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[1] Several Antarctic Peninsula (AP) ice shelves have lost significant fractions of
their volume over the past decades, coincident with rapid regional climate change.
Wilkins Ice Shelf (WIS), on the western side of the AP, is the most recent, experiencing
a sequence of large calving events in 2008 and 2009. We analyze the mass balance for
WIS for the period 1992�2008 and find that the averaged rate of ice-shelf thinning was
�0.8 m a�1, driven by a mean basal melt rate of 〈wb〉 = 1.3 � 0.4 m a�1. Interannual
variability was large, associated with changes in both surface mass accumulation and
〈wb〉. Basal melt rate declined significantly around 2000 from 1.8 � 0.4 m a�1 for
1992–2000 to �0.75 � 0.55 m a�1 for 2001–2008; the latter value corresponding to
approximately steady-state ice-shelf mass. Observations of ocean temperature T obtained
during 2007–2009 by instrumented seals reveal a cold, deep halo of Winter Water
(WW; T ≈ �1.6°C) surrounding WIS. The base of the WW in the halo is �170 m,
approximately the mean ice draft for WIS. We hypothesize that the transition in 〈wb〉 in
2000 was caused by a small perturbation (�10–20 m) in the relative depths of the ice base
and the bottom of the WW layer in the halo. We conclude that basal melting of thin ice
shelves like WIS is very sensitive to upper-ocean and coastal processes that act on shorter
time and space scales than those affecting basal melting of thicker West Antarctic ice
shelves such as George VI and Pine Island Glacier.

Citation: Padman, L., et al. (2012), Oceanic controls on the mass balance of Wilkins Ice Shelf, Antarctica, J. Geophys. Res., 117,
C01010, doi:10.1029/2011JC007301.

1. Introduction

[2] Most of the ice shelves around the Antarctic Peninsula
(AP) have retreated or collapsed during the last several
decades [Cook and Vaughan, 2010], and the majority of

marine-terminating glaciers have also retreated [Cook et al.,
2005]. The remaining large AP ice shelves that have rela-
tively stable areal extents have experienced surface lowering
[Zwally et al., 2005; Fricker and Padman, 2012]. These ice
mass losses have occurred during decades of changing
regional climate including rising air temperature across the
AP [Vaughan and Doake, 1996], rising deep water tem-
peratures in the Weddell Sea [Robertson et al., 2002], and
rising ocean temperature [Martinson et al., 2008] and
reduced sea-ice coverage [Stammerjohn et al., 2008] on the
continental shelf on the western side of the AP. We assume
that there is a causal connection between environmental
changes and ice loss; however, the actual mechanisms are
poorly understood, and we expect them to vary from one ice
shelf to another.
[3] Wilkins Ice Shelf (WIS), located on the western side of

Alexander Island, is the most recent AP ice shelf to undergo
significant retreat. With a total area of �11,144 km2 as of
2008/2009 [Cook and Vaughan, 2010], WIS is the fourth
largest remaining ice shelf on the AP (Figure 1). The WIS
lies landward of the broad continental shelf of the southern
Bellingshausen Sea, hereafter denoted sBS.
[4] The WIS experienced four large breakup events in

2008 and 2009. An area of �425 km2 disintegrated between
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28 February and 6 March 2008 [Braun and Humbert, 2009;
Scambos et al., 2009]. Another �160 km2 was lost in a
smaller breakup event during 30–31 May 2008, followed
by a further loss of �1220 km2 in austral winter (28 June to
15 July 2008) [Humbert and Braun, 2008]. In April 2009, a
narrow “ice bridge” connecting Charcot and Latady islands
(see Figure 2) finally failed [Humbert et al., 2010], leading
to an additional loss of �730 km2 as previously rifted areas
along the northern ice front subsequently detached. As
of March 2011, the total area lost (�2500 km2) since the
start of 2008 represents about 20% of the original area
(�13,660 km2), with an additional �2370 km2 of the
remaining ice shelf now visibly rifted. Retention of some of
the remaining intact ice shelf may be assisted by several
small ice rises [Braun et al., 2009].
[5] The total area lost from WIS during 2008 and 2009 is

quite small compared with large iceberg calving events
from other ice shelves; for example,�11,000 km2 for iceberg
B-15 that calved from Ross Ice Shelf in March 2000 [Lazzara
et al., 1999]. However, larger, single-iceberg calving
events are understood to be part of a recurrent cycle of ice-
shelf advance and retreat [e.g., Fricker et al., 2002], whereas

collapse events represent shifts in ice-shelf state that appear
to be driven by changes in climate.
[6] The preceding major ice-shelf collapse event along the

AP, the rapid breakup of Larsen B Ice Shelf in 2002, is
believed to have been caused by the action of meltwater
forming on the ice-shelf surface in response to increased
summer air temperatures following an extended period of
atmospheric warming [Scambos et al., 2003;MacAyeal et al.,
2003; van den Broeke, 2005]. A change in the internal ice-
shelf stress had been occurring for years prior to the breakup
[Glasser and Scambos, 2008; Vieli et al., 2007; Khazendar
et al., 2007] and may have played a role in preconditioning
Larsen B for collapse. For WIS, proposed collapse mechan-
isms include ocean surface wave action [Massom et al., 2008;
Bromirski et al., 2010], ice-front bending coupled with the
presence of a brine layer within the ice shelf [Vaughan et al.,
1993; Scambos et al., 2009], changing internal stresses
[Humbert and Braun, 2008; Braun et al., 2009], and waves
generated by the toppling bergs formed during the disinte-
gration event itself (leading to a run-away breakup after a
chance calving) [MacAyeal et al., 2008].
[7] While there are many proposed mechanisms to explain

the final stage of ice-shelf collapse events, there are few
studies investigating the mass balance of ice shelves in the
years leading up to their collapse. In this article, we examine
the evolution of WIS mass balance during the decades prior

Figure 1. Map of Antarctic Peninsula showing locations
described in text: WIS; GVIIS; Larsen B and Larsen C ice
shelves; Alexander, Charcot, Latady, and Smyley islands
(A.Is, C.Is, L.Is, Sm.Is); Beethoven Peninsula (B.Pen), Mar-
guerite Bay (M.Bay); automatic weather stations (AWS) at
Dismal Island (DIS), Kirkwood Island (KWD), and Uranus
Glacier (UGL); and location of SSH record at Verdansky
(formerly Faraday) Station (FV). WIS extent is based on
the Mosaic of Antarctica [Scambos et al., 2007], compiled
fromModerate Resolution Imaging Spectroradiometer images
from 2003/2004. Red line across northern WIS is the ice front
in February 2011. Contours indicate 500, 1000, 2000, and
3000 m isobaths from the TOPO 11.1 bathymetry grid. The
1000 m contour is bold, to show the approximate outer limit
of the continental shelf. Green rectangle indicates area cov-
ered by Figures 2 and 4. Blue dashed rectangle indicates area
covered by Figures 6, 9, and 10.

Figure 2. WIS ice draft (m; color scale on right) based on
ERS geodetic mission data (1994–1995) adjusted to epoch
2008 based on measured surface elevation changes at cross-
overs. Maximum draft is �380 m. Black contours are at
50 m intervals. Circles labeled Xnnn show mean surface eleva-
tion trends dhi/dt (black text, values in m a�1) for the period
1992–2000 at ERS-1/2 crossovers. Circle radii are scaled to
trend magnitude; blue and red show increasing and decreasing
elevation, respectively. Charcot, Latady, and Rothschild
islands are indicated by “C.Is,” “L.Is,” and “R.Is,” respec-
tively. Haydn and Schubert inlets (“H.Inlet and Sch.Inlet”)
are indicated. Background is theModerate Resolution Imaging
Spectroradiometer (MODIS) Mosaic of Antarctica (MOA
[Scambos et al., 2007]) based on cumulation of multiple
images from austral summer 2003/2004.
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to the 2008–2009 collapse events, specifically to identify
environmental factors that might influence rapid collapses of
other portions of WIS and similar ice shelves. We first pro-
vide some background on the setting and structure of WIS
(section 2) and then estimate the magnitudes of principal
terms in the WIS mass balance (section 3) including basal
melting, flux divergence, and accumulation for the period
1992–2008. We then present data that describe the climatic
environment (ocean, sea ice, and atmosphere) of the region
surrounding WIS (section 4). The results from sections 3 and
4 lead us to put forward a hypothesis that changes in WIS
mass balance before the calving events are determined pri-
marily by changes in basal melt rate and that, as most of the
WIS ice base is relatively shallow (mean depth < 200 m),
basal melting is sensitive to variability in upper-ocean
hydrography and local circulation (section 5). We expect
that this conclusion is valid for many ice shelves that are
sufficiently thin for their bases to be sitting in water masses
modified by local surface processes.

