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The 2007 International Polar Year (IPY) in the Antarctic was distinguished by strong regional and seasonal

ice-atmosphere-ocean anomalies associated with an overall weakening of the prevailing westerly

circulation. Here we assess the ice-atmosphere-ocean conditions leading up to and during two IPY field

campaigns that took place in early spring (September-October): the U.S.-led Sea Ice Mass Balance

Antarctica (SIMBA, 68-721S, 90-951W) and the Australian-led Sea Ice Physics and Ecosystems eXperiment

(SIPEX, 63-671S, 115-1301E). Our regional analysis is presented within the context of circumpolar and

inter-annual variability relevant to other IPY Antarctic studies. Using satellite-derived and numerically

analyzed surface and atmospheric variables, we examine relationships between (i) winds and sea-ice

concentration and drift, (ii) sea-surface temperature and ice-edge anomalies, and (iii) precipitation and

snow accumulation. Though Antarctic-averaged sea-ice extent in September 2007 was the second highest

observed for 1979-2007, the SIMBA and SIPEX studies sampled the two regions showing the largest

negative sea-ice anomalies in the Southern Ocean. Maps of sea-surface temperature (SST) and sea-ice

concentration (SIC) anomalies revealed distinct regional patterns, showing warm SST/low SIC in the

greater SIMBA (including all of the Bellingshausen and Amundsen seas) and western SIPEX regions, versus

cool SST/high SIC in the Weddell, Ross and eastern SIPEX regions. In the SIMBA and western SIPEX regions,

warm northerly winds in May (overlying the warm SSTs) brought anomalously high precipitation to those

regions, but due to the regional delays in sea-ice advance (by up to 2 months), most fell on open ocean,

which in turn contributed to negative and near-zero September snow depth anomalies in those two

regions, respectively. During autumn (March to May), warm SSTs offshore of those regions extended from

mid-to-high latitudes, resulting from meridional advection of heat associated with a wave-3 atmospheric

circulation pattern. In the SIMBA and SIPEX regions, the late sea-ice advance followed unusually long ice-

free summer periods, which suggests that solar ocean warming was relatively high in those regions. The

warm ocean conditions may help to explain why the ice edge remained well south of its mean position

despite instances during winter of cold southerly winds and northward sea-ice drift. Finally, with respect

to the 1978-2008 record, year 2007 was a continuation of decreasing sea ice in the SIMBA region

(e.g., decreased annual sea-ice extent and ice season duration), whereas in the SIPEX region, year 2007

was a negative departure from an otherwise slightly positive trend in annual sea-ice extent and ice season

duration.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

With the ability to continuously monitor sea-ice conditions
from space starting in the early 1970s, it has been known that
ll rights reserved.

: +1 845 365 8736.

ammerjohn).
Antarctic sea ice exhibits high regional and seasonal variability
resulting from a complex interplay between atmospheric and
oceanic forcing (e.g., Zwally et al., 1983). Here, we focus specifically
on how winds, sea-ice drift, sea-surface temperature, and pre-
cipitation shaped regional sea-ice conditions leading up to and
during two International Polar Year (IPY) field campaigns that took
place in early spring (September-October 2007) in seasonal sea-ice
zones on opposite sides of the Antarctic continent. The U.S.-led Sea
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Ice Mass Balance Antarctica (SIMBA, 68-721S, 90-951W) field study
was a time series drift experiment that took place within pack ice of
the Bellingshausen Sea from 24 September to 27 October 2007
(Fig. 1A) (Lewis et al., 2011). The direction of SIMBA’s month-long
drift track was predominantly wind-driven and westward along the
Bellingshausen continental shelf slope, with one northeast then
southwest drift excursion. The Australian-led Sea Ice Physics and
Ecosystems eXperiment (SIPEX, 63-671S, 115-1301E) conducted 15
separate ice stations within the relatively narrow (north-south)
seasonal sea-ice zone off East Antarctica from 9 September to 11
October 2007 (Fig. 1B) (Worby et al., in press). Apart from one fast-ice
station, all stations were within the pack ice and mostly along the
continental shelf slope. Though sampling strategies were different
between the two projects, scientific objectives were similar and
focused on understanding the physical and biogeochemical pro-
cesses within the sea-ice environment, the couplings between them,
and how these may be altered by climate change.

Here we present a regional and circumpolar assessment of se-
ice conditions during IPY 2007 that complements detailed in situ

snow and sea-ice studies (e.g., Leonard and Cullather, 2008; Lewis
et al., 2011; Toyota et al., in press; Worby et al., in press; Xie
et al., 2011, and others in this volume) and provides the contextual
environmental setting for the physical, biological and biogeochem-
ical parameters and processes observed and measured during
SIMBA, SIPEX and other Antarctic field campaigns in 2007.
Fig. 1. Maps of the (A) SIMBA and (B) SIPEX cruise tracks (bold lines) and study regions. SIM

the two black dots, while black dots along SIPEX’s westward cruise track demarcate the lo

dashes trace the westward drift tracks of ice buoys: three deployed on summer sea ice

during SIPEX on 12 September 2007 (Heil et al., in press); triangles indicate deploymen
Our examination of how winds, sea-ice drift, sea-surface tempera-
ture, and precipitation affected regional sea-ice conditions within
the context of circumpolar variability and known climate anoma-
lies during IPY 2007 (e.g., Levinson and Lawrimore, 2008) is also
relevant to the study of sea-ice processes in general. Whereas wind
forcing is typically the dominate control determining sea-ice extent
and length of ice season (e.g., Massom et al., 2008; Stammerjohn
et al., 2008), precipitation, and hence, snow depth, exert consider-
able control on the growth and development of Antarctic sea ice
(Sturm and Massom, 2009). The insulating effect of snow limits ice
growth (e.g., Fichefet et al., 2000), but can also contribute sig-
nificantly to thickening through snow ice formation (Maksym and
Jeffries, 2000). Snow-ice formation also plays an important role in
governing sea-ice ecosystems (e.g., Fritsen et al., 1994). There also
is some suggestion that increased snowfall will lead to greater sea-
ice extent (e.g., Fichefet and Morales Maqueda, 1999). Therefore,
within this context, we include an analysis of precipitation and
snow depth, alongside winds and sea-surface temperature, in our
discussion of factors contributing to regional sea-ice variability.

