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A coupled sea ice–ocean model, combined with observational and reanalysis data, is used to explore the

seasonal predictability of the distribution and extent of cold bottom waters on the Bering Sea shelf

through numerical simulations or statistical analyses. The model captures the spatiotemporal

variability of trawl survey observations of bottom water temperature over the period 1970–2009. Of

the various winter air–ice–ocean parameters considered, the interannual variability of the winter on-

shelf heat transport across the Bering Sea shelf break, dominated by changes in ocean flow, is most

highly correlated with the interannual variability of the bottom layer properties (bottom temperature,

and the distribution and extent of cold bottom waters) in spring–summer. This suggests that the winter

heat transport may be the best seasonal predictor of the bottom layer properties. To varying degrees,

the winter mean simulated sea surface temperature (SST), National Centers for Environmental

Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis surface air temperature

(SAT), simulated and observed sea ice extent, the Bering Strait outflow, and the Pacific Decadal

Oscillation are also significantly correlated with the spring–summer bottom layer properties. This

suggests that, with varying skill, they may also be useful for statistical seasonal predictions. Good

agreement between observations and results of the coupled ice–ocean model suggests also the

possibility of numerical seasonal predictions of the bottom layer properties. The simulated field of

bottom layer temperature on the Bering Sea shelf on 31 May is a good predictor of the distribution and

extent of cold bottom waters throughout late spring and summer. These variables, both in the model

and in reality, do not change significantly from June to October, primarily owing to increased upper

ocean stratification in late spring due to ice melt and surface warming, which tends to isolate and

preserve the cold bottom waters on the shelf. However, the ocean stratification, and hence the isolation

effect, is stronger in cold years than in warm years because more ice is available for melting in spring–

summer.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The Bering Sea shelf supports one of the most productive
marine ecosystems in the world (BEST Science Plan, 2004). The
pool of cold bottom waters on the Bering Sea shelf plays an
important role in the ecosystem, especially in the distribution of
fish (e.g., Ohtani and Azumaya, 1995; Wyllie-Echeverria and
Wooster, 1998; Mueter and Litzow, 2008). The ‘‘cold pool’’
(defined as the region where bottom waters have temperature-
so2 1C) forms in the previous winter and often remains in the
central region of the shelf throughout summer below the seasonal
thermocline (e.g., Kinder and Schumacher, 1981; Azumaya and
Ohtani, 1995). The distribution, extent, and duration of the cold
ll rights reserved.
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pool are subject to significant seasonal and interannual variabil-
ity, closely linked to the atmospheric, oceanic, and sea ice
conditions during the previous winter (e.g., Coachman and
Charnell, 1979; Azumaya and Ohtani, 1995; Stabeno et al., 2001).

Our knowledge about changes in the bottom water tempera-
ture and distribution and extent of the cold pool has been
increased by data from the annual bottom trawl surveys con-
ducted by the Groundfish Assessment and Shellfish Assessment
programs at the Alaska Fisheries Science Center (Lauth and Acuna,
2007). In addition, our understanding of changes in the Bering
ice–ocean system in general has been enhanced by the intensive
field work of the BEST–BSIERP (Bering Ecosystem Study–Bering
Sea Integrated Ecosystem Research Program, http://bsierp.nprb.
org/) project, a partnership between the National Science Founda-
tion and the North Pacific Research Board since 2007. In these and
other projects, sea ice–ocean models have been used to quantify
the variability of ocean circulation, sea ice conditions, and the
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bottom layer water temperature on the Bering Sea shelf (e.g.,
Clement Kinney et al., 2009; Zhang et al., 2010; Wang et al.,
submitted for publication).

Given the importance of the cold pool to the Bering Sea
ecosystem, it would be helpful to predict the key properties of the
cold pool on a seasonal time scale. The desire for seasonal prediction
has motivated scientists to seek statistical relationships between the
spring–summer bottom layer water temperature and atmospheric
conditions in the previous winter. For example, Coachman and
Charnell (1979) established a relationship between the observed
mean bottom layer temperature on the eastern Bering Sea shelf in
June and surface air temperature at the Pribilof Islands in the
previous winter over the time periods 1963–1973 and 1976. They
showed that the cold bottom layer temperature in June is highly
correlated (�0.96) with the number of degree-days with freezing
surface air temperature (SAT) in the previous winter. The high
correlation is attributed to the fact that upper ocean stratification
due to ice melt and surface warming in spring–summer tends to
isolate and hence preserve the cold pool formed in winter (Stabeno
et al., 2001). This rather distinctive feature on the Bering Sea shelf
justifies the seasonal time lag in the correlation found by Coachman
and Charnell (1979). A statistical relationship such as this suggests
the impact of changes in winter atmospheric conditions on the
formation of cold bottom water. The inherent time lag in the
relationship also implies its usefulness for seasonal prediction of
the properties of the cold pool in the following spring and summer,
when tremendous biological productivity occurs in the Bering Sea.

