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Over the past three decades of the observed satellite record, there have been significant changes in sea ice
cover across the Bering, Chukchi, and Beaufort seas of the Pacific Arctic Region (PAR). Satellite data reveal
that patterns in sea ice cover have been spatially heterogeneous, with significant declines in the Chukchi
and Beaufort seas, yet more complex multi-year variability in the Bering Sea south of St. Lawrence Island.
These patterns in the Chukchi and Beaufort seas have intensified since 2000, indicating a regime shift in
sea ice cover across the northern portion of the PAR. In particular, satellite data over 1979-2012 reveal
localized decreases in sea ice presence of up to —1.64 days/year (Canada Basin) and —1.24 days/year
(Beaufort Sea), which accelerated to up to —6.57 days/year (Canada Basin) and —12.84 days/year
(Beaufort Sea) over the 2000-2012 time period. In contrast, sea ice in the Bering Sea shows more complex
multi-year variability with localized increases in sea ice presence of up to +8.41 days/year since 2000. The
observed increases in sea ice cover since 2000 in the southern Bering Sea shelf region are observed in
wintertime, whereas sea ice losses in the Canada Basin and Beaufort Sea have occurred during summer.
We further compare sea ice variability across the region with the National Centers for Environmental
Prediction (NCEP) North American Regional Reanalysis (NARR) wind and air temperature fields to deter-
mine the extent to which this recent variability is driven by thermal vs. wind-driven processes. Results
suggest that for these localized areas that are experiencing the most rapid shifts in sea ice cover, those in
the Beaufort Sea are primarily wind driven, those offshore in the Canada Basin are primarily thermally
driven, and those in the Bering Sea are influenced by elements of both. Sea ice variability (and its drivers)
across the PAR provides critical insight into the forcing effects of recent shifts in climate and its likely ulti-
mate profound impacts on ecosystem productivity across all trophic levels.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The Arctic Ocean has experienced significant warming (Zhang,
2005; Polyakov et al., 2007; Steele et al., 2008) and dramatic decli-
nes in sea ice cover (Comiso et al., 2008; Stroeve et al., 2008, 2012;
Cavalieri and Parkinson, 2012) over the past few decades. These
reductions in sea ice have facilitated positive feedbacks through
decreased albedo and enhanced absorption of solar insolation
(e.g., Perovichetal.,2007,2008, 2011), leading to model predictions
of a near absence of summer sea ice by the year 2040 (Holland et al.,
2006) and possibly sooner (Stroeve et al., 2007; Wang and Overland,
2009, 2012; Overland and Wang, 2013). Changes associated with
these declines in sea ice extent include long-term thinning trends
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of sea ice (Kwok and Rothrock, 2009; Kwok et al., 2009; Laxon
et al., 2003), a lengthening of the summer melt season (Markus
et al.,, 2009), and a shift from primarily perennial multiyear ice to
seasonal first-year ice (Maslanik et al., 2007, 2011). These changes
have been spurred in part by increased seawater heat fluxes enter-
ing the Chukchi Sea through Bering Strait (Shimada et al., 2006;
Woodgate et al., 2006; Mizobata et al., 2010), leading to ocean
warming that in turn delays autumn sea ice re-growth (Steele
et al., 2008). From an atmospheric perspective, these additional
heat fluxes may also be associated with Arctic dipole anomalies that
have increased poleward wind forcing in the Bering Strait region
over the past decade (Wu et al., 2006; Wang et al., 2009, 2014;
Overland et al., 2012). Additional modes of climate variability, such
as the Arctic Oscillation (AO; Wang and Ikeda, 2000; Rigor et al.,
2002; Liu et al., 2004; Stroeve et al., 2011) and the Pacific Decadal
Oscillation (PDO; Zhang et al., 2010; Danielson et al., 2011;
Wendler et al., 2014), have also been implicated as drivers of sea
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ice variability over longer decadal time periods. Overall, observed
reductions in sea ice cover across the Arctic have been most pro-
nounced in the marginal seas of the Alaskan and Russian continen-
tal shelves (Steele et al., 2008; Stroeve et al., 2012), including the
Chukchi and Beaufort seas of the Pacific Arctic Region (PAR).

The PAR includes some of the most seasonally productive mar-
ine ecosystems in the world (Grebmeier, 2012) and shifts in sea
ice across the region are likely to have profound consequences for
seasonal phytoplankton production as well as ecosystem produc-
tivity across all trophic levels (e.g., Jin et al., 2009). In particular,
the Chukchi Sea (and Canada Basin to the northeast) has experi-
enced some of the fastest declines in sea ice cover across the
Arctic (Parkinson and Cavalieri, 2008; Cavalieri and Parkinson,
2012), where the ice-albedo effect plays a significant role in
explaining these drastic reductions (Perovich et al., 2007, 2008,
2011; Perovich, 2011). Furthermore, predictions of future sea ice
conditions in the Chukchi and Beaufort seas (north of 70°N), show
that annual open-water durations may shift from 3 to 4 months
currently to nearly 5 months by 2040 (Wang and Overland, 2015).
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In the Beaufort Sea, recent sea ice studies have related sea ice distri-
butions to the strength of the Beaufort Gyre (Barber and Hanesiak,
2004; Kwok and Cunningham, 2012; Hutchings and Rigor, 2012; Yu
et al.,, 2013) and have further highlighted that an increased respon-
siveness of ice drift to geostrophic winds is consistent with a thin-
ner and weaker seasonal sea ice cover (Kwok et al., 2013). The
strengthening of the Beaufort Sea High has been identified
(Moore, 2012; Wood et al., 2013, 2015) with easterly wind forcing
(Wood et al., 2013), which is a likely result of tropospheric warming
and a reduction in atmospheric baroclinicity (Moore, 2012). In con-
trast to larger pan-Arctic trends, however, regional increases in sea
ice during winter have recently been reported for the Bering Sea
(e.g., Francis and Hunter, 2007; Wendler et al., 2014), in part owing
to a weakening of the Aleutian Low resulting in less warm air from
the south being advected into the Bering Sea region (thus favoring
northerly winds that promote ice formation). Stabeno et al. (2012a)
further described multi-year variability in sea ice cover over the
southeastern Bering Sea shelf, oscillating between warm years
(e.g., 2001-2005) with less extensive ice (driven by weak, easterly
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Fig. 1. Location of the Pacific Arctic Region, including the East Siberian, Beaufort, Chukchi, and Bering seas. Isolines indicate the mean ice edge (defined using a 15% sea ice
concentration threshold) based on AMSR-E satellite data from 2003 to 2011 (January-September) and 2003 to 2010 (October-December). Bathymetry is included for
reference. Landfast ice forms along the Beaufort coast before areas farther north offshore in the Beaufort Sea, which is apparent in the ice edge isoline for October.
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Fig. 2. (a) Mean annual sea ice persistence (2003-2010); (b) mean timing of sea ice breakup (2003-2011); and (c) mean timing of sea ice freeze-up (2002/2003-2010/2011)
across the Pacific Arctic Region. Values are based on a 15% sea ice concentration threshold using AMSR-E satellite time series.

