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    Abstract     The meteorology of the Pacifi c Arctic (the Bering Sea through the 
Chukchi and southern Beaufort Seas) represents the transition zone between the 
moist and relatively warm maritime air mass of the Pacifi c Ocean to the cold and 
relatively dry air mass of the Arctic. The annual cycle is the dominant feature shift-
ing from near total darkness with extensive sea ice cover in winter to solar heating 
in summer that is equal to that of sub-tropical latitudes. Strong north-south gradients 
in air temperatures and sea level pressure are typical over the Pacifi c Arctic giving 
rise to climatological polar easterly winds (blowing from the east) throughout the 
year. Localized storms (regions of low sea level pressure) can propagate into the 
region from the south but high pressure regions are typical, connected to either 
northeastern Siberia or the southern Beaufort Sea. The northern portion of the 
Pacifi c Arctic has participated in the general Arctic-wide warming in all seasons 
over the last decade while the southern Bering Sea turned to near record cold tem-
peratures after 2006. Future climate changes in the Pacifi c Arctic will come from 
shifts in the timing and extent of seasonal sea ice. Based on climate model projec-
tions, cold and dark conditions will still dominate over a climate warming scenario 
in the Bering Sea of +2 °C by 2050. The northern Bering Sea will continue to have 
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extensive sea ice January through April, while the southern shelf will have on 
 average less sea ice than currently observed but with large interannual variability. 
The largest change has the southern Chukchi Sea shifting from being sea ice free in 
September and October at present to becoming sea ice free for 5 months from July 
through November within a decade or two, impacting shipping, oil exploration, and 
ecosystems.  

  Keywords     Arctic meteorology   •   Siberian high   •   Aleutian low   •   Arctic Oscillation   
•   Climate change   •   Sea ice   •   Bering Sea   •   Chukchi Sea  

2.1         Introduction 

 In this atmospheric review, the Pacifi c Arctic covers the area from the Bering Sea 
south of St. Lawrence Island north through Bering Strait to the southern Chukchi 
and Beaufort Seas. This is the transition zone between the relatively warm and 
moist storm tracks of the Aleutian low weather system in the south to the cold, dry 
and high pressure Arctic air mass to the north. This is a region of large north-south 
gradients in atmospheric properties such as air temperature and atmospheric sea 
level pressure (SLP). The region of strongest gradients moves north and south with 
the seasonal cycle. Maximum temperature gradients in winter are over the central 
Bering Sea with sub-freezing temperatures and sea ice coverage. In summer, the 
strongest air temperature gradients are across the Chukchi Sea and along the north 
slope and seaward of the coast of Alaska with temperatures above freezing. Large 
gradients in SLP produce an east-west region of strong wind speeds in all seasons; 
for example the annual mean surface wind speed at Barrow, Alaska for 1972–2007 
is 5.6 m s –1  (Wendler et al.  2010 ). 

 The causes for the meteorology of the Pacifi c Arctic region are a seasonal swing 
from a large heat loss in winter and the dominating presence of sea ice to a gain of 
heat in summer. The primary determinant of this seasonal climate shift is the annual 
cycle of insolation from a maximum of 500 W m –2  near the summer solstice to dark-
ness in winter. As summer progresses, absorption of insolation at the ocean surface 
increases as the albedo decreases due to snow and ice melt and increased open water 
areas. This annual cycle results in a change from a winter continental-like air mass 
similar to the adjacent land areas to a summertime marine air mass characterized by 
low clouds and fog. 

 In the recent decade, the Pacifi c air mass to the south and the Arctic air mass to 
the north appear to be on different climate change trajectories (Overland et al. 
 2012 ). To the north, the region is part of the decadal change of Arctic warming 
where recent sea ice losses are changing the climatology of the region, with periods 
of warm temperature anomalies extending through the autumn months. To the 
south, the Bering Sea has turned cold with extensive sea ice cover in 2007–2011, 
extents that had not been seen since the mid-1970s. This contrasts to a warmer than 
normal temperature anomaly period for the southern Bering Sea from 2001 through 
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2005. This north-south decoupling is due to the northern region being dominated by 
the thermodynamics of melting sea ice, while changes in the south are dominated by 
changes in North Pacifi c storm tracks and large-scale Pacifi c climate.  