Here, we use a coupled ice–ocean model verified with observa-
tional data to explore the possibility of seasonal prediction of the
distribution, extent, and temperature of the cold bottom water on
the Bering Sea shelf. This is done by quantifying the interannual
effect of changes in winter atmospheric, oceanic, and sea ice
conditions on the variability of bottom layer properties in the
subsequent spring and summer. Our aim is primarily prediction;
the physics of the system has been addressed elsewhere. Using the
Bering Ecosystem STudy ice–ocean Modeling and Assimilation
System (BESTMAS; Zhang et al., 2010, also briefly described in
Section 2), we simulate the Bering Sea ice–ocean system for the
years 1970–2009. Model results are compared to trawl survey
bottom temperature data collected between 1982 and 2009
(Section 3). We examine whether and to what degree the model
Fig. 1. BESTMAS model grid configuration showing (A) the entire model domain, consi

subdomain. The model domain covers all ocean areas north of 391N. The color contours

of panel). In (B), the thin red, green, and blue lines represent isobaths of 70, 200, and 10

the central Bering Sea is transect A across which ocean heat and volume transports are

Chain and south of Bering Strait as the Bering Sea shelf. Major geographical featur

P.I.¼Pribilof Islands. The model has open boundaries along 391N (both in the Pacific and

2005). (For interpretation of the references to color in this figure legend, the reader is
captures the magnitude and interannual variability of the observed
bottom layer water temperature. Because the model simulation is
reasonably realistic, we then study the distribution and extent of the
cold pool in spring and summer in response to the air–ice–ocean
conditions in the previous winter (Section 4). This allows us to
assess the seasonal predictability of the distribution and extent of
the cold pool through numerical modeling (Section 5).

Finally (Section 6), we use model results and observational and
reanalysis data (trawl surveys of bottom water temperature,
satellite sea ice concentration/extent, and reanalysis surface air
temperature) to seek statistically significant relationships
between the mean bottom water temperature or cold pool extent
in spring–summer and various air–ice–ocean parameters in the
previous winter, and identify the best predictors among these air–
ice–ocean parameters. These statistical relationships may be
useful to predict the mean bottom water temperature and cold
pool extent in spring and summer without the complications of
numerical modeling. Correlations presented here are all signifi-
cant at the 95% confidence level or above unless stated otherwise.
2. Model description

Briefly, BESTMAS (for details, see Zhang et al., 2010) is a
coupled sea ice–ocean general circulation model that incorporates
tidal forcing. It is able to assimilate satellite observations of sea
ice concentration; however, no data assimilation is performed for
this study. The model domain covers the northern hemisphere
north of 391N (Fig. 1A). The model grid configuration is based on a
generalized orthogonal curvilinear coordinate system that has its
highest horizontal resolution along the Alaskan coast and in the
eastern Bering Sea, with grid spacing ranging from 2 km along the
Alaskan coast to 12 km along the Aleutian Chain, averaging about
7 km for the whole Bering Sea (Fig. 1B). The ocean model has 30
vertical levels of varying thicknesses to resolve surface layers and
bottom topography. The first 13 levels are in the upper 100 m and
the upper 6 levels are each 5 m thick. The thicknesses of the
remaining 17 levels below 100 m range from 27 m to 690 m.

To provide the necessary boundary conditions in the Bering
Sea, BESTMAS is one-way nested to a lower resolution but global
sea ice–ocean model (Zhang, 2005). BESTMAS is integrated from 1970
sting of the Arctic, North Pacific, and North Atlantic oceans and (B) the Bering Sea

in (A) indicate the model’s varying horizontal resolution in km (see color key at top

00 m, respectively, and the thick yellow line roughly parallel to the shelf break in

calculated. In this paper, we refer to the areas north of transect A and the Aleutian

es are noted, where B. Strait¼Bering Strait, B. Sea Shelf¼Bering Sea shelf, and

the Atlantic) and is nested to a (lower resolution) global ice–ocean model (Zhang,

referred to the web version of this article.)
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to 2009, forced by daily National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/NCAR) reana-
lysis (Kalnay et al., 1996) surface forcing fields of surface winds, SAT,
specific humidity, precipitation, evaporation, downwelling longwave
Fig. 2. A comparison of bottom layer water temperatures measured by trawl

surveys and corresponding model results during June–August of 1982 through

2009 on the Bering Sea shelf. The trawl survey data are provided by the Alaska

Fisheries Science Center, Resource Assessment and Conservation Engineering

Division, Groundfish Assessment Program, Seattle, WA (http://www.afsc.noaa.

gov/RACE/groundfish/survey_data/default.htm). The black dots are individual

measurements in comparison with corresponding model results. The dashed line

indicates equality and the solid line represents the best fit to the data. Colors show

the concentration (%) of data points (42,498 points in total). Model�data

difference, difference standard deviation (STD), and correlation (R) are listed.

