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[1] The winter advance of the sea ice edge in the Bellingshausen Sea is frequently
interrupted by periods of rapid retreat lasting a few days. The frequency and duration
of such events strongly controls the location of the late winter sea ice edge in this sector of
the Antarctic. We examine the dynamics and thermodynamics of a retreat event that
occurred in May 2001 using data from a drifting buoy array together with diagnostics from
a kinematic/thermodynamic ice growth model and a high-resolution (11 km) regional
coupled ocean-ice model. During the retreat event, the ice edge retreated by 250 km
over 13 days in response to strong and persistent northerly winds associated with a
quasi-stationary low-pressure system. Ice motion in the outer part of the pack was
convergent and correlated strongly with local wind forcing. By contrast, in the region
closer to the coast, ice motion was less well correlated with wind forcing. Model
diagnostics indicate that ice thickening resulting from convergence in the outer pack was
largely balanced by basal melting. In the outer pack, ice was in a state close to free
drift while, closer to the coast, internal ice stresses became significant. The ocean-ice
model simulated the characteristics of the retreat event realistically, giving us confidence
in the ability of such models to reproduce ice conditions in this sector.
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1. Introduction

[2] Over the past 50 years, the west coast of the Antarctic
Peninsula has warmed more rapidly than any other region
on Earth [Turner et al., 2005]. Most of this warming has
occurred during winter, a season when Antarctic Peninsula
temperatures are very sensitive to sea ice extent in the
Bellingshausen Sea immediately to the west of the Peninsula
[King, 1994]. There are indications that the duration of the
sea ice season in this sector has reduced significantly in
recent years [Zwally et al., 2002] and that winter sea ice
production has declined [Meredith and King, 2005]. It is
highly likely that the rapid warming of the peninsula west
coast in winter has been largely driven by changes in sea ice
cover in the Bellingshausen Sea which, in turn, probably
reflect changes in atmospheric circulation [Turner et al.,
2009]. The modeling study of Holland et al. [2010] sug-
gests that variability in sea ice extent also affects the prop-
erties of water masses on-shelf in the Bellingshausen Sea,
thereby controlling the basal melting of collapsing ice
shelves in the region.

[3] The factors controlling Bellingshausen Sea ice extent
are not fully understood. The development of the winter sea
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ice cover in this sector is characterized by alternating peri-
ods of ice advance and retreat in response to changed
atmospheric forcing associated with the passage of synoptic
scale weather systems. Harangozo [1997, 2004] demon-
strated that variability in the final winter ice extent depends
strongly on the frequency and duration of retreat episodes,
with the total advance showing less variation from year to
year. Investigating the dynamics of ice retreat episodes is
thus a crucial part of understanding climate variability and
change in this region.

[4] There have been several studies of ice retreat events
in the Bellingshausen Sea. Turner et al. [2003] used satellite
observations and numerical weather prediction data to
investigate a 400 km retreat of the ice edge around 80°W
over 2 weeks in August 1993. Massom et al. [2006] reported
a 300 km ice edge retreat at 70°W and associated rapid
compaction and thickening of the ice cover over 19 days
during the late austral winter of 2001 in response to
anomalous northerly winds over the Bellingshausen Sea.
Similar atmospheric anomalies during the late winter of
2005 also gave rise to anomalous ice retreat and compaction
in this sector [Massom et al., 2008].

[5] A weakness of these previous studies is that no in situ
observations of ice motion were available to enable a full
investigation of ice dynamics to be made. While estimates
of sea ice motion can be made from passive microwave
satellite imagery [e.g., Emery et al., 1997], the spatial and
temporal resolution of such products is generally inadequate
for studying the dynamics of Bellingshausen Sea ice retreat
events, which occur over a period of a few days with a
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spatial scale of a few hundreds of kilometers. In this paper,
we examine a rapid retreat event that took place during the late
austral autumn of 2001, where ice motion was well charac-
terized by observations from drifting buoys. We use the buoy
drift data together with satellite observations of ice concen-
tration, atmospheric data from numerical weather prediction
models, and diagnostics from a kinematic-thermodynamic
ice growth model and a full sea ice-ocean model to determine
the factors that forced the ice retreat. We conclude by dis-
cussing the climatological significance of our findings.

