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Abstract

Recent attention has focused on accelerated glacial losses along the Amundsen Sea coast that result from
changes in atmosphere and ocean circulation, with sea ice playing a mediating but not well-understood role.
Here, we investigated how sea ice has changed in the Amundsen Sea over the period of 1979 to 2014, focus-
ing on spatio-temporal changes in ice edge advance/retreat and percent sea ice cover in relation to changes in
winds. In contrast to the widespread sea ice decreases to the east and increases to the west of the Amundsen
Sea, sea ice changes in the Amundsen Sea were confined to three areas: (i) offshore of the shelf break, (ii) the
southern Pine Island Polynya, and (iii) the eastern Amundsen Sea Polynya. Offshore, a 2-month decrease in
ice season duration coincided with seasonal shifts in wind speed and direction from March to May (relating
to later ice advance) and from September to August (relating to earlier retreat), consistent with reported
changes in the depth/location of the Amundsen Sea Low. In contrast, sea ice decreases in the polynya areas
corresponded to episodic or step changes in spring ice retreat (earlier by 1-2 months) and were coincident
with changes to Thwaites Iceberg Tongue (located between the two polynyas) and increased southeasterly
winds. Temporal correlations among these three areas were weak, indicating different local forcing and/or
differential response to large-scale forcing. Although our analysis has shown that part of the variability can
be explained by changes in winds or to the coastal icescape, an additional but unknown factor is how sea
ice has responded to changes in ocean heat and freshwater inputs. Unraveling cause and effect, critical for
predicting changes to this rapidly evolving ocean-ice shelf-sea ice system, will require in situ observations,
along with improved remote sensing capabilities and ocean modeling.

Introduction

The Amundsen Sea embayment (Figure 1) is a current hot spot of rapidly thinning ice shelves, high calving
fluxes, and rapidly retreating marine-grounded glaciers (Pritchard et al., 2012; Rignot et al., 2014). Estimates
of basal ice shelf melt and calving flux are some of the highest observed anywhere in coastal Antarctica (Rignot
et al., 2013; Paolo et al., 2015). In contrast, the adjacent sea ice cover to the north is legendary for thwart-
ing early exploration of the continental shelf region due to some of the thickest, most persistent, and most
heavily snow-laden sea ice observed anywhere in the Antarctic (Jacobs et al., 2012; Xie et al., 2013; Kwok
and Maksym, 2014). Only since the 1990s have ice-strengthened vessels been able to explore the continental
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Seasonal sea ice changes in the Amundsen Sea

shelf and coastal region, with navigation likely made possible by several years of decreased summer sea ice in
the late 1980s and early 1990s (Jacobs and Comiso, 1993, 1997).

Amundsen Sea

Amundsen Sea

The Amundsen Sea sits between two regions showing large but opposing sea ice extent and concentra-
tion trends, as observed since 1979 (e.g., Yuan and Martinson, 2000; Turner et al., 2009; Stammerjohn
etal.,,2012; Simpkins et al.,2013). To the east in the Bellingshausen Sea, the sea ice season is on average three
months shorter, while to the west in the western Ross Sea (Figure 2B) it is on average two months longer
(Stammerjohn et al., 2012). In contrast, sea ice changes in the Amundsen Sea are more localized (Figure 2),
interspersed between areas showing relatively high yearly variability (Simpkins et al., 2012).

Some of the first sea ice studies to draw attention to the Amundsen Sea were those documenting the
large decreases in summer sea ice in the southern Bellingshausen and eastern Amundsen Sea region in the
late 1980s and early 1990s (Jacobs and Comiso, 1993, 1997). It was noted then that much of the multi-year
sea ice was removed from the continental shelf areas during the extreme summer minima between 1987
and 1994, with likely impacts on regional mean sea ice thickness, vertical heat flux, ice formation and brine
production. The several-year sea ice decreases also suggested links to large-scale circulation changes in the
South Pacific, including changes affecting winds, surface ocean currents, and upwelling of warm Circumpolar
Deep Water (CDW) on the continental shelf (Jacobs and Comiso, 1997).

Sea ice variability in the West Antarctic sector of the Southern Ocean is largely wind-driven (Assmann
et al., 2005; Massom et al., 2008; Holland and Kwok, 2012), particularly in spring, with possible ocean
feedbacks contributing to autumn sea ice changes (Nihashi and Ohshima, 2001; Stammerjohn et al., 2012;
Holland, 2014). Sea ice can also mediate ocean-ice shelf interactions through its effect on ocean stratification
and dampening of wind stress (e.g., Dinniman et al., 2012; Petty et al., 2014). In turn, changes in air-ocean
interactions and heat and freshwater inputs affect sea ice distributions and rates of growth and melt (Assmann
et al., 2005). The heat and freshwater inputs can be from upwelled CDW exiting the ice shelf cavities made
buoyant from basal ice shelf melt but still up to a few degrees above freezing (Jacobs et al., 2012) and/or
from solar-heated waters and net sea ice or surface glacial melt.

Ocean circulation is affected by wind, and an increase in westerly winds over the Amundsen Sea region
(Bracegirdle, 2013) has been associated with increases in warm CDW flowing onto the continental shelf
(Thoma et al.,2008; Arneborg et al.,2012; Wahlin et al., 2012; Assmann et al.,2013; Walker et al., 2013). Once
on the shelf, the warm CDW flows towards the coast along down-sloping troughs bisecting the continental
shelf (Nitsche et al., 2007) to circulate under the floating ice shelves, causing basal ice shelf melt (Jenkins
et al., 2010; Jacobs et al., 2011; Dutrieux et al., 2014).

Air-ocean-ice interactions in the Amundsen Sea region are thought to be sensitive to large-scale climate
variability and tropical teleconnections; e.g., the Southern Annular Mode (SAM) (e.g., Turner et al., 2009),
El Nifio-Southern Oscillation (ENSO) (e.g., Yuan, 2004), the Atlantic Multi-decadal Oscillation (Li
et al., 2014; Simpkins et al., 2014), and warming in the central tropical Pacific (Steig et al., 2012). However,

the sensitivity of sea ice in the Amundsen Sea to large-scale climate variability will likely vary between the
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Figure 1
Amundsen Sea study region.

MODIS Terra image (at 250 m
resolution) acquired on 2 January
2011 showing early-summer sea
ice coverage in the Amundsen
Sea region and open water extents
in the two coastal polynyas. Place
names are, from east to west: Pine
Island Ice Shelf (PIIS), Pine Island
Polynya (PIP), Thwaites (castern)
Ice Shelf (TIS), Thwaites Glacier
Tongue (TGT), Thwaites Iceberg
Tongue (TIBT), Thwaites Fast-
ice Tongue (TFT), Crosson
Ice Shelf (CIS), Bear Peninsula
(BP), Dotson Ice Shelf (DIS),
Amundsen Sea Polynya (ASP),
Martin Peninsula (MP), and Getz
Ice Shelf (GIS). The coastline (in
red) is from MOA 2009 (Haran
et al., 2014). (A) European Space
Agency Envisat SAR image from
26 January 2009 revealing details
of the TGT, TIBT and TFT. The
relatively smooth surface of the
fast ice appears dark relative to
the rougher surface of the small
icebergs within and bordering
the TFT, and relative to the
rougher surfaces of the TGT and
TIBT. (B) Location map. (C)
Bathymetry of the Amundsen
Sea continental shelf region
(blue-gray shading at 100-m
depth intervals) (Nitsche et al.,
2007). (D) The westward drift
tracks of three ice buoys deployed
in the Bellingshausen Sea (BS) in
March 2007; drift ended in the
Amundsen Sea (AS).

doi: 10.12952/journal.elementa.000055.f001
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exposed offshore region and the partially enclosed coastal area. Thus, trying to unravel the source of sea ice
variability in the Amundsen Sea is challenging given the juxtaposition of both local and large-scale influences.

