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The

Climate of the Pacific Arctic

During the First RUSALCA Decade 2004-2013

ABSTRACT.

Ice-covered'seas (Wrangel Island in the '
. background). Photo credit: Marshall Swartz,
Woods Hole Oceanographic Institution




INTRODUCTION

The beginning of the Russian-American
Long-term Census of the Arctic
(RUSALCA) research program in 2004
coincided with a decade of accelerated
climate change in the Pacific Arctic. The
rapid loss of sea ice during the period
from 2004 to 2013 (and continuing to
the present day) is the most recogniz-
able characteristic of the emerging “new
Arctic” climate (e.g., Carmack et al,
2015). Along with thinning of sea ice, the
seasonal timing of melt and freeze has
also shifted, especially in the northern
Chukchi Sea (Parkinson, 2014; Stroeve
et al,, 2014; Frey et al, 2015), and there
has been an increase in environmen-
tal varijability, as marked by the record-
setting low sea ice events in 2007 and 2012.

This paper describes the climatolog-
ical context of the RUSALCA decade,
along with analyses of seasonal precur-
sor and upstream conditions in the years
when extended research expeditions
took place: 2004 (July 23-September 6),
2009 (August 30-September 30), and
2012 (July 10-20 and September 1-15).
In addition to these expeditions, shorter
annual cruises dedicated primarily to
mooring operations and repeat hydrog-
raphy were carried out in Bering Strait
and the southern Chukchi Sea (Figure 1).
With an operating area covering the
whole of the Chukchi Sea including
Bering Strait, on both sides of the inter-
national convention line, RUSALCA is
uniquely able to monitor climate devel-
opments in the Pacific Arctic.

Our aim is to provide additional per-
spective for the results obtained by
RUSALCA scientists discussed in this
issue, particularly in light of related varia-
tions in sea ice cover, summer mean wind
field, and ocean surface-layer temperature
patterns observed over the RUSALCA
By the
RUSALCA expeditions occurred during a

decade. chance, extended
set of three years when summertime con-
ditions in the Chukchi Sea were cooler,
for a variety of reasons, from the first to
the last cruise, even though the decadal

trend in the Pacific Arctic was clearly in

the opposite direction. Given the wide
range of seasonal and interannual vari-
ability in the operating area, this phe-
nomenon was not unexpected, and it
highlights the value of sustained observa-
tions provided by oceanographic moor-
ings and other autonomous systems, and
for regular multidisciplinary syntheses.
Given limited surface observations,
especially in the western Chukchi Sea, we
rely on a variety of remote-sensing and
retrospective analysis (reanalysis) prod-
ucts. In total, we reviewed 1,500 days
of satellite imagery obtained from 2003
to 2014, including sea surface tempera-
ture (SST) from the Moderate Resolution
Imaging Spectroradiometer (MODIS)
on the Aqua and Terra satellites (NASA,
2014a,b) and sea ice concentration from
the Special Sensor Microwave Imager
(SSMI) and Imager/Sounder (SSMIS)
from the Defense Meteorological Satellite
Program (Comiso, 2000). These images
are available on the RUSALCA website
(http://www.arctic.noaa.gov/rusalca).

S 2B\
\ ARCTIC OCEAN

We used the National Oceanic and
Atmospheric Administration (NOAA)
Optimally Interpolated (OI) SST data
set (Reynolds et al., 2007) to map mean
SST anomalies, and the National Centers
for Environmental Prediction-National
Center for Atmospheric Research
(NCEP-NCAR) Reanalysis (NNR; Kalnay
et al, 1996), the NCEP-Department of
Energy (DOE) Reanalysis 2 (Kanamitsu
et al, 2002), and the high-resolution
North American Regional Reanalysis
(NARR; Mesinger et al., 2006) for
atmospheric variables.