2. Data Sources

[6] We focus on an ice retreat event that took place in the
southern Bellingshausen Sea between 2 and 15 May 2001.
Information on ice drift during this event was available from
four drifting platforms that were deployed during a cruise of
the research vessel Polarstern in April 2001. A MetOcean
Compact Air-Launched Ice Buoy (CALIB) was deployed
directly from the ship onto a first year ice floe (thick-
ness, 60—80 cm, 5 cm snow cover, 100% ice concentration)
at 71°S, 85°W on 23 April. On 25 April, three MetOcean
Surface Velocity Profiling Barometers (SVPBs) were
deployed using the ship’s helicopters onto consolidated
pancake ice (approximately 20 cm thick with 5 cm of snow
cover, 80% ice concentration) between 69°S and 70°S and
between 85°W and 89°W. One SVPB ceased transmissions
on 14 May and the CALIB failed on 21 May. The longest-
lived of the remaining two SVPBs finally ceased trans-
mitting on 1 October. Both the SVPBs and the CALIB
measured atmospheric pressure and reported this, together
with their position determined to an accuracy of about
500 m, through the ARGOS data collection system. Typi-
cally 20 position reports per day were available from each
platform. Pressure data from the SVPBs were made avail-
able on the World Meteorological Organisation’s Global
Telecommunications System (GTS).

[7] Sea ice concentration data were obtained from the
National Snow and Ice Data Center (NSIDC). We have used
ice concentration fields derived from passive microwave
satellite observations processed using the Bootstrap algo-
rithm [Comiso, 1999]. These data are available at daily
intervals on a polar stereographic grid with a pixel size
of approximately 25 km x 25 km. For comparison, we
recomputed some of the results of this study using ice
concentrations derived from the NASA Team algorithm.
The two ice products are in good agreement for the event
studied in this paper and use of the alternative ice data set
did not affect any of our conclusions.

[8] Fields of mean sea level pressure, air temperature at
2 m and wind components at 10 m were extracted from
6 hourly operational analyses prepared by the European
Centre for Medium Range Weather Forecasts (ECMWF).
The ECMWF forecast system used a global spectral model
that, in early 2001, was run at a triangular truncation of
TL511, equivalent to approximately 40 km horizontal res-
olution. The ECMWF data used in this study were supplied
on a 1.125° x 1.125° latitude-longitude grid. King [2003]
has shown that these analyses provide a good description
of atmospheric conditions over the southern Bellingshausen
Sea in spite of the lack of in situ meteorological observa-
tions from this sector.
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[v] Two models were used to help interpret the observa-
tions. The kinematic/thermodynamic model of Doble et al.
[2003] was used to estimate changes in ice thickness
within the area enclosed by the SVPBs and gain insight into
its sensitivity to forcing parameters. The model couples the
observed buoy motions (differential kinematic parameters)
with a one-dimensional energy balance model, forced using
surface fluxes calculated from ECMWF analysis data at
the buoy locations, using a range of prescribed values for the
ocean-ice heat flux. The buoy kinematics and modeled ice
growth/melt are used to determine the thickness of a number
of ice classes (six in this model), tracking each mean class
thickness and area as the ice cover evolves.