Prominent features of the Amundsen Sea coastal area are its polynyas, the two largest being the highly
variable Pine Island Polynya (PIP) and the Amundsen Sea Polynya (ASP) (Figure 1). On average, the PIP
begins to increase in size in November and then rapidly decreases in March. The ASP opens and closes with
timing similar to the PIP, though it is considerably less variable (Arrigo et al., 2012). These two polynyas are
separated by a shoal (< 300 m) extending northwards from Bear Peninsula (e.g., Nitsche et al., 2007). Over
the top of this shallow ridge is a spatially variable tongue of thick fast ice, and to its south, the Thwaites
Iceberg Tongue. Both features extend roughly northwards from the Thwaites Glacier Tongue (Figure 1) (e.g.,
Ferrigno et al., 1993; MacGregor et al., 2012).

The Thwaites Iceberg Tongue is composed mostly of larger icebergs, including typically a very large tabu-
lar iceberg (~ 40-50 km wide and ~ 80 km long), whereas the fast-ice tongue to its north is anchored on its
western side by numerous relatively small, grounded icebergs (Figure 1A). Together, the Thwaites Fast-ice
and Iceberg Tongue (TFIT) present a formidable barrier to sea ice circulation in the southeast sector of the
Amundsen Sea. However, over at least the last 70 years, the extent and composition of the TFIT barrier has
varied distinctly (Ferrigno et al., 1993; MacGregor et al., 2012) and has affected sea ice variability in the
PIP and ASP as well. In addition, smaller icebergs regularly calve from the TFIT as well as from the glacier
tongue. Those that do not ground along the TFIT typically drift northwestward, with some grounding on
the outer continental shelf (Figure 1A) to potentially play a role in trapping and retaining summer sea ice
to the north of the ASP and PIP areas.

Because of the TFIT barrier, the annually-recurrent ASP is characterized as a barrier coastal polynya,
similar to the Mertz Glacier Polynya (Massom et al., 2001) and other coastal polynyas with a glacier tongue,
iceberg or fast-ice barriers to their east (Fraser et al., 2012; Nihashi and Ohshima, 2015). Prevailing south-
easterly coastal winds blowing over the TFIT keep the ASP ice-free, while the TFIT barrier also prevents
sea ice from drifting out of the PIP area into the ASP area.

In summary, the Amundsen Sea presents a conundrum of sea ice variability and change, given its sensitivity
to large-scale climate variability and changing coastal icescapes. Identifying the factors contributing to the
different sea ice changes is challenging but critical for predicting future change in the coupled cryosphere-
ocean-atmosphere system. The impacts of rapid sea ice changes on the marine environment, especially in
polynyas, are likewise significant and were key topics explored during the Amundsen Sea Polynya International
Research Expedition (ASPIRE) (Yager et al., 2012), the results of which are presented in this Special Feature.

In this study, given the absence of in situ time-series data to investigate changes in ice-ocean interac-
tions in the Amundsen Sea region, we have taken the necessary first step and used the available satellite
observations and numerical analyses to assess ice-atmosphere interactions over the period of 1979 to 2014.
The approach taken was first to identify where and how sea ice had changed over this period and then to
examine relationships between sea ice variability and winds. The results are discussed within the context of
regional atmospheric, oceanic and coastal icescape variability. They highlight the critical need for continued
and coordinated in situ, satellite and model investigations, if we wish to better understand this highly sensi-
tive and rapidly changing ocean-sea ice-ice shelf system.

Methods

We used satellite-derived and numerically-analyzed surface and atmospheric variables to assess ice-atmosphere
interactions in the Amundsen Sea region. These included daily and monthly sea ice concentration and surface
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Figure 2

Trends in annual ice season
duration in the Amundsen Sea.

(A) Map of annual ice season
duration trend (days year™) for
the period of 1979/80 to 2013/14
in the Bellingshausen-Amundsen
Sea, showing strong negative
trends (shorter sea ice season)
in most areas (updated from
Stammerjohn et al., 2012). The
upper black solid contour outlines
the mean max winter sea ice
extent. The black dotted contour
outlines those areas where the
trend is significant at the p < 0.01
level based on the assumption
that the time series at each pixel
is  Gaussian distributed and
stationary (an assumption that is
violated in the two coastal areas,
as further explored in Figures 8
and 11). The gray solid contour
outlines the 2000-m isobath,
approximating the continental
shelf slope location. The boxed
areas adjacent to the Amundsen
coast enclose the mean maximum
extents of the Pine Island and
Amundsen Sea polynyas. Labeled
areas include the Offshore, the
southern Pine Island Polynya
(sPIP) and the eastern Amundsen
Sea Polynya (eASP), each
delimited by the black dotted
contour, and for the Offshore area,
includes the dotted area between
105-125°W. (B) Map of sea ice
duration trends for the entire
Southern Ocean, showing the
locations of the Bellingshausen
Sea (BS), Amundsen Sea (AS)
and the western Ross Sea (WRS).

doi: 10.12952/journal.elementa.000055.f002
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winds. Sea ice concentrations over the period of 1979 to 2012 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, 2000; Comiso and Nishio, 2008; Comiso,
2010), augmented with Near Real-Time Sea Ice daily data after 2012 (Maslanik and Stroeve, 1999) to pro-
duce a time series extending from 1979 to 2014. These data were provided by the EOS Distributed Active
Archive Center (DAAC) at the National Snow and Ice Data Center (NSIDC, University of Colorado at
Boulder, http://nsidc.org).

Using daily sea ice concentrations and following Stammerjohn et al. (2008), we identified the day of
annual ice edge advance and retreat for each gridded (25 x 25 km pixel) location and for each sea ice year that
begins/ends during the mean summer sea ice minimum (mid-February) to present a time series of sea ice
advance and retreat over the period of 1979/80 to 2013/14. We also analyzed winter ice season duration (the
time elapsed between the autumn advance and its subsequent spring retreat) and summer open water dura-
tion (the time between the spring retreat and its subsequent autumn advance). Finally, we analyzed changes
in initial polynya opening, the location of that opening, and its size in spring—summer. Note that when we
refer to sea ice change in the polynyas, we are referring to changes in the sea ice cover bordering the polynyas,
changes that would affect the polynya opening or its size and duration during summer. During winter, small
but variable areas of open water likely persist in both polynyas (Arrigo et al., 2012; Mankoff et al., 2012), but
these changes are not well resolved by the coarse-resolution passive microwave satellite data analyzed here.

There are different biases in the satellite-derived sea ice concentrations depending on the algorithm used;
e.g., NASA Team versus Bootstrap Version 1 or 2 (Comiso et al., 1997; Eisenman et al., 2014). Although
we qualitatively discuss changes in sea ice concentration (e.g., with respect to winds), we only quantified
change based on ice edge (e.g., ice edge advance or retreat and the resulting ice season duration) and not on
sea ice concentration changes. Estimates of ice edge location have much higher precision than estimates of
sea ice concentration due to the large contrast in emissivity between ice and ocean, thus resulting in much
smaller differences between algorithms (Steffen et al., 1992; Comiso et al., 1997). For example, variability
and trends in ice season duration (an ice edge metric) as estimated by the NASA Team algorithm (Parkinson,
2004) and by the Bootstrap Version 2 algorithm (Stammerjohn et al., 2008) are nearly identical.

Numerically analyzed 10-m winds from the European Centre for Medium Range Weather Forecasts
(ECMWEF) Interim Reanalysis (ERA-I) (Dee et al., 2011) were used to describe monthly to seasonal
changes in wind direction and magnitude. We used data over the period of 1979 to 2013, which includes
data quality improvements following incorporation of satellite data into the numerical data analysis in late
1978. Unfortunately, few meteorological data are available for the Amundsen Sea region to help constrain
the reanalysis data. However, comparisons with sea-level pressure data from drifting ice buoys in the Belling-
shausen Sea showed ERA-T to be the most accurate in capturing individual weather systems (as compared
to other reanalysis products), inferring that ERA-I better captures wind variability in the Amundsen Sea as
well (Bracegirdle, 2013).

