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The Paci�c Arctic Sector is an area of interaction between the North 
Paci�c and Arctic Ocean and it has been a challenging region to 
observe and model.  Understanding its dynamics requires knowledge 
of the mean circulation and variability upstream, in the northern North 
Paci�c and the Bering Sea. The objective of this research is to 
synthesize results on the critical processes, mean regional circulation 
patterns and property �uxes from the northern North Paci�c, across 
the narrow Aleutian Island Passes, into the deep Bering Sea, exchanges 
across the shelf-break and through Bering Strait into the Chukchi Sea 
and the western Arctic Ocean. Many local and mesoscale processes 
controlling the ocean circulation are determined by the Rossby radius 
of deformation, which is relatively small and further decreases with 
increasing latitude, necessitating the use of high-resolution modeling. 
We use a high-resolution, pan-Arctic ice-ocean model forced with 
realistic atmospheric data to examine the mean transport and 
temporal and spatial variability within the Alaskan Stream and across 
the Aleutian Island Passes. Next, we analyze the general ocean 
circulation as well as spatial and temporal variability in the deep Bering 
Sea and shelf-basin exchange across the shelf break and the role of 
mesoscale eddies along the shelf break in eddy-driven shelf-basin 
�uxes, especially in the major submarine canyons. These exchanges are 
shown to determine the �ow across the shelf towards the Bering Strait.

Dramatic reductions of the Arctic sea ice are a clear indication of 
change in recent years.  However, the underlying causes of this 
decrease are still not completely understood.  While atmospheric 
forcing plays a role in these changes, it cannot explain all of the 
variability in the sea ice extent. In fact, large-scale atmospheric patterns 
have not correlated well with the sea ice variability in recent years.  
Based on our model results and limited observations, the sea ice 
changes appear to be also linked to an increased oceanic heat 
transport into the western Arctic and subsequent lateral melt and 
under-ice ablation or reduction of ice growth.

Model Description

The regional model domain includes all of the northern hemisphere sea ice-covered oceans and seas. It contains the sub-Arctic North Paci�c 
(including the Sea of Japan and the Sea of Okhotsk) as well as the North Atlantic (including the Labrador Sea and Gulf of St. Lawrence), the Arctic 
Ocean, the Canadian Arctic Archipelago (CAA) and the Nordic Seas.  The model grid is con�gured at 1/12° (or ~9 km) and 45 vertical depth layers with 
8 levels in the upper 50 m.  This horizontal grid permits calculation of �ow through the narrow and / or shallow passages common and critical to 
sub-polar marginal sea ecosystems.
 
The ocean model was initialized with climatological, 3-dimensional temperature and salinity �elds (Polar Science Center Hydrographic Climatology; 
PHC) and integrated for almost �ve decades in a spinup mode. During the spinup we initially used daily-averaged annual climatological atmospheric 
forcing derived from 1979-1993 reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) for 27 years.  We then performed 
an additional run using repeated 1979-1981 interannual �elds for the last 21 years of spinup. This approach is especially important to establishing 
realistic ocean circulation representative of the time period at the beginning of the actual interannual integration.  This �nal run with realistic 
daily-averaged ECMWF interannual forcing starts in 1979 and continues through 2004. Results from this integration (26-years) are used for the 
analyses in this paper. Yukon (and other Arctic) river runo� is included in the model as a virtual freshwater �ux at the river mouth. However, in the Gulf 
of Alaska the freshwater �ux from runo� is introduced by restoring the surface ocean level (of 5 m) to climatological (PHC) monthly mean temperature 
and salinity values over a monthly time scale.  Restoring the surface ocean level to climatological temperature and salinity values acts as a correction 
term to the explicitly calculated �uxes between the ocean and overlying atmosphere or sea ice.  Additional details on the model including sea ice, river 
runo�, and restoring have been provided elsewhere (Maslowski et al., 2004; Clement et al., 2005).

Figure 1  Twenty-six-year mean (1979-2004) circulation and total kinetic energy (TKE; 
shading) in the northern Bering, Chukchi, Beaufort, and East Siberian seas in the upper 
120m. The velocity vectors are not scaled in a linear fashion (for �gure clarity) and their 
magnitude can be derived as |v|=(2xTKE)1/2.

Figure 6.  Monthly mean 
heat content (TJ; shading) 
at depth 50-120 m and ice 
thickness contours (m; 
black).  Bathymetry (m) 
contours are shown in 
blue.  The top panel shows 
the 26-year mean 
September, the lower left 
shows September 1985 
and the lower right shows 
September 2002.