2.2     Climatological Fields 

 The basic driver of Pacifi c Arctic meteorology is the annual cycle of solar insolation 
(Fig.  2.1 ). Although the sun is close to the horizon during summer, the 24 h of 
daylight provides the same potential solar radiation (i.e., without cloud effects) in 
the Arctic as occurs at lower latitudes in the northern hemisphere. North of 60°N, 
there is substantial solar heating from mid-April through August.

   Climatologically, in terms of surface air temperature (SAT) and SLP gradients, 
the Pacifi c Arctic can be considered to have two main seasons: an extended 9-month 
winter (September through May) and a summer (June through August). This is 
demonstrated by examining the SAT fi elds for standard seasons, fall (Sept–Nov), 
winter (Dec–Feb), spring (Mar–May) and summer (Jun–Aug), presented in 
Fig.  2.2 . Strong north-south temperature gradients are present fall through spring 
from northern Alaska southward through the southeastern Bering Sea. In summer, 
more effi cient heating of the continental land masses changes the orientations of 
the isotherms so that a sea-land temperature gradient occurs over the coastal 
regions of northwestern Alaska and eastern Siberia. For the SLP fi elds (Fig.  2.3 ), 
during fall through spring, the Aleutian low pressure center is dominant over 
southwestern Alaska, with the strongest pressure gradient occurring in the vicinity 
of Bering Strait. The strength of SLP gradient over the Pacifi c Arctic is greatest in 
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  Fig. 2.1    The daily variation of solar insolation at the top of the atmosphere as a function of 
latitude and day of year in units of Wm –2  for the Northern Hemisphere (Modifi ed from Liou  2002 )       
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winter. Climatological winds are easterly (from the east) and their magnitude drops 
off rapidly in the northern Chukchi Sea. In summer, the climatological SLP fi eld is 
nearly fl at. Typically, small storms can be produced along the temperature gradient 
in northern Alaska and these can drift out into the Chukchi/Beaufort Seas (Serreze 
et al.  2001 ). For a more detailed review of the marine climatology of the Beaufort 
Sea proper see Overland ( 2009 ).

2.3         Storms and Temporal Variability 

 The Pacifi c Arctic is dominated by high SLP regions for most of the year. These are 
large and slow-moving systems that persist for multiple days. The center of one of 
these systems is the Siberian high, far to the west. However, the edge of the high, 
where strong pressure gradients exist, can reside over the Pacifi c Arctic region, 
producing strong and persistent northwesterly or northeasterly winds. The other 

  Fig. 2.2    Mean (1961–2010) near-surface temperature (°C) for the four seasons over the 
Pacifi c Arctic (Data are from the NCEP–NCAR Reanalysis through the NOAA/Earth Systems 
Research Laboratory, generated online at:   http://www.esrl.noaa.gov/psd/cgi-bin/data/compos-
ites/printpage.pl)           
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high pressure center is over the Canadian Beaufort Sea. If there is very low pressure 
to the south of the region in the form of Aleutian low storm systems, there can be 
stronger than average easterly winds across northern Alaska and adjacent waters. 
These east wind events can cause coastal ocean upwelling events across the narrow 
northern Alaskan continental shelf (Nikolopoulos et al.  2009 ). 

 Storm track trajectories originating in the northwest Pacifi c and moving into the 
Pacifi c Arctic are generally of two types (Wang et al.  2004 ; Pickart et al.  2009 ). One 
type exhibits a west-to-east trajectory south of the region and may increase the north-
south pressure gradient as the low pressure region passes to the south of the more 
permanent higher pressure zones to the north (Fig.  2.4 ). The second trajectory type 
curves northward from the south into the central Bering Sea. Conventional wisdom 
at the Anchorage NOAA Weather Service is that a sequence of storms on this latter 
trajectory would continue to progress farther north displacing the northern high pres-
sure centers. The fi rst storm would make it to the central Bering Sea, the second 
storm would intrude to north of Bering Strait, and the third would transit Bering 
Strait and then curve eastward along the northern slope of Alaska.