The mean sea-ice conditions in the SIMBA and SIPEX regions
are known to be very different (e.g., Gloersen et al., 1992). Mean
(1979-2007) September sea ice in the SIMBA region (90-951W)
extends from approximately 641 to 721S (�890 km north-south),
whereas in the SIPEX region (between 115-1301E), it extends from
approximately 61.51 to 66.51S (�560 km north-south). Other
BA’s predominantly westward month-long drift track includes the section between

cation of 15 ice stations. Bathymetric contours and land/ice shelves are in grey. Black

prior to SIMBA in March 2007 (Ted Maksym, unpublished data), and four deployed

t locations.
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differences include greater sea-ice thickness in the SIMBA region
(Worby et al., 1996; Worby et al., 2008a) and deeper snow cover
(Markus and Cavalieri, 1998; Worby et al., 2008b). Observations
also indicate that the deeper snow cover on sea ice in the
Bellingshausen Sea results in widespread surface flooding and
warmer sea ice, making it the warm ‘end-member’ of the Antarctic
spectrum (Perovich et al., 2004).
Fig. 2. Daily time series of NNR wind speed and direction for the (A, B) SIMBA and (C, D)

averaged over 68-711S, 90-951W (solid curve and vectors) or extracted for 69.5 1S/93.751

were averaged over 63-671S, 115-1301E (solid curve and vectors) or extracted for 63.8

indicates where winds are blowing to; a left pointing arrow indicates a wind blowing t
SIMBA took place in the western Bellingshausen Sea (here
delimited by the Antarctic Peninsula and 1001W). As described
by Jacobs and Comiso (1997), this was in an area renowned for its
heavy multi-year sea-ice cover and was the region through which
the beset Belgica drifted westward during 1898-99. Based on the
modern satellite sea-ice record, however, the summer sea-ice cover
in the southern Bellingshausen Sea showed widespread retreats
SIPEX study regions during the field campaigns. For the SIMBA region, winds were

W (dashed) and 71.41S/93.751W (dotted), respectively. For the SIPEX region, winds

1S/123.751E (dashed) and 65.71S/123.751W (dotted), respectively. Wind direction

o the west (i.e., an easterly wind).
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starting in the late 1980s (Jacobs and Comiso, 1993, 1997;
Stammerjohn et al., 2008). These summer sea-ice retreats were
associated with strong northerly winds and warm air temperature
(Jacobs and Comiso, 1997; Massom et al., 2006; Stammerjohn et al.,
2008). Consecutive summers of anomalously low summer sea-ice
extent, as was observed for 1989-1992, 1999-2001, 2007-2009,
suggest a possible additional influence by the ocean, e.g., weaker
surface currents or changes in upwelling of Circumpolar Deep
Water (Jacobs and Comiso, 1997). Since the ice-free summer period
of 1989-1992, which removed much of the thicker multi-year sea
ice from this region (Jacobs and Comiso, 1997), satellite observa-
tions of sea ice in the Bellingshausen Sea revealed more advance/
retreat episodes during winter (Harangozo, 2004, 2006) and a
tendency towards earlier spring sea-ice retreats (Massom et al.,
2006; Massom et al., 2008) and later autumn sea ice advances
(Stammerjohn et al., 2008). The apparent erosion of perennial sea
ice in the southern Bellingshausen Sea will likely affect adjacent
regions. Climatological sea-ice drift data indicate that most sea ice
produced in the Bellingshausen Sea is exported northward, except
for a coastal band (of variable width) that is exported westward to
the Amundsen Sea (e.g., Assmann et al., 2005).

In contrast, East Antarctica has little multi-year sea ice, less
snow, thinner first-year sea ice (Worby et al., 2008b), and no
significant sea-ice trends over 1979-2007 (Comiso and Nishio,
2008). Although relatively narrow, the East Antarctic sea-ice cover,
containing the SIPEX study region, comprises a series of recurrent
zones, each with distinct physical characteristics that reflect broad-
scale climatological patterns of atmospheric and oceanic circula-
tion and temperature (Massom et al., 1999). These zones are similar
to those found in the Bellingshausen Sea but occur over shorter
Fig. 3. Daily snapshots of SMMR-SSM/I sea-ice concentration and NNR winds for the gre

study region (68-711S, 90-951W), and the solid black and white contours outline the 15% (

white contours show the 1979-2007 monthly means for either September (A) or Octob
distances and comprise (i) a well-developed marginal ice zone;
(ii) an inner pack ice zone characterised by more stable conditions,
larger floe sizes and thicker snow cover; and (iii) a complex coastal
zone characterised by fast ice (Giles et al., 2008) and recurrent
latent heat polynyas (Massom et al., 1998). Climatological sea-ice
drift south of the Antarctic Divergence is predominantly westward
within the Antarctic Coastal Current, while that in the north is more
to the east, with a northward retroflection within the Prydz Bay
Gyre (Heil and Allison, 1999). In summer, sea-ice retreats to the
coast in most of this sector (Gloersen et al., 1992).
2. Data

To assess the regional and circumpolar ice-atmosphere-ocean
conditions during IPY 2007, we use satellite-derived and numeri-
cally-analyzed surface and atmospheric variables. These include
sea-ice extent, concentration, duration and motion, sea-surface
temperature, sea-level pressure, surface winds, cyclone density,
precipitation and snow accumulation.

Sea-ice concentration (SIC) and extent (SIE) for 1979-2007 are
from Version 2 of the Goddard Space Flight Center (GSFC) Bootstrap
Scanning Multi-channel Microwave Radiometer-Special Sensor
Microwave/Imager (SMMR-SSM/I) daily and monthly time series
(Comiso, 1999), augmented with Near Real Time Sea Ice daily data
for 2008 (Maslanik and Stroeve, 1999) (the latter are for qualitative
purposes only and not included in statistical analyses). Maps of sea-
ice advance and retreat are derived from the daily data by tracking
the ice edge through space and time (see Stammerjohn et al., 2008).
Ice season duration, and summer open-water duration, are
ater SIMBA region (60.51S-75.21S, 581W-1201W). The boxed area corresponds to the

i.e., ice edge) and 75% ice concentration contours, respectively. The dashed black and

er (B-F).
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determined from the time elapsed between day of advance and
subsequent retreat, and day of retreat and subsequent advance,
respectively.

Sea-surface temperature (SST) fields are from the NOAA OI.v2
monthly SST analysis derived from the optimum interpolation (OI)
version 2 fields (Reynolds et al., 2002). Numerically analyzed data
of sea-level pressure (SLP) and 10-m winds are from the National
Center of Environmental Prediction (NCEP) and National Center for
Atmospheric Research (NCAR) Reanalysis (NNR) Project (Kalnay
et al., 1996) and are used to infer monthly to seasonal changes in
regional storm activity. We use these data from 1979 onwards,
when the introduction of satellite data into the numerical data
analysis in late 1978 led to a marked improvement in the NNR data
for the Southern Ocean.

Cyclone density anomaly fields were derived from 6-hourly
mean sea-level pressure of NCEP-2 reanalysis (1979 – current)
using the University of Melbourne’s Automatic Cyclone Tracker
(Murray and Simmonds, 1991). The cyclone tracker uses a search
window for local maxima in the surface pressure relative to the
neighboring grid points. The location of a pressure minimum is
sought iteratively from the local maxima using ellipsoidal mini-
mization techniques. Only pressure systems that satisfy the mini-
mum concavity criterion (Simmonds, 2003), which ensures that
they are of meteorological significance, are considered in this
analysis.