2. Background

[8] The WIS is one of two large ice shelves on the sBS
continental shelf, the other being George VI Ice Shelf
(GVIIS), which occupies the narrow, deep channel between
Alexander Island and the AP (Figure 1). Both ice shelves lie
at the inshore end of glacial troughs cutting across the sBS
continental shelf [Padman et al., 2010;Graham et al., 2011].
Such troughs, in both the Bellingshausen and Amundsen
seas, are known to be conduits for deep onshore flows of
warm Circumpolar Deep Water (CDW) originating from the
Antarctic Circumpolar Current offshore of the continental
shelf break [Dinniman and Klinck, 2004;Walker et al., 2007;
Thoma et al., 2008].
[9] The sBS continental shelf experiences significant inter-

annual variability in atmospheric conditions [e.g., Jacobs and
Comiso, 1997; Lachlan-Cope and Connolley, 2006]. This
variability forces changes in sea-ice concentration [e.g.,
Stammerjohn et al., 2008] and modeled ocean response
[Holland et al., 2010]. The latter study, which focused on
temporal variability of modeled basal melt rates for GVIIS,
found that the melt rate averaged over GVIIS (〈wb〉) responded
to these interannual changes in the environment; modeled
〈wb〉 varied by a factor of�3, from�1.5 to �4 m a�1 (with a
mean of �2.5 m a�1 for 1979–2007). These authors also
found a positive trend in 〈wb〉 for these three decades; since
1989, 〈wb〉 has exceeded the rate of�2 m a�1 that is required
to balance ice-shelf mass increases from surface mass balance
(SMB; precipitation) and ice inflow from the grounded ice
sheet on the AP and Alexander Island. The implied ice-shelf
thinning since 1989 is generally consistent with estimates of
surface elevation decrease for GVIIS based on satellite radar
altimeter (RA) data for 1992–2002 [Zwally et al., 2005].
[10] On the basis of these results, we expect that the mass

balance of WIS will also experience interannual variability
and a positive trend, driven by changes in SMB and ocean
circulation (the latter responding to atmospheric variability
and associated changes in sea-ice properties). However,
model estimates of WIS basal melt are small. Holland et al.,
[2010] obtained a mean value of 0.66 m a�1 for 〈wb〉 forWIS,
averaged over 1979–2007. M. S. Dinniman et al. (The
influence of surface winds on Circumpolar Deep Water

transport and ice shelf basal melt along the west Antarctic
Peninsula, submitted to Journal of Climate, 2011) obtained
〈wb〉 ≈ 0.5 m a�1 for 2000–2002. These values are about one-
fourth of the long-term mean value for GVIIS. The difference
may be due, in part, to ice-shelf thickness; the ice draft hd for
much of WIS is lesser than 200 m [Braun et al., 2009]
whereas GVIIS has an extensive region with hd greater than
300 m and a maximum value of �500 m [Holland et al.,
2010, Figure 1]. However, [Zwally et al., 2005] found that
the surface elevation loss for WIS for 1992–2002 was similar
to that for GVIIS, suggesting that the nonequilibrium basal
melt rate (the value above that required to balance other
terms in the ice-shelf mass budget) might be similar for both
ice shelves. This result raises the possibility that the mod-
eled values of 〈wb〉 for WIS are too low and motivates our
search for mechanisms responsible for changes in WIS mass
balance.

3. WIS Mass Balance

[11] Our first step is to determine whether the model-based
estimates of 〈wb〉 for WIS are realistic. As no direct mea-
surements of 〈wb〉 are available for WIS, we use an ice-shelf
mass balance equation (section 3.1) to derive 〈wb〉 as the
residual of the other terms in the balance. The determination
of each term is explained in sections 3.2–3.7.

3.1. Ice-Shelf Mass Balance Equation

[12] Repeated measurement of the surface elevation (hi) of
an ice shelf allows estimation of its geodetic mass balance
[Cox and March, 2004]. The European Space Agency (ESA)
RA satellites have measured surface elevation along repeated
ground tracks since 1992, providing a 19 year time series.
Other satellite missions have also measured hi, including
Seasat RA in 1978 [Brooks et al., 1983; Fricker and Padman,
2012] and the laser altimeter on the Ice, Cloud, and land
Elevation Satellite from 2003 to 2009 [Yi et al., 2011].
[13] We express the mass balance of WIS in terms of the

observed time rate of change of hi, following Shepherd et al.
[2003, 2004]:

∂hi
∂t

¼ ∂Ds

∂t
�M

∂
∂t

1

rw

� �
þ
ZM
0

dm
∂
∂t

1

rf mð Þ

 !

þ 1

ri
� 1

rw

� �
_Ms þ _Mb þ ui � rM þMr � ui
� �

: ð1Þ

[14] In equation (1),Ds is the sea level height (m);M is the
ice-shelf mass per unit area (kg m�2); rw, ri, and rf are the
densities of water, ice, and firn, respectively (kg m�3), _Ms

and _M b are the rates of surface and basal accumulations of
ice (kg m�2 s�1), and ui is the horizontal ice velocity (m s�1).
The terms on the right-hand side of equation (1) are ice-
shelf height changes because of (in order): (1) sea level
variations including mass and steric changes associated with
dynamic ocean topography and ocean tides, (2) ocean den-
sity changes that affect the elevation of hydrostatically
balanced ice, (3) firn compaction, (4) surface and basal
accumulation rates, and (5) thickness changes caused by
advection of thickness gradients and flow divergence. The
last two terms are the expansion of the mass flux divergence
“r ⋅ (Mui)” term given in the study by Shepherd et al.
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[2004], the correction to the form of the equation published
by Shepherd et al. [2003]. Equation (1) only applies to the
portion of the floating shelf that is in hydrostatic balance,
not to the flexural boundary layer along the ice-shelf
grounding zone [see e.g., Fricker and Padman, 2006].

3.2. Ice-Shelf Surface Elevation (hi) Changes
From Satellite Radar Altimetry

[15] Following the studies by Zwally et al. [2005] and
Fricker and Padman [2012], we used RA data from the
35 day repeat phases of ESA’s ERS-1, ERS-2, and Envisat
satellites to determine time series of annual-averaged hi for
the period 1992–2008, at 14 “crossover” locations (i.e.,
where ascending and descending ground tracks intersect)
[Zwally et al., 1989] on WIS (see Figure 2 for locations). To
avoid potentially significant changes in radar penetration
depth [Helsen et al., 2008], we used only measurements
acquired between 1 April and 30 November each year (i.e.,
excluding the summer melt season). We also calculated a
surface slope correction to account for sampling of spatial
variability of hi as the exact location of crossovers varies with
time [see Fricker and Padman, 2012, Appendix]. Figure 3
shows the time series of RA-derived annual-averaged (non-
summer) elevation anomalies at these crossovers.
[16] The WIS experienced significant mean surface low-

ering between the Seasat era in 1978 and the start of modern,
quasi-continuous satellite altimeter operations in 1992
[Fricker and Padman, 2012]. This lowering continued until
about 2000 (see Figure 3), after which dhi/dt ≈ 0 at most
WIS crossovers. The exception to this behavior was at
crossover X313 (see Figure 2) near the eastern end of Latady
Island, where the surface continued to lower through 2008.
[17] The linear trends of dhi/dt for epoch 1992–2000 at

each RA crossover on WIS (Figure 2) varied from slightly

positive (dhi/dt = +0.04–0.05 m a�1) over the northern WIS
at crossovers marked X325 and X329 to strongly negative
(dhi/dt ≈�0.43 m a�1) at crossover X306, near the grounding
line in the south. Crossover X313 also experienced rapid
lowering (dhi/dt ≈ �0.31 m a�1) during this period. The
mean value for the 14 crossovers on WIS for 1992–2000
was 〈dhi/dt〉 ≈ �0.15 m a�1. For the period 2001–2008, the
average value of 〈dhi/dt〉 for WIS was close to 0.

