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The sea ice coverage of the Northern Hemisphere as a whole has been declining since

1979. On contrary, theMarch–April sea ice concentration in the Bering Sea experienced a

prominent increase in year 2007. The present study documents the changes in surface air

temperature, surface heat fluxes, sea surface temperature, and atmospheric circulation

accompanying the above interdecadal change in the Bering Sea ice concentration. It is

shown that an obvious decrease in surface air temperature, sea surface temperature,

and surface net shortwave radiation occurred in concurrent with the sea ice increase.

The surface air temperature decrease is associated with a large-scale circulation change,

featuring a decrease in sea level pressure extending from the Pacific coast of Alaska to

northwestern Europe and an increase in sea level pressure over the high-latitude Asia and

the high-latitude North Atlantic Ocean. The enhancement of northwesterly winds over

the Bering Sea led to a large decrease in surface air temperature there. The associated

increase in upward turbulent heat flux cooled the sea surface temperature in the waters

south of the ice covered region, favoring the southward expansion of ice extent. This,

together with a positive ice-albedo feedback, amplified the sea ice anomalies after they

were initiated, leading to the interdecadal increase in sea ice in the Bering Sea.

Keywords: interdecadal sea ice increase, the Bering Sea, surface air temperature change, SST change, ice-albedo

feedback

INTRODUCTION

Sea ice cover change in the Arctic region has received a substantial attention in recent years because
of its continuous decline in recent decades and its important indication of climate change (e.g.,
Screen and Simmonds, 2010; Stroeve et al., 2012; Screen et al., 2013; Vihma, 2014). A feature of
great concern to the scientific community is that the Northern Hemisphere sea ice as a whole
reached a record minimum in September 2007 during a period of accelerated decline (Comiso
et al., 2008; Stroeve et al., 2008, 2012; Cavalieri and Parkinson, 2012). Much effort has been devoted
to understanding of the reasons of the decline in the Northern Hemisphere sea ice cover after 1979
(Rigor et al., 2002; Serreze et al., 2007; Deser and Teng, 2008; Stroeve et al., 2012; Park et al., 2015).

Analysis showed that the sea ice change is not uniform in the Northern Hemisphere (Ukita et al.,
2007). The sea ice area and extent in January–April show a positive trend during 1979–2010 in the
Bering Sea (Cavalieri and Parkinson, 2012), opposite to that in the other regions of the Northern
Hemisphere. Wendler et al. (2014) found a slight increase of annual ice area in the Bering Sea over
the period 1979–2012 and associated the ice area increase with the change of the Pacific Decadal
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Oscillation from positive to more negative values. Our analysis
shows that the positive trend of sea ice cover in the Bering Sea
in March–April is due to a prominent interdecadal increase in
year 2007. An issue is what may have contributed to the distinct
increase in the Bering Sea ice cover. The present study focuses on
addressing this issue.

The datasets used in the present study are described in Section
Data. The interdecadal change in sea ice is presented in Section
Results. The associated changes in surface air temperature, sea
surface temperature, sea level pressure, surface winds, and surface
heat fluxes are analyzed in Section Results to understand the sea
ice change. A summary is provided in Section Summary.

DATA

The monthly mean SST and sea ice concentration data used in
the present analysis are from the Hadley Centre Sea Ice and Sea
Surface Temperature data set (HadISST) (Rayner et al., 2003),
which is available on a 1 degree latitude-longitude grid from 1870
to date. The HadISST was obtained from http://www.metoffice.
gov.uk/hadobs/hadisst/data/download.html.

Present study also uses monthly sea ice concentration data
from the National Snow and Ice Data Center (NSIDC), which
is provided at 25 km spatial resolution for the period October
1978 through December 2014 (Cavalieri et al., 1996). The sea ice
extent (SIE) is calculated as the cumulative area of all grid cells
having at least 15% sea ice concentration. The 15% threshold
is widely used for both ice extent and ice area calculations in
previous studies (e.g., Parkinson et al., 1999; Parkinson and
Cavalieri, 2008; Stroeve et al., 2012). The reasons for choosing
a 15% threshold of ice coverage were discussed by Parkinson and
Cavalieri (2008).