Precipitation was derived from the European Centre for Medium
range Weather Forecasts (ECMWF) interim reanalysis. Although we
used NNR for SLP and 10-m winds and NCEP-2 for cyclone density,
ECMWF-derived precipitation was preferred, since it compares
reasonably well with available field data (Leonard and Cullather,
Fig. 4. Daily snapshots of SMMR-SSM/I sea-ice concentration and NNR winds for the great

region (63-671S, 115-1301E), and the solid black and white contours outline the 15% (i.e. ic

contours show the 1979-2007 monthly means for either September (A-D) or October (
2008; Marshall, 2009) as described below and is less prone to
spurious wave patterns that would greatly affect regional estimates
(Cullather et al., 1998). There is less convincing evidence that NNR-
derived precipitation data compare as well. In contrast, ECMWF- and
NNR-derived SLP and 10-m winds are similar (e.g., Bromwich et al.,
2007), but we chose to use the NNR-derived data, because NNR
provides a longer time series (here starting in 1979) and facilitates
comparison with other relevant studies (e.g., Stammerjohn et al.,
2008; Vancoppenolle et al., 2011).

Qualitative comparisons of monthly mean ECMWF precipita-
tion against precipitation reports from three Antarctic bases reveal
that the re-analysis successfully captured the seasonal cycle of
precipitation at these coastal sites (Marshall, 2009). Over Antarctic
sea ice, the accuracy of precipitation analyses is not well known, as
there are few accumulation data to validate the reanalysis data.
However, Leonard and Cullather (2008) showed that there was
reasonable correspondence between precipitation events from the
ECMWF operational forecasts and ship-based measurements in the
Bellingshausen Sea. Despite possible limitations in the spatial
distribution of snowfall (Maksym and Markus, 2008), this suggests
that the ECMWF reanalysis is at least capable of resolving quali-
tative inter-annual variations in precipitation. To avoid forecast
errors due to model spin-up, the daily average precipitation was
determined as in Marshall (2009). We used precipitation rather
than P-E as evaporation will dominate over leads and other open
water areas. No correction was made to exclude liquid precipita-
tion. This may be a significant portion of total precipitation close to
the ice edge at lower latitudes (Sturm et al., 1998).

Snow depth was estimated from Special Sensor Microwave/
Imager (SSM/I) brightness temperatures using the algorithm of
er SIPEX region (56.21S-69.51S, 901E-1501E). The boxed area corresponds to the study

e edge) and 75% ice concentration contours, respectively. The dashed black and white

E-F).
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Markus and Cavalieri (1998), modified for use with bootstrap sea-
ice concentrations (Comiso and Nishio, 2008) as described in
Maksym and Markus (2008). The algorithm was updated by
calibrating it against observed snow depths from the full ASPeCt
dataset (Worby et al., 2008a). Compared with the original algo-
rithm, snow depths tend to be on average about 2 cm lower. For
analyzing snow depth anomalies as in this paper, the differences
are negligible. Since the SSM/I footprint of approximately 625 km2

integrates over flat and ridged areas of individual floes, the snow-
depth product must be regarded as an areal averaged estimate.
Passive microwave snow depth is prone to errors due to snow
properties (Markus and Cavalieri, 2006) and deformed sea ice
(Worby et al., 2008b). Despite these limitations, the dataset
appears to capture some features of regional and interannual
variability (Maksym and Markus, 2008; Markus et al., 2006).
This suggests that interannual variations in snow depth are
qualitatively discernable in the satellite-derived dataset. For
comparison with snow depth, we also derived the potential total
snow accumulation on sea ice. For this, precipitation accumulated
over several months prior to the field experiments was computed,
but only where sea ice was present in a given month, so that the
precipitation over open-ocean was excluded. This is a maximum
potential accumulation, as it does not account for reductions in
mean snow depth due to sea-ice divergence, blowing snow, or
snow-ice formation.

Information on regional scale sea-ice motion is derived from
satellite passive microwave brightness temperature data (Fowler,
2003). Daily gridded fields were obtained from the US National
Snow and Ice Data Center (http://nsidc.org/data/nsidc-0116.html)
at a spatial resolution of 25 by 25 km. We also show the drifting
Fig. 5. May-October 2007 (A-F) monthly means of SMMR-SSM/I sea-ice concentration an

Regions and solid/dashed contours defined as in Fig. 2A but for the months May-Octob
satellite-tracked buoys deployed prior to SIMBA (Fig. 1A, Maksym,
unpublished data) and during SIPEX (Fig. 1B, for full analysis, see
Heil et al., in press).
3. Results

We begin our assessment of regional sea-ice conditions in the
SIMBA and SIPEX regions by examining the daily sea-ice and wind
conditions during the time of the field campaigns (September-October
2007). We next examine the regional monthly conditions leading up to
and during the field campaign, starting with May, which captures
anomalies associated with the sea-ice advance, and ending with
October. Over both the daily and monthly time scales we investigate
the general correspondence between regional winds, sea-ice extent
and drift. The regional analysis is then placed into the context of
circumpolar variability, where 2007 monthly (May-October) anomalies
in SST, SLP and SIC (with respect to 1979-2007) are presented for
evaluating the simultaneous occurrence of ice-atmosphere-ocean
surface anomalies. We conclude with an examination of anomalies
in the timing of the 2007 sea-ice advance and subsequent retreat in
relation to storm density, precipitation and snow depth to characterize
the regional distribution of snow on sea ice.

3.1. Daily Winds and Sea-Ice Conditions during SIMBA and SIPEX

Time series of daily wind speed and direction for both study
regions (Fig. 2) highlight high- and low-wind days (open circles in
Fig. 2A and C) for which we show the regional wind and sea-ice
conditions (Figs. 3 and 4). Detailed studies of daily meteorological
d NNR monthly wind anomalies (based on 1980-2007) for the greater SIMBA region.

er.

http://nsidc.org/data/nsidc-0116.html
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conditions at the field sites and the corresponding snow and sea-ice
conditions are featured elsewhere (Leonard and Cullather, 2008;
Lewis et al., 2011; Vancoppenolle et al., 2011; Worby et al., in press;
Xie et al., 2011). Here we are interested in the general correspon-
dence between daily regional winds and sea-ice extent changes
that led to strong and weak surface forcing events while SIMBA and
SIPEX were underway.