Where appropriate, the temporal changes in the environmental variables (sea ice, winds) were assessed
through linear regression. Because these time series contain some degree of autocorrelation, the standard
error and significance level of linear trends are based on the effective degrees of freedom present in the
regression residuals (following Santer et al., 2000). However, some of the locally derived sea ice time series
show episodic or distinct step changes; in those cases, shifts in means are highlighted instead. Correlations
between time series are reported for de-trended time series (where necessary), with significance determined
using t-test statistics.

Results

In the Amundsen Sea region, three locations exhibited notable ice season decreases over the period of 1979/80
to 2013/14: (i) offshore of the shelf break, (ii) in southern Pine Island Polynya (sPIP), and (iii) in the eastern
Amundsen Sea Polynya (eASP) (Figure 2). There was very little covariability among the time series of ice
season duration from these three areas (R values of 0.04 to 0.31 between de-trended time series). Further,
covariability was weak between the Amundsen Sea offshore area and the high trending areas to both the east,
in the southern Bellingshausen Sea, and west, in the western Ross Sea (R values < + 0.26). Below, we present
a detailed analysis of the seasonal sea ice changes in each of these three Amundsen Sea areas, together with
observed changes in sea ice concentration and winds. This analysis gives insight into the temporal nature of
sea ice change in these three areas, and the degree to which such change can be associated with change in
atmospheric circulation.

The offshore area

The offshore area (as defined in Figure 2) straddles latitudes 69—70°S between longitudes 105-125°W and
lies mostly north of the continental shelf break. Here, the ice season has shortened on average by 57 days
over the period of 1979/80 to 2013/14 due to a later autumn advance (by 34 days) and earlier spring retreat
(by 23 days) in sea ice (Figure 3, Table 1). Changes in the autumn sea ice advance are notably larger than
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those in the spring retreat and explain a larger fraction of the variability in ice season duration (R = -0.79
versus 0.44, respectively). There was also a slight reprieve in the shortening of the sea ice season during the
mid-to-late 1990s.

350 — -
> A 4
ES [ ]
5
3 300 = —
c L ]
2
T ]
3 250 ~ A
r  Winter ice season duration q
200 L L L L L L L
1980 1985 1990 1995 2000 2005 2010
C T T T T T T =
60~ _ Seaice retreat e Sea ice advance g
£ ° ® 13
40 2 i

20

0

-20

Anomaly (days)

-40

PEYPLE]

NRNRNRAGHE

—60

73/80 84,/85 89,/90 94/95 93,/00 04/05 09/10

200 T T T T T T
Summer open water duration
150

100

Duration (days)

50

0 . . . .
1980 1985 1990 1895 2000
Year

. .
2005 2010

Table 1. Area-averaged means® in day of sea ice advance and retreat, ice season duration, and open water duration over
the period of 1979/80 to 2013/14 (and as otherwise noted) for three Amundsen Sea regions; trends® are also reported
for the offshore region

Region Metric Day of advance Day of retreat Ice season duration | Open water duration
Offshore Mean 99 374 275 89
Trend 1.0£0.4 -0.6+0.3 -1.6+0.4 1.6+0.6
sPIP Mean 57 389 333 32
1979-1994 52 403 353 13
1995-2013 62 376 316 48
eASP Mean 58 371 314 50
1979-1992 55 398 344 21
1993-2013 60 353 294 69

‘Means are reported in year day for sea ice advance and retreat and in days for ice season duration and open water duration.

"Trends are reported in days per year, with standard error and significance determined using the effective degrees of freedom present in
the regression residuals (Santer et al., 2000); only those trends with a significance of p < 0.01 are reported. Positive trends in advance and
open water duration indicate trends towards later advance and longer open water season, respectively; negative trends in retreat and ice
season duration indicate trends towards earlier retreat and shorter ice season, respectively.

doi:10.12952/journal.elementa.000055.t001

'The offshore area lies in a transition zone between belts of strong northwesterly winds to the north and
southeasterly winds to the south (Figures 4 and 5). This area also corresponds to a transition zone in mean
wind-driven sea ice motion (not shown), whereby the northwesterly winds to the north tend to drive sea
ice eastward through Ekman transport, while to the south southeasterly winds drive the sea ice westwards
(see also Assmann et al., 2005). A notable temporal shift in seasonal peak winds occurred from March and
September earlier in the record (1979-1995) to May and August later in the record (1996-2013) (Figure 6A).
This shift resulted in decreased westerly winds in both March and September over 1979-2013, and both
months showed similar decreases in magnitude (—0.06 m s yr™', p < 0.1). There also was a strengthen-
ing of northerly winds in September and November, with both showing similar increases in magnitude
(0.04 m s yr'!, p <0.1) (Figure 6B).
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Figure 3

Ice season variability and trends
in the offshore region.

Time series and trends in the
Offshore Region over the period
of 1979/80 to 2013/14 for:
(A) sea ice season duration, (B)
anomalies in the timing of sea ice
retreat and subsequent advance
(i.e., the time series for sea ice
advance is lagged by 1 year such
that the austral spring—summer
1979/80 sea ice retreat is plotted
against the subsequent austral
autumn 1980 advance), and (C)
open water duration. In (B), the
temporal  correlation  between
the de-trended time series of
sea ice retreat and subsequent
advance is -0.54. Statistics are
reported in Table 1.

doi: 10.12952/journal.elementa.000055.f003
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The observed seasonal changes in sea ice are consistent with the seasonal changes in peak winds. To
illustrate this consistency, examples of wind and sea ice anomalies are shown for late versus early sea ice
retreat for three different years for the month of December, the month before the mean day of retreat
(Figure 7 A, C, E).In the example of a late spring retreat, northwesterly winds were associated with increases
in sea ice concentration and thus slower (later) melt-back (Figure 7A). These increases were due to strong
northwesterly winds driving sea ice into the offshore region from the west throughout late winter and early
spring. In contrast, an earlier spring retreat occurred when there were decreased sea ice concentrations and
either southerly winds driving sea ice northward into solar-heated waters (Figure 7C) or northerly winds
driving ice southward (Figure 7E). The decreased sea ice concentrations were due to weakened westerly winds
driving less sea ice into the offshore region.
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Figure 4
Mean seasonal changes in sea ice
concentration and extent.

Mean monthly (1979-2012) sea
ice concentration (shading) and
winds (arrows) for (A) February,
(B) April, (C) September, and
(D) November. The gray contour
outlines the 2000-m isobath. A
legend for the wind speed is given
in the lower left corner of (C).

doi: 10.12952/journal.elementa.000055.f004

Figure 5
Winds in the offshore versus
coastal region.

Time series of (A) May and (B)
September monthly mean wind
speed over the offshore (dotted)
and coastal area (solid), and of
(C) May and (D) September
monthly mean wind speed and
direction, over the offshore (top
row of C, D) and coastal (bottom
row of C, D) areas. The offshore
area extends from 63.75°S to
67.5°S and from 116.25°W to
130.5°W. The coastal area extends
from 71.25°S to 75.0°S and from
100.5°W to 120.0°W.

doi: 10.12952/journal.elementa.000055.f005
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Figure 6
Decadal changes in the offshore
and coastal winds.

Mean monthly zonal (A, C)
and meridional (B, D) winds
for an area north of the offshore
(A, B) and coastal (C, D) area,
respectively, for 1979-1995 (solid
lines) and for 1996-2013 (dotted
lines). The offshore and coastal
areas are as defined in Figure 5.
Positive zonal winds (in A, C)
indicate winds from the west, and
positive meridional winds (in B,
D) indicate winds from the south.
doi: 10.12952/journal.elementa.000055.f006

Figure 7

Anomalies in sea ice concentra-
tion and winds relevant to the
offshore region.