3.3. Ice-Shelf Thickness and Ice Draft (H and hd)

[18] We estimated ice-shelf thickness H and ice draft hd by
assuming the ice shelf to be in hydrostatic equilibrium so
that H can be determined from measured freeboard elevation
and an ice density model. We first developed a high-reso-
lution digital elevation model (DEM) for the ice surface
using along-track RA data from the ERS-1 geodetic mission,
phases E and F, conducted in 1994–1995 [Bamber and
Bindschadler, 1997; Fricker et al., 2000]. The ERS-1 sat-
ellite flew in two offset 168 day repeat orbits during these
phases, providing much denser track-to-track spacing than
the usual 35 day orbit. We referenced tide-corrected RA
elevation data to mean sea level (hMSL) by applying a geoid
correction from EGM2008 [Pavlis et al., 2008], and a mean
dynamic topography (MDT) correction of �1.4 m deter-
mined from nearby open-ocean elevations during sea-ice-
free periods. Our method used to derive the epoch 1994–
1995 DEM is generally consistent with that followed in the
studies by Bamber et al. [2009] and Griggs and Bamber
[2009] except for our inclusion of the MDT correction.
[19] To adjust our DEM to epoch 2008, we added the

mean observed change in elevation averaged over all WIS
crossovers between 1995 and 2008 (�0.8 m, see Figure 3) to
all DEM values, then estimated H from

H ¼
hMSL þ hf rf � ri

� �
rw � rið Þ ; ð2Þ

where hf is the assumed thickness of the firn layer. Follow-
ing the study by Scambos et al. [2009], we assume values of
rw, ri, and rf = 1028, 917, and 700 kg m�3, respectively.
The value of hf at each grid node is taken as the minimum of
15 m and hMSL; thus, we assume that there is no firn below
the level of the sea surface. From this estimate we then
obtained hd = H – hMSL (Figure 2) and ice mass density from
M = rwhd (kg m�2).

3.4. Lateral Ice Velocity (ui)

[20] We determined the ice-shelf flow velocity ui using
a combination of interferometric synthetic aperture radar
(InSAR) and speckle-tracking methods [Joughin, 2002]
applied to data collected by the Japanese Space Agency’s
ALOS synthetic aperture radar from 2006 to 2008. Errors
computed from the local image statistics are small (less than
�2 m a�1) but larger errors may result from baseline errors,
uncompensated tidal errors, and ionospheric effects [Gray
et al., 2000]. While it is difficult to evaluate these errors,
they should generally be less than 10 m a�1.
[21] Values of ui for 2007 (Figure 4a) are lesser than

120 m a�1 over most of WIS, but with a few regions with
juij greater than 200 m a�1 at major glacier inflows around

Figure 3. Time series of annual-averaged (winter only)
surface elevation anomaly (relative to mean elevation) at
the 14 orbital crossovers on WIS, following the methodol-
ogy of Fricker and Padman [2012]; see Figure 2 for cross-
over locations. Elevations have been corrected for ocean
tide and ocean tide loading, and for constant surface slope
at the nominal crossover location. Black symbols show the
mean anomaly for all 14 crossovers.
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the WIS perimeter and along the northern portion of the ice
shelf between Charcot and Rothschild islands.

3.5. Ice-Shelf Lateral Mass Divergence (rrrr ⋅ (Mui))

[22] We estimated the spatial distribution of ice mass
divergence r ⋅ (Mui) by combining the maps of M(x,y)
(section 3.3) and ui(x,y) (section 3.4). We first smoothed
each of M(x,y) and ui(x,y) to a length scale of �15 km to
reduce the impact of measurement errors. The resulting map
of equivalent ice thickness change r ⋅ (Mui)/ri (Figure 4b)
shows values in the range �0.8 m a�1 over the main portion
of WIS, with larger values near the tip of Latady Island and
in Haydn and Schubert inlets (see Figure 2) where large
glaciers enter from Alexander Island. The value of
r ⋅ (Mui)/ri averaged over WIS is ��0.2 m a�1; that is, a
weak mean thinning from ice flow divergence.

3.6. Surface Accumulation Rate ( _M s) and Surface
Elevation From Atmospheric Processes

[23] The value of _Ms for WIS has previously been esti-
mated at �500 kg m�2 a�1 [Vaughan et al., 1993; Arthern
et al., 2006; van de Berg et al., 2006]. We also obtained
estimates of _Ms from the Regional Atmospheric Climate
Model (RACMO2) (J. T. M. Lenaerts et al., Modeling
drifting snow in Antarctica with a regional climate model:
1. Methods and model evaluation, submitted to Journal of
Geophysical Research, 2011). This model is forced at the
lateral boundaries by the ERA-Interim [Dee et al., 2011]
global atmospheric reanalysis and has a horizontal grid
spacing of 27 km. We report model output for 1979–2010
from a single grid cell centered near 70.5°S, 72.5°W, the
center of WIS. For this location, the annual total precipita-
tion ranges from �400 to 900 kg m�2, with a mean value of
620 kg m�2 (Figures 5a and 5b). The linear trend for 1979–
2010 is not significantly different from zero. For the
remainder of this article, we assume that the value of _Ms for
WIS is 650 � 250 kg m�2 a�1, which encompasses the full

range of both measured and modeled values. Equivalent ice
thickness rate of change is _M s/ri ≈ 0.7 � 0.3 ma�1.
[24] A firn densification model forced with RACMO2

output provides estimates of surface elevation changes
caused by changes in the depth of the firn layer owing to
snowfall, melting, and firn compaction [Ligtenberg et al.,
2011]. The model corrects for buoyancy effects on ice
shelves and provides surface elevation changes at the ice-
shelf surface that are solely caused by surface and firn layer
processes relative to zero mean for the period 1979–2010.
The time series of this elevation, hi,s, for WIS (Figure 5c)
shows seasonal variability and a large interannual signal
with a total range of �1 m when firn layer density variations
are included and a smaller but still significant range when
only precipitation changes are considered. As firn compac-
tion is a steady process with relatively low interannual var-
iability [Ligtenberg et al., 2011], the difference between the
two is caused mainly by interannual variability in snowmelt.
For instance, the summers of 1980–1981 and 2000–2001
had almost no melt on WIS.

3.7. Basal Accumulation Rate ( _Mb)

[25] The basal accumulation rate _M b is determined as the
residual of other terms in equation (1); therefore, errors in
_Mb represent the accumulation of errors in all mass balance
terms. For consistency with other studies of ocean/ice-shelf
interactions, we also define a basal melt rate, wb (m s�1) as:

wb ¼ �
_Mb

ri
ms�1: ð3Þ

[26] A positive value of wb implies melting; wb < 0 implies
marine ice accretion to the base. We used equation (1) to
estimate _Mb from dhi/dt for the two periods 1992–2000
(“thinning”) and 2001–2008 (“steady state”). We assume
that the contributions to ice thickness variability from sea