winds) and cold years (e.g., 2007-2010) with more extensive ice
(driven by cold, northerly winds). Stabeno et al. (2012b) described
sea ice variability across the southeastern Bering Sea shelf from a
spatial perspective as well, where a “decoupling” of patterns of
sea ice variability has occurred between the recent summer sea
ice. minima north in the Arctic (including the Chukchi and
Beaufort seas) and subsequent winter/spring sea ice maxima in
the southern Bering Sea shelf region.

In this study, we summarize the recent variability in sea ice
cover across the broader PAR, including the Bering, Chukchi, and
Beaufort seas (Fig. 1). We pay particular attention to sea ice using
relatively high spatial resolution (6.25 km) sea ice concentrations
derived from the Advanced Microwave Scanning Radiometer for
EOS (AMSR-E) sensor on the Aqua satellite platform (Spreen
et al., 2008). Based on a 15% sea ice concentration threshold to
categorize sea ice as being either present or absent, annual sea
ice persistence, the timing of sea ice breakup, and the timing of
sea ice formation are quantified with AMSR-E data spanning
2003-2011 (up until the point of instrument failure in October
2011). We additionally give the AMSR-E time series context within
a longer time frame by using the lower spatial resolution (25 km)
sea ice concentration data (spanning the years 1979-2012)
derived from the Scanning Multichannel Microwave Radiometer
(SMMR) and Special Sensor Microwave/Imager (SSM/I) passive
microwave instruments (Cavalieri et al., 2008). We compare sea
ice variability across the PAR with National Centers for
Environmental Prediction (NCEP) North American Regional
Reanalysis (NARR) 10 m wind and 2 m air temperature fields to
determine the extent to which recent sea ice variability has been
driven by thermal vs. wind-driven processes. In particular, we par-
tition winds in a novel way (winter northwesterly 10 m winds and
summer northeasterly 10 m winds), which appears to maximize
our understanding of seasonal sea ice persistence across the
region. Lastly, we compare sea ice variability across the region
with both PDO and AO indices to investigate the extent to which
these modes of climate variability affect sea ice cover across the
Bering, Chukchi, and Beaufort seas of the PAR.

2. Data and methods

The primary methodology for this study is an assessment of
recent sea ice conditions throughout the PAR using sea ice

concentrations from the AMSR-E sensor. These data were obtained
from the University of Bremen (http://www.iup.uni-bremen.de/
seaice/amsr/) and use the Arctic Radiation and Turbulence
Interaction Study (ARTIST) sea ice algorithm to calculate sea ice
concentrations from passive microwave brightness temperatures
(Spreen et al., 2008). These data (available from June 2002 through
October 2011) provide a relatively high spatial resolution
(6.25 km) daily time series of sea ice concentrations throughout
the PAR. Because of the failure of the AMSR-E sensor in October
2011, it is a timely opportunity to assess the entire time series
for spatial and interannual variability in the annual persistence
of sea ice cover, as well as the timing of sea ice breakup and forma-
tion. Although the time series began in June 2002, we initiated our
focus in 2003 (the first full year of data). As is standard in many
prior studies, we used a 15% ice concentration threshold to define
the presence vs. absence of sea ice cover for calculations of sea ice
extent. We then summed the number of days when sea ice was
present (for each pixel) within a given year, which resulted in maps
of annual sea ice persistence over the years 2003-2010 (those
years with complete data available). The timing of sea ice breakup
(formation) was determined by flagging the date on which a pixel
registered two consecutive days below (above) a 15% sea ice con-
centration threshold, where we defined the breakup period as
March 15-September 15 and the freeze-up period as September
15-March 15. Requiring two consecutive days of the
breakup/freeze-up condition ensured that the defined events were
persistent rather than spurious occurrences. We additionally
investigated seasonal sea ice persistence over the winter
(January, February, March; JFM), spring (April, May, June; AM]),
summer (July, August, September; JAS), and autumn (October,
November, December; OND) time periods. Given data availability,
the winter, spring, and summer time series span 2003-2011,
whereas the autumn time series spans the 2003-2010 time period.
Owing to the relatively short time series available for the AMSR-E
data, we utilized a Theil-Sen median slope estimator (Sen, 1968) to
assess the significance of trends in annual and seasonal sea ice per-
sistence across the region. The Theil-Sen trend uses a robust non-
parametric trend operator that is particularly well suited for
assessing the rate of change in short and/or noisy time series
(Hoaglin et al., 2000). The statistical significance of the Theil-Sen
trends (p <0.1) was established using the nonparametric Mann-
Kendall test for monotonic trend (Mann, 1945; Kendall, 1975).
Three 75 x 75 km sites in the Bering Sea (BRS), Beaufort Sea
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Fig. 3. Annual sea ice persistence for the eight full years of the AMSR-E record (2003-2010). Persistence values are based on a 15% sea ice concentration threshold.