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Fig. 3. A yearly comparison of bottom layer water temperatures between model result

Bering Sea shelf. The dots are individual measurements and corresponding model res

comparison; in each case they are a conglomeration of all points in the appropriate year

annual standard deviation of model�data difference. The survey data appear to be few

after the decimal point so some of the data overlap; the model results have two digits a

color in this figure legend, the reader is referred to the web version of this article.)
radiation, and cloud fraction. Model forcing also includes freshwater
river runoff in the Arctic Ocean and the Bering Sea, for which monthly
climatological runoffs of the Anadyr, Yukon, and Kuskokwim rivers
are used (Zhang et al., 2010).
3. Comparison between observed trawl survey bottom water
temperatures and model results

Trawl surveys are conducted each year during June–August
over the eastern Bering Sea shelf (Lauth and Acuna, 2007).
BESTMAS reproduces the observed bottom water temperatures
(42,498 individual measurements) over the period 1982–2009
with a low mean bias (0.04 1C) and high correlation (R¼0.79),
although individual points may show 1–2 1C discrepancies
(Fig. 2). Because the observations are point measurements in
time, while the corresponding model results are based on
monthly output, some discrepancies are to be expected. Most of
the data points are concentrated near the equality (dash) line in
the scatterplot. BESTMAS also captures reasonably well the
interannual variability of the observed bottom water tempera-
tures over the same period, 1982–2009 (Fig. 3). Both survey data
and model results show that the mean bottom water temperature
varies significantly from year to year (see Fig. 7 in Lauth and
Acuna, 2007). For example, during the period 1982–2009, the
bottom layer was among the warmest in 2003 and among the
coldest in 2009, being �2.5 1C colder than 2003 (Fig. 3).

In a comparison of the spatial distribution of simulated and
observed spring–summer bottom layer temperature fields for two
sample years—2003 (warm) and 2009 (cold)—the model simu-
lates the basic spatial pattern of the observed bottom layer
temperature on the shelf (Fig. 4). During the spring–summer,
cold bottom waters generally stay on the northern and central
region of the shelf. Warm bottom waters are generally concen-
trated along the shelf break (the Bering Slope Current (Stabeno
et al., 1999), which brings warm waters from the south to the
shelf region, is located here) and in some coastal areas of Alaska,
where shallower coastal currents are found. In a warm year, such
as 2003, the cold pool is often confined in the areas north of 581N
and some distance away from the Alaskan coast. In a cold year,
s (blue) and trawl surveys (red) during June–August of 1982 through 2009 on the

ults (note that model and data results are slightly offset in time to allow clearer

). Solid red and blue lines indicate annual means; solid black vertical line indicates

er than the model results because the survey data have only one significant digit

fter the decimal point and thus overlap less. (For interpretation of the references to

http://www.afsc.noaa.gov/RACE/groundfish/survey_data/default.htm
http://www.afsc.noaa.gov/RACE/groundfish/survey_data/default.htm


Fig. 4. A spatial point-by-point comparison of bottom water temperatures (1C) between model results (left column) and trawl surveys (right column) for examples of a

warm year (2003, upper) and a cold year (2009, lower).

Fig. 5. Simulated monthly mean fields of bottom water temperature for April, August, and December of 2003 (warm) and 2009 (cold). Black line represents the 200 m isobath.
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such as 2009, the cold pool may reach as far south as 561N and
extend along a stretch of the north coast of the Aleutian Chain.
4. Changes in the bottom layer properties and links to winter
air–ice–ocean conditions

4.1. Comparison of a warm year (2003) and a cold year (2009)

In a BESTMAS-simulated seasonal evolution of the bottom
layer temperature fields for 2003 (a warm year) and 2009 (a cold
year), the shelf region is covered extensively by the cold pool by
April (Fig. 5A and D), which is often the time of maximum cold
pool extent (Fig. 6B). In summer, the cold pool generally retreats
from most of the Alaska coastal areas as a warm bottom layer is
formed in these regions (Fig. 5B and E). Some of the cold pool
remains in the central shelf region all year until December, when
a new cold pool starts to form on the north and northeastern
Bering Sea shelf, particularly in the Alaska coastal areas (Fig. 5C
Fig. 6. Monthly mean simulated (A) bottom water temperature, (B) cold pool extent, a

(E) simulated sea surface temperature (SST), (F) heat transport across transect A, (G) d

between the bottom and surface water densities for 2003 (warm—solid lines) and 2009

are averaged over the Bering Sea shelf, defined as in Fig. 1.
and F). There is a significant interannual variability in the proper-
ties of the bottom layer temperature fields between the warm
2003 and the cold 2009 (Fig. 5). On average, over the whole Bering
Sea shelf (defined here as the area south of Bering Strait and north
of the shelf break as represented by the thick yellow line in
Fig. 1B), the annual mean bottom layer temperature in 2003 is
1.2 1C warmer than in 2009 (Fig. 6A). This difference is less than in
the trawl survey region (Fig. 3) as this average is calculated over a
greater area. Moreover, the annual mean cold pool extent on the
shelf in 2003 is about 0.18�1012 m2, i.e., 33% smaller than in
2009 (Fig. 6B).