Figure 7.  Monthly 
mean time series of 
heat content 
anomaly in the 
upper 33 m, 33-120 
m, and mean ice 
thickness anomaly 
(m) in the Western 
Arctic Ocean (region 
shown in red in Fig. 
1).  Anomaly values 
equal the annual 
cycle value 
subtracted from the 
monthly mean.

Figure 14. Depth-averaged (65-120 m) temperature di�erence (oC; 
temperature minus freezing temperature) and velocity (cm/s) showing 
eddies at di�erent time periods in their lifetimes.  The right column shows 
the eddies early on in their lifetimes and the left column shows the same 
eddies from 3-9 months later.  The white line shown on the second panel 
from the top indicates the position of a cross-section shown in Figure 16. 

cm/s

Figure 16.  Vertical section the temperature above freezing 
temperature (left; oC) and time di�erences of temperature (right; 
oC) along the white line shown in Fig. 14 for selected time 
periods as labeled above.  

Figure 18.  Twenty-six-year mean (1979-2004) heat �ux (TW) in 
the upper 120 m through selected cross-sections. Salinity 
dependent freezing temperature was used as a reference 
temperature.
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Because warm water in this region has the ability to melt overlying sea ice, 
it is important to understand its distribution and variability.  The year 1985 
was a relatively “cold” year with anomalously heavier sea ice in the western 
Arctic (up to 3.5 m thick in the East Siberian Sea), and lower heat content.  
In comparison, 2002 was a “warm” year with little and thinner sea ice found 
in the region.  In particular, the thick sea ice over the East Siberian Sea, 
evident in 1985, is not present in 2002, leaving open  water west of 
Wrangel Island.  To the east there is also less ice and warmer water 
extending around Point Barrow and into the Beaufort Sea.  Time series of 
heat content for selected depth levels have signi�cant negative 
correlations with sea ice thickness in the Western Arctic Ocean (Fig. 6, Tab. 
1).  For the purpose of this calculation the Western Arctic Ocean is de�ned 
as a region between 70-78oN and 145oE - 135oW, which is represented by 
red lines in Fig. 1.  Multiple observations show a recent warming in this 
region, as well. 

The mean heat �ux is highest (67 TW) across the Barents Sea 
Opening (Maslowski et al., 2004).  However, much of this heat is 
lost to the atmosphere or used for local ice melt before reaching 
the Arctic Ocean.  Approximately 6 TW enters the Arctic Ocean 
through St. Anna Trough, which is less than 9% of the original 
amount of heat entering the Barents Sea.  A similar amount 
enters through Fram Strait (5.2 TW), primarily within the West 
Spitsbergen Current. Across the Lomonosov Ridge, a mean of 2.7 
TW moves eastward into the East Siberian Sea and Makarov 
Basin.  Predominately eastward-�owing water from the East 
Siberian Sea contributes 2.5 TW into the Chukchi Sea across 180o, 
north of Wrangel Island. On the Paci�c side, Bering Strait 
contributes 4.2 TW, which is ~80% of the Fram Strait 
contribution. Similar to the Barents Sea, much of the heat (>70%) 
entering across Bering Strait is lost to the atmosphere or used for 
local ice melt over the Chukchi shelf, however 1.17 TW reaches 
the outer shelf and slope.

Summary and Conclusions
 

The high resolution (~ 9 km), large domain, and long integration of 
our model make an important advancement in the ability of 
numerical models to represent the circulation and property �uxes in 
the Western Arctic. An improved representation of the mass and 
property �uxes into the Arctic Ocean is necessary to advance 
climate model predictive skill in the region. Next generation global 
climate models need to account more realistically for the observed 
ice reduction as well as its e�ect on the upper ocean and feedback 
to the atmosphere. We argue that one of the main requirements to 
achieve this involves high spatial resolution (of order 1-2 km), in 
order to resolve eddies, coastal and boundary currents, and 
exchanges between the Arctic and adjacent oceans.  
 
- The Alaskan Coastal Current (ACC) carries the majority of the heat 
exiting the Chukchi shelf. 

- Since the late 1990s we have seen increased northward oceanic 
heat �ux across the Chukchi Sea that is coincident with decreased 
sea ice area and thickness.  

- This sea ice decline is not only due to changes in atmospheric 
forcing, but also to under-ice ablation by the anomalously warm 
water.  The fact that relatively warm water extends below the mixed 
layer suggests that advection of heat under the ice, and not only 
surface warming by solar insolation, is important for sea ice 
distribution.  

- Warm-core anticyclonic eddies and upwelling in the western Arctic 
are important mechanisms for distributing heat throughout the 
basin and entraining warm water into the mixed layer and to the 
bottom of the sea ice.   

- Based on on the presented analyses we hypothesize that this 
oceanic heat source into the western Arctic is a critical initial factor 
in reducing ice concentration and thickness at the early melting 
season and onwards. 

