the PIG2010, DIV2010, and THW2010
rors within the Pine Island and Thwaites catchments argPVerage rates between 1985 and 2009. At five of the seven
0.03 and 0.02mw.e. y* respectively. While the minimum sites, the average rate falls within the @rid error. The other
error in each catchment is the same (0.01mwelyr two sites (ITASE 01-3 and P1G2010), which interestingly
the maximum is much greater within the Pine Island are separated by only 20 km, fall within the 2rror. Even
catchment (0.17mw.e.y#) than over that of Thwaites though the grid has been smoothed removing small-scale ac-
(0.04mw.e. yrl), which is due to the larger accumulation cumulation features, it still matches isolated core measure-
rates and associated bias correction on Pine Island glacier. MeNts very well, which gives confidence that our gridded ac-

Radar-derived accumulation rates-lp error) at the Ccumulation rates and errors are reasonable.
P1G2010, DIV2010, and THW?2010 sites are 0448.02, ) R )
0.4140.02, and 0.2% 0.01 mw.e. yr', respectively, which 43 Accumulation distribution by elevation

match those derived from the core records shown in Table 1 . . ) )
(0.42, 0.41, and 0.29 mw.e. V). The nearly identical mea- We next investigate the elevation-dependent accumulation

surements at the PIG2010 site is not surprising because tH@iStribution for the Pine Island (Fig. 8) and Thwaites (Fig. 9)

core-derived depth—age scale was used to determine horizdfichments by binning their accumulation grids over 100 m
ages and its density profile was one of nine used to deterintervals. The average accumulation rates over both glaciers

mine a regional profile. The only information used from the decrease consistently with increasing elevation, but the av-

DIV2010 and THW2010 cores was their density profiles; the €r29€ rate' over a giver_1 elevation bin is larger for Thwai'tes
radar-derived measurements at these cores are largely ing1an for Pine Island (Figs. 8a, 9a). Although accumulation

pendent of the core-derived accumulation rates. At both sitesd€creases with elevation, the differences in catchment hyp-
sometry indicate the elevations that contribute most to the to-

the core measurements fall within the radar-derived error in- -

terval. tal snow accumulation fall between 700 and 1500 m over the
Pine Island catchment and between 1200 and 1900 m over

4.2 Gridded accumulation rates that of Thwaites (Figs. 8b, 9b). According to our results, to-
tals of 67.3+ 6.1 and 75.9% 5.2 Gtyr ! accumulated on av-

Not surprisingly, the OLS accumulation rate surface (Fig. 7a)erage between 1985 and 2009 over Pine Island and Thwaites,

shows relatively high accumulation at low elevations, which respectively, and 1586 12.5 Gtyr ! accumulated over the

decreases progressively inland towards higher elevationsentire region (Table 3). We assumed the gridded errors were

4 Results

4.1 Radar-derived accumulation measurements
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Table 2. Catchment average.{, standard deviatioro(), minimum, and maximum gridded accumulation rates and errors.

Accumulation rate (mw.e. yrt) Error (%)

Glacier " o min max n o min  max
Pine Island 040 0.13 0.21 0.84 104 6.1 26 300
Wedge 059 0.16 0.33 0.84 63 18 29 108
Thwaites 0.43 0.09 0.17 0.72 7.1 39 26 327
Thwaites East 0.67 0.02 0.64 0.71 94 06 7.5 10.0
Haynes 0.63 0.06 0.21 0.74 10.6 1.0 8.6 327
Total 0.43 0.12 0.17 0.84 8.6 52 26 327

not independent, and as a result, the errors were calculated lgccumulation in this region (Medley et al., 2013). To ensure
cell-by-cell summation (not RSS) of the grid errors. There- consistency, all grids were bilinearly resampled to the same
fore, the error bounds are likely a conservative estimate.  3km grid and were binned as explained above (Figs. 8, 9).
Over both catchments, the high-elevation average accumu-
4.4 Comparison W|th C|imato|ogies and atmospheric |ati0n rates fOI’ nearly a” the prOdUCtS are IOWer than thOSG
models from our grid. For Thwaites, all products have higher low-
elevation accumulation rates than our grid, with the excep-