As reported elsewhere (e.g., Coachman and Charnell, 1979;
Azumaya and Ohtani, 1995; Stabeno et al., 1999, 2001), changes in
shelf bottom water temperature are linked to winter atmospheric
and sea ice conditions. It is no surprise that the difference in the
bottom layer properties between 2003 and 2009 can be attributed
to the different atmospheric, sea ice, and ocean conditions in the
previous winter. Compared to the cold 2009, the warm 2003 with a
smaller cold pool is characterized by a thinner and smaller sea ice
nd (C) ice thickness, (D) NCEP/NCAR reanalysis surface air temperature (SAT), and

ifference between the surface and bottom water temperatures, and (H) difference

(cold—dotted lines). All the quantities except the heat transport across transect A



Fig. 8. January–May mean NCEP/NCAR reanalysis surface air temperature (color contours) and satellite-observed ice edge (white line) for (A) 2003 (warm year) and

(B) 2009 (cold year). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Simulated January–May mean ice thickness (color contours) and satellite-observed sea ice edge (defined as 0.15 ice concentration, white line) for (A) 2003 (warm

year) and (B) 2009 (cold year). Satellite-observed sea ice concentration data are from NCEP (available online at ftp://polar.ncep.noaa.gov/pub/cdas/). (For interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article.)
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cover (Figs. 6C and 7), higher SAT (Figs. 6D and 8), and higher SST
(Fig. 6E) in the previous winter (defined here as January through
May, when the Bering Sea is covered by sea ice). Note that changes
in sea ice, SAT, and SST in winter are intimately interrelated
(Stabeno et al., 2007; Zhang et al., 2010). Moreover, changes in sea
ice in the Bering Sea are found to be closely linked to the strength
and pattern of southwestward ice-mass advection (Pease, 1980;
Zhang et al., 2010), in turn driven primarily by the strong north-
easterly winds prevailing in winter, which also affect SAT and SST
(Niebauer et al., 1999; Overland et al., 1999). Thus, the changes in
the bottom layer properties on the Bering Sea shelf are also linked to
changes in the strength of the winter northeasterly winds.

The warmer bottom layer and smaller cold pool in 2003,
compared to 2009, may be attributed to a stronger winter on-
shelf heat transport across the shelf break (Fig. 6F). The on-shelf
heat transport across the shelf break is calculated byRR

ArcpVðT�Tref Þdldz, where r and cp are water density and specific
heat capacity, respectively, Tref¼�1.8 1C, T and V are monthly
mean ocean temperature and normal velocity at transect A
(roughly along the shelf break; see yellow line in Fig. 1B), and l

and z are horizontal and vertical dimensions of transect A.
The average January–May on-shelf heat transport through trans-

ect A in 2003 is 10�1012 W more than in 2009 (2003: 19�1012 W;
2009: 9�1012 W; Fig. 6F). This is also reflected in the vertical profile
of the heat transport over the entire water column along transect A
(Fig. 9). This additional energy is enough to raise the temperature of
a 50 m thick layer the size of the cold pool (0.46�1012 m2, the
average of the 2003 and 2009 extents) by about 1.5 1C. In BESTMAS,
this increase in heat transport is due to an increase both in ocean
temperature (Fig. 6A and E) and in the strength of the Aleutian
North Slope Flow, the inflows at the Aleutian passes, the Bering
Slope Current, and the on-shelf flows in winter, both at the surface
(Fig. 10) and at the bottom or at 100 m, whichever is shallower
(Fig. 11). These changes result in a greater heat gain in a larger shelf/
slope region in winter 2003 than in winter 2009, owing to the flow-
driven horizontal heat flux convergence in the upper 100 m,
calculated as

R 0
�100 m�rcprðuTÞdz, where u is monthly mean ocean

velocity (Fig. 12). Note that the interannual changes in the heat
transport across the shelf break are highly correlated (Z95%
significance level) to changes in sea ice (R¼�0.73) and SAT
(R¼0.81) in the period 1970–2008 (Zhang et al., 2010). They are
also significantly correlated to the Pacific Decadal Oscillation (PDO;
Mantua et al., 1997) over the same period (R¼0.68).

