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The role of the Alaskan Stream in modulating the Bering
Sea climate
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[1] A numerical ocean circulation model with realistic topography, but with an idealized
forcing that includes only lateral transports is used to study the role of the Alaskan Stream
(AS) in modulating the Bering Sea (BS) variability. Sensitivity experiments, each one
with a different strength of the AS transport reveal a nonlinear BS response. An increase of
AS transport from 10 to 25 Sv causes warming (∼0.25°C mean, ∼0.5°C maximum) and sea
level rise in the BS shelf due to increased transports of warmer Pacific waters through
the eastern passages of the Aleutian Islands, but an increase of AS transport from 25 to
40 Sv had an opposite impact on the BS shelf with a slight cooling (∼−0.1°C mean, ∼−0.5°C
maximum). As the AS transport increases, flows through passages farther downstream in
the western Aleutian Islands are affected and the variability in the entire BS is reduced.
Transport variations of ∼0.1Sv in the Bering Strait are found to be correlated with mesoscale
variations of the AS and associated transport variations in the Aleutian Islands passages.
These results have important implications for understanding the observed variations in the
Bering Strait and potential future climate variations in the Arctic Ocean.

Citation: Ezer, T., and L.‐Y. Oey (2010), The role of the Alaskan Stream in modulating the Bering Sea climate, J. Geophys.
Res., 115, C04025, doi:10.1029/2009JC005830.

1. Introduction

[2] The Bering Sea (BS), located between Alaska in the
east and Russia in the west (Figure 1) plays an important
role in the global ocean circulation and climate change. It
provides the only connection (through the Bering Strait)
between the Pacific Ocean to the south and the Arctic Ocean
to its north. The northeastern part of the BS is a wide
and shallow (depth < 200 m) continental shelf, while the
southwestern portion (known as the Aleutian Basin) is deep
(up to 3500 m); a strong northwestward Bering Slope
Current (BSC, Figure 1b) is observed between the two (e.g.,
Johnson et al. [2004] and for reviews of the circulation and
physical oceanography of the BS see Takenouti and Ohtani
[1974], Royer and Emery [1984], and Stabeno et al. [1999]).
The BS ice coverage and ecosystem is affected by global
climate change and by long‐term Pacific Ocean decadal
variability [Jin et al., 2009]. Seasonal and interannual var-
iations in the atmospheric pressure system over the North
Pacific may impact storm tracks and possibly ocean gyres
over the BS [Pickart et al., 2009]. Models and observations
also suggest that the Bering Strait flow can play a crucial
role in the global ocean overturning circulation and long‐
term climate changes in the Atlantic and Pacific Oceans
[De Boer and Nof, 2004; Keigwin and Cook, 2007].

[3] The interaction of the BS with the adjacent basins
depends on the (northward mean) flow through the narrow
and shallow Bering Strait which connects it to the Chukchi
Sea in the north, and flows through several passages along
the long chain of the Aleutian Islands in the south. While
long‐term currents and transports through the Bering Strait
have been measured for some time [Aagaard et al., 1985;
Coachman and Aagaard, 1988;Roach et al., 1995;Woodgate
et al., 2005, 2006], observations of the transports through the
Aleutian Island passages are more sparse and limited to a
few main passages [Favorite, 1974; Reed, 1990; Reed and
Stabeno, 1993; Stabeno and Reed, 1992; Stabeno et al.,
2005; Panteleev et al., 2006; Ladd and Stabeno, 2009]. The
main Aleutian passages are, from east to west (see Stabeno
et al. [1999, 2005] for details), Unimak Pass, Amukta Pass,
Seguam Pass, Amchitka Pass, Buldir Pass, Near Strait and
Kamchatka Strait (Figure 1a); they are generally shallower
in the east and deeper in the west. Only the easternmost
connector, Unimak Pass, allows significant northward flow
of shelf water (the Alaskan Coastal Current, ACC; Figure 1b)
to enter directly into the BS shelf. While the flow in Unimak
Pass seems uniform across the shallow (∼100 m) pass, the
other passages often have flows into the BS along the eastern
side of the pass and return flows out of the BS along the
western slope of the pass [Stabeno et al., 1999]. The west-
ernmost and deepest passage (sill depth > 4000 m), the
Kamchatka Strait, is the only passage with a dominant
southward surface intensified flow (the Kamchatka Current,
KC; Figure 1b) along the continental slope; deep return flow
into the BS is found on the eastern side of the strait [Stabeno
et al., 1999]. Northward transports through these passages
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can vary from one passage to another (from ∼0.1 Sv to ∼15 Sv;
1 Sv = 106 m3 s−1) and have variations on time scales ranging
from days to seasonal and interannual [Reed and Stabeno,
1993; Stabeno et al., 2005]. The variability of the flow in

individual passages is often an order of magnitude larger
than the mean, for example observations in Amchitka Pass
show a mean transport of ∼0.3 Sv northward, but a range of
±3 Sv [Stabeno et al., 1999]. Moreover, mean transport