Surface wind, sea level pressure, surface shortwave radiation,
and surface latent and sensible heat fluxes are from the National
Centers for Environmental Prediction (NCEP)-Department of
Energy reanalysis 2 (Kanamitsu et al., 2002). They are available on
T62 Gaussian grids from 1979 to date. The reanalysis data were
obtained by anonymous ftp at ftp://ftp.cdc.noaa.gov/.

RESULTS

In this section, we start with a documentation of the interdecadal
change in sea ice in the Bering Sea in 2007. Then, we analyze
accompanying changes in surface air temperature, sea surface
temperature (SST), and surface heat fluxes. The circulation
change is analyzed to understand its contribution to the surface
air temperature change. At last, the processes for the initiation
and maintenance of the decadal sea ice cover anomalies in the
Bering Sea are investigated.

Sea Ice Change
We start with a comparison of the March sea ice extent change
between the Bering Sea region and the whole Northern
Hemisphere to motivate the readers. For the Northern
Hemisphere as a whole, the March sea ice extent shows an
obvious downward trend during the analysis period with a linear
trend of −0.039 10 km2/a (Figure 1A). In sharp contrast, the

FIGURE 1 | Sea ice extent (106 km2) for the whole Northern

Hemisphere in March (A) and the region of 56–62◦N and 180–160◦W of

the Bering Sea in March (solid lines) and April (dashed lines) (B) based

on NSIDC data. The horizontal lines in (B) denote the average value over the

respective period.

March sea ice extent in the region of 56–62◦N and 180–160◦W
shows a pronounced increase from before to after year 2007
(Figure 1B). The difference of sea ice extent in the above region
between 2007–2013 and 2000–2006 is about 0.25 million km2.
The increase of sea ice extent in the Bering Sea is observed in
April as well (Figure 1B) with a difference of sea ice extent about
0.21 million km2 between 2007–2013 and 2000–2006.

The increase of sea ice concentration in the Bering Sea is
further demonstrated in Figure 2 that shows the difference of
March and April sea ice concentration between 2007–2013 and
2000–2006. The increase of sea ice concentration in March
reaches 0.5 in eastern Bering Sea (Figure 2A). The increase of
sea ice concentration in the Bering Sea is also observed in April
with a northwestward shift in the location of largest increase
(Figure 2B). The difference field not only shows an increase in
sea ice concentration, but also an obvious southward expansion
of the ice covered region in the Bering Sea.

Surface Air Temperature and Sea Surface
Temperature Change
The ice formation and melting is associated with surface air
temperature and ocean water temperature. Lower surface air
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FIGURE 2 | Difference of sea ice concentration (100%) in March (A) and

April (B) derived as mean during 2007–2013minus that during

2000–2006 based on HadISST data. Thin lines denote the south edge of

mean sea ice based on the period 2000–2006. The thick lines denote that the

difference between 2007–2013 and 2000–2006 is significant at the 99%

confidence level according to the Student t-test.

temperature may reduce surface water temperature by surface
turbulent heat exchange between the atmosphere and ocean. That
would provide a favorable condition for ice formation. Higher
surface air temperature may favor the ice melting. So is higher
water temperature. To understand the reasons for the sea ice
increase in the Bering Sea, we analyze the changes in surface air
temperature and SST. Figures 3, 4 show the difference of March
and April surface air temperature and SST between 2007–2013
and 2000–2006.

Surface air temperature in March shows an obvious decrease
in the whole Bering Sea region, with the largest decrease in
eastern Bering Sea where the decrease reaches more than 4◦C
(Figure 3A). The decrease in surface air temperature is also
observed in April though with a smaller magnitude and over a
reduced domain (Figure 3B). Note that the temperature decrease
near the climatological zero line indicates a southward expansion
of the freezing surface temperature in eastern Bering Sea. This is
consistent with the southward expansion of the sea ice covered
region.