4.2. Interannual variability over four decades (1970–2009)

The simulated March–May mean, June–August mean, and
annual mean bottom layer temperature and cold pool extent on
the Bering Sea shelf all show significant interannual variability
(Fig. 13A and B). In the early and mid-1970s, the simulated

ftp://polar.ncep.noaa.gov/pub/cdas/


Fig. 10. Simulated April mean surface ocean circulation for 2003 (warm) and 2009

(cold). Red line represents the 200 m isobath. Only every 25th ocean velocity

vector is plotted; magnitude of ocean velocity (m s�1) is shown in colors. (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Fig. 11. Simulated April mean ocean circulation at the bottom or at 100 m (if

water depth4100 m) for 2003 (top panel) and 2009 (bottom panel). Only every

25th ocean velocity vector is plotted; magnitude of ocean velocity (m s–1) is

shown in colors. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 9. Simulated January–May mean vertical profile of on-shelf heat transport along transect A [rcpVðT�Tref Þ] for 2003 (A) and 2009 (B). Red colors represent

northeastward (entering the shelf region) heat transport and blue colors represent southwestward (leaving the shelf region) heat transport. There are two main segments

along transect A (see Fig. 1B) where the heat transport is generally southwestward: one is near 175.921W, 58.941N and the other is near 169.561W, 56.231N. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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bottom temperature is lower and the cold pool extent is larger
than average. This corresponds to a period of thicker, more
extensive sea ice cover (Fig. 13C), lower winter SAT and SST
(Fig. 13D), and lower winter on-shelf heat transport across the
shelf break (Fig. 13E). In 1979, however, the bottom layer
temperature is the highest in the simulated period 1970–2009,
a result in agreement with the trawl survey data (Fig. 7 in Lauth
and Acuna, 2007). Stabeno et al. (2001) state that the cold pool
over the southeast Bering Sea shelf either did not exist or was
extremely small during 1977–1981; in the simulation, the 1979
cold pool extent is the minimum value in the four decades
considered (Fig. 13B). The highest bottom layer temperature
and smallest cold pool extent in 1979 coincide with exceptionally
light sea ice, high SAT and SST, and high on-shelf heat transport
across the shelf break.



Fig. 12. Simulated January–May mean heat flux convergence in the upper 100 m [
R 0
�100m �rcprðuTÞdz] for 2003 (A) and 2009 (B). Blue colors indicate ocean cooling and

red colors indicate ocean warming due to heat flux convergence. Green line represents the 200 m isobath. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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The simulated bottom layer temperature is at its second
highest level in the 2003–2005 period (Fig. 13A), in agreement
with observations (Fig. 3 and Fig. 7 in Lauth and Acuna, 2007).
After 2005, the temperature decreases during 2008–2009 to a low
level comparable to that of the early 1970s. The relatively large
cold pool extent during 2008–2009 is also comparable to that of
the early 1970s. That is, the most recent bottom cold layer
properties on the Bering Sea shelf resemble those of 40 years
ago. The low bottom layer temperature and large cold pool extent
during 2008–2009 are again found in conjunction with heavy sea
ice (Fig. 13C), low SAT and SST (Fig. 13D), low on-shelf heat
transport across the shelf break, and low PDO index (Fig. 13e),
while the 2003–2005 bottom layer properties and the winter air–
ice–ocean conditions are opposite, as in 1979.

Over the four-decade period 1970–2009, the simulated June–
August mean bottom layer temperature and cold pool extent are
highly correlated with the winter mean observed and simulated ice
extent, NCEP/NCAR reanalysis SAT, and simulated SST and the on-
shelf heat transport across the shelf break (Table 1). They are also
correlated with the PDO, though to a lesser degree. They are not
significantly correlated with the simulated winter heat transport
through Bering Strait; this is expected because the winter Bering
Strait heat transport (relative to the freezing temperature) is small, as
the waters are generally near freezing (Woodgate et al., 2010). This is
also reflected in the low heat flux convergence in the strait (Fig. 12).
However, the summer mean bottom layer temperature and cold pool
extent are significantly correlated with the simulated winter volume
outflow at Bering Strait. This is because the Bering Strait outflow is
equivalent to the on-shelf volume transport across the shelf break
(across transect A), i.e., the volume flux of the relatively warm waters
moving into the shelf region from the south, the dominant term
driving variability in the on-shelf heat transport.

Correlations with observed mean bottom temperatures from
the trawl surveys (as opposed to model-simulated bottom tem-
peratures) are similar for the period of available data (1982–
2009; Table 1). Significant correlations are found with the
immediately prior winter mean simulated ice extent, NCEP/NCAR
reanalysis SAT, simulated SST and the on-shelf volume and heat
transport across the shelf break, and the PDO over the period
1982–2009. Note that, although the observed bottom water
temperature is significantly correlated with the satellite-observed
ice extent, the correlation is lower (R¼0.55) than the correlation
with the simulated sea ice extent (R¼0.72). This is likely due to
the fact that the observations are based on point measurements
with limited spatial coverage.