Figure 4. (a) Ice speed (shaded; m a�1) and direction (white arrows) from 2007 Advanced Land Observ-
ing Satellite (ALOS) interferometric synthetic aperture radar (InSAR). White outline is ice-shelf extent
from Mosaic of Antarctica [Scambos et al., 2007], epoch 2003/2004. Red line is the location of the north-
ern ice front in February 2011. (b) Mass divergence converted to ice-shelf thickness change (m a�1) cal-
culated from ice velocity and thickness fields smoothed over �15 km. Bold black contour is zero
divergence; lighter contours show �0.5 m a�1.
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level and ocean density changes are negligible, justifying
these assumptions as follows:
[27] 1. Change in sea level Ds from dynamic ocean

topography and global sea level rise is less than 0.1 m,
based on a time series of monthly sea surface height (SSH)
(Figure 6) measured by coastal tide gauge at Verdansky
(formerly Faraday) Station (see Figure 1 for location). This
is the nearest long-duration, in situ SSH record to WIS.
[28] 2. Seawater density varies less than 0.2%, and so has

a negligible effect on dhi/dt.
[29] Furthermore, we assume that ice-shelf mean lateral

divergencer ⋅ (Mui), which is calculated from ice velocities
measured in 2006–2008, late in the analysis period (see
section 3.4), is constant (and small) throughout the period
1992–2008. It is possible, however, that r ⋅ (Mui) changes
during that time, perhaps as a response to the preceding large
calving event in 1990/1991 [Braun et al., 2009].
[30] We take two approaches to modeling the firn com-

paction term in equation (1). In the first, we assume that
trends in hi, solely because of surface processes including
precipitation and firn compaction (denoted hi,s), are small.
We base this model (dhi,s/dt = 0) on the lack of long-term
trends in the SMB (Figures 5a and 5b) and the observation
that there has been an extensive (�90–100 day) summer
melt season for WIS almost every summer over the period

considered here (approximately from 1978); thus, snowfall
should be routinely transformed to ice by melt and refreez-
ing through each summer. Recent studies in the northern
Larsen C ice shelf demonstrate that long melt seasons lead to
denser firn [Holland et al., 2010]. Moreover, the presence of
melt ponds on the WIS surface in some summers [Vaughan

Figure 5. (a) Monthly values of precipitation (kg m�2) from the Regional Atmospheric Climate Model
(RACMO2) (see section 3.6) for a grid cell near the center of WIS (70.5°S, 72.5°W). The linear trend is
shown by a dashed line; the trend is not significantly different from zero. (b) Annual total precipitation
(kg m�2) from the same source. The linear trend is shown by a dashed line; the trend is not significantly
different from zero. (c) Time series of daily surface elevation relative to zero mean (solid black line) for
the period 1979–2010, based on a firn densification model forced by RACMO2 output and considering
only surface processes. Red line shows elevation based on cumulative ice-equivalent (ri = 917 kg m�3)
surface mass balance (SMB) anomaly relative to series mean. Filled circles show annual averages for
1 April to 30 November (nonsummer) each year. Dashed lines show trends for 1992–2000 (�0.017 m a�1)
and 2001–2008 (+0.060 m a�1), the periods identified from radar altimetry as surface lowering and steady
state, respectively (see Figure 3).

Figure 6. Time series of sea surface height (SSH) mea-
sured by tide gauge at Verdansky (formerly Faraday) Station
on the western side of the northern Antarctic Peninsula (see
Figure 1 for location). Gray line is monthly average SSH;
bold black line has been low-passed at a period of 15 months
to emphasize interannual variability.
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et al., 1993; Lucchitta and Rosanova, 1998] indicates dense,
impermeable firns.
[31] In the second approach, we use our firn densification

model based on the RACMO2 atmospheric model to esti-
mate temporal changes in hi,s. Figure 5c shows the time
series of hi,s from 1979 to 2010, adjusted to zero mean for
that period. Even though the long-term trend in _Ms is neg-
ligible (Figures 5a and 5b), there is significant interannual
variation in the time series of buoyancy-adjusted elevation
because of the cumulative precipitation anomaly and chan-
ges in snowfall melting (Figure 5c). For the two epochs
identified by distinct trends in RA measurements of hi,
1992–2000 and 2001–2008 (Figure 3), the linear trends of
the modeled contribution from hi,s are dhi,s/dt = �0.017 and
+0.060 m a�1, respectively.
[32] With the simplifications discussed previously,

equation (1) can be rewritten as:

_Mb ¼ dhi
dt

� dhi;s
dt

� �
1

ri
� 1

rw

� ��1

� _Ms �r � Muið Þ: ð4Þ

[33] To evaluate _Mb from equation (4), we use rw =
1028 kg m�3 and ri = 917 kg m�3 [Scambos et al., 2009], an
ice-shelf-averaged value of _Ms = 650 � 250 kg m�2 a�1

(section 3.6), and divergence of �200 kg m�2 a�1

(section 3.5). With these values, an area-averaged value of
dhi/dt = �0.15 m a�1 (epoch 1992–2000) with dhi,s/dt = 0
implies _Mb ≈� (1.5� 2.0)� 103 kg m�2a�1, corresponding
to a basal melt rate of wb = 1.9 � 0.3 m a�1 (equation 3).
Using dhi,s/dt = �0.017 m a�1 (from Figure 5c), we obtain
wb = 1.7 � 0.3 m a�1.
[34] For epoch 2001–2008, where dhi/dt ≈ 0 m a�1,

we obtain wb = 0.5 � 0.3 m a�1 and 1.0 � 0.3 m a�1 for
dhi,s/dt = 0 and +0.060 m a�1, respectively. That is,
depending on the SMB model we use, wb decreases by a
factor of between 2 and 4 from 1992–2000 to 2001–2008.
We incorporate the uncertainty in the choice of SMB
model into the error estimates for _Mb for each epoch,
resulting in values of wb = 1.8 � 0.4 m a�1 and 0.75 �
0.55 m a�1 for 1992–2000 and 2001–2008, respectively.
[35] While we have performed the mass balance calcula-

tions presented here on ice-shelf-averaged values, there is a
significant spatial variation in estimated _Mb. The small
amount of thickening observed at crossovers X325 and X329

on the northern ice shelf (Figures 2 and 3) for 1992–2000 is
consistent with surface accumulation exceeding basal melt
plus divergence there. We do not expect basal accumulation
from the formation of marine ice [see e.g., Fricker et al.,
2001; Joughin and Padman, 2003; Holland et al., 2009]
under WIS because there is no evidence of potentially
supercooled ice-shelf water (i.e., water with potential tem-
perature q < Tfreeze(P = 0)) anywhere in the vicinity. For
crossover X313 (Figure 2), with dhi/dt ≈ �0.31 m a�1 during
1992–2000 and divergence of +0.5 m a�1 (Figure 4b), the
estimated value is wb = 4.1 � 0.3 m a�1.

4. Environmental Setting

[36] The WIS mass balance responds primarily to oceanic
and atmospheric forcing; inflow from grounded glaciers is
small [Vaughan et al., 1993; Braun et al., 2009]. In this

section, we summarize the environmental setting using the
following: regional distribution of ocean temperature
mapped by instrumented seals (section 4.1), sea-ice con-
centration as the longest continuous record of environmental
change over the sBS (section 4.2), and meteorological con-
ditions (air temperature and wind speed and direction)
derived from an atmospheric model (section 4.3).

4.1. Regional Hydrography

[37] An extensive set of hydrographic data (profiles of
temperature T, conductivity C, and derived salinity S as
functions of depth D) has been compiled by the Palmer
Long-Term Ecological Research (LTER) program that has
collected data from 1993 to the present [Martinson et al.,
2008], and by the Southern Ocean (SO) Global Ocean
Ecosystems Dynamics (GLOBEC) program in 2001–2002
[Klinck et al., 2004; Costa et al., 2008]. However, most of
these measurements were acquired in Marguerite Bay and
the Bellingshausen Sea continental shelf north of WIS. For
the portion of the sBS continental shelf south of Marguerite
Bay, the only published hydrographic data are from a cruise
in 1994 [Jenkins and Jacobs, 2008]. These data provide
important information on the broad hydrographic structure
of the region, specifically close to the GVIIS northern and
southern ice fronts, but do not provide a detailed map of
hydrography near WIS.
[38] An alternative source of hydrography data is now

available; satellite-telemetered measurements from instru-
mented marine mammals including seals. These data have
been acquired to investigate migration, foraging, and other
animal behavior [e.g., Burns et al., 2004; Biuw et al., 2007;
Costa et al., 2010]. Recent studies have also demonstrated
the value of the measurements for physical oceanographic
studies in regions with few or no standard ship-based mea-
surements [e.g., Charrassin et al., 2008; Nicholls et al.,
2008; Costa et al., 2010; Williams et al., 2011].
[39] We used data obtained from a total of 38 southern