SST decrease is observed in southeastern Bering Sea in
both March and April (Figures 4A,B). The largest decrease

FIGURE 3 | Difference of surface (2 m) air temperature (◦C) in March (A)

and April (B) derived as mean during 2007–2013minus that during

2000–2006. Thin lines denote the mean surface air temperature of 0◦C based

on the period 2000–2006. The thick-dotted lines denote that the difference

between 2007–2013 and 2000–2006 is significant at the 99% confidence level

according to the Student t-test.

is about 1◦C. The SST decrease along the periphery of the
sea ice covered region in climatology (Figure 2A) explains the
southward expansion of the sea ice covered region during
2007–2013. The SST decrease may be partly related to surface
air temperature change through surface turbulent heat fluxes.
Lower surface air temperature increases sea-air temperature
difference and induces upward turbulent heat fluxes in the
non-ice covered region in March (Figure 5A). These enhanced
turbulent heat fluxes contribute to the decrease in SST
as ocean loses more heat. In the ice covered region, the
turbulent heat exchange between the ocean and the overlying
atmosphere is prohibited, leading to a reduction in turbulent
surface heat fluxes. In April, turbulent heat flux differences
are mainly confined to the ice concentration increase region
(Figure 5B).

The large SST decrease region extends to the south coast
of Alaska (Figures 4A,B) where the surface air temperature
difference is smaller (Figures 3A,B). In particular, the SST
decrease along the south coast of Alaska is maintained in
April when the turbulent heat flux difference is small in the
above region (Figure 5B). This appears to suggest that oceanic
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FIGURE 4 | Difference of SST (◦C) in March (A) and April (B) derived as

mean during 2007–2013minus that during 2000–2006. The thick lines

denote that the difference between 2007–2013 and 2000–2006 is significant

at the 99% confidence level according to the Student t-test.

processes may also contribute to the SST change. However, this
is beyond the region where large sea ice concentration change is
observed (Figures 2A,B).

Atmospheric Circulation Change
The above analysis suggests that the surface air temperature
decrease may be one reason for the sea ice cover increase
in the Bering Sea region. What induces the decrease in
surface air temperature? On the ice-covered surface, the
surface air temperature decrease may be contributed by
the reduction of heat exchange from the underlying ocean.
This, however, cannot explain the surface air temperature
decrease in the broad region. To understand the surface
air temperature decrease, we analyze atmospheric circulation
changes.

The sea level pressure in March shows an obvious change
with a large-scale pattern. A decrease in sea level pressure
is observed in a broad region extending from the Pacific
coast of Alaska through the Arctic to the northwestern
Europe (Figure 6A). This is sandwiched by sea level pressure
increases over high-latitude Asia and over high-latitude North
Atlantic-Newfoundland. Correspondingly, the surface wind

FIGURE 5 | Difference of surface turbulent heat flux (W/m2) in March

(A) and April (B) derived as mean during 2007–2013minus that during

2000–2006. The thick lines denote that the difference between 2007–2013

and 2000–2006 is significant at the 99% confidence level according to the

Student t-test.

change features northwesterly over Russian Far East and the
Bering Sea (Figure 7A). These bring more air from the high-
latitude land that is colder than the air over the ocean,
lowering surface air temperature over the Bering Sea. The
anomalous northwesterly winds over eastern Bering Sea may
contribute to the SST cooling there (Figure 4A) through
Ekman advection. The wind speed effect on turbulent heat
flux anomalies appears small as anomalous winds tend to be
perpendicular to climatological mean northeasterly winds in this
region.

In April, the sea level pressure increase is observed around
the Kamchatka Peninsula (Figure 6B). Correspondingly, surface
wind change features northwesterly or westerly over northern
part and northerly over southeastern part of the Bering Sea
(Figure 7B). Such wind changes appear to be favorable for
maintaining lower surface air temperature over the Bering Sea in
April (Figure 3B) and thus the increase of sea ice concentration
and the expansion of sea ice cover (Figure 2B).