(BFS), and Canada Basin (CBS) were identified as sites with notably
large shifts in sea ice persistence and were the focus of additional
specific statistical investigations. We should note that these sites
are not intended to represent the entire region, but rather to serve
as focused sites within three distinctly different regions of rela-
tively high trends in sea ice persistence over the time periods
investigated.

In order to contextualize more recent AMSR-E based trends in
sea ice cover throughout the PAR over a longer time period, sea
ice concentrations (spanning the years 1979-2012) derived from
SMMR and SSM/I passive microwave instruments (Cavalieri et al.,
2008) were also explored in this study. These data (derived with

the NASA Team Algorithm) are available at a 25 km spatial resolu-
tion, where the SSM/I data are daily and the SMMR data are avail-
able every other day (but were temporally interpolated in this
study to create a daily time series). As with the AMSR-E sea ice
dataset, we used a 15% ice concentration threshold to define the
presence vs. absence of sea ice cover for each pixel in the resulting
daily time series. We then summed the number of days when sea
ice was present (for each pixel) within a given year, which resulted
in maps of annual sea ice persistence over the years 1979-2012.
Because these time periods were sufficiently long, ordinary least
squares regressions were then mapped spatially (for each pixel)
over the 1979-2012 and 2000-2012 time periods, where the slope
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Fig. 4. The timing of sea ice breakup for each available year of the AMSR-E record (2003-2011). The timing calculated requires that a pixel register two consecutive days
below a 15% sea ice concentration threshold. Black areas to the south denote areas of open water that were not ice covered during the year; black areas to the north denote

areas of multiyear ice that did not break up during the year.

coefficients of the regressions denote a change in annual sea ice
persistence (days/year). As with the AMSR-E time series, the statis-
tical significance of the SMMR- and SSM/I-based trends (p < 0.1)
was established using the Mann-Kendall test for monotonic trend.

The long-term (1979-present) NCEP NARR dataset was devel-
oped to provide a higher spatial resolution and more accurate cli-
mate reanalysis at the continental scale as compared to previous
global reanalysis datasets (Mesinger et al., 2006). We utilized both
the 2 m surface air temperature (T,,,) and near-surface 10 m wind
fields at a native 32 km horizontal spatial resolution (on a polar

stereographic grid). Both the temperature and wind data were sep-
arated into seasonal components, where particular focus was given
to winter (JFM) and summer (JAS) time periods when the steepest
trends in sea ice were observed. To provide further insight into sea
ice variability across the region, we partitioned the wind field into
both winter northwesterly (NW) 10 m winds and summer north-
easterly (NE) 10 m winds. These seasonal wind fields were then
calculated as the occurrence frequency (%) of NW and NE winds
during winter and summer, respectively. Linear trends (calculated
through ordinary least squares regressions) of the occurrence
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Fig. 5. The timing of sea ice freeze-up for each available year of the AMSR-E record (2002/2003-2010/2011). The timing calculated requires that a pixel register two
consecutive days above a 15% sea ice concentration threshold. Black areas to the south denote areas of open water that were not ice covered during the year; black areas to the
north denote areas of multiyear ice that did not re-freeze during the year. Relatively early freeze-up dates along the Beaufort and Chukchi coastlines are indicative of landfast

ice forming here before areas farther north offshore in the Beaufort and Chukchi seas.

frequency of these partitioned winds were calculated spatially for
both the 1979-2012 and 2000-2012 time periods. Spatial correla-
tions between reanalysis data (partitioned winds and T,,) and
AMSR-E derived seasonal sea ice persistence (2003-2011) were
additionally performed to provide insight into the potential speci-
fic drivers of recent sea ice variability. All time series were first
detrended (to force stationarity) before correlation coefficients
were calculated. Finally, mean winter (JFM) and summer (JAS)

AO climate indices (from the Climate Prediction Center at NOAA,
http://www.cpc.ncep.noaa.gov/) and PDO climate indices (from
the Joint Institute for the Study of the Atmosphere and Ocean at
the University of Washington, http://jisao.washington.edu/pdo/)
were spatially correlated with SMMR and SSM/I winter and sum-
mer seasonal sea ice persistence to provide additional insights into
sea ice variability across the region. In this case, the longer-term
SMMR and SSM/I time series (1979-2012) was utilized in order
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Fig. 6. Theil-Sen median trends in annual sea ice persistence (days/year) over the 2003-2010 period for the (a) AMSR-E (6.25-km resolution) and (b) SSM/I (25-km
resolution) satellite time series. Hatching indicates statistically significant regions (p < 0.1) using the Mann-Kendall test for trend. The three sites demarcated in (a) highlight
characteristically steep trends for the Canada Basin (CBS), Beaufort Sea (BFS), and Bering Sea (BRS), the mean time series for which are shown in Fig. 8 (and summarized in

Table 1).

Table 1

Trends in annual and seasonal sea ice persistence (days/year) for focused analysis sites in the Canada Basin (CBS), Beaufort Sea (BFS), and Bering Sea (BRS) for both the SMMR,
SSM/I time series and the AMSR-E time series. The SMMR, SSM/I values are calculated as (ordinary least squares) linear trends and the AMSR-E values are calculated as Theil-Sen
median trends (owing to the shorter time series). Statistical significance of trends is designated as p < 0.01 (bolded/underlined), p < 0.05 (bolded), and p < 0.1 (underlined).

SMMR, SSM/1 SMMR, SSM/1 AMSR-E AMSR-E Winter AMSR-E Spring AMSR-E Summer AMSR-E Autumn
Annual Annual Annual (JFEM) (AM]) (JAS) (OND)
(1979-2012) (2000-2012) (2003-2010)  (2003-2011) (2003-2011) (2003-2011) (2003-2010)
Canada Basin Site (CBS) _1.64 —6.57 -9.32 0 0 —6.61 -1.23
Beaufort Sea Site (BFS) —1.24 _12.84 _16.07 0 -0.11 -8.41 251
Bering Sea Site (BRS) 0.85 8.41 15.55 8.61 412 0 0
to foster comparisons over a multi-decadal time period, which 3. Results

would not be possible with the shorter AMSR-E dataset. Again,
all climate indices and sea ice image time series were first linearly
detrended to force stationarity before correlation analyses were
performed.