The elevation-dependent accumulation distributions for var-ion of ARTO6. Because our grid is not based on measure-

ious accumulation climatologies, reanalysis products, and &'€Nts below 800m from Thwaites, we cannot confidently

regional climate model output were also analyzed and comdetermine whether the products have higher accumulation

pared. The model- and observation-based climatologies ar8! t0se €levations; however, they are higher than our grid-
available at the Antarctic Cryospheric Access Portal (A- ded values between 800 and 1200 m. For Pine Island, a range

CAP: Scambos et al. (2008), van de Berg et al. (2006)’of differences occurs at the low elevations: some are higher,

Arthern et al. (2006), and Monaghan et al. (2006)), which SOMe are lower, and others fall within our gridded values. In
are henceforth referred to as VDBO5, ART06, and MONO6, 9€neral, these accumulation products (except ARTO6) have
While VDBO5 and MONO6 are model-derived, we sepa- steeper elevation-dependent accumulation gradients than our

rate them from the reanalysis and climate models described"d- ) _

below because these products are provided by A-CAP as The largest spread in average accumulanon between these
long-term averages and their temporal coverage is not conProducts occurs at the lowest elevations (belewé00 m),
sistent with our radar-derived measurements. The ARTogU! these elevations occupy a relatively small area of the
map was generated using field-based measurements of snd@rge basins and thus do not contribute substantially to the

accumulation, which were gridded using remotely sensedSp_read in their <_:umu|ative accumulation rates (Figs. 8b, 9b).
microwave emission data to guide the interpolation. The'Vith the exception of MONO6 and MERRA, the products fall

MONO6 mean annual (1985-2001) simulated precipitation-Within the error range of the our total cumulative accumula-
tion rate for the Pine Island glacier catchment, albeit towards

minus-sublimation (P-S) estimate is derived from the Polar i
MMS5 atmospheric model forced by the European Centre forih€ low end (Fig. 8c). Only CFSR, RACMO2, and VDBO5

Medium-Range Weather Forecasts (ECMWF) 40-year Re_faII Within this range for Thwaites where the spread is much
analysis (ERA-40). Finally, VDBOS5 is the 1958-2002 mean larger (Fig. 9c). Although several of these products generate

annual simulated surface mass balance (SMB) from the Revalues similar to our grid (Table 3), it is often the result of

gional Atmospheric Climate Model RACMO2 forced at its low-elevation regions of larger rates balancing high-elevation
lateral boundaries by ERA-40. regions of lower rates, which is most apparent in Figs. 8b and

The three global reanalysis P-S products include theP-
ECMWEF “Interim” Reanalysis (ERA-Interim) (Dee et al.,
2011), the NASA Modern Era Retrospective Analysis for Re-4.5 Ice discharge and mass balance
search and Applications (MERRA) (Rienecker et al., 2011),
and the National Centers for Environmental Prediction Cli- The total flux of ice lost to the ocean from this region
mate Forecast System Reanalysis (CFSR) (Saha et al., 2010hcreased from 1924 6.0Gtyr! in the mid-1990s to
Finally, we use SMB from a recent RACMO2 simulation 257.4+ 4.8 Gtyr 1 in 2010 (Table 4), which is a more than
that is forced at the lateral boundaries with the ERA-Interim 30 % increase over 15 years and is consistent with earlier
(Fig. 7d) (Lenaerts et al., 2012). Even though these productestimates (Rignot, 2008). The ice discharge of the Wedge
do not all estimate precisely the same variable (i.e., accumufrom 2000 (9.7 2.8Gtyr 1) was used in the regional
lation, SMB, or P-S), they are all nearly equivalent to snow estimation of ice discharge for the mid-1990s. Over the
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Table 3. Catchment-wide annual accumulation rate from climatologies, reanalysis products, and a climate model compared to this study.