[10] Information on the broader-scale features of sea-ice
behavior were obtained from a coupled system [Holland et al.,
2010] based on the three-dimensional Miami Isopycnic-
Coordinate Ocean Model (MICOM) [Bleck et al., 1992] and
the Los Alamos CICE sea ice model [Hunke and Lipscomb,
2006] forced by atmospheric reanalyses. The model compo-
nents exchange fluxes of heat, salt, mass, and momentum on
an hourly coupling time step. The MICOM ocean comprises
a stack of isopycnic layers beneath a surface mixed layer that
has a freely evolving density. The mixed layer handles inter-
action with the overlying atmosphere or ice and communicates
with the interior ocean layers via an entrainment/detrainment
routine. CICE divides the ice into five thickness categories and
features elastic-viscous-plastic ice dynamics, the energy-
based mechanical redistribution (ridging and rafting) scheme
of Thorndike et al. [1975], and an ice strength parameteriza-
tion given by Rothrock [1975]. The energy-conserving ther-
modynamics model divides each thickness category into five
thermodynamic layers of which the uppermost is snow. The
ocean-ice heat flux is parameterized according to the formula
of Maykut and McPhee [1995].

[11] Ocean variables were relaxed to atlas values at the
open ocean boundaries [Olbers et al., 1992]. For historical
reasons, surface forcing was taken from the National
Centers for Environmental Prediction (NCEP) reanalysis
rather than the ECMWF product. However, comparison of
the two products shows insignificant differences in the
forcing variables over the study area during May 2001. Apart
from using a 0.3° (approximately 11 km) grid and outputting
6 hourly data over a shorter simulation period (1999-2002),
the model implementation was identical to that used in the
study of Holland et al. [2010], which showed good agree-
ment with sea ice observations in a multidecadal simulation
of the Bellingshausen Sea.

3. Results

3.1.

[12] The autumn and early winter of 2001 were character-
ized by the development of deep and slow-moving low-
pressure systems over the Amundsen and Bellingshausen
seas. On 2 May, one such low-pressure system lay at around
135°W, bringing northerly winds to the study area (Figure 1a).
Over the following 3 days, this low remained fairly stationary
and deepened slightly. From 7 May, the east-west pressure
gradient to the east of the low center increased as a ridge of
high pressure developed and persisted across the Antarctic
Peninsula and western Weddell Sea (Figure 1b). The pressure
gradient reached a maximum on 14 May (Figure 1c), after

Observations
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Figure 1. ECMWF mslp analyses at 0000 UTC on (a) 2 May 2001, (b) 7 May 2001, and (c) 14 May 2001.
The study region (area of Figure 2) is outlined with a heavy line.

which the low-pressure center drifted northward and eastward
into the Drake Passage, leaving the study area under the
influence of weak easterly winds.

[13] In response to these strong and persistent northerly
winds, the sea ice edge between 80°W and 90°W retreated
rapidly over a 2 week period. Figure 2 shows the ice con-
centration at the start and end of the retreat event, together
with daily positions of the four drifting buoys. Between
2 and 15 May, the ice edge between 85°W and 90°W
retreated by 250 km. The SVPBs, which were between
100 and 150 km south of the ice edge at the start of the
retreat event, moved 220 km southward with little drift in
the zonal direction. By contrast, the CALIB, initially posi-
tioned 310 km south of the ice edge, moved only 90 km
southward but also drifted 100 km westward.