Monthly anomalies in sea ice
concentration  (shading) and
winds (arrows) for December
(A, C, E) and April (B, D, F),
showing examples of conditions
leading to (A, B) a late retreat and
early advance,and (C,D and E, F)
an early retreat and late advance
over the offshore region. The solid
and dotted contours delineate the
observed and 35-year mean ice
edge locations, respectively (based
on 15% ice concentration). Mean
day of retreat over the offshore
region is January 10, as compared
to (A) January 29 in 1999, (C)
December 28 in 2002, and (E)
December 14 in 2011. Mean
day of advance over the offshore
region is April 8, as compared to
(B) March 21 in 2000, (D) May
10 in 2003, and (F) May 11 in
2012. A legend for the wind
speed is given in the lower left
corner of (E).

doi: 10.12952/journal.clementa.000055.f007
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Based on these examples and our analysis of the entire times series, it appears that the observed pro-
nounced decrease in September westerly winds (Figure 6A) contributed to less sea ice being imported from
the west into the offshore region. This reduced import coincided with observed decreases in springtime sea
ice concentration. Consequently, the ice edge became more vulnerable to early melt-back and retreat with
any anomalous increase in meridional winds. In particular, the subsequent increase in northerly winds in
November over the period of 19792013 (Figure 6B) was another factor contributing to the observed trend
towards earlier ice edge retreat (Figures 3B).

Anomalies in wind and sea ice concentration were also observed for early versus late advance in sea ice
but for the month of April, the month including and following the 1979/80-2013/14 mean day of advance
(Figure 7 B, D, F). An early autumn advance was associated with increased ice concentrations and cold
southerly winds (Figure 7B). The higher ice concentrations resulted from strong westerly winds in March
(Figure 6A) driving the ice edge northward through Ekman transport. A late autumn advance was associated
with decreased ice concentrations and strengthened northerly and weakened westerly winds, both contributing
to stalling the ice edge advance (Figure 7 D, E). Thus, a weakening of westerly winds in March in particular
(Figure 6A) is consistent with decreased autumn sea ice concentrations and later ice edge advance (Figure 3B).

'The advance of the autumn ice edge is also preconditioned by the previous retreat of the spring ice edge;
i.e.,an earlier spring sea ice retreat creates a longer open-water interval of solar surface heating, causing a later
autumn sea ice advance, while a later spring retreat leads to a shorter open-water interval of heating and an
earlier autumn advance of the ice (Nihashi and Ohshima, 2001; Stammerjohn et al., 2012; Holland, 2014).
In the offshore region, a later (earlier) spring sea ice retreat was often followed by an earlier (later) autumn
sea ice advance (R = -0.54, Figure 3B). Thus, even when cold southerly winds would otherwise favor an early
ice edge advance (e.g., the area west of 120°W in Figure 7F), sea ice growth was slowed by the additional
solar heat gained by the early ice edge retreat in the preceding spring (e.g., Figure 7E).

Coastal Polynyas

Pine Island Polynya (PIP)

Over the period of 1979/80-2013/14, the duration of the ice season in the sPIP area also showed a tendency
to decrease, but it was more episodic, with stepped increases in variability (Figure 8A). There was little change
in ice season duration between 1979/80 and 1986/87, but that period was followed by two small excursions
of shorter (by ~ 1 month) ice seasons between 1986/87 and 1994/95. Subsequently, there were two large
excursions of much shorter (by ~ 3 months) ice seasons between 1995/96 and 2013/14, relative to the early
1980s. The marked increase in variability before and after 1994/95 corresponds to a significant change in
the extent of the TFIT barrier that separates the PIP and ASP areas (described in detail in the Discussion
section). Throughout the time series, each shortening of the ice season was largely due to an earlier spring sea
ice retreat (Figure 8B), and variability in ice season duration was almost entirely explained by variability in
the spring ice edge retreat (R = 0.92). There was also strong covariability between anomalies in the spring sea
ice retreat and subsequent autumn advance (R = -0.76). However, anomalies in the timing of sea ice retreat
were up to three times larger than those in the subsequent advance.

Much of the Amundsen Sea coast, particularly between 110°W and 120°W, experiences prevailing south-
easterly winds that intensify during spring-to-autumn (Figures 4 and 6). In contrast, in the southeastern
corner of the Amundsen Sea embayment region (i.e., the PIP coastal area, ~ 100°W to 110°W), the mean
winds are lighter, more easterly, and more variable compared to points west of the PIP. An examination of
winds and sea ice showed that when there were anomalously strong meridional winds in spring, the effect
on sea ice in the PIP area was as follows. Strong southerly winds led to low sea ice concentrations and an
anomalously early PIP opening, as illustrated by conditions in November 1996 (Figure 9A), November being
the month when the PIP begins to open. Conversely, strong northerly winds led to high sea ice concentrations
and a later PIP opening, as illustrated by conditions in November 1997 (Figure 9B). Four of the five years
showing the largest anomalies in early PIP opening (1995, 1996, 2008, 2009 and 2010) experienced strong
southerly winds in spring (i.e., in October and/or November). In contrast, the early opening in 1995 was not
characterized by strong winds in spring, but there was a significant change to the TFIT barrier during this
time (as described in the Discussion section).

We also examined variability in the location of the initial opening of the PIP, but found no distinct
shift in its location over time. Given the tendency towards longer open water periods in the sPIP (Figure
8C), we then examined monthly changes in the overall size of the PIP (Figure 10) between the months of
November and March. The months December to February indicated an increase in polynya size with time,
albeit superimposed on large year-to-year variability. There were, however, three years when the PIP never
opened in spring/summer (1985/86,1986/87 and 2005/06). Otherwise, there was only one year (2001) when
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the PIP began to increase its opening as early as November (but only reached a size of 641 km?). Typically,
there was very little open water by March, but there were four years when some open water persisted (1991,
1992, 2010, 2013). During most summers, some sea ice remained offshore of the PIP (Figures 1 and 4A)
except during the three highest open water summers (1991/92, 2002/03 and 2009/10), when little to no
summer sea ice remained in the Amundsen Sea east of 125°W.

Amundsen Sea Polynya (ASP)

In contrast to both the offshore and sPIP areas, the seasonal sea ice decreases in the e ASP region over the
period of 1979/80-2013/14 resulted largely from a single shift towards shorter ice seasons (Figure 11A).
The timing of this shift occurred slightly earlier (1992/93) than the 1994/95 episode noted in the sPIP time
series (Figure 8). In further contrast to the sPIP, the eASP shift did not coincide with a marked increase in
variability. Rather, it coincided with a decrease in fast ice extent along the western boundary of the TFIT,
which exposed an area prone to early opening (as further explored below). However, similar to the sPIP, the
yearly variability in ice season duration was largely explained by variability in the timing of the spring retreat
(R = 0.89). But, unlike both the sPIP and offshore area, there was no significant correlation between the
timing of spring retreat and subsequent autumn advance in the e ASP region.
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Figure 8
Ice season variability in the sPIP
region.

Time series and means in the
sPIP area over the period of
1979/80 to 2013/14 for: (A)
sea ice season duration, (B)
anomalies in the timing of sea ice
retreat and subsequent advance
(i.e., the times series for sea ice
advance is lagged 1 year such
that the austral spring—summer
1979/80 sea ice retreat is plotted
against the subsequent austral
autumn 1980 advance), and (C)
open water duration. In (B), the
temporal correlation between the
de-trended time series of sea ice
retreat and subsequent advance
is -0.76. The two mean periods
(highlighted in the duration,
retreat and open water time
series) correspond to the pre/
post removal of the TFIT barrier
separating the PIP and ASP
areas. Statistics are reported in
Table 1.

doi: 10.12952/journal.elementa.000055.f008

Figure 9

Anomalies in sea ice concentra-
tion and winds relevant to the
coastal region.

Monthly anomalies in sea ice
concentration  (shading) and
winds (arrows) for (A) November
1996 and (B) November 1997,
showing examples of conditions
leading to an ecarly (A) versus
late (B) opening in the ASP and
PIP areas. The solid and dotted
contours delineate the observed
and 35-year mean ice edge
locations, respectively (based on
15% ice concentration). A legend
for the wind speed is given in the
lower left corner of (A).

doi: 10.12952/journal.elementa.000055.f009
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Figure 10

Variability and trends in open
water area in the greater PIP
region.