Six daily snapshots of regional wind and sea-ice conditions
during SIMBA (Fig. 3) show large negative ice-edge anomalies,
particularly east of SIMBA where northerly winds prevailed. In
spite of this anomalously early spring sea-ice retreat, there was a
short period of ice edge advance between October 7-17, again
largely to the east of SIMBA and during a time of weaker winds with
a more southerly component in that area. At the SIMBA study site,
Fig. 6. May-October 2007 (A-F) monthly means of SSM/I sea-ice motion for the
sea-ice concentrations were near 100% and drift was largely
unconstrained (in free drift). Changes in ship drift track (Fig. 1A)
followed these quasi-weekly changes in wind directions (Fig. 2B),
e.g., with initial drift to the west/northwestward during south-
easterly winds, followed by eastward drift during northwesterly
winds, and northeastward during westerly winds, and so on.

Six daily snapshots of regional wind and sea-ice conditions
during the SIPEX campaign (Fig. 4) show large negative ice-edge
anomalies northwest of SIPEX but heavier pack ice conditions
within and east of SIPEX (i.e. the 75% sea-ice concentration contour
was north of its mean monthly position). Sea-ice conditions did not
appear to change substantially over this time period, though west
of SIPEX (near the plotted edge at 901E), there was an ice edge
advance due to persistent southerly winds. There was some
greater SIMBA region (as defined in Fig. 2). See Fig. 8 for drift speed legend.
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ice-edge retreat to the northwest of SIPEX between September 14
and 23 (associated with northerly winds), but the ice edge
appeared to recover (re-advance) with more southerly winds after
September 23. Within the SIPEX region, winds were mostly easterly
to southeasterly over the study period (Fig. 2D), and together with
the prevailing westward coastal current, lead to westward sea-ice
drift as indicated by buoys deployed on September 12 in the eastern
SIPEX region (Fig. 1B, Heil et al., in press).
3.2. Monthly Winds, Sea Ice and Drift Conditions Leading up to SIMBA

and SIPEX

Monthly-averaged sea-ice concentrations from May to October
for the greater SIMBA region (Fig. 5) show negative ice-edge
anomalies (i.e., the 15% sea-ice concentration contour is south of
the monthly mean) in all months leading up to and during SIMBA.
Monthly wind anomalies are also shown and correspond well with
sea-ice extent changes, particularly for the inner pack-ice region as
highlighted by the 75% sea-ice concentration contour. In contrast to
ice-edge extent, the inner pack-ice extent shows region-wide
negative extent anomalies in May (in association with northerly
winds), but near average extent from June to August (in association
with southerly winds). In September, negative ice-edge and inner
pack-ice-extent anomalies appear again (in association with strong
northerly winds), particularly within and east of the SIMBA study
area, and in October the west-east contrast persists with less
pronounced negative ice-edge anomalies in the west due to
southerly winds in that sector.

Monthly-averaged sea-ice motion for the greater SIMBA region
(Fig. 6) corresponds closely with monthly averaged wind
Fig. 7. May-October 2007 (A-F) monthly means of SMMR-SSM/I sea-ice concentration an

Regions and solid/dashed contours defined as in Fig. 2B but for the months May-Octob
anomalies. The large negative ice-edge anomalies in May
(Fig. 5A) were associated with south and westward ice drift and
the export of sea ice from the Bellingshausen Sea to the Amundsen
Sea. With mostly southerly winds from June to August, sea-ice drift
was northward and assisted the late advance of the ice edge north
of the SIMBA region. That ice-edge advance was partially reversed
by strong northerly winds in September, which caused southward
drift within and east of the SIMBA region, only to be reversed again
in October with strong northward drift within and west of the
SIMBA region. Overall, there was net northward sea-ice drift over
the May-October 2007 time period. In spite of this, the ice edge
remained south of its mean location. As will be shown below, SSTs
were anomalously warm equatorward of the pack ice and likely
contributed to the negative ice-edge anomaly. Compared to mean
(1988 to 2007) ice-drift rates, drift anomalies in the SIMBA region
during 2007 (not shown) were marked by higher than usual
westward motion, while to the west of SIMBA an increased
north-eastward flow was observed. Together they resulted in
greater-than-average cyclonic ice motion in the region.

Monthly-averaged winds and sea ice for the greater SIPEX region
(Fig. 7) show negative ice-edge (and inner pack ice extent) anomalies
to the north and west of SIPEX from May to October, largely
associated with northerly wind anomalies in May, July and Sep-
tember (with weaker wind anomalies in June and August). However,
of particular note is the northward sea-ice drift in August in the area
of 105-1151E (Fig. 8D) that failed to advance the ice edge in this
region (Fig. 7). Similar to SIMBA, SSTs were anomalously warm
equatorward of the pack ice and may explain the persistent negative
ice-edge anomaly in this area. However, in the far west (near 901E),
the ice edge did eventually reach its mean location in October
(Fig. 7F) in association with overall stronger southerly winds and
d NNR monthly wind anomalies (based on 1980-2007) for the greater SIPEX region.

er.



Fig. 8. May-October 2007 (A-F) monthly means of SSM/I sea-ice motion for the greater SIPEX region (as defined in Fig. 2).

S. Stammerjohn et al. / Deep-Sea Research II 58 (2011) 999–1018 1007
northward sea-ice drift from August to October (Fig. 8 D-F). In
contrast, to the east of SIPEX (130-1401E), ice edge and inner pack-ice
extent anomalies were mostly equatorward of the mean from May to
October in association with southerly wind anomalies (Fig. 7),
northward sea-ice drift (Fig. 8), and as will be shown below, cool
SSTs equatorward of the pack ice.

Within the SIPEX region, wind anomalies were weak and mostly
easterly in May and June (though difficult to see in Fig. 7 A-B given
the short vector lengths), and sea-ice drift was slow and westward
(Fig. 8 A-B), following the coastal current (Heil et al., in press). From
July to September, wind anomalies became moderate and north-
easterly (Fig. 7 C-E), and the westward sea-ice drift strengthened
(Fig. 8 C-D). In October, and despite moderate easterly winds
(Fig. 7F), westward sea-ice drift slowed relative to the preceding
three months (Fig. 8F). Compared to the overall SSM/I record (not
shown), the SIPEX region experienced an increased westward flow
in 2007, while the eastern SIPEX area was marked by higher
northward ice motion. Thus, in contrast to the strong northerly
winds and southward sea-ice drift during September in the SIMBA
region (Figs. 5 and 6E), the SIPEX region experienced relatively mild
wind conditions and moderate but persistent westward sea-ice
drift (Figs. 7 and 8E).