Ancillary datasets to explore components related to AMSR-E
derived sea ice variability across the PAR include monthly sea sur-
face temperature (SST) data (Level 3, 4.6 km spatial resolution)
derived from the Moderate Imaging Spectrometer (MODIS) sensor
on the Aqua satellite platform obtained from NASA (http://ocean-
color.gsfc.nasa.gov/) and monthly chlorophyll-a concentrations
(case I water product, 4.6 km spatial resolution) obtained from
the Globcolour Project (http://www.globcolour.info/). The
Globcolour chlorophyll-a concentration dataset maximizes spatial
and temporal coverage by combining available data from three
satellite sensors (MODIS-Aqua, Medium Resolution Imaging
Spectrometer Instrument (MERIS), and Sea-viewing Wide Field of
view Sensor (SeaWiFs)).

Sea ice cover across the PAR is seasonally variable, with much of
the Bering, Chukchi, and Beaufort seas covered with first-year sea
ice for several months of each year. Northern portions of the
Chukchi and Beaufort seas have also contained variable amounts
of multiyear sea ice (i.e., ice that has survived at least one melt sea-
son) over the last three decades of the observed satellite record.
Positions of the monthly mean sea ice edge obtained from the
AMSR-E satellite record are shown in Fig. 1. The position of the
mean ice edge during winter and early spring (January through
April) is farthest south and relatively stable until May when the
edge begins to retreat northward. By June, the ice edge on average
has retreated northward through the Bering Strait and by
September, the ice edge is at its most northern position off the con-
tinental shelf in the Chukchi and Beaufort seas. The spatial patterns
of sea ice variability can be seen more readily in spatially continu-
ous maps of mean annual sea ice persistence, the timing of sea ice
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breakup, and the timing of sea ice freeze-up (Fig. 2). As the PAR
includes both first-year and multiyear ice, the annual sea ice per-
sistence throughout the region ranges widely from 0 to 365 days
and the most persistent ice is located in the northeastern sector
toward the Canadian Archipelago (Fig. 2a). Patterns in the timing
of breakup (Fig. 2b) roughly follow latitude, except in cases where
winds likely open localized polynyas (e.g., north of Wrangel Island,
southwest of Barrow, west of Banks Island, and in the southeastern
Beaufort Sea). Sea ice freeze-up occurs in most of the areas off the
continental shelf (in the Canada Basin north of the Chukchi and
Beaufort seas) by the end of October, by the end of November in
the Chukchi Sea, and from December through February/March in
the Bering Sea (Fig. 2c). Relatively early freeze-up dates along the
Beaufort coast are indicative of landfast ice forming here before
areas farther north offshore in the Beaufort Sea. Investigation of
individual years of sea ice persistence (Fig. 3), the timing of sea
ice breakup (Fig. 4), and the timing of sea ice freeze-up (Fig. 5) also
gives important insights into the interannual variability in sea ice
over the past decade. In particular, those years with relatively short
annual sea ice persistence result from both earlier breakups and
later freeze-ups. Furthermore, those areas of highest interannual
variability in sea ice cover tend to be those at the southern ice edge
in the Bering Sea, at the northern ice edge off the continental shelf
in the Canada Basin, and in the region directly west of Banks Island.

Spatial trends in annual sea ice persistence provide a means for
identifying those areas registering the most rapid changes.
Theil-Sen median trends in annual sea ice persistence over the
years 2003-2010 using AMSR-E data are shown in Fig. 6a, where
there are two distinct areas of statistically significant (p < 0.1) neg-
ative trends: significant losses in the Canada Basin north of the
Chukchi Sea (—9.32 days/year at the CBS site) and significant losses
in the Beaufort Sea west of Banks Island (—16.07 days/year at the
BFS site) (Fig. 6a; Table 1). Although these sites were chosen simply

160°E 180° 160°W  140°W 120°W
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because they highlight notably steep trends in sea ice persistence
across the region, the BFS site happens to be in the proximity of
the Cape Bathurst polynya. However, as we are focused on report-
ing overall trends in sea ice persistence, that should not impact the
overall metrics used to describe changes in sea ice across this
region. The longer-term SMMR and SSM/I data were also used to
contextualize the more recent AMSR-E based trends. Theil-Sen
median trends in annual sea ice persistence using SSM/I data (over
the years 2003-2010; Fig. 6b) show distinctly similar patterns in
sea ice changes even with the lower spatial resolution data
(25 km vs. 6.25 km), which justifies at least a first-order compati-
bility between the two datasets. With a longer-term perspective
using the SMMR and SSM/I time series (1979-2012), trends in
annual sea ice persistence are more subdued, although sea ice
losses in the Chukchi Sea, Beaufort Sea, and Canada Basin remain
clear (Fig. 7a). These trends clearly accelerated over the 2000-
2012 time period (Fig. 7b). For example, satellite data over 1979-
2012 reveal localized trends in sea ice cover up to —1.64 days/year
(CBS site) and —1.24 days/year (BFS site); these trends accelerated
to —6.57 days/year (CBS site) and —12.84 days/year (BFS site) over
the 2000-2012 time period (Table 1). A comparison of trends over
the SMMR and SSM/I based time series and AMSR-E based time
series for these two example CBS and BFS sites illustrate the consis-
tency between the two datasets as well as the acceleration of
trends over the past decade (Fig. 8). In contrast, we observe appar-
ent significant gains in sea ice cover over the southern Bering Sea
shelf (+15.55 days/year at the BRS site) over the 2003-2010 time
period (Figs. 6 and 8c; Table 1), yet this site does not experience
a significant trend over the longer 1979-2012 time period
(Figs. 7a and 8c; Table 1). It is clear by examining the time series
of sea ice cover at the BRS site (Fig. 8c) that this region is experi-
encing a pattern of multi-year variability of sea ice cover, where
1979-2000 was characterized by high interannual variability in
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Fig. 7. Linear trends in annual sea ice persistence (days/year) based on SMMR and SSM/I sea ice concentrations for (a) 1979-2012 and (b) 2000-2012. Hatching indicates
statistically significant regions (p <0.1) using the Mann-Kendall test for trend. Mean time series for representative sites CBS, BFS, and BRS are shown in Fig. 8 (and

summarized in Table 1).
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sea ice, 2001-2005 was characterized by relatively low sea ice
cover, and 2006-2012 was characterized by relatively high sea
ice cover. As such, although part of broader multi-year patterns
of sea ice variability, this is consistent with the sea ice gains over
the last decade across the southern Bering Sea shelf that we (and
others) have observed.