Time series of open water area
in the greater PIP area for the
months of November to March
starting in 1978 for November
and December, and in 1979 for
January to March (and ending
in 2012 and 2013, respectively).
The linear trends for January
(523 = 318 km? yr', p < 0.01)
and February (551 + 353 km? yr'!,
p < 0.1) are shown for reference
(while trends in other months
were not significant at the p < 0.1
level). Note that there was only
one year when November showed
a small open water area (the small
blip in 2001 corresponding to
641 km?).

doi: 10.12952/journal.elementa.000055.f010

Figure 11
Ice season variability in the eASP

region.

Time series and means in the
eASP area over the period of
1979/80 to 2013/14 for: (A) sea
ice season duration, (B) anomalies
in the timing of sea ice retreat
and subsequent advance (i.c., the
time series for sea ice advance
is lagged 1 year such that the
austral spring—summer 1979/80
sea ice retreat is plotted against
the subsequent austral autumn
1980 advance), and (C) summer
open water duration. In (B), the
temporal correlation between the
de-trended time series of sea ice
retreat and subsequent advance
is —0.01. The two mean periods
(highlighted in the duration,
retreat and open water time
series) correspond to the pre/
post opening of the western side
of the TFIT barrier. Statistics are
reported in Table 1.

doi: 10.12952/journal.elementa.000055.f011
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The ASP area (~ 110°W to 125°W) is exposed to some of the most persistent southeasterly winds that
are observed along the Amundsen Sea coast (Figure 4) which tend to intensify during spring-to-autumn
(Figure 6). However, over the period of 1979-2013 a springtime local maximum in the easterly wind was
conspicuously absent during the first half of the record (Figure 6C); consequently, there was a distinct
strengthening of easterly winds from August to October, with September showing the strongest trend

2000

2005 2010
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Figure 12

Anomalies in sea ice concentra-
tion and winds relevant to the
eASP region.

Monthly anomalies in sea ice
concentration  (shading) and
winds (arrows) for the November
of (A) 1985, (B) 1988, (C) 2000,
and (D) 2002, showing examples
of conditions leading to a late (A,
C) versus early (B, D) opening
in the ASP area. The solid and
dotted contours delineate the
observed and 35-year mean ice
edge locations, respectively (based
on 15% ice concentration). A
legend for the wind speed is given
in the lower left corner of (C).

doi: 10.12952/journal.elementa.000055.f012

Figure 13

Variability in timing and location
of the initial opening of the eASP.

Time series of (A) the earliest
opening in the greater ASP area
(in year day), and (B) the location
(in "W longitude) of the earliest
opening. If more than one pixel
opened simultaneously on that
day, then the furthest east (dotted)
and west (solid) locations of those
pixels are shown.

doi: 10.1952/journal.elementa.000055.f013
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(-0.06 ms™ yr, p <0.1). There also was a strengthening of the southerly component in June (0.06 m s yr'!,
p <0.1) and in October (0.04 m s yr!, p < 0.1).

A strengthening of the easterly component in spring was consistent with an earlier opening of the ASP as
illustrated by conditions in November 1988 (Figures 12B and 13A), which show increased open water area
in the lee (i.e., west) of the TFIT barrier. When there was little to no wind anomaly (meaning there were
prevailing southeasterly winds), there also was increased open water in the ASP and an early opening, as illus-
trated by conditions in November 2002 (Figures 12C and 13A). In contrast, when there were strong northerly
wind anomalies in spring, sea ice was advected into the ASP area, increasing sea ice concentrations there and
delaying its opening, as illustrated by conditions in November 1985 and 2000 (Figures 12 A, C and 13A).

During early autumn, the persistent southeasterly winds (Figure 6 C, D) were consistent with the regular
closing of the greater ASP in March. During this time of year, cold winds facilitate rapid sea ice growth and
closure of the ASP. Nonetheless, the persistent southeasterly winds and wind-driven advection meant that
some open water was also regularly observed in the eASP, even in winter. (In comparison to the PIP, the ASP
retains a larger fraction of open water during winter, with monthly-averaged sea ice concentrations reaching
about 70% from April to October.)

For the greater ASP area, the initial opening of the polynya became earlier by 16 + 7 days (p < 0.01) over the
period of 1979/80-2013/14 (Figure 13A), but (and in contrast to the PIP) the location of that opening shifted
with time (Figure 13B). Before 1989, the polynya opening was generally observed in the vicinity of 113°W,
but between 1989 and 1993, it shifted further westward, to between 114 and 116°W. Post-1993, the initial
opening of the polynya was generally observed in the newly opened eASP area, i.e., in the vicinity of 112°W,
just west of the TFIT.

Similar to the PIP, the size of the ASP during the months of December to February also increased with
time, though again superimposed on large year-to-year variability (Figure 14). In contrast to the PIP, there
were no years when the ASP did not open. During the high open water years (1992,1993,1995,1997, 2003,
2010), there was little to no sea ice bordering the ASP to the north and west. Otherwise, after the spring
opening, some sea ice typically remained offshore of the ASP area throughout summer (Figures 1 and 4),
similar to the PIP.
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Discussion

Prior to this study, only a few efforts have been made to examine sea ice changes specifically in the Amundsen
Sea (e.g., Assmann et al., 2005). More often than not, studies combine the Amundsen and Bellingshausen seas
into one sector when investigating regional and circumpolar sea ice variability (e.g., Parkinson and Cavalieri,
2012). However, there was a relatively recent study that investigated changes in phytoplankton in relation to
changes in sea ice and open water variability in the two Amundsen Sea polynya areas (Arrigo et al., 2012).
In that study, a higher-resolution passive microwave product (with a 6.25 km pixel size) was used to analyze
data from the period of 1997-2010. Over that shorter interval, no trends or shifts were detected in the size
or duration of the PIP or ASP, or in the timing of opening or closing. Instead, it was noted that interannual
variability was high, especially in the smaller PIP.

Given that the seasonal sea ice changes in the offshore, sPIP and eASP areas showed only weak
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Figure 14

Variability and trends in open
water area in the eASP region.

Time series of open water area
in the greater ASP area for the
months of November to March
starting in 1978 for November
and December, and in 1979 for
January to March (and ending in
2012 and 2013, respectively). The
linear trend for December (297 +
186 km? yr™', p < 0.1) is shown for
reference (while trends in other
months were not significant at
the p < 0.1 level).

doi: 10.12952/journal.elementa.000055.f014
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co-variability with each other (as well as with the high trending areas to the east and west), these areas were
likely responding differently to large-scale forcing and/or to different local forcings. Therefore, in the following
sections, we discuss these local/regional differences within the context of: (i) wind-driven changes in sea ice,
(ii) changes in the TFIT barrier, (iii) potential changes in upper ocean heat content, and (iv) possible causes
for changes in regional atmospheric circulation.

Wind-driven changes in sea ice

Several studies have shown that sea ice variability in the West Antarctic sector is largely wind-driven
(Assmann et al., 2005; Massom et al., 2008; Holland and Kwok, 2012). Given this susceptibility to wind forc-
ing, sea ice melt and growth are preconditioned by wind-driven sea ice changes leading up to the retreat and
advance, respectively. For example, the spring sea ice retreat is preconditioned by wind-driven changes in ice
concentration (through wind-driven Ekman transport) occurring anytime from ~ August to ~ December. The
wind-driven changes lead to higher or lower ice concentrations, and/or thicker or thinner sea ice (depending
on wind direction), thus facilitating slower or faster sea ice melt and ice edge retreat (Watkins and Simmonds,
1999; Assmann et al., 2005). The subsequent autumn sea ice advance is in turn influenced by anomalies in the
timing of the spring retreat via ocean thermal feedbacks, as well as by winds during the period of advance.