The correlations in Table 1 are between the spring–summer
bottom layer properties and the previous winter parameters, 3–6
months before; they are lagged correlations. Correlations calculated
with a longer time lag (i.e., between the spring–summer bottom layer
properties and the winter parameters or PDO index 15–18 months
before) are low. This is expected because the spring–summer condi-
tions are likely to be dominated by the conditions in the previous
winter, not the winter more than one year in the past.

All the correlation values are the highest with the on-shelf
heat transport across the shelf break (Table 1). This is likely due to
the fact that the heat transport includes the effect of both surface
heating/cooling, which influences ocean temperature and ocean
circulation. The relative contributions of changes in ocean tem-
perature and currents to the total on-shelf heat transport across
the shelf break are shown in Fig. 13F (see also Table 2), which
displays the mean and fluctuating components of the heat
transport based on the following equation:ZZ

A
rcpVðT�Tref Þdldz¼

ZZ
A
rcpfðVþV 0Þ½ðT�Tref ÞþT 0�gdldz

¼UTþU0T 0 þUT 0 þU0T ,

where T , T 0, V , and V 0represent mean (indicated by bar) and
interannual perturbation (indicated by prime) of ocean tempera-
ture and normal velocity at transect A

UT ¼

ZZ
A
rcpVðT�Tref Þdldz and U0T 0 ¼

ZZ
A
rcpV 0T 0dldz, etc:

In terms of magnitude, the mean component UT is the largest
contributor to the total on-shelf heat transport. The fluctuating
component of U0T 0 is a much smaller contributor (Table 2). It is
mostly positive (Fig. 13F), indicating that the weakening or
strengthening of northward ocean flows is mostly associated
with water cooling or heating, which is not surprising given that
a mild winter tends to have stronger northward ocean flows,
while a cold winter has weaker ones (Figs. 10 and 11). The mean
contribution from the component of either U0T or UT 0 is zero.
However, the component of U0T fluctuates most substantially and
is most highly correlated with the total winter heat transport as
well as the June–August mean bottom water temperature
(Fig. 13F; Table 2), suggesting that the interannual variability of
ocean currents dominates the interannual variability of the total



Fig. 13. March–May, June–August, and annual mean simulated bottom water temperature (A) and cold pool extent (B), January–May mean satellite-observed ice extent

and simulated ice extent and thickness (C), January–May mean NCEP/NCAR reanalysis surface air temperature (SAT) and simulated sea surface temperature (SST) (D),

January–May mean Pacific Decadal Oscillation index (PDO) and simulated northward heat transport across transect A (E), and simulated mean and fluctuating components

(see Section 4.2) of the January–May mean northward heat transport across transect A (F). All the quantities except the heat transport across transect A are averaged over

the Bering Sea shelf defined in Fig. 1.
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on-shelf heat transport, which in turn affects the bottom layer
properties on the shelf.
5. Numerical seasonal prediction of the distribution and
extent of the cold pool

A distinctive feature on the Bering Sea shelf is that the upper
ocean stratification, increased in spring–summer by ice melt and
surface warming, tends to isolate and preserve the cold pool
formed in winter (Stabeno et al., 2001). Analysis of ocean
stratification (Fig. 6G and H) shows a significant increase in the
difference of the surface and bottom water temperatures and in
the difference of the bottom and surface water densities in
spring–summer in either a warm (2003) or a cold year (2009).
The density difference (Fig. 6H) is greater in 2009 than in 2003,
indicating stronger ocean stratification. As more ice is advected
southward during a cold winter and is melted in spring–summer,



Table 1
Correlations between the simulated June–August mean cold pool extent (SCPE)

and bottom water temperature (SBWT), or the observed mean bottom water

temperature (OBWT; trawl surveys during June–August), and the January–May

mean satellite-observed sea ice extent (OIE), simulated ice extent (SIE), NCEP/

NCAR reanalysis surface air temperature (SAT), simulated sea surface temperature

(SST), on-shelf heat transport across the entire water column of transect A (HTA),

Bering Strait heat transport (BSHT), Bering Strait outflow (BSO, equivalent to the

on-shelf volume transport across transect A), and Pacific Decadal Oscillation (PDO)

index. All but those with BSHT are at the 95% significance level.

OIE SIE SAT SST HTAa BSHT BSO PDO

SCPE 0.77 0.83 –0.85 –0.85 –0.90 –0.22 –0.55 –0.51

SBWT –0.73 –0.75 0.82 0.79 0.86 0.36 0.65 0.48

OBWTb –0.55 –0.72 0.75 0.77 0.82 0.25 0.59 0.49

a All variables except HTA, BSHT, BSO, PDO, and OBWT are averages over the

whole Bering Sea shelf defined in Fig. 1; OBWT is an average of the trawl survey

data collected during June–August in an area shown in Fig. 4.
b Correlation between OBWT and any of the other variables is over the period

1982–2009; correlation between SBWT or SCPE and any other variables is over the

period 1970–2009.