Variation in summer sea ice concen-
tration is one of the leading factors set-
ting conditions in the upper 10-20 m of
the Chukchi Sea and other Arctic mar-
ginal seas, especially in the regions once
typically covered by thick perennial sea
ice (e.g., Timmermans and Proshutinsky,
2014). Annual mean sea ice thickness in
the central Arctic Basin has decreased
from 3.59 m to 1.25 m since 1975, a 65%
reduction (Lindsay and Schweiger, 2015).
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FIGURE 1. The RUSALCA operating area. Conductivity-temperature-depth (CTD) stations
occupied during the extended cruises in 2004, 2009, and 2012 are marked with blue,
green, and red triangles, respectively. Mooring operations and other research activities
were also carried out annually in Bering Strait and the southern Chukchi Sea to the Point
Hope to Cape Serdtse-Kamen’ (CS) line (now Distributed Biological Observatory, DBO 3).
Details concerning the mooring array can be found in Woodgate et al., 2015, in this issue.
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A lack of ice thick enough to survive the
summer melt season naturally resulted in
more open water, especially in the north-
ern and western Chukchi Sea. In this
region, primary regulation of the upper
ocean environment has shifted from a
once relatively stable sea ice-dominated
system (Kwok and Untersteiner, 2011)
toward one more sensitive to variable
meteorological forces, especially wind
and waves, and to cloud-cover-mediated
solar radiation (Kay et al., 2008; Perovich
and Polashenski, 2012; Jeffries et al., 2013;
Timmermans, 2015; Wang et al., 2015).
During the RUSALCA decade there
was a tendency for higher-than-normal
atmospheric pressure to develop over the
northern Beaufort Sea in summer (Ogi
and Wallace, 2012; Overland et al., 2012).
A stronger Beaufort Sea High, in combi-
nation with lower pressure over Siberia,
referred to as the Arctic Dipole Anomaly
(Wang et al, 2009), is linked to an
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increase in easterly and southerly winds
over the Beaufort and northern Chukchi
Seas. These winds tend to blow sea ice
out of the Chukchi Sea and thus expose a
greater fraction of the ocean to solar heat-
ing (e.g., Frey et al., 2015). However, year-
to-year variations in the summer atmo-
spheric circulation pattern can lead to
seemingly contrary results on local and
regional scales. In 2012, for example, the
Arctic Dipole (and its related wind field)
was displaced toward Greenland, and the
resulting calm in the Chukchi Sea meant
that an unusual amount of sea ice per-
sisted through summer around Wrangel
Island and Long Strait, even while a new
record was set for low sea ice extent in the
Arctic. Fluctuations in the regional wind
field also affect flow through Chirikov
Basin and Bering Strait (Coachman,
1993; Danielson et al, 2014), with
impacts on the upwelling and advection
of colder nutrient-rich water northward
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FIGURE 2. Change in sea ice concentration (%) on September 15 for the period 2004—
2013, compared to the first decade of the satellite era, 1980-1989, computed using micro-
wave radiometer data (SSMI and SSMIS). Summer sea ice concentrations have similarly
declined during this period in most of the Arctic marginal seas, with the exception of the
zone along the coast of the Canadian Arctic Archipelago and northern Greenland (not
shown). Maximum differences occur primarily in regions northward of the former peren-
nial sea ice edge, defined here as the median limit of 90% concentration on September 15,
1980-1989 (heavy blue line). A time series showing the long-term change in mean sea ice
concentration over the corresponding region (70—80°N, 175°E-120°W) is shown in the inset.
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through the western channel of Bering
Strait (Coachman and Shigaev, 1992;
Nihoul et al, 1993; Hopcroft and Day,
2013; Grebmeier et al., 2015).

Increasing environmental variabil-
ity during the summer melt season has
a wide range of implications. The chang-
ing pattern of sea ice retreat has not only
exposed new ocean areas to increased
solar heating but also impacted the
potential heating (and illumination) of
upper-ocean water parcels as wind and
ocean currents transport them over the
Bering and Chukchi continental shelves.
The result is that an increasing range
of variable ocean properties, including
SST and heat content, are superimposed
on the mean circulation scheme in the
northern Bering and Chukchi Seas and
beyond (e.g., Coachman et al, 1975;
Timmermans, 2015), as best illustrated
by the extreme examples of 2007 and
2012. Documented impacts (both posi-
tive and negative) of climate change and
variability on Arctic marine ecosystems
range from altered net primary produc-
tion and behavior of sea ice-dependent
species to the well-being of large marine
mammals and seabirds (Arrigo and van
Dijken, 2015; George et al., 2015; Kuletz
et al,, 2015; Maclntyre et al., 2015).

THE ICE-DIMINISHED ARCTIC

Sea ice loss in the northern Bering and
Chukchi Seas is part of the continuing
Arctic-wide reduction of sea ice extent
and thickness observed during the last
decade (Polyakovetal.,2012; Lindsay and
Schweiger, 2015) that has been accom-
panied by earlier melt onset in spring
and later freeze-up in autumn (Stroeve
et al., 2012; Parkinson, 2014; Frey et al.,
2015; Wood et al., 2015). Summer sea
ice concentrations have declined in most
Arctic marginal seas, particularly in areas
where multiyear sea ice used to prevail.
Reductions of 60-80% in mid-September
sea ice concentration have occurred in
the northern Chukchi Sea during the
RUSALCA decade, compared to the first
decade of the satellite era (1980-1989),
as shown in Figure 2. The only regions



of the Arctic where summer sea ice con-
centrations are not much reduced are in
the central Canada Basin and along the
northern coasts of the Canadian Arctic
Archipelago and northern Greenland
where quantities of older and thicker
multiyear sea ice persist (e.g., Polyakov
et al., 2012; Perovich et al., 2014).