Partitioning sea ice persistence by season further elucidates the
recent shifts in sea ice over the past decade, where gains in sea ice
in the Bering Sea have primarily occurred during winter and losses
in sea ice in the Chukchi Sea/Canada Basin and Beaufort Sea have
primarily occurred during summer (Fig. 9). It should be noted that
although winter sea ice areal coverage may not have observably
decreased in the Chukchi Sea/Canada Basin, old and thick multi-
year sea ice has significantly declined across the Arctic during win-
ter (as measured in March) since 1980 (e.g., Maslanik et al., 2011).
However, as we focus this study on sea ice areal coverage and
quantify trends over the decadal AMSR-E time series, we find that
the BRS site has gained ice during winter at +8.61 days/year, while
the CBS and BFS sites have lost summer ice at —6.61 days/year and
—8.41 days|year, respectively (Table 1). The CBS site has addition-
ally lost ice during autumn at a rate of —1.23 days/year, which sug-
gests that freeze-up has shifted to later dates within this region.
Statistically significant trends also exist for the BRS site during
spring (+4.12 days/year), suggesting that breakup dates have
shifted slightly later throughout this region over the past decade
(although earlier freeze-up dates account for more of the overall
sea ice gains, as indicated by greater rates of sea ice gains during
winter months).

During the winter, surface atmospheric circulation in the PAR is
dominated by a ridge extending northeast from the Siberian High
over the western Arctic and the Aleutian Low (Fig. 10). As a result,
there is predominately northeasterly flow over much of the PAR.
During the summer, the Beaufort High is established as a distinct
circulation feature (as opposed to being a ridge extending from
the Siberian High). Also during the summer, the wintertime
Aleutian Low shifts northward and is reduced to a mesoscale fea-
ture that extends over the Bering Strait region. As a result, easterly
flow persists over the southern Beaufort Sea, westerly flow exists
north of the Beaufort Sea, and cyclonic circulation exists over the
Bering Sea. Linear trends in the occurrence frequency of NW
10 m winds during the winter (Fig. 11a and b) and NE 10 m winds
during the summer (Fig. 11c and d) indicate shifting air circulation
patterns across the region, when both the 1979-2012 and 2000-
2012 records are considered. These trends show that since 2000,
NE flow during summer off Banks Island and NW air flow during
the summer over the Bering Sea have become more frequent.

In order to quantify the extent to which recent shifts in sea ice
variability can potentially be explained by either thermal or
wind-driven processes, spatial correlations between seasonal sea
ice persistence and NARR 10 m winds and T,,, were evaluated for
both winter and summer (Fig. 12). Given the number of years in
the high-resolution time series is 9 (and therefore the degrees of
freedom = 7), Pearson correlation coefficients for a two-tailed test
are required to be |R| > 0.582 for p <0.1. Graphically, we use
hatching patterns to indicate those correlation coefficients that
are statistically significant (Fig. 12). Specific R-values between
sea ice persistence and NARR fields (10 m winds and T»y,) for the
CBS, BFS, and BRS sites are tabulated in Table 2. Significant corre-
lations during winter exist only in the Bering Sea (Fig. 12a
and b), where positive correlations are found between the occur-
rence frequency of NW 10m winds and sea ice persistence
(R=0.83 for the BRS site) and negative correlations are found
between T,, and sea ice persistence (R=—0.91 for the BRS site).
Variance in the summer sea ice persistence in the eastern
Beaufort Sea is primarily correlated with NE 10m winds
(Fig. 12¢), where R = —0.77 for the BFS site (Table 2). In the western

and central Beaufort Sea slightly offshore, there are statistically
significant negative correlations between summer sea ice persis-
tence and T,n, although these regions have not experienced decli-
nes in sea ice cover nearly as drastically as in the eastern Beaufort
Sea near the BFS site. For the Canada Basin, the variance in summer
sea ice persistence can be explained primarily by summer T,
(Fig. 12d; R=—0.73 for the CBS site). Although correlations with
summer winds at the CBS site were not statistically significant,
the broader Canada Basin region shows statistically significant pos-
itive correlations with summer NE 10 m winds (Fig. 12c). It should
be noted that sea ice persistence during winter at the CBS and BFS
sites are constant over time at 90 days, and during summer at the
BRS site are constant over time at 0 days. Although this statistically
explains why the correlation coefficients for these sites during
these seasons compute to 0, it is still meaningful to note that win-
ter winds and summer T, in these regions do not have an influ-
ence on areal coverage of sea ice, which is the sea ice parameter
we are focused on in this study.

We additionally investigated spatial correlations between win-
ter and summer seasonal persistence of sea ice cover with both
PDO and AO climate indices to further elucidate how broader cli-
mate drivers may be impacting sea ice variability across the PAR
(Fig. 13). In this case, the longer-term SMMR and SSM/I time series
(1979-2012) was utilized to foster comparisons over a
multi-decadal time period, which would not be possible with the
shorter AMSR-E dataset. We do not investigate correlations with
the Arctic Dipole Anomaly in particular here, as this is likely only
a more recent driver of sea ice variability since ~1995 (Wang
et al, 2009, 2014). Given the number of years in the
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Fig. 8. Time series for notable regions with relatively steep trends in annual sea ice
persistence for sites in the (a) Canada Basin (CBS); (b) Beaufort Sea (BFS); and (c)
Bering Sea (BRS). The locations of sites are shown in Fig. 8. Trend lines are shown for
1979-2012 and 2000-2012 for SMMR and SSM/I data and 2003-2010 for AMSR-E
data. Error bars represent the variability (+1SD) within the defined 75 x 75 km area
boxes. The magnitude and significance of trends are shown in Table 1.
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Fig. 9. Theil-Sen median trends in seasonal sea ice persistence (days/year) based on available AMSR-E sea ice concentrations for (a) Winter (JEM); (b) Spring (AM]J); (c)
Summer (JAS); and (d) Autumn (OND). Hatching indicates statistically significant regions (p < 0.1) using the Mann-Kendall test for trend. Winter, Spring, and Summer trends
are based on the years 2003-2011; Autumn trends are based on the years 2003-2010. Mean trends for representative sites CBS, BFS, and BRS are summarized in Table 1.