elephant seals (Mirounga leonina) that were instrumented
with conductivity-temperature-depth Satellite Relay Data
Loggers (CTD-SRDLs, or “tags”) in 2007 (12 seals), 2008
(12 seals), and 2009 (14 seals) after molting at the Cape
Shirreff rookery on Livingston Island in the South Shetland
Islands, Antarctica. These seals made numerous dives over a
broad region of the sBS between February and September of
each year (Figure 7). Approximately 30% of the dives over
the continental shelf were to the seabed [Padman et al.,
2010]. Further information on acquisition and initial pro-
cessing of these data is provided in Appendix A.
[40] The vertical structure of temperature, T(z), surround-

ing WIS varies spatially (Figure 8), but the same principal
water masses are usually present. The late summer profiles
obtained from instrumented seal dives (e.g., Figures 8a
and 8b) show a surface layer of relatively warm (and fresh;
not shown) Antarctic Surface Water (AASW) that is gener-
ated by insolation and sea-ice melt during summer. The
underlying cold layer, denoted “Winter Water” (WW), is the
residual stratification from convective cooling, brine input
from sea-ice formation, and deepening of the surface mixed
layer during the preceding winter. This layer extends up to
the sea surface in SO GLOBEC CTD profiles obtained north
of WIS in austral winter (e.g., Figure 8c). The bottom of the
WW layer is much deeper near WIS (Figure 8b) than over
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the central continental shelf (Figures 8a and 8c). Below the
WW, a thermocline extends downward to the top of the
Upper Circumpolar Deep Water (UCDW) near 250–400 m
depth. The UCDW layer, which extends to the seabed, is
relatively uniform in T(z).
[41] The ice draft for most of WIS is in the range 80–

260 m (Figure 2), with an estimated mean value of �170 m
(epoch 2008; see section 3.3). Maximum ice draft is �400 m
at the grounding lines of the major glaciers flowing off
Alexander Island through Haydn and Schubert inlets. We
use the distribution of mean maximum temperature Τmax in
the UCDW layer (considering only measurements below
350 m), and the distribution of mean temperature near 180 m
depth, T180, as guides to the temperature of water masses that
might influence wb under WIS. Both values were evaluated
from all seal CTD-SRDL tags for 2007–2009 in nonover-
lapping 20 � 20 km boxes. The value T180 was obtained by
averaging all temperature values recorded between depths of
155 and 205 m (i.e., 180 � 25 m), chosen to approximate
water near the estimated mean ice draft of WIS over the
period of RA measurements reported here (1992–2008).
[42] The UCDW temperature (Tmax) exceeds 1.0°C over

almost the entire sBS continental shelf (Figure 9a). The

UCDW over the continental shelf north of the northern
extent of Alexander Island and including Marguerite Bay is
slightly warmer (�1.5°C) than to the west and south of WIS.
These seal-derived values are generally consistent with ship
CTD measurements from SO GLOBEC [Klinck et al.,
2004]. Values of Tmax greater than 2°C offshore of the
shelf break mark the presence of the Antarctic Circumpolar
Current, the offshore source of UCDW intrusions onto the
continental shelf [Dinniman and Klinck, 2004]. There is a
region of relatively cool Tmax (<1°C) extending from north
of Charcot Island to the northern coast of Alexander Island.
[43] For all grid boxes south of Marguerite Bay, T180

(Figure 9b) is much lower than Tmax (Figure 9a). A band (or
“halo”) of T180 lesser than 0°C surrounding WIS is remi-
niscent of the Antarctic Peninsula Coastal Current (APCC)
described by Moffat et al. [2008]. Those authors identified
the APCC in oceanographic moorings along the coast of
Adelaide Island north of Marguerite Bay and concluded that
the APCC is a seasonal (summer/fall) current that is driven
by summer freshwater input from melting land ice and sea
ice, combined with coastal downwelling associated with the
generally southward wind stress along the coast [see also
Hyatt et al., 2011]. The cooled water near 180 m depth
around WIS may also contain a significant component of
meltwater from the WIS and GVIIS bases [Dorland and
Zhou, 2008; Jenkins and Jacobs, 2008]. We expect the
contribution to ocean cooling of basal melt from WIS and
GVIIS to be most pronounced in the upper ocean as the ice-
shelf-modified water is fresher (and, therefore, also lighter)
than the source water. Some cooling of the UCDW layer
may occur through enhanced mixing between UCDW and
the overlying cooler thermocline. Although we have not yet
identified any mechanisms that might be responsible for
such deep mixing in this region [Howard et al., 2004], we
note that variability of mixing on seasonal and interannual
time scales may influence the vertical distribution of water
masses over the continental shelf [Holland et al., 2010].
[44] Although the water at 180 m depth close to WIS is

much cooler than the UCDW layer, it is still significantly
warmer than the in situ freezing point (see Figure 8b), and so
is capable of inducing ice melt if it can penetrate the sub-ice-
shelf cavity.

4.2. Sea-Ice Concentration (Cice)

[45] The hydrographic information from the instrumented
seals is only available since 2006, during the period of
negligible surface elevation change over most of WIS
(Figure 3); however, we seek to identify potential causes of
the transition in WIS basal melt rate around the year 2000.
The longest continuous record of environmental change for
the sBS continental shelf is provided by passive microwave
radiometers on satellites [Cavalieri and Parkinson, 2008].
We obtained daily sea-ice concentration (Cice) maps from
the National Snow and Ice Data Center data set of Special
Sensor Microwave/Imager (SSM/I) products (http://nsidc.
org/data/seaice/pm.html) [Cavalieri et al., 1996] from the
Defense Meteorological Satellite Program satellites for the
period 1 January 1980 to 31 December 2010. These data are
provided on a 25 km grid, with land and ice shelves masked
out. We use data processed with the “NASA Team 1”
algorithm [Cavalieri et al., 1984].

Figure 7. Seal-dive locations for 2007–2009, color-coded
by year. Contours indicate 500, 1000, 2000, and 3000 m iso-
baths from TOPO 11.1 bathymetry grid. Black circles
denoted “a” (near 71°S, 81°W) and “b” (near 70.5°S, 75°E,
between Charcot and Latady islands (C.Is and L.Is)) indicate
locations of the seal-dive temperature profiles shown in
Figures 8a and 8b. Black circle denoted “c” (near 69°S, 75°W)
shows location of Southern Ocean Global Ocean Ecosystems
Dynamics conductivity-temperature-depth temperature pro-
file shown in Figure 8c.
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[46] While grids of Cice at higher spatial resolution are
now available from the Advanced Microwave Scanning
Radiometer–EOS (AMSR-E) sensor on NASA’s Aqua sat-
ellite, these data were not collected before May 2002. For
consistency with the period of the RA record (1992–2008),
we used only the SSM/I data set.
[47] The time-averaged value of Cice (denoted 〈Cice〉t)

around WIS (Figure 10a), evaluated as the mean of the daily
gridded values for the period 1980–2008, exceeds 60% over
most of the sBS continental shelf. Slightly lower values
(�50%) are found close to the coast and ice fronts including in
the channel between Latady Island and Beethoven Peninsula.
[48] The daily time series of Cice, averaged spatially over

an area of �200 � 200 km on the western side of WIS (for
location of averaging domain, see Figure 10) shows the
expected annual cycle as well as significant interannual
variability (Figure 11a); [see also Holland et al., 2010,
Figure 4]. During most winters, Cice exceeds 80% for several
months. Summer minima vary from 0% in some years to
greater than 60% in others. Prior to 1989, a typical summer
minimum in area-averaged Cice was �60%: Since 1989,
most summers have had minima of 20%–40%, with the

exception of 2004/2005 and 2005/2006 (which had minima
of �60%).
[49] Stammerjohn et al. [2008] estimated the duration of

the ice-free (“summer”) season in the Bellingshausen Sea,
for each 25 � 25 km SSM/I pixel, from the number of days
per year with Cice less than 15%. They found that the dura-
tion increased during the period 1992–2004. Our analyses
indicate that the longer-term trend (1979–2008) in the
vicinity of WIS is dominated by the transition in 1989 rather
than by a steady trend (Figure 11a). The largest changes
occur along a region from offshore the continental shelf near
90°W to the entrance to Marguerite Bay, roughly following
the contour of 〈Cice〉t = 60% (Figure 10b).