Accumulation rate (Gtyrl)

Glacier Area (18 km?) This study RACMO2 ERA-Interim CFSR MERRA ART06 MONO06 VDBO05
Pine Island 166.8 67:86.1 63.3 60.4 65.8 55.4 65.8 79.4 66.6
Wedge 18.6 11.60.7 11.1 12.4 11.7 11.0 8.2 13.4 11.4
Thwaites 175.9 75.45.2 74.6 66.9 71.8 61.0 545 89.0 78.6
Thwaites East 1.4 180.1 1.3 1.1 1.1 1.1 0.6 1.3 1.1
Haynes 5.5 3404 6.3 4.4 4.6 4.9 2.2 4.6 4.7
Total 368.2 158.&12.5 156.6 145.2 155.0 133.4 131.3 187.7 162.4

Accumulation Rate (m w.e. yr')

(%) ea1y

Total Accumulation (Gt yr')

100 T T 100

80 I This Study
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Cumulative Accumulation (Gt yr')
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Figure 8. The elevation-dependent accumulation distribution for Pine Island glacier (including the Wedge) and comparison with climatolo-
gies and reanalysis and climate models. For each part, the grey shaded area shows the quantity of interest from our final accumulation gric
including its+10 deviation. The climatologies and reanalysis and climate models do not have errors because the products do not provide
error grids. The three part figure sho(ed the average accumulation rates over 100 m elevation {ihthe bin-summed accumulation rates

scaled by the cell size of 9 kKhwith bars representing the bin size, a@jlthe cumulative bin-summed accumulation rates fi@n The

solid vertical black lines on each plot display the elevation limits of our radar-derived accumulation measurements, and thus bound the area
with high data integrity.

same interval (mid-1990s-2010), discharge from Pine IslandHaynes increased by more than 20 % and Thwaites East by
alone increased more than 50 % whereas Thwaites increasés %.
just under 20 %. Although between the mid-1990s and mid- The multiple ice discharge measurements presented show
2000s only a few data points exist, this is likely the period a strong trend towards more negative values, whereas no re-
over which the discharge increased substantially and was foleent (1980-2009) accumulation trend was found by Med-
lowed by a period of relatively steady flow between 2008 andley et al. (2013) over Thwaites. While this earlier work also
2010 for Thwaites and between 2008 and 2012 for Pine Isfound substantial interannual variability in accumulation, we
land (Table 4). From 2000 to 2010 the Wedge increased disassume constant annual accumulation over the entire dis-
charge by just over 20%, and from the mid-1990s to 2010charge record equal to the 1985-2009 mean to determine the
catchment mass balance. Based on the results from Medley et
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Figure 9. The elevation-dependent accumulation distribution for Thwaites glacier catchment (including the Thwaites East and Haynes) and
comparison with climatologies and reanalysis and climate models. For each part, the grey shaded area shows the quantity of interest from
our final accumulation grid including it&1o deviation. The climatologies and reanalysis and climate models do not have errors because
the products do not provide error grids. The three part figure siiajthe average accumulation rates over 100 m elevation @ishe
bin-summed accumulation rates scaled by the cell size ofDwith bars representing the bin size, afu)l the cumulative bin-summed
accumulation rates fronfb). The solid vertical black lines on each plot display the elevation limits of our radar-derived accumulation
measurements, and thus bound the area with high data integrity.

Table 4. Flux-gate discharge measurements and errors from 1994 to 2012.

Ice discharge (Gt yr)

Glacier Jan94-Jan 96 Jun 99-Jun 00 May 06-Nov 06 Sep 07-Dec 07 Sep08-Dec08 Sep09-Dec09 Sep 10-Dec10 Oct11-Nov 1l Jul 12-Aug 12
Pine Island 73.&19 78.8+3.4 97.1+4.3 105.2+ 3.6 111.6+ 3.6 113.9+4.2 113.4-3.7 111.5+3.3 110.3+3.2