The range of year-to-year variability
of sea ice concentration in the northern
Chukchi and Beaufort Seas (70°-80°N)
has also changed, from mostly ice-covered
(60-87% concentration) in September
during the first decade of the satellite era
to mostly open water (5-56% concentra-
tion) in 2004-2013 (Figure 2 inset). Only
one year, 2006, had sea ice concentrations
approximating the 30-year climatological
mean (1981-2010); the three RUSALCA
expedition years all were <40% sea ice
concentration in this region in September,
with 2012 reaching the record minimum
of 5% (Wood et al., 2015).

Satellite data also show that mean sea
ice concentration from 2004-2013 was
lower in the marginal ice zone (north of
the 15% concentration limit) during the
entire period of retreat, compared to the
1980-1989 period. Sea ice concentra-
tions are 15-30% reduced in the west-
ern Chirikov Basin in May, and as the ice
retreats northward, this is evident across
the region from Long Strait to the east-
Reductions >40%
emerge beyond the shelf break north of

ern Beaufort Sea.

Point Barrow in early August and gradu-
ally spread into the area of maximum loss
shown in Figure 2. This pattern is consis-
tent with earlier onset of melt and retreat
in the spring (e.g., Frey et al,, 2015) and
the nearly complete loss of perennial ice
in the northern and western Chukchi Sea
(Polyakov et al., 2012). Sea ice reductions
in this region remain >40% until the last
part of October, and then gradually dis-
appear as new ice covers the Chukchi Sea.

Reduced sea ice concentrations are
an indicator of increased surface heat
exchange, facilitated early in the melt
season by the lower albedo (reflectiv-
ity) of the now predominant first-year
ice, and subsequently by the formation of

melt ponds and flaw leads (near coasts),
and larger open water areas as the sea-
son progresses (Perovich et al., 2008;
Perovich and Polashenski, 2012). The
delay in freeze-up is related to the addi-
tional time required for excess summer
heat stored in the surface mixed layer to
be either removed to the atmosphere or
stored deeper in the water column. This is
reflected in large air temperature anom-
alies that appear over low-ice regions
in October (e.g., Wood et al., 2015) and
in the near-surface temperature maxi-
mum at 25-35 m depth in Canada Basin
(Jackson et al., 2010; Timmermans, 2015).

There are large year-to-year differ-
ences in the way wind and other factors
act on the thinner, lower-concentration
sea ice, and these differences contrib-
ute to increasing environmental variabil-
ity in the northern Bering and Chukchi
Seas. On the regional scale, this means
that cruises may encounter very different
conditions from year to year. For exam-
ple, 2007 and 2012 were both record
low sea ice years, but in the latter case,
cooler ocean temperatures and unusu-
ally high concentrations of sea ice per-
sisted in the RUSALCA operating area
around Wrangel Island and Long Strait
(e.g., Timmermans et al., 2012).

VARIATIONS IN THE SUMMER
WIND FIELD

There has been a tendency for an inten-
sified high-pressure area to form over
the northern Beaufort Sea in the sum-
mer (June, July, August) during recent
years (Overland et al., 2012; Wood et al.,
2013). Winds associated with the Beaufort
Sea High, shown in Figure 3, are linked
to increased sea ice advection out of the
Beaufort and Chukchi Seas, higher air and
ocean temperatures, and changes in ocean
current patterns (Ogi and Wallace, 2012;
Stroeve et al. 2012; Brugler et al.,, 2014).
There are, however, variations in the
development of this pattern each summer,
and there are summers when it does not
develop at all. Often, the result in these
cases has been cooler air and sea tempera-
tures and somewhat more sea ice present

through the season. Local conditions,
however, can vary widely, which compli-
cates the task of interpreting limited in
situ observations, especially where sharp
environmental gradients are present.

Figure 4 presents summer mean sea
level pressure (SLP) and wind field for
2004, 2009, and 2012. Figure 5 shows a
higher-resolution view of July, August,
and September winds in the RUSALCA
region, computed using NARR.