[14] Table 1 illustrates the relationships between observed
daily mean ice drift velocities and winds at 10 m from the
ECMWEF analyses. SVPB drift speeds were well correlated
with variations in wind speed. The ratio of ice drift to wind
speed was close to that measured in the central Weddell Sea
[Vihma et al., 1996] and around East Antarctica [Heil et al.,
2009] but was somewhat lower than the value measured for
recently consolidated pancake ice in the Weddell Sea by
Doble and Wadhams [2006]. The mean ratio of ice drift
to wind speed changed little when ice drift was computed
over 6 h, rather than 24 h, intervals but the correlation
coefficient between ice drift and wind speed reduced from
0.92 to 0.75. The decorrelation is probably a result of
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semidiurnal ice motions (described below) that are uncor-
related with wind forcing being resolved in the 6 h analysis.
Winds at the more southerly CALIB location were slightly
weaker and had more of an easterly component, probably as
a result of blocking of the northerly flow at low levels by the
steep Antarctic coastal orography [Orr et al., 2004]. This
change in wind forcing as the coast is approached will have
contributed to the slower and more westward drift of the
CALIB but, on its own, is not sufficient to account for all of
the differences between the SVPB and CALIB drifts. The
ratio of ice drift to wind speed for the CALIB is lower and
more variable than that for the SVPBs and the correlation
between variations in ice drift and in wind speed is much
weaker. The weaker relationship between wind forcing and
ice drift at the CALIB location could indicate that the rep-
resentation of the wind field in the ECMWF analyses is
poorer nearer the coast than over the open ocean. However,
the reduced correlation coefficient and smaller ice drift/wind
speed ratio also suggest that factors in addition to wind
forcing, such as ocean currents and internal ice stresses, are
important in controlling ice motion at the CALIB location.

[15] Power spectra of the meridional component of drift
velocity of one of the SVPBs and the CALIB are displayed
in Figure 3. Both buoys show a peak in spectral power
at typical synoptic periods of 2—4 days. This peak is also
visible in the spectra of wind forcing (not shown) and
probably represents the effects of troughs and other
minor systems moving around the quasi-stationary low.
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Figure 2. Ice concentration in the study area on (a) 2 May 2001 and (b) 15 May 2001. Also shown
on Figure 2a are the daily (0000 UTC) positions of the three SVPBs (white crosses) and the CALIB

(white asterisks).

Additionally, both buoys show a peak at around two cycles
per day (cpd) that is statistically significant at the 1% level
when tested against a fitted red noise spectrum. Rotary
spectra were used to separate the effects of inertial motion
(1.88 cpd at 70°S) and forcing by the lunar semidiurnal
tide M2, 1.93 cpd) [Emery and Thompson, 1998]. Results
suggest that the semidiurnal motions are inertial rather than
tidal, since the peak appears in the counterclockwise
spectrum only. The power at the semidiurnal peak for the
CALIB is only approximately one third of that for the
SVPB, suggesting that ice stresses are of greater relative
importance in the coastal region.

[16] Between 2 and 15 May, the retreat of the ice edge
between 80°W and 90°W led to a reduction of 1.2 x 10 km?
of'ice extent in this sector. Since the ice concentration within
the sector was high at the start of the event, there was little
scope for ice compaction to contribute to the retreat. Indeed,
the decrease in ice area within the sector (1.1 x 10° km?)
differed little from the decrease in extent. In the absence of
significant compaction, the retreat of the ice edge must have
been balanced by surface or basal ice melting, by thickening
as a result of ridging and/or rafting driven by ice conver-
gence, by advection of ice out of the sector, or by a combi-
nation of these factors. Since the buoys that we deployed did

not measure wind speed or atmospheric or ocean tempera-
tures, we were not able to calculate melt rates directly.
Estimates of surface and basal melt rates are available from
the ocean-ice model simulations discussed below. For the
present, we note that 2 m atmospheric temperatures in the
study area taken from the ECMWF analyses never rose
above 1°C, so surface melting is likely to have been small,
while basal melt rates associated with modeled ocean heat
fluxes were of order 1 cm d ™.

[17] In order to investigate the contributions of conver-
gence and advection to the ice retreat, we have calculated
time series of the areas of triangles formed by groups of
three buoys. Figure 4 shows the evolution of the area
of the triangle formed by the three SVPBs (representative of
conditions in the outer part of the ice pack) and of that
formed by the outer two SVPBs and the CALIB (repre-
sentative of broader-scale conditions over the sea ice in this
sector). In this figure, the triangle areas are scaled by the
area at the start of the event (1200 UTC on 2 May 2001).
Also shown is the estimated ice-covered area within each
triangle, calculated by multiplying the triangle area by the
mean ice concentration from pixels within the triangle.
As ice concentrations were high to start with and remained
high throughout the retreat event the differences between