The Amundsen Sea is characterized by relatively fast, eastward-drifting sea ice north of ~ 71°S, with slower
but persistent westward drifting sea ice to the south (e.g., Assmann et al., 2005; Holland and Kwok, 2012).
Thus, the decreases in seasonal sea ice that we observed in the offshore area (between 105°W and 125°W and
straddling latitudes 69 and 70°S) lie within a transition zone between fast eastward and slower westward ice
motion. Earlier net sea ice transport analyses for the 1978-2001 period indicated a net annual import and
melt of sea ice into the sector north of 71°S that is only partially balanced by net sea ice production and net
export out of the sector south of 71°S (Assmann et al., 2005). However, our results indicate that the annual
import of sea ice into the northern sector from the west (i.e., from the Ross Sea) has likely decreased since
the 1978-2001 period.

With reported sea ice increases in the Ross Sea and decreases in the Bellingshausen Sea (Liu et al., 2004;
Turner et al., 2009; Stammerjohn et al., 2012; Simpkins et al., 2013), the seasonal timing and strength of
sea ice exchanges from the west and east have changed as well. For example, a recent analysis of “winter”
(April-October) ice motion over the period of 1992-2010 shows trends of increased northward ice drift within
and to the north of the northern sector (concurrent with decreased sea ice concentrations) and increased
northwestward ice drift within the southern sector of the Amundsen Sea (Holland and Kwok, 2012). Both ice
motion trends are coincident with the seasonal sea ice changes in the offshore and eASP areas, respectively.
The increased export of sea ice out of these two areas is consistent with the observed trend towards earlier
spring sea ice retreat in particular.

Given the observed decreases in winter—spring sea ice concentrations prior to retreat in these areas
(Holland and Kwok, 2012; Simpkins et al., 2012), springtime meridional winds more easily drive an earlier
ice edge retreat (Watkins and Simmonds, 1999). The decreased sea ice concentration is consistent with less
sea ice being imported into this area from the west, coupled with the observed trend in northward ice drift
out of this area (Holland and Kwok, 2012), indicating net export of sea ice out of the offshore region.

Together, these reported changes in ice motion are consistent with the observed seasonal shifts in wind
speed and direction (Figure 6). For example, in the offshore area the observed delay in peak autumn westerly
winds (from March to May) contributes to a later autumn sea ice advance (by northward Ekman transport),
while a shorter duration peak in spring westerly winds (from July—August-September to August only) causes
less sea ice to be imported from the west into the offshore region, decreased sea ice concentrations and earlier
spring sea ice retreat (Figure 3). Similarly, in the eASP area, earlier and stronger peak easterly winds in spring
(Figure 6C) are consistent with an earlier wind-driven opening of the polynya.

Variability in the import of sea ice from the southwestern Bellingshausen Sea also contributes to changes
observed in the PIP and ASP areas. Ice motion near the coast is not well resolved by satellite (e.g., Holland
and Kwok, 2012), but ice buoys deployed in the southwestern Bellingshausen Sea in March 2007 (Figure 1,
inset lower right) revealed relatively fast ice speeds between the southwestern Bellingshausen Sea and the
eastern Amundsen Sea. The ice drift slowed thereafter, and the drift direction became more variable as revealed
by the less linear drift tracks. Sea ice originating from the southwestern Bellingshausen Sea typically consists
of thick multi-year sea ice, as was the case in 2007 (Maksym, unpublished data). A thick sea ice cover on the
outer continental shelf of the eastern Amundsen Sea region influences PIP and ASP variability by presenting
a barrier to northward ice drift out of the PIP or ASP, thus restricting polynya size and possibly duration.

Subsequent to the arrival of ice buoys offshore of the PIP in mid-2007 (and the attendant import of
thick multi-year sea ice into the eastern Amundsen Sea), the spring opening of the PIP was significantly
delayed (Figure 8B), which nearly curtailed the PIP summer open water season in 2007/08 (Figure 8C).
Much of the multi-year sea ice in the southern Bellingshausen Sea was removed in 2007 through the drift
process described above (Stammerjohn et al., 2011), such that over the next three years there was little to no
multi-year sea ice imported into the Amundsen Sea. Concurrently, over these next three years, the spring
opening of the PIP was anomalously early. A similar sequence of events occurred between 1987 and 1994 in
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the southern Bellingshausen Sea, when the export of thick multi-year sea ice out of the Bellingshausen Sea
led to the extreme summer minima in ice extent that were observed there (Jacobs and Comiso, 1997). Again,
the thick multi-year sea ice eventually moved into the eastern Amundsen Sea, but by the summer of 1995/96,
much of that sea ice finally thinned out north of the PIP, leading to early openings in 1995/96 and 1996/97.
In summary, the 2-month decrease in ice season duration over the period of 1979/80-2013/14 in the
offshore region coincided with seasonal shifts in wind speed and direction from March to May (relating to
later advance) and from September to August (relating to earlier retreat). This coinciding pattern is consis-
tent with observed delays in ice edge advance in autumn (i.e., delayed into April-May) and decreased net
sea ice import from the west into the offshore region during early spring, leading to decreased spring sea
ice concentrations and earlier ice edge retreat. In the sPIP and eASP areas, the respective episodic or step
changes towards earlier spring sea ice retreat were consistent with a strengthening of southeasterly winds in
September—October over the coastal region, driving earlier openings in the eASP area in particular, as well
as variability in the import of thick multi-year sea ice from the southern Bellingshausen Sea into the eastern
Amundsen Sea. However, as discussed next, changes to the TFIT barrier also played a significant role.

Changes in the Thwaites Fast-ice and Iceberg Tongue (TFIT)

The TFIT barrier partially bisects the Amundsen Sea coastal region, separating the PIP and ASP areas and
hampering the import/export of sea ice into/out of these two areas (Figure 1). The respective episodic and
step changes in the sPIP and eASP sea ice time series can thus be largely explained by variability in the TFIT
barrier, acting in concert with the increases in spring southeasterly winds driving earlier spring openings
in the eASP area in particular. Key changes in the TFIT barrier and their correspondence to PIP and ASP
changes are highlighted below.

The Thwaites is among the fastest moving glaciers in Antarctica (Ferrigno et al., 1993; MacGregor et al.,
2012; Rignot et al., 2014). It extends seaward of its grounding line, forming the Thwaites Glacier Tongue
and to its north, the TFIT. At its most expansive, the northern extent of the TFIT complex extends up to
250 km seaward of the Thwaites grounding line (Swithinbank, 1988). The TFIT barrier has been a highly
variable feature over at least the last 70 years (Ferrigno et al., 1993; MacGregor et al., 2012). In the 1970s
and 1980s, the Thwaites Iceberg Tongue was composed of tabular iceberg B10 (~ 80 km by ~ 40 km; not
christened B10 until 1992), grounded just to the north of the Thwaites Glacier Tongue and connected via fast
ice and smaller icebergs (Ferrigno et al., 1993). In 1986, however, B10 shifted slightly northward, leaving an
approximate 30 km distance of open water between the iceberg and glacier tongue. Between 1986 and 1990,
B10 shifted northward again and rotated east-west, drifting approximately 80 km westward to a position
north of the Martin and Bear peninsulas, i.e., in the northern ASP area. Over the next two years, it drifted
another 60 km west, and then left the Amundsen Sea in the mid-1990s.

As of February 2015, the northern portion of the Thwaites Iceberg Tongue was composed of a large
tabular iceberg B22A (82 km long by 44 km wide) that calved from the Thwaites Glacier Tongue in 2002
(http://www.publicaffairs.noaa.gov/releases2002/mar02/n0aa02026.html). Since December 2010, a newer
southern portion of the Thwaites Iceberg Tongue has been composed of B29 (9 km by 20 km) and B28 (13
km by 19 km) (http://www.natice.noaa.gov/pub/icebergs/Iceberg_Tabular.pdf), resulting from a calving
event within 16 km of the Thwaites grounding line (MacGregor et al., 2012). Since the 2010 calving event,
the TFIT complex has been quite variable, particularly at its southern extent due to rapid changes in the
glacier tongue. (A link to an animation showing the changes described above can be found in MacGregor et
al., 2012: see Table 1, Animation 1.) Recent reports indicate that this area will continue to be quite variable,
given the rapid retreat of the Thwaites grounding line, with future retreat likely due to the absence of pinning
points upstream of the current grounding line (Rignot et al., 2014).