In the summer of 2004, high SLP was
located over the Canadian Arctic coast
near BanksIsland (70°N, 130°W), with low
SLP over central Siberia. Mean winds over
the RUSALCA region were weak, with
light south and southeast winds north of
71°N. NARR shows a light southerly flow
(1-3.5 ms™!) prevailed over most of the
region in July, with very light wind con-
ditions in Long Strait and east of Wrangel

SLP
Anomaly
(mb)

Vector
Wind
(ms-)
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FIGURE 3. (a) Summer (June-July-August) sea
level pressure (SLP) anomaly, and (b) 1,000 mb
mean vector wind for the RUSALCA decade
(2004-2013) compared to the standard 30-year
climatology (1981-2010), as shown by the
NCEP-NCAR Reanalysis (Kalnay et al., 1996).
The pressure pattern shown here is present
throughout the depth of the troposphere and
is not limited to the marine boundary layer
(Wood et al., 2015).
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Island. Southerly winds increased slightly
in August to between 2 and 3.5 ms™L.

The SLP distribution in the summer of
2009 most closely matches the climatol-
ogy of the 2004-2013 decade shown in
Figure 3, and resembles the Arctic Dipole
Anomaly (Wang et al, 2009; Overland
etal, 2012). Easterly and southerly winds
were enhanced over the Beaufort Sea
and the northern Chukchi Sea, which
helped clear the sea ice from Long Strait
and westward, and began to push the
ice edge northward toward the Chukchi
Borderland. The NARR reanalysis shows
the strongest mean winds occurred in
July, and ranged between 4.5 and 8.0 ms™!,
while in August the winds were negligible
except for the northern quadrant near the
Chukchi Borderland. Ultimately, the sea
ice retreated far enough to permit a series

SLP
Anomaly
(mb}

1017
1015
1013
1011

1009

1007

of stations to be taken in open ice condi-
tions around 77.5°N, 166.4°W.

Of the three RUSALCA expedition
years, the atmospheric circulation of
2012 was the most unusual. The SLP pat-
tern resembled the Arctic Dipole, but it
was shifted toward the Atlantic sector.
A high-pressure area was centered over
Greenland and Iceland, while low SLP
was located in Siberia as in other years,
but also extended far out into the cen-
tral Arctic. This was the case in all three
months of summer and explains the
stronger south and southeasterly winds
in the northern Beaufort Sea that con-
tributed to the record low sea-ice extent.
However, in the western and northern
Chukchi Sea, the winds were light and
variable, and large amounts of sea ice lin-
gered around Wrangel Island and Long

FIGURE 4. SLP anomaly and mean vector wind for the summer months (June,
July, August; JJA) in 2004, 2009, and 2012 (the years extended RUSALCA
expeditions occurred), as shown by the NCEP-NCAR Reanalysis.
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Strait through the summer even though
the main ice pack retreated far to the north
(Timmermans et al., 2012). The progress
of the expedition vessel Professor Khromov
was encumbered by this residual area of
sea ice north of Wrangel Island between
September 9 and 11.

An exceptionally powerful cyclone also
passed across the central Arctic from the
East Siberian Sea to the Canadian Arctic
Archipelago between 5 and 12 August
2012 (Simmonds and Rudeva, 2012). The
contribution of the storm to the record
loss of Arctic sea ice in 2012 was ulti-
mately found to be modest, although
wind-induced upward mixing of warm
subsurface water briefly doubled the rate
of ice volume loss in the central Arctic.
Chukchi Sea SSTs were further reduced
by mixing with cooler deep waters
(Zhang et al, 2013; Timmermans and
Proshutinsky, 2014).

In September, the wind regime in
the Chukchi Sea and Bering Strait
regions switches to prevailing north-
erlies (Figure 5). There have only been
two cases since 1948 when the monthly
mean wind in September was not out of
the north: 1977 and 2010. Interestingly,
the northerly winds during the 2012
RUSALCA cruise were among the stron-
gest shown by NNR and NCEP-DOE (R2)
Reanalysis (Kanamitsu et al., 2002) since
1948 and 1979, respectively. September
2009 was a close second, yet there was
little effect on Bering Strait through-
flow velocity, reinforcing the notion that
remote drivers, such as the Pacific Arctic
pressure head gradient, govern during
this period (e.g., Woodgate et al., 2005b;
Danielson et al.,, 2014; Seth Danielson,
University of  Alaska
pers. comm., July 16, 2015).