Surface Net Shortwave Radiation Change
Due to its high albedo, the ice surface reflects more downward
shortwave radiation than the water surface. With the increase
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FIGURE 6 | Difference of sea level pressure (hPa) in March (A) and April

(B) derived as mean during 2007–2013minus that during 2000–2006.

The thick lines denote that the difference between 2007–2013 and 2000–2006

is significant at the 95% confidence level according to the Student t-test.

in ice cover, the reflected shortwave radiation is expected to
increase accordingly. This results in the decrease in shortwave
radiation received by the ocean water. In turn, water temperature
would become lower and favor the formation of more ice. This
constitutes a positive feedback for ice change (Perovich et al.,
2007; Stroeve et al., 2012). In addition, following the increase
of ice cover, the heat exchange from the ocean to the overlying
atmosphere is reduced consequently. This may contribute to the
decrease in surface air temperature. In turn, the ice melting is
reduced.

The positive feedback is confirmed by the change in surface
net shortwave radiation. Figure 8 shows the difference of surface
net shortwave radiation between 2007–2013 and 2000–2006.
Large decrease in surface net shortwave radiation is observed
in the region of sea ice concentration decrease in both March
and April. In comparison, the region of shortwave radiation
decrease moves northwestward from March to April, which is
consistent with the shift of sea ice concentration decrease region
(Figure 2).

FIGURE 7 | Difference of surface (10 m) wind (m/s) in March (A) and

April (B) derived as mean during 2007-2013minus that during

2000-2006. The shading denotes that the difference between 2007–2013 and

2000–2006 is significant at the 95% confidence level according to the Student

t-test.

Initiation and Maintenance of the
Interdecadal Anomalies
The above analysis shows concurrent interdecadal changes in sea
ice cover, surface air temperature, and sea surface temperature.
Then, what initiate the above changes? As the sea ice formation
may be related to atmospheric and oceanic conditions, we
examine the evolution of surface air temperature and SST
anomalies to identify plausible signals for the sea ice change.
Figure 9 shows monthly anomalies of sea ice concentration,

Frontiers in Earth Science | www.frontiersin.org 5 March 2016 | Volume 4 | Article 26

http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive


Wu and Chen Bering Sea Ice Increase in 2007

FIGURE 8 | Difference of surface net shortwave radiation (W/m2) in

March (A) and April (B) derived as mean during 2007–2013minus that

during 2000–2006. The thick lines denote that the difference between

2007–2013 and 2000–2006 is significant at the 99% confidence level

according to the Student t-test.

SST, and surface air temperature from December 2006 to March
2007. The anomalies are computed based on mean of the period
2000–2006.

In December 2006, sea ice concentration anomaly is mainly
negative and surface air temperature anomaly is small in the
northern Bering Sea. Negative SST anomalies are observed in
the eastern part, but the SST anomalies are small positive
in the western part. More and less sea ice concentration
is observed in the northern Bering Sea and the periphery
of ice covered region in January 2007. A lower surface air
temperature is observed over the region of ice concentration
increase. Negative SST anomalies are present in the region
with negative ice concentration anomaly. Upward turbulent
heat flux anomalies are observed (not shown), which indicates
an impact of surface air temperature on SST. The sea ice
anomaly distribution appears to be maintained in February
2007 with a reduction of positive anomalies in northern part
and an increase of negative anomalies along 60◦N. The change
from January to February is consistent with positive surface
air temperature anomalies in February 2007, which may be
associated with southerly wind anomalies (not shown). The
negative SST anomalies decrease from January to February

FIGURE 9 | Anomalies of sea ice concentration (100%, shading) and

SST (◦C, contour, interval: 0.2◦C) (left), surface (2 m) air temperature

(◦C) (right) from December 2006 to March 2007 obtained as departure

from 2000 to 2006 mean. The upper and lower color bar is for sea ice

concentration and surface air temperature, respectively.

2007, which may be linked to the surface air temperature
increase that suppresses upward turbulent heat flux (not
shown).