lower-resolution SMMR and SSM/I time series (34, with degrees of
freedom = 32), Pearson correlation coefficients for a two-tailed test
are required to be |R| > 0.287 for p < 0.1. Again, hatching indicates
those correlation coefficients that are statistically significant
(Fig. 13). During winter, we find significant negative correlations
between sea ice on the southeastern Bering Sea shelf and the
PDO (Fig. 13a) as well as significant positive correlations between
sea ice slightly farther north (just south of St. Lawrence Island) and

the AO (Fig. 13b). During summer, we observe significant positive
correlations between sea ice in the Canada Basin/Canadian
Archipelago and the PDO (Fig. 13c) as well as between sea ice in
the Chukchi/Beaufort seas farther south and the AO (Fig. 13d). It
should be noted that because of the constraints of the quantitative
metrics of sea ice areal coverage (i.e., consistently near 100% sea ice
concentration during winter for the Canada Basin and
Chukchi/Beaufort seas; and consistently 0% sea ice concentration
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during summer for the Bering Sea), we would not expect to see sig-
nificant correlation coefficients in these regions during those sea-
sons, which we do not.

Ancillary datasets enable exploration of physical and biological
components related to AMSR-E derived sea ice variability across
the PAR, and include monthly SST data derived from the
Aqua-MODIS sensor and monthly chlorophyll-a concentrations
from the Globcolour Project. In particular, the months of June,
July, and August, when sea ice retreats northward through the
region and phytoplankton blooms are prevalent are most relevant
to identifying biological shifts. The monthly mean sea ice concen-
trations, SST, and chlorophyll-a concentrations (over the AMSR-E
record, 2003-2011) show a distinct seasonal transition as sea ice
degrades, SST warms, and phytoplankton blooms occur throughout
the region (Fig. 14). Chlorophyll-a concentrations are particularly
high along the Bering Sea shelf break (i.e., the Bering Sea “Green

K.E. Frey et al./Progress in Oceanography 136 (2015) 32-49

Belt”; Springer et al., 1996) and off Point Barrow during June, and
in the western Bering Strait during all three months, which is con-
sistent with areas of high nutrient upwelling. Apparent localized
areas of high chlorophyll-a concentrations (within Norton Sound
and at the mouths of the Mackenzie and Kolyma rivers) are likely
artifacts of terrestrially derived organic matter and sediment and
therefore not necessarily indicative of biological production.
Theil-Sen median trends of monthly variables over the years
2003-2011 additionally give insights into related shifts across
the region (Fig. 15). July trends in sea ice persistence indicate ear-
lier breakup across the Beaufort Sea, whereas August trends in sea
ice persistence indicate significant losses in both the Beaufort Sea
and Canada Basin regions. Trends in SST show interesting patterns
in the wake of sea ice shifts. For example, the Beaufort Sea (includ-
ing the mouth of the Mackenzie River) shows warming trends in
July and August as sea ice cover in that region has retreated
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Fig. 10. Seasonal mean sea-level pressure (mb, contours), 10 m wind (m/s, vectors) and 10 m wind speed (m/s, color shading) during the (a) winter (JFM) and (b) summer

(JAS) during the period 1979-2012.
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Fig. 11. Trends in the occurrence frequency (%/decade) of (a) winter (JFM) northwesterly 10 m winds during 1979-2012; (b) winter (JFM) northwesterly 10 m winds during
2000-2012; (c) summer (JAS) northeasterly 10 m winds during 1979-2012; and (d) summer (JAS) northeasterly 10 m winds during 2000-2012.

northward earlier each year and the Bering Sea shows cooling pat-
terns in June, July, and August (after the winter/spring increases in
sea ice cover). These cold ocean temperatures in the Bering Sea
persisting in the wake of high sea ice years were additionally
observed by Stabeno et al. (2012a), which they noted were also
associated with relatively early phytoplankton blooms in March-
April. Our findings here show that trends in chlorophyll-a concen-
trations are not spatially coherent, although areas worthy of note
include increases along the Bering Sea shelf break and off Point
Barrow in June, increases in the Chukchi Sea in July and August,
and increases in the Beaufort Sea west of Banks Island in July
and August.

4. Discussion and conclusions

This study highlights recent variability in sea ice cover across
the Bering, Chukchi, and Beaufort seas of the PAR, where trends
in the loss of sea ice cover for the Chukchi and Beaufort seas have
accelerated greatly over the past decade. In contrast, sea ice cover
in the Bering Sea has exhibited multi-year patterns of variability
over the satellite record, with notable gains in sea ice cover over
the past decade. Winter gains in sea ice in the Bering Sea (up to
~9 days/year over the 2003-2011 period) are juxtaposed against
summer losses in the Beaufort Sea (up to ~8 days/year) and north
of the Chukchi Sea in the Canada Basin (up to ~7 days/year).
Comiso et al. (2008) discussed similar acceleration of trends begin-
ning in the late 1990s for the Arctic as a whole, although they did