Table 1. Means (+ One Standard Deviation) over 2—15 May 2001 of 10 m Wind Speed and Direction ({¥yina), (fwina)) Ice Drift Speed
and Direction ((¥ice), (0ice)), the Ratio of Ice Drift Speed to Wind Speed, and the Correlation Coefficient (cc) Between Ice Drift Speed

and Wind Speed at the Locations of the Drifting Buoys®

<Vwind> (1’1’1 S_l) <Vice> (m Sil) <6wind> (0) <9ice> (0) <Vice/Vwind> cC
SVPBs 9.1+3 0.21 + 0.09 15+ 20 175 + 25 0.023 + 0.004 0.92
CALIB 8.8+2.6 0.14 £ 0.06 37 +31 220 + 39 0.018 = 0.01 0.32

“Daily mean ice drift velocities were calculated from time series of buoy locations interpolated to 0000 UTC. Daily 10 m wind velocities were calculated
by averaging the ECMWEF analyses for 0000, 0600, 1200, and 1800 UTC and then spatially interpolating the averaged wind data to the buoy location

interpolated to 1200 UTC.
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Figure 3. Power spectra of the meridional component of ice
drift velocity from one of the SVPBs (solid line) and the CALIB
(dotted line).

total triangle area and ice-covered area are small, confirming
that compaction did not contribute significantly to changes
in triangle area. Changes in triangle area, therefore, directly
reflect the dynamical contribution to changes in ice thickness.

[18] The smaller triangle, formed by the three SVPBs,
decreased to about 55% of its initial area over the period of
the retreat event, indicating significant ice convergence and
consequent dynamical thickening of ice in the outer part of
the pack. Assuming an initial ice thickness of 0.2 m, this
convergence equates to a thickening rate of about 9.5 m
yr ', By contrast, the larger triangle formed by the two outer
SVPBs and the CALIB, which is representative of broad-
scale conditions over the pack ice, only decreased to about
80% of its original area. Convergence over the smaller tri-
angle was therefore above the mean over the larger, encom-
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passing triangle, implying lower convergence in the remaining
area near to the coast as a result of the increasingly westward
movement of the ice as it approached the coast. The rapid
southward flux of ice in the outer part of the pack ice was
therefore largely balanced by westward advection of ice
closer to the coast, leading to small overall convergence
and relatively low dynamical thickening averaged over the
larger triangle.

3.2. Results From a Small-Scale Kinematic/
Thermodynamic Model

[19] The kinematic/thermodynamic model of Doble et al.
[2003] was used to assess the relative contributions of
dynamical and thermodynamic processes to changes in ice
thickness on the scale of the SVPB array. We have used a
value of 28 W m ™ for the ocean-ice heat flux in the control
run of the model, as suggested by nearby measurements
[Martinson et al., 2008] and by the results of the ocean-ice
model described below. The model simulation was started
on 27 April (the day of the SVPB deployments) so that the
ice thickness could be initialized with measurements made
on that day. Model results (Figure 5) then show that ther-
modynamic ice growth only occurs in the first 2 days of the
simulation, with low air temperatures (—13.6°C) increasing
ice thickness by 2 cm over the SVPB array area. Thereafter,
mild atmospheric conditions (—4°C < Ta < 1°) reduce the
vertical temperature gradient (and hence the heat flux)
through the ice, so most of the basal heat flux becomes
available to drive basal melting. Net ice volume loss at the
end of the retreat period was approximately 1.5 x 10% m? or
around 15 cm basal melt over the area of the SVPB array.
This melt offsets the ice thickness increase of around 54 cm
driven by ice dynamics (prolonged convergence and raft-
ing), resulting in a final average ice thickness within the
array of 39 cm. Results of the simulation are, however very
sensitive to the choice of ocean-ice heat flux. Decreasing the
heat flux by 10 and 20 W m 2 (again as suggested by nearby
measurements [Martinson et al., 2008]) gives figures of
2 cm basal melt and 10 cm net growth, respectively, with