Large negative surface air temperature anomalies are observed
over the eastern Bering Sea in March 2007. The development
of lower air temperature in this region is likely contributed
by northerly wind anomalies (not shown). Accompanying the
air temperature decrease, large increase in sea ice is observed
in the eastern Bering Sea. At the same time, large negative
SST anomalies are observed, in particular in the southeastern
Bering Sea. The SST anomalies may be affected by surface air
temperature decrease as the upward turbulent heat flux increases
(not shown).

From the temporal evolution, both sea ice, and surface air
temperature show month–month fluctuations. On the other
hand, the SST anomalies appear earlier and show persistence.
This indicates that the ocean state provides a pre-condition for
the decadal sea ice anomalies. The initiation of large sea ice
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anomalies, however, may be related to atmospheric changes. It
is possible that an individual cold event may initiate the increase
of sea ice and then a positive feedback process amplifies the initial
change, leading to large monthly mean anomalies.

To examine the above possibility, we show in Figure 10 area-
mean surface air temperature and meridional wind averaged
over the region of 56–62◦N and 180–160◦W where large sea
ice anomalies are observed in March 2007. During January
8–February 10, surface air temperature in most of the days
is higher in 2007 than that in 2006, in particular in mid-
January and late-January to early-February when the difference
reaches 10–20◦C (Figure 10A). The air temperature difference
appears to be due to wind difference. Large southerly winds are
observed in mid-January and late-January to early-February of
2007, whereas northerly winds dominated in the same periods
of 2006 (Figure 10B). The winds turn to northerly starting
from mid-February of 2007 (Figure 10B), which is followed by
surface air temperature lowering to below 0◦C (Figure 10A).
An enhancement in northerly winds occurred during early- to
mid-March, which results in surface air temperature of 10–
15◦C below the freezing point. The temperature difference
between 2007 and 2006 reaches over 10◦C for a period
of about 3 weeks in March. The extreme low surface air
temperature may be the reason for the formation of large
sea ice anomalies in March 2007. After March 20, the
meridional wind difference between the 2 years is reduced
(Figure 10B). This is followed by a dramatic rise of surface
air temperature in late March of 2007 and a reduction of the
air temperature difference between the 2 years (Figure 10A).
The temporal relationship between surface air temperature and

wind variations signifies an important role of atmospheric wind
changes.

Examination of surface wind distribution shows that the
Bering Sea is under the influence of very different circulation
system during early- and mid-March in the 2 years. In year
2007, the Bering Sea is under the influence of an anticyclone
with northerly winds controlling the eastern part (Figure 11B).
In contrast, in year 2006, a cyclone controls most of the Bering
Sea with southerly winds over southeastern part (Figure 11A).
The dramatic different wind system causes large surface air
temperature difference in March over the Bering Sea between
the 2 years. In year 2007, zero temperature line in the eastern
Bering Sea was pushed to southern Aleutian Islands in mid-
and late-March (50–52◦N) (Figure 11B), whereas in year 2006,
the zero temperature line stayed around 54–56◦N in March
(Figure 11A).

With the seasonal increase in surface air and ocean water
temperature, the sea ice in the Bering Sea is expected to melt
out in summer. As shown before, the sea ice anomalies in March
persist from year to year during 2007–2013 (Figure 1B). Why did
the sea ice anomalies reappear in 2008? We speculate that this is
due to the maintenance of atmospheric and oceanic conditions
favorable for sea ice increase. This is confirmed by Figure 12

that shows surface air temperature and SST anomalies from
May to November in every other month for the period 2007–
2013. The persistence of negative surface air temperature and
SST anomalies in the eastern Bering Sea are apparent during
the period though there are some changes in the magnitude
of anomalies. Due to the maintenance of negative surface air
temperature and SST anomalies, more ice may reform when the

FIGURE 10 | Area-mean surface (2 m) air temperature (◦C) (A) and surface (10 m) meridional wind (B) averaged over the region of 56–62◦N and

180–160◦W in 2007 (red) and 2006 (blue).
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FIGURE 11 | Surface (10 m) winds (vector, scale at top-middle) and

surface (2 m) air temperature (contour, interval: 3◦C) in 2006 (A, left)

and 2007 (B, right) during February 11–20, February 21–28, March 1–10,

and March 11–20 for winds and during February 19–28, March 1–8,

March 9-18, and March 19–28 for air temperature.

next ice formation season comes and thus the ice anomalies may
recur during the period 2007–2013.