The spatial extent of the TFIT barrier has an obvious influence on the circulation of sea ice in both the
PIP and ASP areas. The westward movement of B10 between 1986 and 1990 was concurrent with seasonal
sea ice decreases observed in the sPIP (Figure 8A). The continued westward movement and eventual departure
of B10 from the PIP/ASP area between 1990 and 1995 was also coincident with marked episodic decreases
in seasonal sea ice in the sPIP (Figure 8), as well as the step change in the eASP time series that resulted in
a 2-month decrease in ice season duration (Figure 11A). Additionally, the increase in easterly winds over the
coastal area in the mid-1990s (Figure 6C) coincided with earlier openings of the eASP (Figure 11), whereas
the wind-driven westward ice motion out of the PIP was periodically blocked whenever the TFIT barrier
was more extensive (e.g., the expansion of the glacier tongue between the mid-1990s to mid-2000s that then
calved to produce B22 in 2002).

Potential changes in upper ocean heat content

Although winds and coastal icescape changes play a large role in explaining sea ice variability in the three
areas, other factors come into play as well. The generally high correspondence between anomalies in the
spring sea ice retreat and the subsequent autumn advance, as revealed in the offshore and sPIP time series
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(Table 1), suggests that changes in the autumn advance may also be due to an ocean thermal feedback (Nihashi
and Ohshima, 2001; Stammerjohn et al., 2012; Holland, 2014). With an earlier spring sea ice retreat, there
is a net gain in solar warming of the upper ocean by end of summer that in turn delays the onset of freezing
in autumn. Even with favorable (i.e., cold southerly) winds in autumn, ice formation is delayed by the ad-
ditional time needed to cool the relatively warmer mixed layer (e.g., Figure 7F) (Stammerjohn et al., 2011).
That there was little relationship between the spring retreat and subsequent advance in the eASP region was
due to the persistent southeasterly winds blowing over the TFIT that helped maintain the dominance of
wind-driven dynamics, particularly in spring.

In the coastal area, additional factors contribute to sea ice changes, particularly in sea ice thickness. The
PIP and ASP are generally categorized as wind-driven latent heat polynyas. Airflow over the ASP in par-
ticular (Figure 4) is characterized by strengthened katabatic winds converging along confluences in ice sheet
topography (Parish and Bromwich, 2007). However, the upwelling or mixing of warm CDW into surface
waters in the PIP and ASP areas provides a sensible heat component as well (Mankoff et al., 2012).

Cooled and freshened CDW, exiting from under the Pine Island and Dotson ice shelves (and from
other ice shelves in the Amundsen Sea embayment region), has been made buoyant by basal ice shelf melt
and also retains some residual heat, with temperatures a few degrees above freezing (Jacobs et al., 2012).
Whether warm, freshened CDW mixes with surface waters in the PIP and ASP areas to provide enough of
a sensible heat or freshwater component to affect the overlying ice cover depends on several factors, including
winds, tidal forcing, ocean stratification, sub-ice shelf circulation, and eddy activity on the continental shelf.
'The latter three factors are quite variable in the Amundsen Sea region (Jacobs et al., 2012; St-Laurent et al.,
2013; Dutrieux et al., 2014), while tidal forcing contributes to mixing in front of and under the Pine Island
and Dotson ice shelves, thus contributing to changes in basal ice shelf melt (Robertson, 2013).

With regards to wind-induced mixing, an analysis of Ekman pumping indicates that the greater PIP
and ASP areas regularly experience upwelling (Ekman suction) particularly from August to October (Yuan,
personal communication). However, the central Amundsen Sea, including the coastal ASP area, is weakly
stratified (compared to the PIP area in the eastern Amundsen Sea), indicating that wind-induced mixing
of meltwater-modified CDW is a possibility. An analysis of freshwater distributions in the ASP area shows
relatively high fractions of meteoric water (2-3%) throughout the deep winter mixed layers, the main source
of which appears to be from basal ice shelf melt (Randall-Goodwin et al., 2015).

If upwelling of warm CDW caused an increase in upper ocean heat content, then this factor would affect
sea ice by potentially delaying the onset of sea ice growth in autumn and limiting its thickness in winter,
which in turn would promote earlier melt-back in spring. The seasonal sea ice trends in the sPIP and eASP
areas are consistent with that scenario, but to test it would require year-round coincident in situ observations
of sea ice mass balance and water column changes, a difficult proposition in these highly dynamic, coastal
polynya environments.

To date, there has been just one 6-week joint deployment of an ice mass balance buoy (IMB; Perovich
etal.,2004) and an ice-tethered profiler (ITP; Toole et al.,2011) in the Amundsen Sea (Ackley et al., 2015).
In that study, the ITP and IMB were installed within 50 m of each other on fast ice near the TFIT during
February—March of 2009.The ITP collected water column temperature and salinity profiles between 7-m and
760-m depths each day, while the IMB collected snow/ice thickness changes, temperature profiles through
the snow and sea ice, and temperature and salinity at ~ 1.2 m below the sea ice; both packages relayed their
data by Iridium Satellite. Average ocean heat flux of ~ 17 W m™ was estimated by the total ice thickness
change recorded by the IMB, with periods of more intense ocean heat flux (up to 56 W m™) and higher ice
melt corresponding with several CDW upwelling events as captured by the ITP profiles. Although limited
in space and time, this study provides evidence that sea ice thickness in the Amundsen Sea coastal area can
be affected by CDW upwelling.

Possible causes for the regional atmospheric circulation changes

Mean seasonal changes in winds (Figure 4), as well as changes documented over the period of 1979-2013
(Figures 6), are differently timed between the offshore and coastal areas, suggesting different local forcing
and/or response to large-scale forcing. Coastal winds are influenced by katabatic drainage off the continent (in
response to diabatic cooling of sloped ice surfaces) and by synoptic variability (Parish and Bromwich, 2007),
while offshore winds, particularly in the Amundsen Sea sector, are influenced by high synoptic variability.
However, both are influenced by large-scale climate variability. Of related interest is that, on a year-to-year
basis when offshore northwesterly wind speed is relatively high, the coastal southeasterly wind speed is
relatively low, and vice-versa (Figure 5).

Changes in seasonal peak winds in the offshore region from March to May and from September to
August (Figure 6A), and the consequent impact on delaying the autumn ice edge advance and accelerating
its spring retreat, respectively, suggest a modification of the Semi-Annual Oscillation (SAO) (Turner et
al., 2013). The SAO is a twice-yearly poleward contraction (spring, autumn) and equatorward expansion
(summer, winter) of the circumpolar low-pressure belt (van Loon, 1967). Changes in SAO-like behavior in
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the Amundsen Sea could be influenced by a number of factors, including those factors affecting the seasonal
location of the Amundsen Sea Low (ASL). The ASL is a prominent feature of the regional atmospheric
circulation in the West Antarctic sector, where it forms a semi-permanent low-pressure system located
within the Bellingshausen-Amundsen-Ross Seas sector (Fogt et al., 2012; Hosking et al., 2013; Turner et
al., 2013). The climatological location and strength of the ASL changes seasonally. In January, it is furthest
north and east (~ 67°S and ~ 110°W); in June, it is furthest south and west (~ 72°S and ~ 150°W). During
autumn and spring, the ASL is located in the western Amundsen Sea in the vicinity of 130°W, where it is a
bit further north (~ 69-70°S) in autumn (March—April) and more south (~ 70-71°S) in late winter—spring
(August-November) (Turner et al., 2013).