Figure 1. (a) Map of the area of interest and locations of important passages. (b) Model topography (color
represents depth in m) and schematic of major currents. Transports are calculated in the passages shown in
Figure 1a and across sections between locations indicated by “A” to “E” in Figure 1b.
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based on observations may not be very accurate since most
observations done in this region cover only the upper 1000 m
and do not extend to measure deep, near‐bottom currents.
One wonders if inflow/outflow variations are merely redis-
tributed through different passages with no significant
influence on the BS, or if there is a net cumulative effect
that may change the BS circulation and balance of mass
and energy. We will use a numerical model to investigate
the relation between transports across different passages.
Previous high resolution numerical simulations of the vari-
ability of flows through the Aleutian Islands by Overland
et al. [1994] show the complex nature of these flows.
However, their model had only three vertical layers and
did not include the Bering Sea shelf. We will use here a
more realistic model that extends from the shelf to the deep
ocean and has high horizontal and vertical resolutions.
[4] The variations of transports through the Aleutian

passages are especially complex because of the strong var-
iability and limited direct observations of the Alaskan
Stream (AS, Figure 1b). The AS is the northern boundary of
the Pacific subarctic gyre, flowing westward at speeds
reaching in some places over 1 m s−1, from the Gulf of
Alaska, along the southern edge of the Aleutian Islands Arc
and toward the western North Pacific basin. There are evi-
dence from observations [Reed, 1984, 1990; Stabeno and
Reed, 1992; Reed and Stabeno, 1993; Stabeno et al.,
2005] and models [Liu and Leendertse, 1982; Maslowski
et al., 2008] that waters from the AS enter the BS and
that flow through the passages are strongly influenced by
variations in the AS transport. Reed and Stabeno [1993]
show that the AS turned north and entered the Near Strait
in the western Aleutian Islands in some years, while during
other years Stabeno and Reed [1992] found an anomalous
AS path, where it turned south and did not pass through the
Near Strait. Stabeno et al. [2005] show correlations between
low‐pass filtered transports at Amukta Pass in the eastern
Aluetian Islands and the AS transport. In addition to the
northward deflection of the AS into the BS, observations
[Favorite, 1967; Stabeno and Reed, 1992] and models
[Overland et al., 1994] indicate that the AS separates
southward at various locations, perhaps as a result of con-
servation of potential vorticity along the curved island chain
[Thomson, 1972].
[5] Measuring the AS transport and position is difficult

because of the influence of mesoscale eddies [Overland et al.,
1994; Crawford et al., 2000; Maslowski et al., 2008], so
estimates of the AS transport range from 8 to 25 Sv, based on
upper ocean observations [Reed and Stabeno, 1999], to
28 Sv, based on full water column observations [Warren and
Owens, 1988], or even up to 34–44 Sv as inferred from
models and altimeter data [Maslowski et al., 2008]. An AS
transport of 25 Sv is used in our model for the control case;
this value is considered a reasonably mean transport given
the large discrepancy between the different studies [Pickart
et al., 2009]. The Stream is believe to have seasonal var-
iations associated with the seasonal pressure system and
related variations in the circulation in the Gulf of Alaska
[Reed, 1968; Brower et al., 1977; Royer, 1975; Cummins,
1989; Pickart et al., 2009], though some observations do
not show evidence of seasonal change in AS transport
[Favorite, 1967; Reed and Stabeno, 1999].

[6] While observations and models show clearly that
the AS impacts the exchange of waters between the BS and
the Pacific Ocean, it is not clear how the AS influences the
BS climate. Can the impact of the AS be felt farther north,
affecting the Bering Strait throughflow toward the Chukchi
Sea, and thus potentially influencing the Arctic and the
Atlantic oceans climate? The observed variability of the
Bering Strait transport has dominant seasonal cycle (∼0.8 Sv
mean and ∼0.3–1.4 Sv variations [Coachman and Aagaard,
1988; Woodgate et al., 2005]) associated with the seasonal
wind pattern, but variations of freshwaters associated with
the fresh and warm ACC in the eastern BS may also be
important [Woodgate and Aagaard, 2005; Woodgate et al.,
2006]. Interannual variations in the Bering Strait transports
[Coachman and Aagaard, 1988] are typically ∼0.1 Sv, but
at times can reach up to ∼50% of the mean [Roach et al.,
1995]. Some observations that indicate long‐term Bering
Strait mean transport of less than 0.6 Sv [Aagaard et al.,
1985] may reflect interannual variations. Because of the
dominant role of the Bering Strait fluxes on Arctic ice and
climate, it is important to understand the mechanisms influ-
encing its dynamics and variability.
[7] The goal of our study is to understand the role of the

mean AS transport and its mesoscale variations in affecting
the BS‐Pacific Ocean water exchange across the Aleutian
Islands and its potential impact on the Bering Strait outflow
from the BS into the Arctic Ocean. To isolate the AS impact
from other dominant factors like tides, seasonal sea‐ice
variations, freshwater, and wind patterns, etc., we will use a
numerical model with an idealized forcing that includes only
lateral transports with different AS transports. The two main
questions we try to answer are as follows: (1) How does the
mean transport of the Alaskan Stream affect the dynamics of
the Bering Sea? (2) How much of the observed variability in
transports exchange between the Pacific‐Bering‐Arctic
system can be attributed to mesoscale variations in the AS,
when there is no time dependent forcing in the system. The
paper is organized as follows: section 2 describes the model
setting and the experiments performed, section 3 analyses
the model results for the different experiments and section 4
offers discussion and conclusions.