To summarize the sea-ice extent changes and to show how year
2007 compared to the 1979-2008 satellite record, time series of
regionally-averaged sea-ice extent for the greater SIMBA and SIPEX
regions is shown in Fig. 9. For both regions, monthly sea-ice extent
was below average for most months (Fig. 9A, Table 1). The low
annual sea-ice extent in the SIMBA region in 2007 (Fig. 9B) follows
the overall downward trend observed in this area (Comiso and
Nishio, 2008) (Table 2), with the following year (2008) being the
lowest year yet observed. In contrast, the SIPEX region shows a
weak positive trend in annual sea-ice extent (Fig. 9B), but with



Fig. 9. Time series of SIMBA (68-711S, 85-1001W) and SIPEX (63-711S, 115-1301E) regional averages of (A) 2007 monthly sea-ice extent (km2) (dotted curves show 1979-2007

mean annual cycle), (B) 1979-2007 annually (January-December) averaged sea-ice extent (km2), (C) 1979-2007 ice season duration (days), (D) 1979-80 to 2007-08 open water

duration (days), and (E) SIMBA and (F) SIPEX 1979-80 to 2007-08 anomalies in the timing of sea ice retreat and subsequent advance (in days). Trend lines are shown for (B-F).
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2007 and 2008 as negative departures. (The other sea-ice time
series in Fig. 9 C-F will be discussed further below.)
3.3. Circumpolar Distributions of Ice-Ocean-Atmosphere Anomalies

in 2007

We now place the regional sea-ice studies into a circumpolar
context relative to mean (1979-2007) conditions by analyzing
monthly anomaly maps of SIC, SST and SLP (Fig. 10). We then
examine circumpolar anomalies in the timing of autumn sea-ice
advance, spring retreat and resulting ice-season duration (Fig. 11).

From May to October, the SIMBA and western SIPEX regions show
negative SIC anomalies with warm SSTs equatorward of the ice edge
(Fig. 10). Elsewhere, the SIC anomalies are mostly positive and SST’s
are cool south of 551S. The spatial extent of the low SIC/warm
SST anomalies in the southeast Pacific extends well beyond the
SIMBA region and includes the entire Bellingshausen and Amundsen
seas (60-1301W) for all months except October, though high SIC
anomalies appear along the coast in July-August in the Bellingshau-
sen and Amundsen seas. Similarly, and west of SIPEX, the low SIC/
warm SST anomalies extend to 801E, though starting in July there is a
westward expansion of positive SIC anomalies along the coast into
this region. The regional pattern of warm SSTs in the greater SIMBA
and SIPEX regions, with cooler SSTs particularly in the Ross and
western Weddell seas, was still evident in December (not shown)
though with decreased spatial extent and magnitude.

The negative ice-edge anomalies (Figs. 5 and 6) and low SIC in
the SIMBA and western SIPEX region from May to September are
consistent with the anomaly observed in the timing of sea-ice
advance (Fig. 11A, see also Stammerjohn et al., 2008). In both
regions, sea-ice advance was late, by up to 2 months in some areas



Table 1
Summary of various sea-ice variables for the SIMBA (68-721S, 85-1001W) and SIPEX

(63-671S, 115-1301W) regions for year 2007 as compared to the 1979-2007 mean (in

parentheses). Sea-ice extent is the area inside the ice edge as defined by the 15% sea

ice concentration contour. Annual sea-ice extent is calculated from monthly

averages and is based on the calendar year (January-December). Sea-ice advance

and retreat are determined from daily sea-ice extent time series (for each imaged

pixel) and are based on the seasonal sea-ice year that begins and ends during the

mean summer minimum (i.e., starting on year day 46, February 15, and ending on

year day 410, February 14 of following year). Ice season duration is the time (in days)

between the autumn advance and subsequent spring retreat. Conversely, the

summer open water (OW) period is the time between the spring retreat and

subsequent autumn advance.

Sea Ice Variable SIMBA SIPEX

2007 Annual SIE (km2) 370895 (421285) 209812 (237787)

2007 September SIE (km2) 540896 (638635) 366139 (384214)

2007 October SIE (km2) 454534 (582078) 303441 (369348)

2006-07 Retreat (day) 373 (1/8) [383 (1/18)] 353 (12/19) [370 (1/5)]

2007 Summer OW (days) 87 (65) 117 (96)

2007 Advance (day) 94 (4/4) [81 (3/22)] 105 (4/15) [101 (4/11)]

2007-08 Retreat (day) 377 (1/12) [383 (1/18)] 375 (1/10) [370 (1/5)]

2007-08 Ice Season (days) 284 (302) 271 (270)

Table 2
SIMBA and SIPEX regional sea-ice trends over 1979-2007.

SIMBA SIPEX

Annual extent

(km2/yr)

�218671134 (p¼0.03) +2777686 (p¼0.35)

Ice duration

(days/yr)

�2.0070.64 (po0.01) �0.0570.44 (p¼0.46)

Sea ice advance

(days/yr)

+0.9970.31 (po0.01) �0.4070.28 (p¼0.09)

Sea ice retreat

(days/yr)

�0.9270.25 (po0.001) �0.2670.21 (p¼0.12)

Summer open water

(days/yr)

+1.9070.51 (po0.001) �0.1370.41 (p¼0.37)
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compared to the mean, while in the eastern SIPEX region sea-ice
advance was early. The subsequent sea ice retreat anomaly map
(Fig. 11B) shows weaker anomalies in these two regions and more
spatial variability overall. East of SIMBA, sea-ice retreat was early
but north and west of SIMBA it was average to late due to the noted
changes in October, i.e. the southerly winds and northward sea-ice
drift (Figs. 5 and 6F). In the SIPEX region, sea-ice retreat was late in
the coastal region but early offshore. The resulting ice season
duration map (Fig. 11C) reflects the strong anomalies in sea-ice
advance, showing shorter-than-average ice-season duration in the
SIMBA and western SIPEX regions, particularly east of SIMBA and
west of SIPEX where the duration was up to 3 months shorter.

Within the SIMBA study area, the 2007 advance was 13 days later,
and the retreat 6 days earlier, compared to the mean (Table 1). As
with annual sea-ice extent, the short ice-season duration in year 2007
(Table 2) was a continuation of downward sea-ice trends in this
region (�2 days/year, Stammerjohn et al., 2008), such that ice-season
duration was about 58 days shorter in 2006-07 (and 2007-08) than it
was in 1979. In the SIPEX region, because of the east-west differences
(which average out), the 2007 advance, retreat and duration anomalies
are fairly weak (Tables 1 and 2, and Figs. 9C and 11D).