The maintenance of negative SST anomalies may be partly
contributed by more sea ice melt during the ice melting season.
As more ice melt consumes more solar radiation, this reduces
the part of solar radiation for warming the ocean water. This
leads to lower SST in the coming months. The ocean change
may play a role in the maintenance of SST anomalies as well.
As pointed out by Wendler et al. (2014), the Pacific Decadal
Oscillation experienced a change from positive to more negative
values in the last decade, indicating a cooling of the North Pacific
waters. Such cooling in turn weakens the Aleutian Low. This is
accompanied by less advection of relatively warm air from the
Aleutians into the Northern Bering Sea, favoring SST cooling.
The maintenance of negative surface air temperature anomalies
appears to be partly related to negative SST anomalies as upward
turbulent heat flux over the eastern Bering Sea is reduced during
May through September (not shown), and partly contributed
by northerly winds in May, September, and November (not
shown).

FIGURE 12 | Difference of SST (◦C) (left) and surface (2 m) air

temperature (◦C) (right) in May, July, September, and November

derived as mean during 2007–2013minus that during 2000–2006. The

thick lines denote that the difference between 2007–2013 and 2000–2006 is

significant at the 99% confidence level according to the Student t-test. The

upper and lower color bar is for SST and surface air temperature, respectively.

SUMMARY

The sea ice concentration in the Bering Sea is found to be much
larger during 2007–2013 than during 2000–2006. An obvious
southward expansion of ice covered region concurred in March
and April. This interdecadal increase in the Bering Sea ice is
contrary to the continuous decline of sea ice coverage of the
Northern Hemisphere as a whole since 1979. This indicates a
unique regional feature of the sea ice change in the Bering Sea.

The increase in sea ice concentration in the Bering Sea is
consistent with a large decrease in surface air temperature. The
regional surface air temperature decrease, in turn, is related
to a large-scale pattern of sea level pressure and surface wind
changes. The sea level pressure decreases in a region extending
from the Pacific coast of Alaska to northwestern Europe and
increases over high-latitude Asia. This is accompanied by
enhanced northwesterly winds over the Bering Sea, which may
be a main factor for the surface air cooling. The surface air
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temperature decrease induces surface water cooling through
enhancing upward turbulent heat flux in the waters south of the
ice covered region. This leads to a southward expansion of ice
extent in the Bering Sea.

A positive ice-albedo feedback involving surface shortwave
radiation changes may play an important role in amplifying the
sea ice anomalies after they are formed. The recurrence of sea
ice anomalies in the Bering Sea for multiple years following the
change in 2007 may be attributed to the persistence of negative
surface air and water temperature anomalies during 2007–2013.
The maintenance of these oceanic and atmospheric conditions
may be due to the consumption of more solar radiation for ice
melt after large ice anomalies are formed and the decrease of
upward turbulent heat flux. The initiation of the sea ice anomalies
in March 2007 seems to be due to a large lowering of surface air
temperature of more than 10◦C under the influence of large and
persistent northerly winds over the Bering Sea for several weeks.

The present study suggests that a strong and persistent cold
event may switch the sea ice state in high-latitude oceans from
one regime to the other via changing the surface condition. The
ice-albedo feedbackmay amplify the initial sea ice anomalies. The

maintenance of coupled atmospheric and oceanic states thenmay
help to sustain the new regime for multiple years until a strong
event switches the state. The ocean circulation changes may also
play a role in the initiation and maintenance of the interdecadal
sea ice increase, which, however, has not been discussed in this
study. Further studies are needed to address this issue.
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