08¢

Scaled area

1 D

0 5 10 15
Day of May 2001

Figure 4. Time series of the areas of the triangles formed by (a) the three SVPBs and (b) the outer
two SVPBs and the CALIB. The solid line shows the triangle area, while the broken line shows the ice-
covered area within the triangle. All areas have been scaled by their value at 1200 UTC on 2 May 2001.
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Figure 5. Results from the kinematic/thermodynamic model: (a) equivalent ice thickness and (b) total
ice volume groduction. The solid lines show output from the model with an imposed ocean-ice heat flux

of I8 Wm
decreased by 10 W m 2, respectively.

corresponding final ice thickness values within the array of
50 and 62 cm. This sensitivity to imposed basal heat flux
and the lack of observations with which to constrain this
parameter have motivated us to run a more complex model
that is capable of predicting the ocean forcing on the sea ice.

3.3. Results From an Ocean-Ice Model

[20] The ocean-ice model provides a larger-scale view of
the processes that control the ice distribution. In the early
autumn of 2001, the modeled ice edge expands northward

, while the dashed and dotted lines show output from the model with this flux increased and

due to thermodynamic growth, while ice nearer the coast is
blown westward into the Amundsen Sea. Directly prior to
retreat event, the observed ice extent was slightly under-
predicted by the model (compare Figures 2a and 6a). Over the
period 3-22 May, the modeled ice edge in the 85°W-90°W
sector retreated southward by around 150 km under the
influence of northerly winds (Figures 6a—6¢). The modeled
retreat is somewhat smaller than the observed retreat (250 km),
but some of this discrepancy may reflect the underpredic-
tion of the initial ice extent by the model. The magnitude and
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spatial distribution of modeled ice velocities in the middle
of the retreat event (Figure 6b) matches the observations
rather well. At the end of the retreat event, the remaining ice is
again exported westward, before the winds change to south-
erlies, thermodynamic growth recommences, and the ice edge
advances northward toward its winter maximum.

[21] The 10 May date is taken to be a representative time to
analyze the midretreat behavior of the sea-ice model. In
agreement with the data analysis above, the northerly wind
removes ice from the outer pack and mechanically thickens
ice closer to the coast (Figures 6d and 6e). There is a smaller
but nonnegligible oceanic basal melting of ice in the eastern
part of the study region that is apparently balanced by con-
vergence (compare Figures 6e and 6f). In the region of the
buoy measurements, the average basal heat flux is around
20 W m 2, which is close to the value used in the control run
of the kinematic/thermodynamic model. Model diagnostics
show that this relatively large heat flux is sustained in the
absence of ice production (and consequent convective stir-
ring of the mixed layer) by mechanical stirring induced by
the stress imposed on the ocean by the rapidly retreating ice.
No surface melting is predicted by the model.

[22] Figure 6e shows that ice is thinning dynamically
everywhere except in a narrow region close to the coast. At first
sight this appears inconsistent with the buoy observations,
which show significant convergence (hence thickening) in the
outer pack region (Figure 4a). The reason for this apparent
inconsistency is that the model results are presented in a fixed
(Eulerian) frame of reference while the buoy network measures
changes following the ice motion, i.e., in a Lagrangian
framework. For ice at 100% concentration, of depth /# and
drifting with velocity u, the Eulerian tendency equation for
changes in ice thickness due to dynamical processes is

Oh
= =V.(), (1)
which expands to
Oh
— Vh=—hV.u. 2
T +uVh hV .u (2)

The term on the right hand side of (2) represents thickness
changes resulting from convergence/divergence, which is what
the buoy array measures, while the second term on the left-
hand side is the contribution from advection. Using model data
from 10 May for 90°W and 71°S-72°S and assuming that
meridional derivatives dominate the gradient and divergence
terms in (2), we calculate an advective thinning rate of about
11 myr ! partially balanced by convergent thickening of about
8 m yr '. This latter ﬁgure agrees well with the convergent
thickening of 9.5 m yr * calculated from the SVPB array.