In both the SIMBA and SIPEX regions, the late sea-ice advance
followed an unusually long ice-free summer period (Fig. 9D). The
onset of the ice-free summer period is determined by the preceding
spring sea-ice retreat (in 2006-07), which was early in both the
SIMBA and SIPEX regions (Figs. 9E and 9F, Table 1) and in fact was
the earliest yet observed in the SIPEX region (since 1979),
contributing to the 2nd longest ice-free summer observed there
(Fig. 9D). Further, the regions of warm SSTs were just offshore of the
regions showing early 2006-07 sea-ice retreat (not shown) and late
2007 sea-ice advance (Fig. 11A), i.e. between 801-1201E (including
the western SIPEX region) and 801-1401W (including the SIMBA
region), and to a lesser degree between 301-601E as well. The map of
May SST anomalies (Fig. 10A) shows that the warm SSTs extended
well northward of the ice edge and likely resulted from meridional
advection of heat associated with the regional atmospheric circu-
lation anomalies (i.e. the wave-3 pattern evident in Fig. 11A).
Increased solar ocean warming is expected to have occurred in
those areas that had anomalously long ice-free summers, including
the SIMBA and SIPEX regions, and as mentioned above, likely
contributed to the delays in sea-ice advance.
3.4. Circumpolar Distributions of Cyclones, Precipitation and Snow

Depth on Sea Ice in 2007

The annual cyclone density for 2007 (Fig. 12) shows positive
anomalies in both the eastern Bellingshausen Sea (601-901W) and
SIPEX regions (1101-1301E), as well as in the northwestern Ross Sea
(701S, 1601E-1701W) and the southern Weddell Sea (751S, 301W).
Combining this picture of greater-than-average storm forcing in
both the SIMBA and SIPEX regions with the previously discussed
sea-ice conditions, we now turn to monthly precipitation and
snow-depth anomalies.

To examine the role of snowfall and accumulation on sea-ice
conditions before and during the field experiments, we compare
ECMWF estimates of precipitation with satellite passive micro-
wave snow depth. In the SIMBA region, precipitation was anom-
alously high (relative to the 1989-2007 mean) in May (Fig. 13A),
consistent with the observed stormy conditions (Fig. 10A) and
northerly winds (Fig. 5A). However, this coincided with anom-
alously low sea-ice extent, so much of this precipitation fell on open
water. Precipitation in July and August was anomalously low, so the
total snowfall on ice in the western Bellingshausen during the 2007
austral winter was low (Fig. 14A). This suggests that snow ice
formation prior to SIMBA may have been minimal. Heavy snowfall
during September (Fig. 13E), consistent with the broad low-
pressure anomaly across the region (Fig. 10E), nearly doubled
the amount of snowfall available for accumulation at the SIMBA
study site (i.e. Fig. 14A vs. 14B).

Any thin ice receiving such heavy snowfall during September
would have been susceptible to flooding, unless winds redistrib-
uted unconsolidated snow from areas of thin sea ice to thicker more
ridged (deformed) sea ice, as observed during the drift experiment
(Leonard and Cullather, 2008; Lewis et al., in press). Snow depths
observed at the beginning of the SIMBA drift experiment (29
September) were strongly influenced by a storm that preceded
initial measurements on the ice floe (maximum hourly wind speeds
of 30 m/s on 27 September, Vancoppenolle et al., 2011). Sustained
high and directionally consistent winds could easily have eroded
most available snow from level ice regions and deposited it in the
lee of ridges and into leads. Similar wind-driven redistribution was
regularly observed following weaker storms during the course of
the drift experiment, leading to low accumulation recorded by Ice
Mass Balance buoys on level ice, while much higher values were
measured in ridged areas (Lewis et al., 2011).

In the East Antarctic sector, precipitation anomalies leading up
to the field campaigns were zero to negative, with the exception
being the positive anomalies in the greater western SIPEX region
901-1201E (Fig. 13). The stormiest month in 2007 in the SIPEX
region (based on pressure anomalies) was May (Fig. 10A), corre-
sponding with the most positive precipitation anomaly in the
western SIPEX area. Because sea-ice extent was anomalously low in
the SIPEX region in May, much of this precipitation also fell on open



Fig. 10. May-October 2007 circumpolar monthly anomalies (based on 1979-2007) of Reynolds sea-surface temperature (SST) in color shading, SMMR-SSM/I sea ice

concentration (color contours) and NNR sea-level pressure (black contours, dotted negative, solid positive).
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water. Despite this, the consistently positive precipitation anoma-
lies throughout winter and into spring led to high potential
accumulation rates in the western SIPEX region (Fig. 14A-B). We
stress that this represents potential accumulation, as ice diver-
gence, blowing snow and snow-ice formation will reduce the actual
snow accumulation (Maksym and Markus, 2008). In addition, some



Fig. 11. Year 2007 circumpolar anomalies (based on 1979-80 to 2007-08) in the (A) timing of sea ice advance (B) timing of sea-ice retreat (C) ice season duration, and (D) the

1979-80 to 2007-08 trend in ice season duration (the black contour delimits the 0.01 significance level). Color contours in (A) and (B) correspond to seasonal sea-level pressure

anomalies for March-April-May and September-October-November, respectively (i.e. the months during which sea ice begins its advance and retreat, respectively).
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of this precipitation may have been liquid, which also may have a
negative influence on snow depth (Massom et al., 2001).

Next, we present the evolution of the satellite-derived snow
depth (Fig. 15). For the SIMBA region, deep snow in 2007 was
initially restricted to the west of the study area and north of
Thurston Island (72.11S, 99.01W). This feature, as observed in May
(Fig. 15A), extended into the Amundsen Sea and was a band of
multi-year sea ice. Of note is the apparent increase in size of this
band and deepening snow in July (Fig. 15C). The sea-ice drift
information does not suggest that the band moved significantly
eastward. Rather, sea ice was advected northwards away from the
coast in June and July (Fig. 6B and C). The increase in sea-ice
concentration in the interior pack in July (Fig. 10C) suggests that
there was widespread convergence, so precipitation would have
increased the average snow depth (i.e., less lost into leads through
openings in the ice cover). A subsequent decrease in snow depth in
August (Fig. 15D) reflected the anomalously high export of sea ice
from the Bellingshausen Sea to the Amundsen Sea (Fig. 6D). The net
effect of ice export and reduced snowfall leading up to September
contributed to negative September snow depth anomalies
(up to �0.08 m, Fig. 16A) in the Bellingshausen Sea. The SIMBA
study region itself was located in the transition region between
negative and positive snow depth anomalies to the east and west of
901W (Fig. 16), where in situ measurements at SIMBA in October
showed average to above average snow depths (Lewis et al.,
2011).