Fairbanks,

OCEAN TEMPERATURE
PATTERNS

Satellite-derived SST patterns
the combined effects of solar radiation,

show

heat advection by ocean currents and
winds, ocean stratification and color, and
changing sea ice distribution through
the seasonal cycle (Timmermans and



Proshutinsky, 2014). Remote sensing
provides one of the few opportunities to
obtain high-resolution images of SST and
other variables across the region, but vis-
ible and infrared channels are limited to
clear-sky conditions that are not common
during the Arctic summer. However,
even though the number of cloud-free
images is low, it is possible to identify
many ocean features in the RUSALCA
region, observe how they evolve during
the summer, and how they vary from one
season to the next. The NOAA OI SST
data set (Reynolds et al., 2007) provides
a less-constrained but lower-resolution
view of SST in the Bering and Chukchi
Seas. These data show that, on the basis
of August monthly mean SST anom-
aly (from 1981-2010 climatology), 2004
was the warmest of the three extended

RUSALCA expedition years and 2012
the coolest (and for the 2004-2013
decade). However, positive SST anoma-
lies are present in all three years in areas
of maximum sea ice loss north of ~73°N,
including 2012 (see Timmermans and
Proshutinsky, 2014).

The seasonal development of SST pat-
terns for the RUSALCA expeditions are
represented by MODIS SST-True Color
composite images for each of three expe-
dition years. The images are produced
using a combination of multiple satel-
lite passes and several sensor channels.
SST is computed by averaging over a
three-day window to reduce the poten-
tial impact of cloud shadow and diurnal
warming, for example, on the ocean sur-
face skin temperature measured by sat-
ellite at a depth of ~10-20 pm (Donlon

2004

(T
B 31 AR LTI
X

D
1.015202530354045505560657.07580

et al., 2007). The relationship between
skin temperature and subsurface tem-
perature is complex, and differences can
exceed 1 K and occasionally 6 K under
highly stratified conditions during very
calm wind conditions (<1 ms™) in day-
time (Gentemann et al., 2008; Eastwood
etal, 2011; Kilpatrick et al., 2015). In situ
data are needed to determine the pre-
cise relationship between skin tempera-
ture and temperatures at other depths in
the mixed layer (e.g., Donlon et al., 2007).
In regions of strong mixing and at night,
satellite-derived data can provide a rea-
sonable proxy for temperatures below the
skin layer (e.g., foundation SST, formerly
bulk SST) with the average bias between
satellite and collocated drifting buoy data
in the range of 0.5 K in the upper 1-2 m
(e.g., Hoyer et al., 2012).

September

Vector
Wind
(ms™)

FIGURE 5. July, August, and September vector wind for 2004, 2009, and 2012, from the

high-resolution (NARR; 0.3° x 0.3°) North American Regional Reanalysis.
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Figure 6 shows images for 2004 and
2009, and Figure 7 provides a set of
conductivity-temperature-depth (CTD)
transects from 2004 that are coincident
in time, providing an example of collo-
cated satellite and in situ data. Figure 8
shows 2012, which we also compare to
2007 as these two years represent the
local extrema of the RUSALCA decade in
terms of ocean temperatures and sea ice
extent. Images were selected based on the
availability of a low cloud-cover window

2004

& Chukchi Sea

i

and an approximately similar time inter-
val sufficient to illustrate seasonal devel-
opment through the melt season in each
year. SST is depicted in false color, while
land areas, rivers, clouds, and sea ice are
shown in true color in order to provide
better visual definition between features.
Figure 6 (left) shows the summer of
2004. In late June (Figure 6a), the sea ice
had retreated from the southern Chukchi
Sea, and over nearly the whole region
the ocean surface warmed to between

2009

Chukchi Sea

FIGURE 6. (left) MODIS SST-True Color composite images for 2004: (a) June 28-July 1;
(b) July 22-25; (c) August 14-17. (right) MODIS SST-True Color composite images for
2009: (d) July 11-13; (e) July 23-28; (f) August 22-24.
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5°C and 12°C. The east-west distribution
of SST is consistent with the three princi-
pal water masses flowing through Bering
Strait identified by Coachman et al
(1975): the warmest temperatures associ-
ated with Alaskan Coastal Water on the
eastern side and the coldest with Anadyr
Water on the west, followed by Bering
Sea Water in the middle. Cold SSTs asso-
ciated with upwelling plumes near Cape
Dezhneva and Cape Chukotskiy can also
be seen (Coachman and Shigaev, 1992;
Nihoul et al., 1993; Kostianoy et al., 2004;
Walsh et al., 1989b).