[23] The near-shore band of particularly rapid thicken-
ing in Figure 6e is focused in a narrow area because the
mechanical redistribution scheme used in CICE preferen-
tially selects thin ice for thickening. Thick ice resists redis-
tribution so the northerly winds force the converging thin ice
(which is at 100% concentration) to thicken in a band that
approximately follows the 1 m ice thickness contour. The ice
is transferred to thicker size classes in a manner designed
to reproduce observed ice thickness distributions [Lipscomb
et al., 2007], and this fundamentally determines both the
position of the convergence and the maximum ice thickness
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near the coast. Owing to a lack of 2001 thickness data
the parameters used are standard values from Arctic studies,
but the thicknesses obtained are not unreasonable [Haas,
1998; Banks et al., 2006; Worby et al., 1996], particularly
given the difficulty inherent in comparing model results with
field observations.

[24] The model’s prediction of the ratio of wind speed
to ice speed (Figure 7a) shows good agreement with the
observations (Table 1). In particular, the open-ocean ratio
of around 2% decreases as the shoreline is approached.
A closer analysis of the dominant terms in the model’s ice
dynamics equation elucidates this behavior. The air-ice drag
(Figure 7b) is uniform over the region, reflecting widespread
northerlies in the NCEP reanalysis. This stress is balanced
by ice-ocean drag in the outer thin ice (Figure 7c) in clas-
sical free-drift conditions, leading to ice motion at a small
angle to the wind at around 2% of its speed. Ice motion is
resisted in stronger thick ice near the coastline, so here the
air drag is balanced by the divergence of the internal ice
stress (Figure 7d) and the ice slows to a standstill relative
to the wind.

4. Discussion

[25] Our observations and model results demonstrate that
the rapid ice edge retreat of 2—15 May 2001 was primarily
driven by strong and persistent northerly winds associated
with a low-pressure system that became stationary in the
Amundsen Sea. In the outer part of the pack, the ice motion
field was locally convergent, implying dynamical thickening
on small scales, while, on the broader scale, the southward
movement of the ice edge was largely balanced by westward
advection of ice nearer to the coast. The spatial variation of
ice motion was qualitatively well simulated by the ocean-ice
model, giving some confidence that this model was able to
simulate the dynamical controls on the retreat event in a
realistic manner.

[26] The two models used have enabled us to estimate the
thermodynamic contribution to ice volume changes through
the retreat event. Near-surface air temperatures remained
close to 0°C throughout the event, leading to negligible
surface melt. However, as a result of these relatively warm air
temperatures, the vertical temperature gradient through the
ice remained small and almost all of the ocean-ice heat flux
was available to drive basal melting. Results from both the
kinematic/thermodynamic model and the ocean-ice model
indicate basal melt rates, which are a significant fraction
of the dynamical contribution to ice thickening in the outer
part of the pack. Even in the absence of thermodynamic
ice growth and consequent convective stirring of the ocean
mixed layer, high values of ocean-ice heat flux were sus-
tained beneath the rapidly retreating ice as a result of
mechanical mixing. The reduction in net ice thickness growth
rate resulting from the large ocean-ice heat flux may have
contributed to the rapid retreat of the ice edge by keeping the
outer pack relatively thin and thus easier to deform.