- Early results from the 2-km model output show more energetic 
eddies with  smaller  diameters and they appear more frequently.   
Representation of such mesoscale features may further increase the 
signi�cance of oceanic forcing on sea ice melt.  

Table 1.  Correlation coe�cients of heat 
content anomalies in the upper ocean 
with the mean ice thickness anomalies 
in the western Arctic Ocean. ‘Smoothed 
mean’ correlations are for the 13-month 
running mean heat content. Summer 
months are July, August, and 
September (JAS).

Depth
range

Monthly
mean

Smoothed
mean

Summer
(JAS) mean

0-33m        -0.54          -0.79             -0.93
33-120m   -0.39          -0.40             -0.42
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Figure 12. Sea ice concentration on Aug. 27 – courtesy of K. Shimada.

Figure 10. Mean temperature (oC) in upper 65 m along the 
Chukchi Shelf Line.  Heat Flux via Alaska Coastal Current 
accounts for ~67% of the Total Heat Flux across Chukchi Shelf 
Line. 

Figure 13. Vertical section of temperature along 150W (Yellow line in 
the sea ice concentration map , CCGS Louis S. St-Laurent JWACS2006) – 
courtesy of K. Shimada, JAMSTEC/TUMST
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Figure 11. Vertical pro�le of temperature (oC) observations o� 
Barrow, AK during 7-8 September 2005.  Location of section shown 
as a magenta line in Fig. 8.  Okkonen et al., 2009.

Figure 8. MODIS sea surface temperatures for 10 August 2007, 2335 UT. 
Vector-averaged winds for the 24-hour period preceding the image acquisition 
were from the east-southeast at 4.1 m s-1.  Okkonen et al., 2009.

Figure 17.  Sea surface height (cm) and velocity in the upper 12.5 m 
from the 2-km model spin-up.

Figure 2.  Twenty-six year mean (1979-2004) circulation (cm/s) and total kinetic energy (cm2/s2; 
shading) in the upper 65 m.  

Figure 3.  June 1987 circulation (cm/s) and total kinetic energy (cm2/s2; shading) in the 
upper 65 m.  
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Fig. 4. The bottom water salinity anomaly and sea surface height 
anomaly contours (blue is positive and red is negative; contour 
interval of 5 cm) during (a) March 1982, (b) July 1987, (c) November 
1993, and (d) May 2002 in the vicinity of Zhemchug Canyon. The 
vectors represent monthly mean velocity over the entire water 
column during each respective month.

Fig. 5. The vertical section 
of velocity (contours; 
cm/s) and salinity anomaly 
(shading) (a) along the 
Zhemchug canyon 
(section BSC3) and (b) 
cross the Zhemchug 
canyon (section C6) during 
November 1993.  

Shelf-Basin Exchange

Peaks in the northward �uxes of heat and salt are associated with  
cyclonic eddies located just south of the canyon section.   A section 
across Zhemchug Canyon (Fig. 9b) shows that the salinity anomaly 
is positive near the surface (up to 0.12 psu) and also near the bottom 
(up to 0.18 psu), with the �ow directed on-shelf.  These �gures show 
how the eddy is responsible for upwelling relatively salty water onto 
the central Bering Sea shelf.  
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Figure 9. Temperature (oC) in the upper 5 m near 
Barrow, AK from the 2-km model spinup.

Figure 15. Summer (JAS) mean eddy kinetic energy (cm2/s2) in the 
upper 15 m from the 9-km model (upper) and the 2-km model (lower). 

Sep 2002Sep 1985

Sep 26-yr mean

H
eat Content (TJ)

Total
Kinetic
Energy
(cm2/s2)

Total
Kinetic
Energy
(cm2/s2)

The eddies in Fig. 14 have variable diameters and positions, although 
there is a tendency for anticyclonic warm core eddy generation at the 
mouth of Barrow Canyon and along the Northwind Ridge.  Figure 16 
shows that when the eddy is present (Dec. 1995-Jul. 1996) temperatures 
up to 2oC above the freezing temperature occur in the upper 120 m and 
are as much as 0.7oC above the freezing temperature in the upper 30 m.  
The frequency of eddy occurrence and properties including rotational 
speeds and temperature could be underestimated in the 9-km model due 
to both the spatial resolution limitations and the realism of prescribed 
atmospheric forcing. However, we believe that the model realistically 
approximates physical processes that provide a source of heat to the 
Canada Basin. This heat could become available for melting or reducing 
growth of overlying sea ice, especially via upward entrainment into the 
mixed layer due to anticyclonic eddies and bathymetry-driven �ow.