The impact of sea ice retreat in the
northern and western Chukchi Sea on
the development of SST patterns later in
the season is readily apparent between
late June (Figure 6a) and mid-August
(Figure 6c). The well-known embay-
ments in the ice edge associated with
the canyons and shoals on the northern
Chukchi continental shelf match to a cer-
tain extent the SST pattern later in the
season, in part due to the persistence of
sea ice over the shoals (Bockstoce, 1986;
Martin and Drucker, 1997).

In the western Chukchi Sea, the ice
edge remained quasi-stationary from
the vicinity of Herald Canyon and the
Siberian coast between Kolyuchin Bay
and Cape Schmidta for the whole of July.
The result was a sharply defined north-
south temperature front along a simi-
lar line, caused primarily by the differ-
ence in solar radiation absorbed in the
surface mixed layer in the ice-free area.
In Figure 6¢, cold SSTs linked to the
intermittent Siberian Coastal Current
(Weingartner et al,, 1999) are seen. In
2004, therefore, the ocean surface area
susceptible to atmospheric warming was
likely constrained by the relatively slow
retreat of the sea ice.

Vertical structure related to the 2004
SST pattern in Figure 6¢ can be inferred
from the set of CTD sections in Figure 7.
The sections were taken on lines from
Cape Lisburne to near Kolyuchin Bay;
Point Hope to Cape Serdtse-Kamen, also
now corresponding to the Distributed
Biological Observatory Line 3 (DBO 3);



and across Bering Strait. These data
suggest the surface mixed layer in the
Chukchi Sea was then 10-20 m deep,
(6°-10°C)
reach to the bottom near the coast of

but warm temperatures
Alaska. Warming of the surface layer to
~10 m observed on the CL section in
early July 2014, along with the results
of a recent comprehensive analysis of
pan-Arctic mixed-layer depth properties
by Peralta-Ferriz and Woodgate (2015),
suggest that satellite-derived three-day
composite SSTs are a reasonable proxy
for ~20% of the water column in the
Chukchi Sea through much of the sum-
mer season, at least for descriptive pur-
poses (see also Coachman et al., 1975).

In 2009 (Figure 6, right), in contrast to
2004, the sea ice cleared from the west-
ern Chukchi Sea and Long Strait by mid-
July, in part due to strong easterly winds
(Figure 5), and by the end of the month
it had retreated north of 73°N. By mid-
September, the ice edge was situated
between 75°N and 78°N. Around and
to the north of Wrangel Island, SSTs
reached between 5°C and 6°C—much
warmer than 2004—but in the central
and southern Chukchi Sea, SSTs were
relatively cool. Bottom temperatures
measured at the A3 mooring (66.33°N,
168.96°W, 56 m depth) ~60 km north
of Bering Strait (Woodgate et al., 2005a)
were 1°-1.5°C cooler in August and
September compared to 2004.

In the Chukchi Sea, OI SST data show
the coolest August of the decade in terms
of monthly mean SST anomaly occurred
in 2012. Below-normal SSTs were also
observed in the East Siberian and Bering
Seas, but in the formerly ice-covered
region north of Wrangel Island and in the
northern Beaufort Sea, where most of the
2012 ice loss occurred, there were positive
SST anomalies of 2°-3°C (Timmermans
and Proshutinsky, 2014). Cooler ocean
temperatures and lingering sea ice around
Wrangel Island were partly the result of
the shift of the large-scale circulation
associated with the Arctic Dipole toward
Greenland, as discussed earlier. Enhanced
surface mixing due to the strong Arctic

cyclone in August contributed to cooler
SSTs in the Chukchi Sea (Zhang et al,
2013), but it is notable that the north-
ern Bering Sea was also cooler than nor-
mal, suggesting some larger-scale factors
related to atmospheric circulation may
have been important in this case. In terms
of annual mean near-bottom ocean tem-
perature, 2012 was the coolest measured
at the A3 mooring since 1994, with 2009
being next since 2001 (Woodgate et al.,
2015, in this issue).

Figure 8 compares SST patterns in
2012 with those of 2007, the warm-
est year in the Chukchi Sea during the
RUSALCA decade, and illustrates the