not quantify this for specific sub-regions (nor had the Bering Sea
yet shown such dramatic increases in sea ice cover as it has over
this past decade). Sea ice variability can be instigated by multiple
drivers, including cooling or warming air temperatures, changes
in atmospheric circulation and ice motion, shifts in cloud cover,
and advected ocean heat (Perovich, 2011 and references therein).
Wind speed and direction in particular have been identified as
important drivers of sea ice edge variability (Kimura and
Wakatsuchi, 2001; Rikiishi et al., 2005). Preconditioning of the
ice (e.g., Nghiem et al., 2006; Lindsay et al., 2009) and ice-albedo
feedbacks (Perovich et al., 2007, 2008, 2011; Perovich, 2011) can
set the stage for even more dramatic changes once shifts in sea
ice are initiated. For example, earlier sea ice retreat allows for more
solar radiation to be absorbed by ocean waters, resulting in seawa-
ter warming and a delay in sea ice formation the following autumn
(Stammerjohn et al., 2012). This association between earlier sea ice
breakup and later sea ice formation is observed in this study as
well. While these feedbacks are clearly in play throughout the
PAR, we observe in this study that the most rapid shifts in sea
ice cover over the past decade in the Beaufort Sea have been pri-
marily wind driven, those in the Canada Basin have been primarily
thermally driven, and those in the Bering Sea have been influenced
by elements of both.

Specifically, patterns of recent sea ice decline in the Beaufort
Sea indicate that sea ice may be responding to enhanced northeast-
erly winds associated with a strengthened circulation throughout
the region. This may have also impacted the activity of the Cape
Bathurst polynya, which is proximal to the area of observed
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Fig. 12. Pearson correlation coefficients (R) over the years 2003-2011 between sea ice persistence based on available AMSR-E sea ice concentrations (for the corresponding
season) and the (a) occurrence frequency of winter (JFM) northwesterly 10 m winds; (b) winter (JFM) 2 m air temperature; (c) the occurrence frequency of summer (JAS)
northeasterly 10 m winds; and (d) summer (JAS) 2 m air temperature. Hatching indicates statistically significant regions (p < 0.1), where |R| > 0.582. Mean coefficients for
representative sites CBS, BFS, and BRS are summarized in Table 2.

Table 2

Pearson correlation coefficients for focused analysis sites in the Canada Basin (CBS), Beaufort Sea (BFS), and Bering Sea (BRS) over the years 2003-2011 between AMSR-E seasonal
sea ice persistence (for the corresponding season) and the occurrence frequency of winter northwesterly 10 m winds and winter 2 m air temperature; as well as the occurrence
frequency of summer (JAS) northeasterly 10 m winds and summer 2 m air temperature. Statistical significance of correlation coefficients is designated as p < 0.01 (bolded/
underlined) and p < 0.05 (bolded).

Winter (JFM) Summer (JAS)

NW Winds Tom NE Winds Tom
Canada Basin Site (CBS) 0 0 0.35 -0.73
Beaufort Sea Site (BFS) 0 0 -0.77 -0.29
Bering Sea Site (BRS) 0.83 —0.91 0 0
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Fig. 13. Pearson correlation coefficients (R) over the years 1979-2012 between sea ice persistence based on SMMR and SSM/I sea ice concentrations (for the corresponding
season) and the (a) Pacific Decadal Oscillation (PDO) mean index during winter (JEM); (b) Arctic Oscillation (AO) mean index during winter (JFM); (c) PDO mean index during
summer (JAS); and (d) AO mean index during summer (JAS). Hatching indicates statistically significant regions (p < 0.1), where |R| > 0.287.

steepest sea ice declines in the Beaufort Sea near Banks Island.
Indeed, Moore (2012) identified a trend toward a stronger
Beaufort Sea High that began in the late 1990s, which is likely
the result of tropospheric warming in the western Arctic and an
associated reduction in atmospheric baroclinicity. A recent shift
toward a more positive Arctic Dipole Anomaly since ~1995 is also
associated with a weakening Beaufort Gyre, enabling more ice to
be flushed out of Arctic (Wu et al., 2006; Wang et al., 2009). The
response of sea ice in the Beaufort Sea to these resulting enhanced
northeasterly winds may have been preconditioned by an already
thinner and weaker sea ice cover, which has been shown to

increase the responsiveness of ice drift to geostrophic winds (e.g.,
Kwok et al., 2013). Furthermore, these winds and their potential
influence on the westward advection of warm waters associated
with the Mackenzie River plume may also contribute to sea ice
reductions in the eastern Beaufort Sea (e.g., Wood et al., 2015).
We additionally observe that summer sea ice in the Chukchi
Sea/Canada Basin region over the past decade has been positively
correlated with these northeasterly winds, suggesting that sea ice
blown out of the Beaufort Sea may be “piling up” in this region
to the west. This effect may in fact be tempering trends of summer
sea ice loss in the Chukchi Sea/Canada Basin that otherwise would
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Fig. 14. Mean sea surface characteristics (2003-2011) through the sea ice breakup period for June, July, and August. AMSR-E mean sea ice concentration (SIC) for (a) June, (b)
July, and (c) August where the red line indicates the mean sea ice edge (at 15% sea ice concentration) for each month; Aqua-MODIS mean sea surface temperature (SST) for (d)
June, (e) July, and (f) August; and Globcolour mean surface chlorophyll-a (Chl-a) concentration for (g) June, (h) July, and (i) August.

have been even more extreme over the past decade. The potential
displacement of ice from the Beaufort Sea westward is likely fur-
ther enabled by the ongoing losses in the Chukchi Sea/Canada
Basin region, which are shown here to be primarily thermally dri-
ven. We argue that these processes are part of a long-term secular
trend related to broad-scale climate warming. In contrast to these
long-term trends, we observe more complex multi-year variability
in sea ice persistence in the Bering Sea where 1979-2000 was char-
acterized by high interannual variability in sea ice, 2001-2005 was
characterized by relatively low sea ice cover during a warm period,
and 2006-2012 was characterized by relatively high sea ice cover
during a cold period, which is similar to that also observed by
Stabeno et al. (2012a). The recent increase in winter ice in the
Bering Sea is likely a consequence of decadal weakening of the
Aleutian Low (Overland et al., 1999; Rodionov et al., 2005), which
has enhanced northwesterly winds that stimulate ice formation, as
well as allowed for intrusion of colder air masses into the Bering
Sea from Siberia (e.g., Francis and Hunter, 2007; Wendler et al.,

2014). These observations are the basis for our conclusion that
winter ice increases in the Bering Sea are consequences of both
thermal and wind-driven processes.