[27] Both the observations and the data from the ocean-ice
model reveal contrasting dynamical controls on ice drift in
the near-shore and outer regions. In the outer pack, where
the ice is relatively thin, the ice is close to a state of free
drift. Closer to the shore, by contrast, less of the observed
variability in ice motion can be explained by atmospheric
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Figure 6. (a—c) Snapshots of model ice concentration and ice motion vectors (cm s '; shown every third

grid point) at 1200 UTC on (a) 2 May 2001, (b) 10 May 2001, (c) 22 May 2001. (d—f) Analysis of the ice
model at 1200 UTC on 10 May 2001: (d) ice thickness (m; note break in contour scale), (¢) change in ice
thickness (m a') due to dynamic processes (ridging, rafting, etc.), (f) change in ice thickness (m a ')
due to thermodynamic processes, almost exclusively basal melting (note different scale).
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Figure 7. Snapshots of ice model dynamics at 1200 UTC on 10 May 2001. (a) Ratio between ice speed
and wind speed (%2. (b—d) Vectors of air-ice drag, ice-ocean drag, and divergence of internal ice stress,
respectively (N m ~; shown every third grid point) overlain on ice thickness (m).

forcing. Also, inertial motions are weaker than in the outer
region. This contrasting behavior between the outer and
inner pack suggests that internal ice stresses become sig-
nificant in the inner region. Model diagnostics are consistent
with this hypothesis. Heil et al. [2009] observed contrast-
ing ice dynamics on and off the continental shelf of East
Antarctica during the austral spring of 2003. The contrast in
their case arose from increased tidal forcing in the shallower
waters over the continental shelf. The bathymetry of this part
of the Bellingshausen Sea continental shelf is poorly observed,
and consequently, little is known about the spatial variability
of tidal forcing in the region. Given the lack of clear tidal
signals in our data, we believe that contrasting ice conditions
(thicker, more compact ice nearer the coast) were the main
contributor to contrasting ice dynamics across our study area.

[28] The anomalous atmospheric circulation that forced
the May 2001 retreat event was similar to that which drove a

comparable ice edge retreat at 70°W during September to
October 2001 [Massom et al., 2006]. Like the May 2001
retreat, this later event was also forced by a synoptic scale
cyclone that became quasi-stationary to the west of the
Antarctic Peninsula as a result of blocking in the South
Atlantic sector. Such blocking was anomalously strong and
persistent during the winter of 2001 and the following
summer [Turner et al., 2003]. However, there are significant
differences between the events. While ice thickening (on the
broader scale) appears to have been relatively modest during
the May 2001 event, Massom et al. [2006] report rafted
ice of more than 10 m thickness over a wide area toward the
end of the September to October 2001 event. The higher
initial ice thickness in September (0.5-1.5 m first year ice)
compared with May (20 cm consolidated pancake ice) will
have contributed to the greater thickening observed in the
later event. However, differences in large-scale ice drift are
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probably also important. The September to October 2001
event took place in the Marguerite Bay region, where the
configuration of the coastline may restrict export of ice to
the southwest. The ice edge retreat in this later event would
then have had to be balanced by thickening and melt.

[20] The May 2001 event appears to have been excep-
tional in the context of the long-term sea ice record for this
sector of the Antarctic. The maximum 2 week ice retreat at
90°W during May, determined from the weekly sea ice edge
data set for 1979-1994 produced by Harangozo [2004],
is only 200 km, compared to the 250 km observed in
May 2001. Furthermore, 2 week retreat of 100 km or greater
was only observed over six 2 week periods (9% of the
total) in May from 1979 to 1994. As noted above, regional
atmospheric circulation was highly anomalous during 2001,
so retreat events as large as those observed in May 2001 and
September to October 2001 are likely to be a rare occurrence,
although the frequency with which such events are observed
may increase as a result of changed atmospheric circulation
[Turner et al., 2009]. Smaller retreats are, however, quite
common [Harangozo, 1997, 2004]. The dynamics of such
smaller events are likely to be similar to those observed in the
May 2001 event. Successful replication of this event using
the ocean-ice model gives us some confidence that models
with sufficient resolution should be able to capture typical
Bellingshausen Sea ice retreat events and hence, by exten-
sion, should be able to reproduce the annual growth of sea
ice in this sector in a realistic manner.
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