range of surface layer variability encoun-
tered. OI SST data also show that there
were positive SST anomalies, generally
ranging from 2° to 5°C, in the whole
region from 60°N to the ice edge in all
months from June to September 2007.
In 2012, the only positive anomalies
occurred in August and September north
of Wrangel Island (~2°C); otherwise, neg-
ative anomalies between —-1°C and -2°C
prevailed. The MODIS images for 2007
are striking for the early and intense
warming they depict, with SST values
of 8°-12°C everywhere from ~62° to
70°N, with the exception of upwelling
regions. The upwelling plumes appear
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FIGURE 7. CTD sections obtained on the 2004 RUSALCA cruise between 10 and 20 August,
corresponding to panel (c) in Figure 6. Sections are Cape Lisburne to Kolyuchin Bay (CL),
Point Hope to Cape Serdtse-Kamen’ (CS), and Bering Strait (BS). These data show that
satellite-derived SSTs reflect a surface mixed layer depth of 10—20 m, but warm tempera-
tures (6°—10°C) reach to the bottom near the Alaskan coast (not shown in the CS line, which
ended well offshore). For visual reference, the 6°C isotherm is indicated by the bold line.
Station positions are indicated by red diamonds in the map.
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to be warmer as well, implying warmer
than usual temperatures at depth, but
nothing more definitive can be said
without further analysis. However, it is
notable that Bering Strait mooring data
also show warmer near-bottom tem-
peratures in 2007, along with a more
rapid increase in temperature from near
freezing on May 1 to 3.3°C on July 31
(0.06°C day! compared to 0.03°C day™!
in 2012). Near-bottom temperatures at
A3 averaged 2.7°C warmer in July 2007

2012
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£ : Chukehi Sea
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(maximum 3.5°C) compared to the same
period in 2012. SSTs in the Bering Sea
south of St. Lawrence Island are also
2°-3°C warmer than in 2012. Reduced
cloud cover in 2007 compared to other
recent years is a likely explanation for
the anomalous heating over the region
(e.g., Kay et al,, 2008). On cloud-free
days, direct solar radiation can exceed
300 W m~2(Dong et al., 2010), which can
warm a well-stratified surface layer at up
to ~0.5°C day~! (Wood et al., 2013).
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FIGURE 8. (left) MODIS SST-True Color composite images for 2012: (a) July 7-9;
(b) July 22-24; (c) August 6-8. (right) MODIS SST-True Color composite images for 2007:

(d) July 7-9; (e) July 23-25; (f) August 15-17.
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The cold SST signature of upwelling
Anadyr Water near Cape Chukotskiy
seen in Figures 6 and 8 is also present to
some extent in nearly all of the MODIS
imagery we reviewed. This feature was
described by Walsh et al. (1989a), Nihoul
(1986), Nihoul et al. (1993), and others,
using a combination of observations,
modeling, and satellite remote sens-
ing during the joint US-USSR ISHTAR
(Inner Shelf Transfer and Recycling in
the Bering and Chukchi Seas) program in
the 1980s (McRoy, 1993). Figure 9 shows
that the advection of this colder, nutrient-
rich plume affects a broad area of the
western Chirikov Basin and the south-
ern Chukchi Sea; it is responsible for the
high productivity that occurs at DBO 2
(e.g., Kostianoy et al., 2004; Hopcroft and
Day, 2013; Grebmeier et al., 2015). The
surface expression of the plume varies
in extent during the summer and from
year to year, as can be inferred from the
MODIS composites. The temperature
of the plume as it emerges near Cape
Chukotskiy also appears to vary by year
(i.e., warmer in 2007).

The surface signature of the plume dis-
appears only rarely. Nihoul et al. (1993)
suggested this was due to opposing strong
north winds, but given the plume is not
primarily wind-driven (Deleersnijder,
1994), short-term variations seen in the
MODIS imagery may also be caused by
the wind-driven advection of warmer
and fresher Bering Shelf Water or Alaska
Coastal Water over the top of the Anadyr
Water (e.g., Gawarkiewicz et al., 1994),
obscuring it from the view of satellites.
Conversely, in mid-July 1984, the plume
was observed in satellite images spread
far eastward, such that Anadyr Water
was apparently present in both channels
of Bering Strait (Nihoul, 1986). However
these variations in the plume arise, they
will be reflected in the physical and bio-
logical characteristics measured in Bering
Strait (especially in the western channel)
and the Chukchi Sea (e.g., Walsh et al,,
1989a; Grebmeier et al., 2015).



DISCUSSION

The RUSALCA program took place
during a remarkable period of environ-
mental change in the Arctic. An import-
ant feature of these years is the large
(and increasing) range of extreme sea-
sons observed in the Pacific Arctic, rep-
resented by the large positive ocean
temperature anomalies seen in 2007,
the near-record low anomalies in 2012
(e.g., Timmermans and Proshutinsky
2014), and by the long-term change in
sea ice concentration in the northern
part of the region as shown in Figure 2.
In Bering Strait, annual mean transport,
near-bottom temperature, and heat flux
all followed this pattern (see Figure 9 in
Woodgate et al., 2015, in this issue). It is
notable that in both 2007 and 2012, min-
imum summer ice extent records were
set, suggesting that the sea ice may now
have thinned to the point where a posi-
tive anomaly in any of several forcing
factors (e.g., winds, surface insolation)
may lead to an extreme September sea
ice minimum in the Arctic. For the three
expedition years, 2004 was the warm-
est both with respect to mean SST in the
Chukchi Sea and the temperature mea-
sured at A3, while 2009 and especially
2012 were cooler.