Wedge 9.742.8 11.4+15 12.0+1.8 12.1+1.5 11.8+1.8

Thwaites 93.2:4.8 104.3:2.6 105.2+2.3 108.0+2.3 112.4+2.5 111.6:2.5

Thwaites East 4204 6.2+:0.3 6.1+0.3 6.5+0.3 6.3+:0.3

Haynes 11.21.2 14.0+0.5 14.4+0.5 14.5+0.5 14.3:0.5

Total 192.1+6.0 242.0+ 4.6 252.1+4.7 259.4+5.1 257.4+4.8

al. (2013), our accumulation estimates for a given discharge83.5+13.9 to 98.8-13.4Gtyr !, values which corre-
time interval could be biased by as much as 25%. The inspond to +0.09+0.04 and +0.27+0.04 mm SLRyr?!
tegrated mass balance and sea-level measurements over tfi@ble 5; Fig. 10). During the mid-1990s, the mass bal-
entire 1994-2010 interval should not be affected since no acance of the Pine Island glacier catchment was slightly
cumulation trend is observed. Therefore, the mass balanceegative (6.0+6.4Gtyr ') with errors large enough
trends presented are entirely determined from the trends im0 suggest that it was at or near balance. Thwaites,
discharge and we assume that, while year-to-year accumufFhwaites East, and Haynes glaciers all showed nega-
lation can vary, the interannual variability is not significant tive imbalances. Thwaites Glacier was farthest out of
when considering the entire interval. balance at—17.3+7.1Gtyr! followed by Haynes at
Based on those assumptions, the mass loss from the-8.3+1.3Gtyrl. By 2010, Pine Island Glacier was
Pine Island-Thwaites drainage system nearly tripledsignificantly out of balance, losing 46417.1 Gtyr! and
between the mid-1990s and 2010, increasing fromovertaking Thwaites £35.7+5.8Gtyr 1) as the largest
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To— ‘ : ‘ ‘ ‘ ; ‘ ‘ scale accumulation features with scales on the order of 25 km
N R S Fogoggoe- , or 'greater. _S.maller—scale (<25km) features certginly exist as
I L L evidenced in the echograms and raw accumulation measure-
Ao b % S L ments, but a denser airborne survey would be required to
0.05

capture these features over the large catchment areas. If we
consider the small-scale features as high-frequency noise, the
catchment-wide accumulation measurements are not nega-
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b o edge b . S I SO N R tively affected. Because of the moderate-scale data resolution
et } A } (~ 25km), we do not expect ice-core accumulation measure-
Y e S Fododocdons I ments to match the coincident grid accumulation with high
‘ ‘ . ‘ ‘ ‘ . ‘ ‘ fidelity. For example, the P1G2010 core site is clearly located
1996 1998 2000 2002 2004 2006 2008 2010 2012 . . . .
Year in a minor depression where accumulation rates are enhanced

relative to the background (Fig. 4) and is one of the cores

Figure 10. Mass balance history from 1994 to 2012 for each catch-with the greatest mismatch from our arid. At the same time
ment. The mass balance was measured by subtracting the ice dis- 9 gnd. ’

charge measurements from various time intervals from Table 4 fromaccumulatlo_n rates from most Cores_are within-ie 9“9'
the 1985-2009 mean catchment-wide accumulation from Table 38/T0r; thus, in the areas where the firn cores were retrieved,