Fig. 12. Year 2007 circumpolar cyclone density (A) mean and (B) anomaly (based on

1979-2008). The anomalies in the SIMBA and SIPEX region deviate more than 72

standard deviations from the mean.
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In the SIPEX region, snow depths were generally between
0.10-0.15 m and in September-October snow-depth anomalies
were near zero or slightly negative (Fig. 16). Passive microwave
snow depth is known to underestimate snow depth in the East
Antarctic sector (Worby et al., 2008a). However, the 2007 SIPEX
snow depths (Fig. 15) are comparable to previous observations of
springtime snow depths (albeit limited) given by Massom et al.
(2001) and Worby et al. (1998). Mean snow depth in 2007 did not
change significantly between July and September despite the high
precipitation rate. The contrast between high precipitation and
relatively thin snow cover was previously noted for this region
(Maksym and Markus, 2008) and is discussed further below.
4. Discussion

The most recent estimates of Antarctic monthly sea-ice extent
changes over 1978-2006 (Cavalieri and Parkinson, 2008; Comiso
and Nishio, 2008) show an overall increasing trend of +0.970.2%
per decade, though regionally the two largest but opposing trends
are in the Ross Sea (+4.2% per decade) and Bellingshausen and
Amundsen seas (�5.7% per decade) (Comiso and Nishio, 2008).
Further, circumpolar averaged sea-ice extent in September 2007
was the second highest (after 2006) based on our analysis of the
1979-2007 record. Somewhat coincidentally SIMBA and SIPEX
happened to sample the two regions showing the largest negative
sea-ice anomalies in the Southern Ocean in 2007. As illustrated
above, the sea-ice conditions encountered during SIMBA and SIPEX
resulted from a complex interplay between winds, surface ocean
conditions, snowfall, sea-ice drift and deformation. Here, we
discuss the implications of the regional ice-atmosphere-ocean
anomalies on snow distribution in particular, and then we discuss
the known climate conditions during IPY 2007.
4.1. Implications of Precipitation, Delayed Sea-Ice Advance and Sea-

Ice Drift on Snow-Depth Anomalies

In general, estimates of precipitation from atmospheric reana-
lysis indicate particularly high amounts in the SIMBA and SIPEX
study areas (e.g., Cullather et al., 1998), although the effects on
snow and sea-ice mass balance differ somewhat between the two
regions. Sea ice in the Bellingshausen Sea is characterized by
relatively deep snow (Adolphs, 1998; Worby et al., 1996), and a
large snow-ice fraction (Jeffries et al., 2001). East Antarctic sea ice
typically has somewhat thinner snow and less snow-ice formation
(Worby et al., 1998). Ship-based observations indicate that the
greatest contrasts between the SIMBA and SIPEX regions occur in
summer (Worby et al., 2008b), whereas those derived from satellite
passive microwave observations indicate greater contrasts year-
round (Markus and Cavalieri, 1998). The latter may partly reflect
the effects of variable amounts (year-to-year) of multi-year sea ice
in the Bellingshausen Sea on the snow-depth retrieval algorithm.

As shown here for year 2007, the relationship between pre-
cipitation and accumulation is modest and depends on the relative
timing of precipitation events and sea-ice advance. Further, the
regionally-averaged snow depth is also a function of the snow-to-
ice conversion rate and the rate of new ice production, which
initially has no snow cover and so reduces the mean snow depth
(Maksym and Markus, 2008). Thus, differences in snow depth and
snow-ice formation rates between the SIMBA and SIPEX regions
may be partly due to higher rates of divergence and new ice
formation in the East Antarctic pack ice compared to the southern
Bellingshausen Sea.

For the SIMBA region, low precipitation leading up to September
(Fig. 13), low initial sea-ice extent (Fig. 5), and increased sea-ice
export (Fig. 6) all contributed to low snow depth during SIMBA
(Figs. 15 and 16). How this might affect the ice mass balance is
unclear. While thin snow could promote sea-ice growth due to the
decreased insulation from cold winter air temperatures, it might
also lead to decreased flooding and low rates of snow-ice produc-
tion, thus contributing less to ice thickening. As mentioned,
blowing snow may also have contributed to the thin snow cover
that was observed on level ice at SIMBA (Leonard and Cullather,
2008).

Despite higher-than-average precipitation in the western SIPEX
region in the months leading up to the experiment (Fig. 13), snow
depth did not increase significantly (Figs. 15 and 16). This
may indicate an increased rate of snow-ice formation. SIPEX
observations show that about 8-18% of the pack ice was snow



Fig. 13. May-October 2007 ECMWF precipitation anomalies (based on 1989-2007). Units are in cm water equivalent.
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ice (Meiners et al., 2011; van der Merwe et al., 2009), which is
at the lower end of the range derived from prior data collected in
the East Antarctic pack ice (Massom et al., 2001). Hence, snow
depth here may largely be independent of the accumulation rate
and determined more by the rate of ice divergence (Heil et al.,
in press).
4.2. Climate Anomalies in 2007

The positive SST anomalies in the greater SIMBA and western
SIPEX regions seen in May 2007 (Fig. 10A) were apparent as early as
February (not shown) and similarly extended from mid-to-high
latitudes. During February, the SST anomalies were coincident with



Fig. 14. Potential total snow accumulation as represented by total precipitation over sea-ice, integrated over: (A) June-August, (B) June-September and corresponding

anomalies (C) June-August, (D) June-September. Units are in cm of snow equivalent using an assumed density of 350 kg m�3 (based on Massom et al., 2001) for direct

comparison to snow depth (e.g., Fig. 13).
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two high-pressure (blocking) anomalies centered southwest of New
Zealand (551S, 1501E) and west of southern South America (551S,
1001W) that are apparent even in seasonal (January-April) averages
(see Figure 5.22 a,b in Levinson and Lawrimore, 2008). These
blocking highs led to the incursion of warm air into high latitudes
along their western limbs and likely contributed to the observed
positive SST anomalies. As the Southern Hemisphere transitioned
into autumn, storm tracks intensified southward in accordance with
the Semi-Annual Oscillation (van Loon, 1967), revealing a wave-3
pattern (Raphael, 2004) in SLP for the March-April-May seasonal
mean (Fig. 11A). The deep low pressure anomalies centered on
1601W and 901E continued delivering warm northerly winds to the
SIMBA and SIPEX regions, contributing to the southward extension
of warm SSTs observed in May (Fig. 10A). Together with converging
(northerly) winds (Figs. 5 and 7) and inferred summer solar
ocean warming (due to anomalously long ice-free summers in
these regions, Fig. 9), autumn sea-ice advance was delayed
(Fig. 11A). The wave-3 pattern weakened slightly during winter
(June-July-August, not shown), then strengthened somewhat again
during spring (September-October-November, Fig. 11B), thus assist-
ing in the persistent negative ice-edge anomalies and warm-ocean
conditions in these regions.