Variations in sea ice concentration
and cloud cover during the melt season
help set conditions in the upper ocean
in any given year, especially in regions
where thick perennial sea ice was once
the norm. The regular SST features seen
in the MODIS imagery reflect the dif-
ferential heating of the variously strat-
ified water masses as the season evolves
(e.g., Coachman et al, 1975), as deter-
mined by cloud-mediated radiation,
the pattern and timing of sea ice melt
and retreat, river discharge, and upwell-
ing plumes where they occur. In 2004,
for example, the persistence of sea ice
between Wrangel Island and Siberia, and
along the northern shelf break, led to the
formation of a well-defined SST front that
was present during the RUSALCA expe-
dition that year. Winds were a factor in
clearing sea ice from these areas in 2009,

but conversely, a lack of wind and gener-
ally cooler ocean temperatures in 2012
contributed to the persistence of a large
field of sea ice around Wrangel Island
that lingered into September. The more
important role of the large-scale atmo-
spheric circulation in 2012 was to bring
increased cloudiness and reduced solar
heating to the region during the summer
(Overland et al., 2012). Notwithstanding
this condition, there were positive SST
anomalies of ~3°C in the former ice-
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covered region north of 73°N in the
Chukchi and northern Beaufort Seas,
where the impact of ice-albedo feed-
back is greatest.

Comparison between the sum-
mers of 2007 and 2012 shows that, for
these opposing extreme cases during
the RUSALCA decade, the difference
in atmospheric warming (as mediated
by meteorology and sea ice concentra-
tion) was a primary factor driving sea-
sonal variations in the ocean temperature

27-29 Aug. 2004

SST
(°C)

-5 Sept. 2009

[\®

FIGURE 9. The upwelling region in the western Chirikov Basin (a) August 27-29, 2004, and
(b) September 3-5, 2009 (MODIS composites as in previous figures). The Anadyr Water plume
that emerges near Cape Chukotskiy is ubiquitous in satellite imagery, although it varies widely in
extent. It only rarely disappears (Nihoul et al., 1993), but may at times be obscured by advected
warm surface layers or by subsequent surface heating. DBO 2 is indicated by the dashed box.
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regime in the region. With nearly all of
the water that flowed through Bering
Strait in summer cooled to near the freez-
ing point of seawater (-1.8°C) the pre-
ceding winter, and no anomalously warm
ocean water or reduced cloud cover evi-
dent south of 62°N in 2007, the pace
and amount of subsequent warming
must have been initially regulated by
differences in surface conditions in the
nearby upstream region, for example, in
Chirikov Basin and the Gulf of Anadyr.
As the sea ice retreated northward across
the Chukchi Sea in 2007, the contribution
from insolation to ocean heat content also
increased compared to ocean advection,
supported by reduced cloudiness in the
northern part of the region and increased
open-water area due to anomalous wind-
driven sea ice advection. In the Canada
Basin, anomalous insolation was the
major source of excess heat in the upper
ocean (Perovich et al., 2008; Steele et al.,
2010; Timmermans, 2015). This stands
out in the contrast between the MODIS
images from 2007 and 2012 (Figure 8), in
particular, in the 2007 intensity of warm-
ing over the entire region.

The work accomplished by the
RUSALCA program over the last decade,
considered in a climatological con-
text, leads us to the following observa-
tions. The sequence of the three long
expeditions—in 2004, 2009, and 2012—
took place by chance under progressively
cooler regional conditions that are not
representative of broad-scale and long-
term climate trends in the Arctic. They
are, in effect, discrete samples from a
noisy time series, and understandably lia-
ble to aliasing. However, when combined
with long-term monitoring provided by
mooring arrays, consistent repeat surveys
(as provided by the DBO, for example),
remote sensing, and reanalysis, the lim-
ited ship-based data collections can be
appropriately placed in long-term con-
text and synthesized. This argues for the
need for sustained observations in Bering
Strait and elsewhere in the region, and for
the continued development of autono-
mous and remote monitoring capabilities
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that can be deployed for long periods. In
the Pacific Arctic, international and mul-
tidisciplinary collaboration, as exem-
plified by the RUSALCA program,
is also essential.
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