The actual mass balance values are listed in Table 5. The points afUr final accumulation grid is a good representation of the
offset slightly in time for clarity and do not represent actual differ- moderate-scale accumulation rate with errors suitably large
ences in the data collection period. to encompass any smaller-scale features not resolved.
Beyond determining catchment-wide accumulation, our
grid provides the means with which to test the abilities of
contributor to SLR. The Thwaites East and Haynes mass balvarious climatologies, reanalyses, and climate models to re-
ances decreased as well, but the Wedge remained essentiajffyoduce the accumulation rate over a large area. Rather than
in balance. comparing the models to isolated point measurements of ac-
cumulation, which do not make for equal comparison with
large grid cell values, our grid is of comparable data resolu-
5 Discussion tion (i.e., is more representative of the scales resolved by the
models). A consistent feature amongst the reanalysis and cli-
The more than 20 000 radar-derived accumulation measuremate models is the lower values of accumulation in the high-
ments reveal both regional and local features that have noglevation, low-accumulation interior. Whereas, our gridded
been uncovered using the existing firn-core measurementgroduct suggests lower values than those from the models in
alone. At the same time, the dated firn cores remain cruthe low-elevation, high-accumulation coastal areas. Unlike in
cial for our analysis because they provide the depth—agéehe interior, the discrepancy at low elevations does not lead
scale necessary to date the radar horizons and the firn depthe a substantial spread in the estimated basin-wide accumu-
density profiles. Tracking the horizons over 100s of kilome- lation between the various products because the low eleva-
ters proved successful except over a few areas. Notably, hortions cover relatively small areas in our study area. We sug-
zons disappeared northward from the PIG2010 site into thegest the models are likely closer to the truth than our grid for
area of enhanced ice flow and rougher surface undulationslaynes and Thwaites East, as well as the lowest portions of
around the Pine Island trunk. Additionally, we were unable toPine Island and Thwaites catchments. Not only do we lack
differentiate with confidence between horizons moving west-measurements below 500 ma.s.l., the slopes are steepest at
ward from WAIS to Byrd because the accumulation rate isthe low elevations, resulting in enhanced orographic lifting
substantially lower at Byrd, resulting in the merging of hori- (Nicolas and Bromwich, 2011) and this effect is not incorpo-
zons. The areas of more extreme surface undulations, as irated in our interpolations scheme (i.e., slope was not used
dicated by the tonal differences in the base map in Fig. 1, of-as a dependent variable in the OLS model). Additional accu-
ten coincide with data gaps where the horizons could not banulation measurements from lower elevations are necessary
tracked. Nonetheless, we were able to track horizons over thto properly assess model abilities in this high-accumulation
majority of the Pine Island-Thwaites drainage system andarea. Nevertheless, RACMO2 and CFSR are able to generate
over a wide range of elevations and accumulation rates. Outeatchment-scale accumulation rates that fall within our grid
side of regions with large accumulation gradients, the accuerror bounds for both Pine Island and Thwaites.
mulation radar likely should image continuous and discretely The ice discharge measurements presented here are in ex-
trackable horizons that, when combined with ice cores anccellent agreement with those from Rignot (2008), showing
a well-defined survey, should provide catchment-wide accu-a strong increase from Pine Island and a moderate increase
mulation measurements elsewhere in Antarctica. from Thwaites between the mid-1990s and 2007. The addi-
Smoothing of the raw accumulation measurements andional values presented in this study from 2008 to 2012 in-
grid filtering indicates our map contains moderate- to large-dicate that the increasing trends have not continued for both
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Table 5. Mass balance measurements and errors from 1994 to 2012.

Mass balance (Gtyrt)

Glacier Jan 94-Jan 96 Jun 99-Jun 00 May 06-Nov 06 Sep 07-Dec 07 Sep08-Dec08 Sep09-Dec09 Sep 10-Dec10 Octl1l-Nov1l Jul12-Aug 12
Pine Island —6.0+6.4 —11.5+7.0 —29.8+7.5 —37.9+7.1 —443+7.1 —46.6+7.4 —46.1+7.1 —44.2+6.9 —43.0+6.9

Wedge 1329 -0.4+1.7 —-1.0+£1.9 -1.1+17 —-0.8+1.9

Thwaites —-17.3+7.1 —28.4+5.8 —29.3+5.7 —32.1+5.7 —36.5+5.8 —35.7+5.8

Thwaites East -3.2+04 -5.2+0.3 -5.1+0.3 -5.5+0.3 -5.3+0.3

Haynes —8.3+1.3 —10.6+0.6 —11.0+0.6 —11.1+0.6 —10.9+0.6

Total —33.5+13.9 —83.4+13.3  -93.5+134 -100.8£13.5 —98.8+13.4

* The mass balance for the Wedge is assumed equal to the 2000 measurements.

glaciers and that ice discharge has, for the time being, lev4992 to 2005 and jumps to 104:32.6 Gtyr-! in 2006.