  Fig. 2.3    Mean (1961–2010) sea level pressure ( SLP ) for the four seasons over the Pacifi c 
Arctic (Data are from the NCEP–NCAR Reanalysis through the NOAA/Earth Systems 
Research Laboratory, generated online at:   http://www.esrl.noaa.gov/psd/cgi-bin/data/compos-
ites/printpage.pl    )       
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   The lower troposphere of the Pacifi c Arctic (eastern Siberia to northern Canada) 
was relatively warm during spring in the 1990s relative to the previous four decades 
(Overland et al.  2002 ). The primary difference in the 1990s was the presence of 
several highly episodic springtime storms and associated advection of heat com-
pared to nearly storm-free periods in previous years. Krupnik and Jolly ( 2002 ) note 
that native elders in the region suggested that the weather was less dependable (pre-
dictable) starting in the 1990s. The addition of a few storms that propagated further 
north may be a cause of this diminished predictability relative to previous persistent 
easterly winds. 

  Fig. 2.4    Cyclone (storm) tracks during a typical wet season (October 1979–May 1980). A total of 
57 cyclones were found during this period ( upper panel ). Cyclogenesis (storm development) loca-
tion distribution is also shown for January 1980 ( lower panel , units are in cyclones/month, with 
interval being 0.05) (After Wang et al.  2004 )       
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 Such changes, however, may have begun as early as the late 1960s or at least by 
the well-known Alaskan regime shift in the 1970s (Wang et al.  2006 ; Wendler et al. 
 2010 ). Before the 1960s, Barrow and Nome were dominated by Arctic air masses 
and St. Paul was dominated by North Pacifi c maritime air masses. After the 1960s, 
the surface air temperature correlation in winter between Barrow and St. Paul 
increased from 0.2 to 0.7 and between Nome and St. Paul from 0.4 to 0.8, implying 
greater north–south penetration of both Arctic and Pacifi c air masses. Relatively 
stable, high correlations are found among the stations in the fall, whereas correla-
tions are low in the summer. These climatological results support the concept that 
the southeast Bering Sea ecosystem may have been dominated by Arctic species for 
most of the twentieth century, with a gradual replacement by sub-Arctic species, 
such as pollock, in the last 30 years (Aydin et al.  2007 ). 

 The opening date for the Prudhoe Bay shipping season depends on antecedent 
sea ice and weather conditions in the Bering Sea (Drobot et al.  2009 ). In years with 
early opening dates, the sea-ice cover in the southern Bering Sea is reduced in 
February and, as the season progresses, sea-ice concentrations in the central and 
northern Bering Sea remain low. Further, fewer accumulated freezing degree days 
(FDDs) suggests that temperatures are warmer over a broad area, ranging from the 
Bering Sea through the Chukchi Sea and the Beaufort Sea, in winter and spring 
months preceding early opening dates. 

 Based on tree ring widths of 14 white spruce chronologies for the Seward 
Peninsula, Alaska, some historical changes can be inferred for the Pacifi c Arctic 
back to 1400 (D’Arrigo et al.  2005 ). The chronologies correlate signifi cantly with 
Bering and Chukchi Sea sea surface temperatures and with the Pacifi c Decadal 
Oscillation index weighted towards the spring and summer months. There is 
inferred cooling during periods within the Little Ice Age (LIA) from the early-to-
middle 1600s and from the early-to-late 1700s, and warming from the middle 
1600s to early 1700s (Fig.  2.5 ). The chronologies imply that growth conditions were 
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somewhat below average until the middle of the twentieth century. Following a 
brief period of increasing growth in the 1950s, there is a decline, with some growth 
recovery in the 1990s.

2.4        The Differences of the Pacifi c Sector Relative 
to the Larger Arctic System 

 The largest climate signal for the Pacifi c Arctic in the recent decade is the apparent 
decoupling of trends in the marine air masses to the south and Arctic air masses. 
Major temperature increases are seen in the Arctic related to sea ice loss in the sum-
mer and subsequent positive temperature anomalies in the fall. In contrast, southern 
Bering Sea warming in 2001–2005 and subsequent cooling 2007–2012 are tied to 
sea surface temperature shifts in the North Pacifi c. A long-term, vertically-averaged 
ocean temperature record from the M2 mooring (Stabeno et al.  2012 ; Fig.  2.6 ) on the 
southeastern Bering shelf illustrate these warming and cooling trends. The annual 
average temperature anomaly chart (Fig.  2.7 ) for 2006 through 2012 shows extensive 
large positive temperature anomalies over much of the Arctic, with a cooling in the 
southeastern Bering Sea. The large-scale warming of the Arctic is evident in all 
months north of St. Lawrence Island, but is most pronounced in the autumn.