Various climate modes affect the location and intensity of the ASL, including the Southern Annual Mode
(SAM), the high-latitude atmospheric response to El Nifio-Southern Oscillation (ENSO) and zonal wave
variability (e.g., Yuan and Li, 2008; Hobbs and Raphael, 2010; Raphael and Hobbs, 2014). Recent findings
also indicate that the leading mode of tropical and North Atlantic sea surface temperature (SST) variability,
the Atlantic Multi-decadal Oscillation (AMO), affects atmospheric circulation in the West Antarctic sector
(Li et al., 2014) through similar teleconnections to ENSO (i.e., Rossby wave propagation of atmospheric
perturbations).

Changes in the seasonal position and intensity of the ASL strongly influence wind-driven sea ice changes
in the Amundsen Sea. If the ASL is positioned north or south of the ice edge, then easterly or westerly
winds prevailing along the southern or northern limb of the ASL will affect the ice edge location and sea
ice concentrations inside the ice edge. Similarly, if the ASL is positioned east or west of an area in question,
then southerly or northerly winds prevailing along the western or eastern limb of the ASL will affect sea ice
concentrations in the area in question. Finally, if the ASL is intensified (i.e., deepened), then these winds
become anomalously stronger. A positive (negative) SAM in summer—autumn intensifies (weakens) the
ASL poleward, while the high-latitude response to La Nifia (El Nifio) intensifies (weakens) the ASL and
moves it slightly westward (eastward) in winter—spring (Turner et al., 2013). Of relevance to the Amundsen
Sea in particular, the ASL also has intensified over the last ~ 30 years during autumn and spring (i.e., when
the ASL is typically in the western Amundsen Sea) in accord with an increase in the amplitude of the SAO
(Turner et al., 2013).

The SAO-related changes are consistent with the observed changes in winds. The increase (decrease) in
westerly (northerly) winds in the offshore area in May (Figure 6 A, B) correspond to a southeastward shift in
an intensified ASL.In contrast, the decrease (increase) in westerly (northerly) winds in September corresponds
to a northwestward shift in an intensified ASL. The latter also coincided with an increase in easterly winds
over the coastal area (Figure 6C). However, the overall increase in easterly winds in the coastal area during
winter and spring could also be due to an increase in the number of La Nifia events during the period of
1996-2012 as compared to 19791995 (9 versus 3 yearly events, respectively, based on our interpretation of
the Oceanic Nifio Index). As mentioned, the ASL strengthens during La Nifia (Turner et al., 2013), which
in turn would lead to an increase in easterly winds over the coastal area.

A final point is that sea ice changes in the Amundsen Sea region were comparatively weaker and less
spatially coherent than in the Bellingshausen and western Ross Sea regions over the period examined. These
latter two high-trending sea ice areas are east and west, respectively, of the area showing the largest atmo-
spheric synoptic variability (e.g., Simmonds et al., 2003; Fogt et al., 2012). Not only is synoptic variability
particularly high in the Amundsen Sea, but also, as described above, air-sea-ice interactions are quite sensitive
to the seasonally expressed, but differently timed, climate modes and tropical teleconnections. Therefore, it
is not surprising that sea ice changes in the Amundsen Sea, as described in this study, were spatially vari-
able and differently timed, compared to the sea ice changes to the east and west of the Amundsen Sea area.

Conclusions

Opver the period of 1979-2014 three areas in the Amundsen Sea showed notable seasonal sea ice decreases that
occurred either gradually (in the offshore region; Figure 3), episodically (in the sPIP region; Figure 8), or as a
single shift (in the eASP region; Figure 11). The seasonal sea ice decreases in the offshore area occurred more
or less monotonically with time, resulting in a 2-month shorter ice season over the last 35 years (Figure 3).
In contrast, in the sPIP area the ice season decreased by 1 to 3 months during roughly five different episodes
over the 35-year period (Figure 8). In the e ASP area, the ice season decreased by 2 months in a single step
that occurred in the mid-1990s (Figure 11).

In the offshore region, ice season decreases were due to changes in both spring sea ice retreat and autumn
advance. An earlier spring sea ice retreat was associated with decreased (increased) westerly (northerly)
winds in September (and decreased ice import from the west) (Assmann et al., 2005; Holland and Kwok,
2012) followed by strengthening of northerly winds in spring. A later autumn sea ice advance was associ-
ated with weakening of westerly winds in March, as well as ocean thermal feedbacks in response to earlier
spring retreat. The wind changes corresponded to shifts in peak winds from March and September to May
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and August that were consistent with reported changes in the location and intensity of the Amundsen Sea
Low (Turner et al., 2013).

In contrast, the sea ice decreases in the sPIP and eASP areas were due mostly to changes in spring sea ice
retreat, associated with episodic changes in the extent of the TFIT barrier (separating the PIP and ASP areas),
as well as increased southeasterly winds over the coastal region. Variability in the import of thick multi-year
sea ice from the southern Bellingshausen Sea into the eastern Amundsen Sea, together with variability in the
number of icebergs on the outer continental shelf that retain summer sea ice, were other factors contributing
to PIP/ASP variability. The sPIP and eASP sea ice changes are important, as they affect the timing, duration
and size of these two polynyas and thus impact this biologically productive area (Arrigo and van Dijken,
2003; Arrigo et al., 2012; Alderkamp et al., 2015; Mu et al., 2015), as well as possibly indicating a response
to changes in heat and freshwater inputs (Randall-Goodwin et al., 2015; Sherrell et al., 2015).

Temporal correlations were weak between sea ice variability in the three Amundsen Sea areas, as well as
between the Amundsen Sea and the two high-trending areas to the east and west (in the Bellingshausen and
western Ross seas, respectively). The lack of covariability suggests that the sea ice changes in the Amundsen
Sea are responding differently to large-scale forcing and/or to different local forcing. Air-ocean-ice interactions
in the Amundsen Sea are influenced by various climate modes and are highly sensitive to tropical forcing.
Such influences act on the ASL, a semi-permanent low-pressure system located within the Bellingshausen-
Amundsen-Ross Seas sector (Fogt et al., 2012; Hosking et al., 2013; Turner et al., 2013). The ASL has
intensified over the last ~ 30 years during autumn and spring, the same seasons when it is typically located
in the western Amundsen Sea (Turner et al., 2013). These changes in the seasonal intensity and location of
the ASL are consistent with the observed sea ice and wind changes reported here.

Although the sea ice changes observed in the offshore and coastal polynya areas were consistent with
changes in winds and to the coastal icescape, for the coastal polynya areas an additional but unknown factor
is how sea ice is responding to changes in ocean heat and freshwater inputs. Such changes may be resulting
from longer summer open-water periods, variability in ice-shelf melt, and variability in the relatively warm
buoyant waters exiting the ice-shelf cavities (for example). Currently, we lack sufficient in situ time series
data to investigate changes in ice-ocean interactions over time, but a short deployment of a co-located ice
mass balance buoy and ice-tethered profiler in January-March of 2009 shows episodes of sea ice basal melt
and thinning in response to CDW upwelling events (Ackley et al., 2015).

Unraveling cause and effect of sea ice changes in the Amundsen Sea presents some key challenges, made
more relevant given recent reports of climate-sensitive ice-shelf melting (Dutrieux et al., 2014; Paolo et
al., 2015) and the rapid retreat of grounding lines in the Amundsen Sea embayment area (Mouginot et al.,
2014; Rignot et al., 2014). This work underscores the need for improved and coordinated in situ time series
observations of air-ocean-ice interactions, coupled with continued improvements in satellite-derived prod-
ucts and high-resolution ocean models. Although acquiring in situ observations is challenging, given the
highly dynamic nature of Antarctic sea ice, newer, cost-effective and more sophisticated technologies (e.g.,
autonomous vehicles and moored instrumentation) are now making such observations possible (Schofield et
al.,2010,2015; Maksym et al.,2012; Smith et al., 2014; Ackley et al., 2015; Ducklow et al., 2015). By joining
these efforts, we will better resolve cause and effect and better assess future changes to this highly sensitive
and rapidly changing marine environment.
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