4.3. Meteorology

[50] There are no sources of in situ meteorological data
close to WIS. The nearest automatic weather stations
(AWSs) are two short-duration stations located to the north
of WIS in Marguerite Bay (Dismal and Kirkwood islands)
[Hyatt et al., 2011], and at 780 m elevation on Uranus
Glacier on the eastern side of Alexander Island (see Figure 1
for locations). Therefore, instead of direct measurements,

Figure 8. Vertical profiles of temperature obtained in three locations around WIS, indicated on Figure 7:
(a) The midcontinental shelf west of WIS; (b) the passage between Charcot and Latady islands; and
(c) north of WIS. The first two profiles were obtained by instrumented seals in February and March
(late summer) 2008. The third profile comes from a Southern Ocean Global Ocean Ecosystems Dynamics
conductivity-temperature-depth survey in August (winter) 2002. Depth ranges of water masses are indi-
cated: Antarctic Surface Water (AASW); Winter Water (WW); Upper Circumpolar Deep Water (UCDW);
and the thermocline separating WW from UCDW. The dashed line shows the approximate pressure-
dependent melting point temperature for a typical salinity profile in this region. The gray rectangle on
the right side of Figure 8b shows approximate depth range of ice draft; light gray is full range, dark gray
is majority of ice shelf (80 < hd < 260 m) and dashed line is ice-shelf-averaged hd for epoch 2008.
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Figure 9. Maps of temperature recorded by conductivity-temperature-depth Satellite Relay Data Loggers
on instrumented seals during 2007–2009, evaluated in nonoverlapping 20 � 20 km boxes: (a) Mean
maximum temperature (Τmax) at depths below 350 m; (b) mean value of temperature in depth range
180 � 25 m (Τ180). Note different color scales for Figures 9a and 9b. Only cells with data in them have
been colored; there is no interpolation. Contours indicate 500, 1000, 2000, and 3000 m isobaths.

Figure 10. (a) Time-averaged mean sea-ice concentration 〈Cice〉t (percent) from Special Sensor Micro-
wave/Imager passive microwave (NASA Team 1 algorithm) for the period 1 January 1980 to 31 Decem-
ber 2008. Black contours are of 〈Cice〉t = 60%. White contours are TOPO 11.1 bathymetry at 500 m
intervals. Black rectangle to the west of WIS indicates the area used for spatial averaging of Cice (see
Figure 11a). (b) Trend, in days per year (d a�1) in the duration of the “ice-free” summer season, defined
as the number of days with Cice < 15%. Black contours are at are at (1,2,3,4) d a�1.
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Figure 11. (a) Daily sea-ice concentration Cice (percent), spatially averaged over the rectangle shown in
Figure 10, for the period 1979–2010. Horizontal green dashed lines show Cice = 15% and 80%. Vertical
red dashed lines on all panels indicate starts of 1989 and 2001. Figures 11b–11d show time series of
monthly averaged atmospheric parameters from the RACMO2 model (see section 3.6) for a single grid
cell near the center of WIS. (b) Air temperature (°C) at 2 m; (c) 10 m wind speed (m s�1); and (d) wind
direction (°T) in oceanographic convention, that is, direction toward which the wind is blowing.
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we used time series of atmospheric variables from the
RACMO2 atmospheric model (see section 3.6).
[51] The time series of monthly averaged 2 m air temper-

ature (Tair) over WIS from RACMO2 shows that, while the
summer mean values were similar each year (�0°C), winter
values of Tair displayed considerable variation (�–32°C to
�–15°C; Figure 11b). Monthly averaged wind speed and
direction (Figures 11c and 11d) also show significant inter-
annual variability. The typical wind direction is approxi-
mately toward the south, forcing a net onshore flux of sea ice
and the oceanic surface layer along the western ice fronts of
WIS.

5. Discussion

[52] From sections 3 and 4, we conclude that changes in the
mass balance of WIS in the 2 decades preceding the 2008 and
2009 calving events are driven primarily by a decrease inmean
basal melt rate 〈wb〉 near 2000, but with a significant contri-
bution from surface processes including SMB and snowmelt
(section 3.6 and Figure 5). The surface and basal contributions
are out of phase; atmospheric conditions that increase surface
accumulation drive an ocean response that reduces basal melt
rate. In contrast, a comparison of trends in hi,s (Figure 5c) with
the time history of 〈wb〉 for GVIIS [Holland et al., 2010,
Figure 10] indicates that 〈wb〉 increased during the time period
2001–2005when dhi,s/dtwas significantly positive. This result
points to distinct, albeit possibly correlated, processes driving
the changes in 〈wb〉 for WIS and GVIIS.
[53] On the basis of maps of ocean temperature obtained

in 2007–2009 by instrumented seals (section 4.1), most of
the ice base for the relatively thin WIS is close to the depth
of the base of the cold, deep halo of WW surrounding WIS,
and well above the core of warm UCDW. Furthermore,
recent modeling of WIS and GVIIS basal melt rates by
Dinniman et al. (submitted manuscript, 2011) suggests that
WIS melting is dominated by seasonal processes whereas
GVIIS melting shows smaller seasonal variability (Figure 12)
[Holland et al., 2010]. These results lead to the following
hypothesis: Excluding intermittent calving events, variations
in WIS mass balance are controlled by basal melt rate chan-
ges that are sensitive to the depth and circulation of WW
rather than the circulation of UCDW. In the remainder of this
section, we first compare our basal melt rates with other
estimates for WIS and other ice shelves (section 5.1), then

expand on our hypothesis with specific consideration for the
implications for modeling evolution of thin ice shelves
whose bases are sitting in surface-modified water masses
(section 5.2).

5.1. Ice-Shelf Mass Loss and Comparisons
With Other Ice Shelves

[54] The estimated ice-shelf-averaged basal melt is 〈wb〉 =
1.3� 0.4 m a�1 for the period 1992–2008, and 1.8� 0.4 and
0.75 � 0.55 m a�1 for the shorter periods 1992–2000 and
2001–2008, respectively. Holland et al. [2010] estimated
〈wb〉 = 0.66 m a�1 for WIS, averaged over the period 1979–
2007 (about half of our estimate for roughly the same period).
Dinniman et al. (submitted manuscript, 2011) reported a
mean value of 〈wb〉 ≈ 0.5 m a�1 for the period 2000–2002
(i.e., near the satellite-determined transition in dhi/dt), but
with significant seasonal and interannual variabilities
(Figure 12). On the nearby Bach Ice Shelf, Woodruff and
Doake [1979] estimated a melt rate of 0.65 m a�1.
[55] The rate of net ice volume loss through basal melting

for the period 1992–2008, obtained by integrating 〈wb〉 over
the entire �13,680 km2 (pre-2008) area of WIS, was �18 �
6 km3 a�1. The net surface accumulation rate was �9 �
4 km3 a�1, with a pronounced interannual variability but no
significant trend (Figure 5). We estimate that the combined
ice volume lost during the calving events in 2008 and 2009
was of the order of 400 km3, which is equivalent to
�20 years of basal melt at 1992–2008 rates. The preceding
large WIS calving event in 1990/1991 resulted in a loss of
the order of 100 km3 [Braun et al., 2009]. Assuming a
recurrence interval of �2 decades for major calving events
and a typical loss through the calving of �250 km3 (the
average of the 1990–1991 and 2008–2009 events), basal
melting accounts for about two-thirds of the multidecadal
time-averaged mass loss from WIS.
[56] Our estimated value of 〈wb〉 = 1.3 � 0.4 m a�1 for

WIS for the period 1992–2008 is significantly higher than
the mean rates of �0.1–0.3 m a�1 for the large Ross,
Filchner-Ronne, and Larsen C ice shelves [Loose et al.,
2009; Joughin and Padman, 2003; Holland et al., 2009;
R. D. Mueller et al., Impact of tide-topography interactions
on basal melting of Larsen C Ice Shelf, Antarctica, submit-
ted to Journal of Geophysical Research, 2011], and higher
than �0.8 m a�1 for Amery Ice Shelf [Wen et al., 2010].
However, it is an order of magnitude lower than �26 m a�1

for Pine Island Glacier (PIG) [Payne et al., 2007]. For
GVIIS, the nearest large ice shelf to WIS and sharing a
similar oceanographic and geographic setting, Jenkins and
Jacobs [2008] estimated 〈wb〉 = 3.5–5 m a�1, based on the
hydrographic data from 1994 along the GVIIS southern and
northern ice fronts. Holland et al. [2010] estimated a mean
value of �2.5 m a�1 for GVIIS for the years 1979–2007,
although their modeled rates showed significant interannual
variability, with annual-averaged 〈wb〉 between �1.5 and
�4 m a�1.