    The warming in the Arctic appears to be associated with the recent predominance 
of a climate pattern referred to as the Arctic Dipole (AD), characterized by low SLP 
on one side of the Arctic and high SLP on the other (Overland and Wang  2005 ; 
Wang et al.  2009 ; Zhang et al.  2008 ). On a hemispheric basis, the AD occurs as the 
third most prominent pattern after the Arctic Oscillation (AO) pattern, which has 
low SLP over the central Arctic in its positive phase, and the Pacifi c North-American 
pattern (Overland et al.  2008 ). While the AD was present in spring as early as 1997, 
its recent occurrence began in summer 2007 when it was present in all months and 
contributed to 2007 record minimum summer sea ice extent (Fig.  2.8 ). Each year 
after 2007 has also seen the AD pattern for part of the summer. For example, in 
2010, the AD pattern was present in May and June, but then the Arctic reverted to 
the more traditional climatological SLP pattern for summer of a weak, relatively small 
low-pressure center. However, by August 2010 the AD pattern had returned.
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  Fig. 2.6    Depth averaged ocean temperature at the M2 mooring location on the southeastern 
Bering Sea shelf (Updated from Stabeno et al.  2012 )       
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2.5        The Future Climate of the Pacifi c Arctic 

 The anthropogenic contribution to a warming Arctic is estimated to be 4–6 °C by 
2080 (Chapman and Walsh  2007 ). Climate models also predict that the Arctic 
Ocean will be nearly sea ice free during the summer before the second half of this 
century, but recent data on thinning of Arctic sea ice suggest that the loss of Arctic 
summer sea ice may occur much sooner, within a decade or so (Stroeve et al.  2008 ; 
Wang and Overland  2009 ,  2012 ; Overland and Wang  2013 ). The Pacifi c Arctic is 
essentially sea ice free in summer at the present time. Such an occurrence will be 
limited to summer, since during the cold season, the Arctic Ocean, with its lack of 
sun light, will continue to be an ice covered sea. 

 As the Bering Sea is sea ice free in summer, it is characterized not by summer 
minima, but rather by winter/spring sea ice maxima. During the winters and springs 
of 2008–2013, there were near record maximum sea-ice extents in the southeastern 
Bering Sea. This contrasts with the record 2007–2012 summer Arctic sea ice min-
ima and suggests a lack of continuity or “decoupling” between summer sea ice 
minima in the Arctic and the eventual winter/spring sea-ice maxima in the Bering 
Sea for the following season. This is a result of the main thermodynamic physics at 
high latitudes; it is cold and dark in winter. The northern Bering Sea (at 64°N) has 
only 4 h of daylight at the winter solstice. Mean monthly maximum temperatures at 
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  Fig. 2.7    Near surface air temperature anomaly multiyear composites (°C) for 2006–2012. 
Anomalies are relative to 1981–2010 mean and show a strong Arctic amplifi cation of recent tem-
perature trends and cooling of the southeastern Bering Sea (Data are from the NCEP–NCAR 
Reanalysis through the NOAA/Earth Systems Research Laboratory, generated online at:   http://
www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl    )       

 

2 Recent and Future Changes in the Meteorology of the Pacifi c Arctic

http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl
http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl


26

Nome, Alaska, averaged from 1949 through 2006, are below −2.9 °C for all months 
between November and April indicating freezing conditions during these months. 
Mean maximum temperatures in these months will stay below freezing even with a 
hypothesized regional increased of 2 °C due to an overall global warming signal by 
2050. Thus, winter and spring conditions in the western Arctic should not be dis-
similar than current conditions for the foreseeable future. 

 We have some confi dence for using climate models from the Intergovernmental 
Panel on Climate Change fourth Assessment Report (now referred to as CMIP3 
and updated to CMIP5) to project April, May and November sea ice areas 
(Overland and Wang  2007 ). Figure  2.9  shows the observed area of sea ice cover 
(black lines) in the eastern Bering Sea for April and May for past years. May, in 
particular, has considerable year-to-year variability with extensive sea ice cover-
age in the mid- 1970s. The blue line is the composite mean projection of 12 CMIP5 
models (ACCESS1.0, ACCESS1.3, CCSM4, CESM1-CAM5.1, EC-EARTH, 
HadGEM2-AO, HadGEM2-CC, HadGEM2-ES, MIROC-ESM-CHEM, MIROC- ESM, 
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  Fig. 2.8    Sea level pressure ( SLP ) fi eld corresponding to the minimum sea ice extent in summer 
2007 showing the Arctic Dipole ( AD ) pattern (Data are from the NCEP–NCAR Reanalysis through 
the NOAA/Earth Systems Research Laboratory, generated online at:   www.cdc.noaa.gov    )       
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MPI-ESM-LR, and MPI-ESM-MR.) which simulate well the mean and magnitude 
of seasonal cycle of sea ice coverage during 1981–2005 period. The thin blue/pink 
curves in the background represent multiple single runs (ensemble members) of 
the 12 selected models and suggest the possible range of future sea-ice areal 
coverage due to the infl uence of natural variability and to the anthropogenic 