Table 2
Simulated mean and correlation of the components of the January–May on-shelf

heat transport across the entire water column of transect A over the period 1970–

2009. At the 95% significance level the correlations are between the components

and the total January–May heat transport across transect A (HTA) and the

simulated June–August mean bottom water temperature (SBWT).

UT U0T 0 UT 0 U0T

Mean (1012 W) 14.2 1.0 0.0 0.0

Correlation with HTA –0.10 0.82 0.97

Correlation with SBWT –0.04 0.62 0.86
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the surface freshens (Zhang et al., 2010). This suggests that cold
years with heavy sea ice in winter tend to better preserve the cold
pool in spring–summer.

Changes in the cold pool extent are, relative to winter extent,
generally small (�10%) during June–October, or even through
November (Fig. 6B), although the mean bottom water temperature
increases substantially in summer (Fig. 6A). Such preservation exists
in both warm (2003) and cold (2009) years, though the cold pool
extent decreases later and slower in 2009 than in 2003 because of
stronger ocean stratification (Fig. 6H). The isolation of the cold pool
is further illustrated in Fig. 14. In both warm (2003) and cold (2009)
years, the cold pool is isolated, and its extent in June through August
does not differ substantially from that on 31 May.

All this suggests that it may be possible to predict the
distribution and extent of the cold pool in late spring and summer
using the BESTMAS simulation of the bottom layer temperature
field on 31 May. Because the daily NCEP/NCAR reanalysis forcing
required for BESTMAS is available in near-real time, it should be
possible to obtain the BESTMAS simulation of the 31 May
condition in June of any year, allowing a mid-year prediction for
late spring and summer conditions. Other numerical models may
be used for seasonal predictions in a similar fashion.
6. Statistical seasonal prediction of the bottom layer
properties

In addition to model-based seasonal predictions, the high
correlations between the bottom layer temperature or cold pool
extent in spring–summer and various air–ice–ocean parameters
in winter (Table 1) support attempts to make seasonal prediction
of the bottom layer properties statistically. Following an approach
similar to Coachman and Charnell (1979), we calculate a series of
separate statistical relationships through linear regression of the
June–August mean observed bottom water temperature and
simulated cold pool extent with seven January–May mean air–
ice–ocean parameters (Figs. 15 and 16). Using these relationships,
it is then possible to use any of these seven parameters to make a
prediction of the mean properties of the bottom layer. The skill of
any such a prediction is likely reflected by the magnitude of the
correlations (Table 1; Figs. 15 and 16).

Obviously, any such prediction is limited by the validity of the
statistical fit. Operationally, however, it is interesting to note that
high predictive skill (around R¼0.8) is likely for some observa-
tions that are available in near-real time, i.e., satellite observa-
tions of sea ice extent and the NCEP/NCAR SAT. Similar
relationships have been suggested on observational evidence
alone; Wyllie-Echeverria and Wooster (1998), for example, use
correlations to the previous winter’s sea ice extent. Our work
suggests the best predictions for bottom temperature and cold
pool extent would be obtained from estimates of the on-shelf heat
transport across the shelf break. This quantity is difficult to
observe, though some progress may be made noting that the
volume transport, which drives much of the variability, must be
related to the volume transport through Bering Strait, which in
turn can be estimated to some degree by wind effects (Woodgate
et al., 2005).

The PDO index is also readily available (http://jisao.washing
ton.edu/pdo/PDO.latest), but the correlations are lower than the
other predictors. No other climate indices were used here as
predictors; the Arctic Oscillation (AO, Thompson and Wallace,
1998), North Pacific index (NPI, Trenberth and Hurrell, 1994), and
El Niño-Southern Oscillation (ENSO) are only poorly correlated
with the bottom layer properties. For example, the correlations
between the trawl survey bottom temperature and the AO, NPI,
and ENSO are �0.37, 0.35, and 0.23, respectively. They are also
not significantly correlated with sea ice, SAT, and SST in the
Bering Sea over the period of 1970–2009 (Zhang et al., 2010). We
also explored the possibility of using the January–March mean
parameters as predictors for an earlier prediction of the bottom
layer properties in June–August. However, the correlations are
generally lower (Rr0.6) than those with the January–May mean
parameters.
7. Conclusions

The importance of the Bering Sea shelf cold pool (defined as
the area of the shelf with bottom water temperatureso2 1C) to
the fisheries of this highly productive region has long been
established. It would be advantageous to many studies to be able
to predict the key properties of the cold pool early in the year, and
previous researchers have considered prediction techniques.
Using a coupled sea ice–ocean model, we investigate quantita-
tively statistical and modeling methods of making such a
prediction.