eled off. Several model simulations from this region (e.g., These assumptions result in a conservatively low estimate of
Joughin et al., 2010; Favier et al., 2014; Joughin et al., 2014}the 1992—-2011 ice discharge because we assume all changes
exhibit a similar pattern of accelerated loss followed by aoccur instantaneously. Subtracting the mean ice discharge
period of sustained and stable high loss. While Thwaites hadver the entire record from our catchment-wide accumu-
the largest mass imbalance between 1994 and 1996, the maksion rates provides the 1992-2011 mean mass balances,
loss from Pine Island overtook that from Thwaites by 2006, which are—19.4+ 6.1 and—22.04 5.3 Gtyr ! for Pine Is-
making Pine Island the largest contributor to SLR from the land and Thwaites glaciers, respectively. These mass balance
region. Haynes, a relatively small glacier, shows large massneasurements match the IMBIE estimates well for Pine Is-
loss, which is likely overestimated because the interpolatedand glacier, but our estimate for Thwaites Glacier is on the
accumulation rates from this sector are likely biased low.more negative end of the IMBIE range (i.e., shows greater
Nevertheless, Haynes Glacier would still show mass lossesass loss). As a result, we have Thwaites Glacier losing more
over the entire period even if we doubled our accumulationmass on average than Pine Island, which is reversed relative
rates over the entire glacier. The same is true of Thwaites Eagb the IMBIE measurements. This discrepancy could be the
but due to its small size, the imbalance is not as large. Theesult of different catchment boundaries. Our results indicate
Wedge, between Pine Island and Thwaites glacier basins, ithe region as a whole has contributed mm to SLR over
relatively stable and according to our estimates in balancethe 1992-2011 period, which amounts to 27 % of the total
receiving some of the highest accumulation rates in the recontribution to SLR of 11.2mm from both Greenland and
gion. While Thwaites East and Haynes glacier mass losseéntarctica as determined by IMBIE.

are dwarfed by those from Pine Island and Thwaites, their ice

discharges have increased substantially since the mid-1990s )

(50 and 22%, respectively). If the increases continue into thé®  Conclusion

future, these small glaciers are likely to have a SUbStantlaWe find that a well-designed accumulation radar survey com-
impact on SLR.

In total, our gridded data show that the region receivesbmed with glaciochemical analysis of one or more well-sited

1 . firn cores is sufficient to generate a catchment-wide accu-
on average 1584 12.5 Gtyr— of snow accumulation at an .
! mulation map that resolves moderate- to large-scale features.
average accumulation rate of 0.43 mw.e.Yyfor the 1985—

2009 interval. Between 1994 and 1996, total ice dischargewe found that various climatologies and reanalysis and cli-

1 Co mate models have lower accumulation rates than our gridded
was 192.1 6.0 Gtyr™ resulting in an annual mass change values in the high-elevation interior and potentially higher
of —33.5+13.9Gtyr L. In 2010, ice discharge increased 9 P y g

substantially to 257.4 4.8 Gtyr ! yielding a much larger rates in the low-elevation coastal areas, consistent with our
mass change 0#98..8:|:.13.4 GtyrL. These mass imbal- prior finding (Medley et al., 2013). These discrepancies of-

ances translate into rates of SLR of 0:09.04 (1994-1996) :)inc;?cnhcrileg?-t/v?;:hacc:’ct;z?r:’uIraet?gratmlgeltr\]/v ;Z?\S?r?:brﬁ d?igrgg;e
and 0.27:0.04mmyr! (2010). To compare with the re- :

) . X . Nfand 2010, the mass balance of the region decreased from
cent ice-sheet mass balance intercomparison exercise (IM-

" _ 1 . . .
BIE) (Shepherd et al., 2012), which assessed the mass bal-33'5i 13.910-98.8+ 13.4Gtyr , a near tripling of its

. imbalance and associated contribution to SLR. Although
ance of Greenland and Antarctica from 1992 to 2011, we - . ) Y
. . . . _contribution to SLR from Pine Island Glacier exceeded that
make the following assumptions about our discharge his- . L .
) . . ) from Thwaites Glacier in 2006, Thwaites showed greater
tory: (1) the ice discharge from 1992 to 1998 is constant
i . mass loss on average between 1992 and 2011. Although both
and equal to our 1994-1998 measurement; and (2) in sub- . S o .
laciers experienced a substantial increase in ice discharge

s_equ_ent years, the discharge Ste.ps up or down at the b )etween the mid-1990s and 2008, the trend of increasing ice
ginning of the next measurement interval. For example, th

e,
Thwaites Glacier discharge is set to 93.2.8 Gtyr! from discharge ended, at least for now, around 2008.
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