5.2. Environmental Influences on WIS Basal Melt Rate

[57] WIS and GVIIS share comparable topographic set-
tings [Padman et al., 2010; Graham et al., 2011] and have
similar satellite-derived trends in dhi/dt for 1992–2002
[Zwally et al., 2005]. However, in contrast to the Holland
et al. [2010, Figure 10] estimate of continuous thinning of

Figure 12. Time series of modeled ice-shelf-averaged
basal melt rate for GVIIS and WIS, following the study by
Dinniman et al. (submitted manuscript, 2011).
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GVIIS since 1989, WIS ceased thinning in 2000 (Figure 3),
associated with a reduction, at that time, of �40%–75% in
〈wb〉 and an increase in surface accumulation (Figure 5c).
[58] We do not have a continuous series of ocean

hydrography surrounding WIS during the transition in 〈wb〉
near 2000; however, the record of measured daily sea-ice
concentration, which extends back to 1979, shows no evi-
dence for any associated transition in 2000 (Figure 11a).
Furthermore, there are no specific shifts near 2000 that can
be identified in modeled precipitation (Figure 5) and air
temperature and winds (Figures 11b–11d). Nevertheless, we
know that there are long-term trends toward warmer, more
ice-free conditions on the Bellingshausen Sea continental
shelf. Martinson et al. [2008] reported long-term changes in
hydrographic properties measured during the Palmer LTER
program on the continental shelf north of Marguerite Bay,
and we hypothesize that the hydrography of the sBS conti-
nental shelf surrounding WIS might also be experiencing
similar trends. The duration of the summer ice-free period
around WIS is increasing (Figure 10b).
[59] How can rapid changes in 〈wb〉 arise if trends in

environmental forcing have long time scales? The modeled
seasonality of 〈wb〉 for WIS (Figure 12) and the presence
of a cold halo around WIS in T180 (Figure 9b) support our-
hypothesis that WIS 〈wb〉 responds primarily to local
changes in upper-ocean hydrography and circulation rather
than to changes in provision of warm UCDW to the sub-
ice-shelf cavity. On the basis of the ocean temperature
profile near the ice front (Figure 8b), the mean ice draft
(〈hd〉 �170 m) is close to the depth of the transition from
cold WW to the warmer upper thermocline. A relatively
small change in depth of the ice base relative to the base of
the WW layer can, therefore, significantly change the ther-
mal forcing for melt, (T–Tfreeze). We estimate that a 10–
20 m relative shift in the vertical would change the ocean
temperature at the ice base from T �–1.2°C (upper ther-
mocline) to �1.6°C (WW), compared with the in situ
freezing point of Tfreeze(z = 180 m) ≈ –2.0°C, roughly
halving T–Tfreeze from 0.8°C to 0.4°C. Assuming a qua-
dratic dependence of wb [Holland et al., 2008], we expect
wb to decrease by a factor of �(0.4/0.8)2 = 0.25. If,
instead, we use the empirically derived linear relationship
wb ∝ (T–Tfreeze) proposed by Rignot and Jacobs [2002], the
ratio of post- to pre- 2000 melt rates is �0.5. These esti-
mates encompass the ratio of inferred post- and pre-2000
melt rates of �0.42, taking central estimates of wb = 0.75
and 1.8 m a�1, respectively (section 3.7). The actual depen-
dence of wb on T-Tfreeze probably depends on the causes of
ocean velocity under WIS; see the study of Larsen C Ice
Shelf by Mueller et al. (submitted manuscript, 2011).
[60] The change in relative location of the ice-shelf base

and WW layer base may be driven either by reduction in hd
through ice-shelf thinning or by ocean dynamics. Reduction
in hd over the period 1992–2000 is �15 m, so that it is
plausible that the lower melt rates after 2000 are associated
with prior thinning. This model suggests that ice shelves
might be able to stabilize once they become sufficiently thin
to float in the cold WW layer. However, we cannot easily
reconcile this model with an abrupt change in 〈wb〉; thus, we
also consider the possibility that the transition is driven by
changes in the depth of the WW layer in the halo sur-
rounding WIS. Following the study by Moffat et al. [2008],

we assume that the halo represents a cold, freshwater
“coastal” current driven by freshwater inputs (land runoff,
sea-ice melt, and ice-shelf basal melting) consolidated by
downwelling forced by winds that are usually directed
southwards (Figure 11d) [Hyatt et al., 2011]. These com-
peting factors, reduction in melt rate as the ice base rises into
cooler water and dependence of melting on the properties of
the WW halo, complicate modeling of the response of 〈wb〉
to varying environmental conditions such as a trend in large-
scale ocean heat transport and changes in sea ice. The latter
is a component of the freshwater flux to the upper ocean in
summer for subsequent incorporation into the cold halo of
WW, and as a potential modifier of momentum transport
into the upper ocean to drive circulation and vertical mixing
[see Holland et al., 2010].
[61] Modeling basal melt rates is further complicated by

the seasonal cycle of ocean heat provision to the sub-ice-shelf
cavity. The Dinniman et al. (submitted manuscript, 2011)
modeled time series of 〈wb〉 for WIS has a pronounced sea-
sonal cycle, with values peaking in March (short-term rates
up to 2–6 m a�1) but with essentially no melting between
April and November each year (Figure 12). We suspect that
this model is inaccurate, as it is based on model geometry
(water depth and ice draft) that is now known to be in error.
(Modeled channels leading into the WIS cavity are much too
shallow compared with recent analyses by Padman et al.
[2010] and Graham et al. [2011], and modeled mean ice
draft is only�120 m, much less than our estimate of�170 m
for 2008). Nevertheless, strong seasonal variability has been
observed for other ice shelves including the following: PIG
ice shelf, where wb near the grounding line varies quasi-
annually by O(100) m a�1 [Bindschadler et al., 2011] and
Ronne Ice Shelf, which shows strong seasonality in the
temperature and volume flux of inflowing high salinity shelf
water [Nicholls, 1996; Nicholls and Makinson, 1998]. Note
that neither the Holland et al. [2010] nor the Dinniman et al.
(submitted manuscript, 2011) models show significant sea-
sonality in 〈wb〉 for GVIIS (see also Figure 12).
[62] Some of the seasonal change in ventilation of ice

shelves can be attributed to annual cycles of the large-scale
wind stress; for example, the quasi-annual cycle in ventila-
tion of the PIG ice shelf cavity has been attributed to sea-
sonal forcing of warm CDW through the trough leading
from the continental shelf break into Pine Island Bay
[Thoma et al., 2008]. However, measurements made along
the Ronne Ice Shelf front led Makinson et al. [2006] to
conclude that seasonality in ventilation of the sub-ice-shelf
cavity was driven, at least in part, by changes in stratification
just seaward of the ice front. When the water column is
unstratified, water is forced to flow parallel to a uniform-
thickness ice front by conservation of potential vorticity.
However, this constraint is weakened when stratification is
established in summer by insolation and ice melt. Other
factors, including wind stress and sea ice, also vary signifi-
cantly on a seasonal cycle.
[63] As with the cold WW halo around WIS, dependence

of annual mean basal melt on seasonally varying environ-
mental conditions implies that numerical models for pre-
dicting wb must be capable of accurately resolving fairly
small-scale processes acting on short time scales. These
processes include complex interactions between coastal wind
stress, surface radiation balance, sea ice, and freshwater
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fluxes (including land runoff, sea-ice production and melt,
and feedbacks between the ice shelf and regional hydrogra-
phy and circulation).
[64] The preceding discussion ignores spatial variability of

wb; however, based on local mass balance estimates, the pre-
2000 values of dhi/dt at specific crossovers (Figure 2) range
from approximately in balance with SMB and divergence in
the north, to �0.31 m a�1 near the eastern end of Latady
Island (X313) and �0.43 m a�1 near the glacier inlet at X306.
At X313, which is close to the site of the first calving event in
2008, thinning continued through 2008 (Figure 3), with total
estimated thinning of �80 m from 1978 to 2008 [Fricker
and Padman, 2012]. Thinning of this magnitude and spa-
tial variability may be sufficient to precondition the ice shelf
for rapid calving and retreat as stresses change within the
ice-shelf plate [Khazendar et al., 2007; Vieli et al., 2007;
Glasser and Scambos, 2008].