The BESTMAS model, which has an average of 7 km resolution
for the Bering Sea and is forced by daily NCEP/NCAR reanalysis
data, gives reasonable agreement to in-situ bottom temperature
data taken during trawl surveys between 1982 and 2009. Com-
pared to over 42,000 observations, the mean model bias is less
than 0.05 1C, although individual points may show 1–2 1C
discrepancies (standard deviation¼1.3 1C). Overall, simulated
temperatures are well correlated (R¼0.79) with observed tem-
peratures in time and space, and show good agreement with
observed seasonal and interannual variability and spatial distri-
bution of the cold pool region (Figs. 3 and 4). The interannual
variability of the cold pool is substantial, with extreme years (e.g.,
the warm year of 2003 and the cold year of 2009) differing by

http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/pdo/PDO.latest


Fig. 14. Simulated 31 May daily mean and June, July, and August monthly mean fields of bottom water temperature for 2003 (warm year) and 2009 (cold year). The colors

are the same as those in Fig. 5 for bottom temperatures above 2 1C. Purple is used for areas of bottom temperatures below 2 1C, representing, on the Bering Sea shelf, the

cold pool extent. Black line represents the 200 m isobath. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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more than 1 1C in mean temperature and 33% in extent. The
model suggests that oceanic heat flux across the Bering Sea shelf
break is a dominant term in setting interannual variability of the
cold pool properties.

Model results allow a description of the evolution of the
cold pool through the year. Results concur with conclusions
from observational work (e.g., Stabeno et al., 2001); increased
stratification from spring–summer ice melt and surface heating
isolates the bottom-trapped cold pool from surface effects. Ocean
stratification in spring–summer increases in both warm and cold
years, although the stratification and hence the isolation effect are
greater in cold years with more sea ice in winter and more
melting in spring–summer. Thus, to a large extent, the properties
of the cold pool in the late summer are set up by processes in the



Fig. 15. Scatterplots, linear regression fits, and correlations (R) for the period 1982–2009 between the mean bottom layer water temperature from trawl surveys during

June–August and January–May mean (A) satellite-observed ice extent, (B) simulated ice extent, (C) NCEP/NCAR reanalysis surface air temperature (SAT), and (D) simulated

sea surface temperature (SST) on the Bering Sea shelf, (E) simulated heat transport across transect A, (F) simulated Bering Strait outflow, and (G) the Pacific Decadal

Oscillation (PDO) index.
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preceding months, suggesting a physical basis for the statistical or
modeling prediction of the cold pool from system parameters
earlier in the year. Using the model, we test a series of statistical
linear regression predictions, concluding that satellite observa-
tions of sea ice extent and NCEP/NCAR surface air temperature
from January to May should give good predictions of the bottom
water temperature and cold pool extent (Table 1; Figs. 15 and 16).
These satellite and reanalysis data are easily obtained in near-real
time, allowing for a quick prediction of the cold pool in that year.
Usefully, from the model statistics gathered over a simulation run
of 40 years, we are also able to estimate the likely uncertainty in
the prediction. A better predictor of bottom water temperature
and cold pool extent is the across-shelf oceanic heat flux. This,
however, is not easily observed, though some progress may be
made using local temperatures and recognizing the across-shelf
volume flux, which (at least in the model) drives much of the
variability, must be linked to the volume flux through the Bering
Strait, which itself is predictable at some level from winds.

Another predictive method is to use ice–ocean models, rather
than statistics. The BESTMAS model used here, like other high-
resolution models now run for this region, requires external wind
forcing, in our case taken from the NCEP/NCAR reanalysis. Thus,
BESTMAS cannot be run into the future without some prediction
of surface forcing. However, we find in the model that the extent
and temperature of the cold pool in late spring and summer are
highly correlated with the model results from late May. This is
because the distribution and extent of the cold pool, both in the
model and in reality, do not change significantly from June to
October, primarily owing to the increased upper ocean stratifica-
tion in late spring. Thus, the model simulation for the end of May
(available in early June) could be used to predict the cold pool for
the rest of the year.

As ever, there are limitations to the ability of the model to
simulate the real world. This is reflected in the fact that some
individual-model bottom temperatures show 1–2 1C discrepan-
cies. Moreover, there are obvious limitations to using statistics
from a hindcast run to predict the future. However, by using a
high-quality numerical model and multiyear simulations, vali-
dated against observational data, we can start to test and quantify
skill in various predictive techniques. Given the importance of the
Bering Sea cold pool in the fisheries of the United States, such
efforts seem worthwhile.



Fig. 16. Scatterplots, linear regression fits, and correlations (R) for the period 1970–2009 between the simulated June–August mean cold pool extent and January–May

mean (A) satellite-observed ice extent, (B) simulated ice extent, (C) NCEP/NCAR reanalysis surface air temperature (SAT), and (D) simulated sea surface temperature (SST)

on the Bering Sea shelf, (E) simulated heat transport across transect A, (F) simulated Bering Strait volume outflow, and (G) the Pacific Decadal Oscillation (PDO) index.
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