The year 2007 was therefore quite unusual in that the warm SST
pattern in the greater SIMBA and SIPEX regions persisted for most
of the year, regionally intensified by an atmospheric wave-3
pattern developed in austral autumn and was in turn facilitated
by an overall weaker zonal (westerly) circulation (Marshall, 2007).
Indeed, year 2007 marked a hiatus in the trend towards a more
positive Southern Annular Mode (SAM) with its associated
strengthened circumpolar westerly winds (Marshall, 2003). From
March to October, the SAM was negative and the westerly circula-
tion was relatively weak, until late in the year (December)
(Levinson and Lawrimore, 2008), when the SAM became positive
again. In short, the weakened zonal circulation allowed for stronger
meridional circulation, first in association with the blocking highs
in February and then in association with the wave-3 pattern in the



Fig. 15. May-October SSM/I-derived snow depth on sea ice.
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subsequent autumn and spring. As a consequence, there was
enhanced southward penetration of warm maritime air, reaching
even the continental interior, where warming exceeded 2 standard
deviations in the mid-to-lower troposphere (see Fig 5.21 in
Levinson and Lawrimore, 2008).

The atmospheric circulation anomalies in 2007 helped to
explain the anomalous sea-ice conditions in the western SIPEX
region in particular, where annual se-ice extent in 2007 was a
negative departure from an otherwise slightly positive trend. The
positive trend in sea ice, almost everywhere but in the Belling-
shausen and eastern Amundsen Seas, has been explained as
resulting from a more positive SAM and stronger westerly winds,
which contribute to positive ice-edge anomalies via wind-driven
northward sea-ice drift (e.g., Stammerjohn et al., 2008). In contrast,
in the Bellingshausen and eastern Amundsen sea regions, a more
positive SAM is associated with intensified atmospheric low



Fig. 16. Snow depth anomaly (based on 1989-2007) for (A) September, and (B) October. The black contours enclose those anomalies with greater than 71 standard deviation.
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pressure anomalies in the high-latitude southeast Pacific Ocean
(Fogt and Bromwich, 2006; Lefebvre et al., 2004), i.e. intensifying
the Amundsen Sea Low (Turner et al., 2009). This increases north-
erly winds west of the Antarctic Peninsula and decreases sea-ice
coverage in the Bellingshausen and eastern Amundsen seas
(Massom et al., 2006; Massom et al., 2008). Interestingly, and in
spite of the negative SAM, year 2007 also showed increased
northerly winds into this region, but these resulted from the
wave-3 pattern. Therefore, year 2007 saw a continuation of the
downward trend in sea ice in this region. Similar conditions
occurred in the Bellingshausen Sea in spring 2005 (Massom
et al., 2008).
5. Summary

Here, we presented an assessment of the ice-atmosphere-ocean
conditions leading up to and during two springtime field cam-
paigns, SIMBA and SIPEX, so that we could better understand sea-
ice conditions encountered during IPY 2007 and evaluate their
representativeness. We focused on the general correspondence
between winds, sea-ice extent and drift, and how these interactions
related to atmospheric circulation anomalies, surface ocean
conditions and the delivery of precipitation, to arrive at some
understanding of the regional differences in snow and sea-ice
distributions. A strong factor in shaping the sea-ice conditions
observed during the field campaigns in September and October was
the wind-driven delays (by up to 2 months) in sea-ice advance in
the SIMBA and western SIPEX regions, while the eastern SIPEX
region experienced near to above normal sea-ice advance (Fig. 11).
Maps of sea-surface temperature (SST) and sea ice concentration
(SIC) anomalies (Fig. 10) revealed distinct regional patterns,
showing warm SST/low SIC in the greater SIMBA (including all of
the Bellingshausen and Amundsen seas) and western SIPEX
regions, versus cool SST/high SIC in the Weddell, Ross and eastern
SIPEX regions. In the SIMBA and western SIPEX regions warm
northerly winds in May (Figs. 5 and 7A) overlying the warm SSTs
brought anomalously high precipitation to these regions (Fig. 13),
but most fell on open ocean due to the regional delays in sea-ice
advance.

When sea-ice advance did occur in the greater SIMBA region, it
was assisted by southerly winds (Fig. 5) and northward sea-ice drift
(Fig. 6). Yet, the ice edge remained south of its mean (1979-2007)
position (Fig. 5), suggesting an influence by the anomalously warm
ocean conditions (Fig. 10) intensified perhaps by increased solar
ocean warming during the long preceding ice-free summer period
(Fig. 9). In contrast, in the western SIPEX region, the late sea-ice
advance was assisted by easterly winds (Fig. 7) and westward sea
ice drift (Fig. 8), which brought positive sea-ice anomalies from the
east. Nonetheless, the ice edge just west of SIPEX also remained
south of its mean (1979-2007) position (Fig. 7), again suggesting an
influence by the anomalously warm ocean conditions observed
there (Fig. 10). In addition, the preceding summer open-water
period in the SIPEX region was the 2nd longest observed over
1979-2007, inferring a large relative increase in solar ocean
warming.

Following sea-ice advance, in the SIMBA region there was a strong
positive precipitation anomaly in September, while in the western
SIPEX region precipitation anomalies were positive to slightly positive
from June through September. Nonetheless, snow-depth anomalies on
sea ice in September and October were strongly negative in the greater
SIMBA region and negative to zero in the SIPEX region. This resulted
from a combination of factors, particularly the delayed timing of sea-ice
advance, but was also likely caused by the redistribution of snow by
winds (concentrating it into relatively small areas or into openings
within the pack ice) and by sea-ice drift and deformation processes, and
as well as the loss of snow to snow-ice formation.

In short, the relatively thin snow and preponderance of young
sea ice in the SIMBA region in 2007 stood in stark contrast to the
deep snow and heavy multi-year sea ice that plagued this region’s
early explorers in the late 1800s. It also contrasts with relatively
deep snow encountered in this region more recently (e.g., Massom
et al., 2006; Perovich et al., 2004; Worby et al., 1996). The satellite-
derived sea-ice record shows, however, that since the late 1980s,
there is frequently less to no summer sea ice in the southeastern
Bellingshausen Sea, while sea-ice extent, duration, and concentra-
tion have decreased dramatically (Comiso and Nishio, 2008; Jacobs
and Comiso, 1997; Stammerjohn et al., 2008). One consequence of
these changes is overall less multiyear sea ice in the Bellingshausen
Sea, and in 2007 the relatively small band of multi-year sea ice that
was present in the western Bellingshausen Sea was exported to the
Amundsen Sea (Fig. 1A, Maksym, unpublished data).

In the SIPEX region, year 2007 was differently distinguished by
being a significant negative departure from an otherwise slightly
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positive increasing trend in this region. The east-west contrasts in
sea-ice extent, concentration and drift was particularly striking and
reflected the anomalous meridional influence of a wave-3 atmo-
spheric circulation pattern against a relatively weakened westerly
circulation. Also noteworthy was the anomalously long ice-free
summer period and warm SSTs prior to SIPEX, with inferred
impacts on the coastal network of fast ice (Giles et al., 2008) during
the 2006-07 summer and negative ice-edge anomalies in the
western SIPEX region during the subsequent autumn and winter
in 2007.
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