6. Conclusions

[65] WIS thinned prior to 2000, consistent with an ice-
shelf-averaged basal melt rate of wb = 1.8 � 0.4 m a�1 that
exceeds the equilibrium value of 0.5� 0.3 m a�1 required to
balance surface mass accumulation (�0.7 � 0.3 m a�1, ice-
equivalent thickness) plus the ice-shelf-averaged ice diver-
gence (�–0.2 m a�1). Between 2000 and the major calving
events of 2008 and 2009, thinning for most of WIS was
negligible. It is intriguing that most of WIS stopped thinning
�8 years before the first major calving events in 2008. (This
is in contrast to Larsen B Ice Shelf, which experienced sur-
face lowering at �0.2 m a�1 up to the time of its collapse in
2002 [Fricker and Padman, 2012].) Steady-state ice thick-
ness is, therefore, not a sufficient condition for identifying
ice-shelf stability.
[66] The 3-D distribution of ocean temperature T indicates

strong lateral variability at the approximate mean depth of
the WIS base (Figure 9b). We attribute the deepening of
upper-ocean layers around WIS to coastal (ice front) down-
welling associated with the generally southward wind stress
(Figure 11), possibly augmented by freshwater fluxes from
the AP, melting sea ice, and basal melting of WIS and
GVIIS [see also Moffat et al., 2008].
[67] We found no evidence for a rapid change in envi-

ronmental conditions (measured sea-ice concentration and
modeled atmospheric variables) to explain the transition in
wb near 2000. Instead, we hypothesize that this transition
represents a change in the relative position of the ice base
and the base of the cold WW layer sitting on top of the
warmer water of the main thermocline (Figure 8b). We lack
the data to determine whether this relative elevation change
arises from thinning of the ice shelf or a depression of the
WW layer in the cold halo around WIS (Figure 9b). How-
ever, we emphasize that the presence of regions of high
dT/dz in the ocean can enhance variability in wb in response
to small perturbations in processes contributing to ice-shelf
thickness changes and upper-ocean hydrography.
[68] The hypothesized sensitivity of wb to ice draft relative

to the depth of the WW layer, and the lateral variability of
upper-ocean temperature, indicate that wb depends on the
details of ocean response to processes occurring fairly
close to WIS. We expect that ocean models forced by
coarse-grid atmospheric models that fail to resolve wind

stress variability induced by coastal topography will be
unable to accurately represent the water masses advected
into the sub-ice-shelf cavity near the depth of the ice base.
Furthermore, if the observed depression of isotherms around
WIS is influenced by freshwater fluxes from the AP coast
and ice-shelf bases, an accurate climate model must also
adequately represent these fluxes. Moffat et al. [2008]
noted that the spatial distribution of freshwater flux to the
Bellingshausen Sea in summer is sensitive to the represen-
tation of orography in atmospheric models. The steep, nar-
row mountain range of the AP will be insufficiently resolved
even in the relatively high-resolution (dx = 14 km) RACMO
model discussed by Moffat et al. [2008], leading to poten-
tially large errors in the magnitude and distribution of
freshwater sources.
[69] Our result, that WIS melting is strongly influenced by

small-scale coastal atmospheric and oceanic processes, is in
contrast to ice shelves influenced primarily by the strength
and temperature of deep CDW inflows along troughs. For
the latter type of ice shelf (e.g., PIG and Thwaites ice shelves
in Pine Island Bay and GVIIS), the larger-scale wind forcing
is more important as the driver of CDW upwelling at the
continental shelf break and subsequent intrusions through
troughs to the ice-shelf cavities.
[70] In summary, changes in WIS basal melt are deter-

mined primarily by coastal atmospheric and oceanic pro-
cesses that assist ventilation of the sub-ice-shelf cavity by
upper-ocean water masses, rather than by the more fre-
quently reported mechanism of large-scale atmospheric
forcing of benthic inflows of warm CDW along troughs
cutting across the continental shelf [e.g., Thoma et al.,
2008]. The implied sensitivity of basal melt rate to pro-
cesses acting on short spatial scales (e.g., downwelling and
coastal currents enhanced by freshwater fluxes from runoff
and ice-shelf basal melt) and with strong seasonal depen-
dence implies that existing oceanographic observations,
which are sparse and strongly biased toward summer sam-
pling because of logistic constraints imposed by sea ice, will
not adequately represent the annual averages of ice-shelf
mass loss through melting. We conclude that progress in
understanding basal melting, particularly of relatively thin
ice shelves whose bases sit in upper-ocean water masses
modified by local ocean/atmosphere interactions, requires
development of high-resolution models of both the atmo-
sphere and ocean with accurate geometry (mountain and
glacier topography, ice draft, and seabed bathymetry). We
also require long-term simultaneous measurements of all
major components of the Antarctic coastal climate system,
for validating climate system models and identifying pro-
cesses that are presently unrepresented in models.

Appendix A: Acquisition and Processing of CTD
Data From Instrumented Seals

[71] Hydrographic data used in this study were obtained
from a total of 38 southern elephant seals (Mirounga leo-
nina) that were instrumented in 2007 (12 seals), 2008
(12 seals) and 2009 (14 seals) after molting at the Cape
Shirreff rookery on Livingston Island in the South Shetland
Islands, Antarctica. Each seal was equipped with a CTD-
SRDL (or “tag”) manufactured by the Sea Mammal
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Research Unit of St. Andrews, UK, incorporating a CTD
sensor built by Valeport Ltd., Totnes, UK.
[72] Before deployment, the CTD-SRDLs were calibrated

at the Naval Postgraduate School (Monterey, California),
with resolutions for T and C of 0.001°C and 0.002 mS cm�1,
respectively [Boehme et al., 2009]. The tags fall off when the
seal molts, occasionally earlier; thus, no postcalibrations are
possible to assess potential changes in accuracy during the
operational lifetime of tags used for the present study.
However, three CTD-SRDL tags that were deployed on
northern elephant seals and recovered after 72–136 day
deployments showed no change in calibration within the
manufacturer’s specifications.
[73] The data acquired during each dive was transmitted

through the Argos satellite system each time a seal surfaced.
Position data from Argos were processed as described in the
study by Padman et al. [2010]: Typical lateral displacement
for each dive was less than 0.5 km, and the 99% confidence
level for true position for each individual dive location was
within �4 km of the reported position.
[74] Hydrographic profiles were obtained by measuring C,

T, and D (derived from pressure P) every 4 s during the
ascent phase of each seal dive. Salinity (S) was derived from
P, T, and C through standard algorithms. Because of the
narrow bandwidth of Argos transmitters, data were pre-
processed by the CTD-SRDL sensor before being transmit-
ted via the Argos system. Each profile of 4 s data was
compressed to a set of 12 data points corresponding to the
most important inflection points determined with a “broken
stick” algorithm [Boehme et al., 2009]. Maximum dive
depth (Dmax) was also recorded for each dive. Each seal tag
provided �2–5 hydrographic profiles per day, with an
average value for all tags of 3.0 profiles per day. On the
basis of the comparisons of Dmax with ship-based bathyme-
try data, about 30% of all seal dives over the Bellingshausen
Sea continental shelf reached the seabed [Padman et al.,
2010], consistent with the known foraging behavior of ele-
phant seals [McConnell et al., 1992; Costa et al., 2010].
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