1950 2000 2050 2100
0

0.2

0.4

0.6

0.8

1

10
6  

km
2

Year

April

1950 2000 2050 2100
0

0.2

0.4

0.6

0.8

1

Year

May
OBS
RCP4.5
RCP8.5

10
6  

km
2

  Fig. 2.9    April and May sea ice extent over the eastern Bering Sea based on HadleyISST_ice 
analysis ( black line ) and projections from CMIP5 models.  Thin colored lines  are individual model 
projections from 12 models that simulate the Arctic sea ice extent well in their historical simula-
tions (Updated from Wang and Overland  2012 ). The  thick colored lines  are the ensemble mean 
value for each year averaged over these individual projections under RCP4.5 ( blue ) and RCP8.5 
( red ) emissions scenarios       
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contribution represented by the thick blue and red lines under proposed emissions 
scenarios. These results from CMIP5 models show similar results to CMIP3 for 
the Pacifi c Arctic (Wang et al.  2012 ).

   While there are measurable decreases in mean sea-ice areal estimates in April 
after 2010, the individual simulations (blue/pink lines) suggest that it is unlikely for 
the Bering Sea to be ice free in April during this century. In contrast, in May, the 
ensemble mean sea-ice area (blue line) decreases to 56 % of the 1960–1980 average 
area by 2100. The observations for May (black line) show many years in recent 
decades which approach a near-zero sea-ice areal coverage, but there are still indi-
vidual model simulations from 2010 to 2050 where the sea-ice coverage exceeds the 
historical coverage from 1980 to the present. The trend toward minimal ice cover-
age can be expected to continue, but signifi cant ice cover in May during any given 
year remains a distinct possibility through at least 2050. The main message from 
Fig.  2.9  is that large interannual variability in sea ice cover will continue to domi-
nate the eastern Bering Sea in May for the next 40 years. 

 In contrast to spring sea ice conditions in the eastern Bering Sea, we project 
large changes in sea ice cover for the Chukchi Sea in autumn. Even for November, 
we see future reductions in sea ice coverage (Fig.  2.10 ). As in the Bering Sea, the 
range of individual ensemble members (blue/pink lines) is large, showing the 
uncertainty due to natural variability relative to the global warming signal. Loss of 
November sea ice cover has major implications for potential shipping and resource 
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  Fig. 2.10    November sea ice extent over the Chukchi Sea based on HadleyISST_ice analysis 
( black line ) and projections from 12 CMIP5 models.  Light colored lines  are individual model 
projections from these models under RCP4.5 ( blue ) and RCP8.5 ( pink ) emissions scenarios. The 
 thick colored line  are the ensemble mean value for each year averaged over these individual projec-
tions under RCP4.5 ( blue ) and RCP8.5 ( red ) emissions scenarios       
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exploration, as well as overall ecosystem shifts including habitat changes for 
marine mammals. For the southern Chukchi Sea there is a shift from September 
and October being sea ice free at the present time to July through November being 
sea ice free within a decade or two.

2.6        Summary 

 The Pacifi c Arctic is not characterized by uniformity, but by its large north-south 
differences in marine habitats. Strong north-south gradients in air temperature and 
sea level pressure are established by latitudinal differences in the annual cycle of 
solar insolation. An anthropogenic temperature increase of 2 ° C by 2050 will have 
only a modest impact on the Bering Sea which will still be characterized by large 
interannual variability in addition to the weak upward temperature trend and a 
decreasing sea ice extent. Because of the unique thermodynamic infl uences of sea 
ice (albedo changes and ocean heat storage in newly sea-ice free areas), loss of 
autumnal sea ice will continue to provide major changes in the Chukchi Sea 
through November over the next decades with major increases in economic access 
and ecological impacts.     
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