Various modes of climate variability have also been utilized to
describe changes in sea ice, such as the PDO (Zhang et al., 2010;
Danielson et al., 2011; Wendler et al., 2014) and AO (Wang and
Ikeda, 2000; Rigor et al.,, 2002; Liu et al., 2004; Stroeve et al.,
2011). In this study, as we were interested here in the
longer-term influence of modes of climate variability over the past
few decades since the start of the satellite record in the late 1970s,
we quantitatively investigated the influence of the PDO and AO in
particular on sea ice variability across the Bering, Chukchi, and
Beaufort seas of the PAR. The PDO has been implicated for the
recently observed increases in sea ice across the Bering Sea (e.g.,
Wendler et al., 2014), where a shift from dominantly positive
PDO values to more negative values over the last decade has been
associated with cooler sea surface temperatures across the region.
Indeed, we find that the southeastern Bering Sea shelf region,
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Fig. 15. Theil-Sen median trends in sea surface characteristics (over the years 2003-2011) through the sea ice breakup period for June, July, and August. Trends in AMSR-E
derived monthly sea ice persistence during (a) June, (b) July, and (c) August; Aqua-MODIS derived SST during (d) June, (e) July, and (f) August; and Globcolour derived Chl-a
concentrations during (g) June, (h) July, and (i) August. Hatching indicates statistically significant regions (p < 0.1) using the Mann-Kendall test for trend.

which has experienced the steepest gains in sea ice cover during
winter over the past decade, is also associated with the most signif-
icantly negative correlations with the PDO (i.e., lower/negative
PDO conditions associated with greater sea ice cover). The signifi-
cant positive correlations observed between summer sea ice cover
and the PDO (i.e., lower/negative PDO conditions associated with
less sea ice cover) over the Canada Basin/Canadian Archipelago
region is likely related to its connection with the Beaufort Sea
High and associated pressure fields (Serreze and Barrett, 2011),
where the recent intensification of the Beaufort Sea High (Moore,
2012) has likely contributed to reductions in sea ice throughout
that region. During positive AO conditions, old and thick ice is
flushed out of the Arctic and what remains is more prone to sum-
mer melting and also potentially wind-driven export; during neg-
ative AO conditions, winds and ice both flow clockwise across the
Arctic which has typically retained more of the old, thick ice within

the Arctic region (Rigor et al., 2002). For the PAR specifically over
the 1979-2012 time period, higher/positive AO conditions during
winter are associated with more extensive ice in the Bering Sea
south of St. Lawrence Island and higher/positive AO conditions
during summer are associated with more extensive ice in the
Chukchi and Beaufort seas. This more extensive summer ice in
the Chukchi and Beaufort seas during higher/positive AO condi-
tions may be a consequence of old and thick ice piling up here
via winds that have pushed it out of the more central Arctic
Ocean. However, over the last decade, these conditions appear to
be shifting toward a new state. For example, Wang et al. (2009)
suggested that since the AO has become mostly neutral or negative
since 2002, there must now only be a weak link between the AO
and the recently observed rapid ice retreat across the Arctic, and
a new explanation for these recent record lows in sea ice must
now exist (i.e., the Arctic Dipole Anomaly). Stroeve et al. (2011)
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further explained that during recent negative AO years (such as the
winter of 2009/2010), old and thick ice transported to the Beaufort
and Chukchi seas did not survive the summer melt season. Thus,
recent negative AO conditions (such as those over winter
2009/2010) that previously would have enhanced sea ice cover
throughout the region may now be unable to counteract the pre-
sent warmer climate, resulting in continued sea ice declines
regardless of AO state.

Physical, biogeochemical, and biological consequences of these
sea ice shifts are inevitable, where resulting impacts on ecosystem
productivity across the PAR are particularly profound. Recent stud-
ies document significant increases in primary production in several
sectors of the Arctic Ocean concomitant with sea ice declines. For
example, satellite observations of primary production in the
Arctic Ocean over a 12-year period (1998-2009) revealed a ~20%
overall increase, resulting primarily from increases in open water
extent (+27%) and duration of the open water season (+45 days)
(Arrigo and van Dijken, 2011). Enhanced light availability through
increasingly melt-ponded sea ice surfaces (Frey et al., 2011) is
likely one of the key mechanisms that contributes to high levels
of primary production underneath the ice (Arrigo et al., 2012,
2014). Although general increases in primary production are pre-
dicted to accompany continuing losses in sea ice cover, future
shifts in primary production are expected to be spatially heteroge-
neous and dependent on several potentially confounding factors.
For instance, modeling by Slagstad et al. (2011) suggests that while
some Arctic shelves may have significant increases in primary pro-
duction with further sea ice declines, the deep central basin of the
Arctic Ocean may see (at most) small increases in production
owing to low nutrient concentrations; areas that lose ice cover
may see decreases in production owing to increased stratification
with atmospheric warming (which is one factor controlling vertical
nutrient distributions); and some inner coastal shelves may see lit-
tle increase in production owing to the enhanced turbidity from
river runoff and coastal erosion. The trends in chlorophyll biomass
identified in this study are heterogeneous and not universally con-
sistent with sea ice trends, which suggest that nutrient limitation
(rather than simply sea ice/light limitation) is also a key factor con-
trolling primary production. In summary, we suggest here that sea
ice declines in the Chukchi Sea/Canada Basin and Beaufort Sea dur-
ing summer are part of longer-term secular trends related to
broad-scale climate warming, while recent increases in the
Bering Sea during winter are part of multi-decadal variability in
atmospheric circulation. As such, a synchronized shift toward
annual declines in all three sub-regions may be a possibility in
the near future and continued monitoring of sea ice variability
across the PAR (and quantification of its various drivers) is of para-
mount importance for understanding how marine ecosystem pro-
ductivity across all trophic levels may in turn respond.
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