2. Model Setting and Sensitivity Experiments

[8] The numerical model is based on the Princeton Ocean
Model (POM) code (for the latest version see www.aos.
princeton.edu/WWWPUBLIC/htdocs.pom/[Mellor, 2004]),
which is a terrain‐following (sigma coordinates), free surface,
primitive equation ocean circulation model. The model
includes the Mellor and Yamada [1982] turbulence closure
scheme for vertical mixing coefficients. The Bering Sea
configuration of the model with realistic surface forcing and
various data assimilation modules [Oey et al., 2005; Lin et al.,
2007] is part of an ongoing climate and ecosystem modeling
studies [Wang et al., 2003; Jin et al., 2009]. However, in the
study presented here, only simplified forcing is used in order
to isolate the role of the Alaskan Stream transport. There-
fore, in this study there is no data assimilation, no sea ice, no
tides, no winds and zero surface heat/salt fluxes. In fact,
there is no any time‐dependent forcing in the model, so all
the variations in the flow are internally generated by current
instability and generation of mesoscale eddies.
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[9] The horizontal model grid cells areDx ∼ 5 km andDy ∼
8 km. The sigma coordinate (scaled over the water column) in
the vertical has 51 layers with higher resolution near the
surface and bottom. The model domain and bottom topog-
raphy are shown in Figure 1b. Open boundaries include
radiation boundary conditions that allow the baroclinic flow
to adjust to the density field. In the analysis of area averaged
properties the regions within a few degrees near the south,
east and west open boundaries will be ignored, but not the
area near the north boundary where the outflow dominated
boundary has only small impact on the interior.
[10] The only imposed conditions on the lateral bound-

aries are the total (surface to bottom) inflow transport that
include the Alaskan Stream (ASin) on the eastern boundary,
outflow (ASout) through the western boundary in the western
Pacific Ocean, and outflow to the Chukchi Sea (CSout) north
of the Bering Strait on the north boundary. In all the experi-
ments CSout ∼ 0.5 Sv and ASout = ASin − CSout, whereas
different values of ASin are imposed in each experiment (but
held fixed throughout the integration) as described below
(“AS” will be used to denote the AS transport, dropping the
“in”). Note that the northward transport, CS, is below most
Bering Strait mean transport estimations of ∼0.8 Sv (though
during some years transports less than ∼0.6 Sv are found
[Aagaard et al., 1985]). One should keep in mind that the
model’s transport in the Bering Strait neglects contributions
from freshwater and wind driven forcing and the focus here
is on variations around the prescribed mean, not on getting a
realistic mean. Note that the radiation boundary conditions
allow a dynamic adjustment of the flow, so for example, the
prescribed CSout = 5 Sv in the north, resulted in a Bering
Strait net transport that varies from ∼0.05 to ∼6 Sv with
mean of ∼0.35 Sv (see discussion later). Experiments with
AS values from 5 to 40 Sv have been tested, but here we
describe the following three experiments: (1) AS = 10 Sv,
(2) AS = 25 Sv, and (3) AS = 40 Sv; they represent values
below average, around observed average and high trans-
ports, respectively. The experiments start from annual mean
climatological temperature and salinity as initial conditions
(based on the latest World Ocean Atlas [Locarnini et al.,
2006]), followed by a 12 years spin‐up period. The analy-
sis for each experiment includes daily fields obtained from
a 1 year period at the end of the spin‐up. With constant
forcing, the model has reached a quasi‐steady state with no
apparent climate drift, but has mesoscale variations gener-
ated internally in the model interior mostly due to variations
in the AS.

3. Results

3.1. Mean Model Circulation

[11] Despite neglecting realistic forcing and seasonal
variations, the model reproduced the main observed features
of the general circulation in the Bering Sea [Favorite, 1974;
Takenouti and Ohtani, 1974; Brower et al., 1977; Royer and
Emery, 1984; Stabeno et al., 1999] quite well; Figure 2
shows the annual mean of velocity, sea surface height and
temperature for case AS = 25Sv. The velocity (Figure 2a)
shows the AS flowing westward south of the Aleutian
Islands with decreasing speed, as some of its surface
warmer waters flow north (see the warm plumes in the
temperature, Figure 2c) through the Aleutian passages to

form the Aleutian North Slope Current, ANSC [Stabeno
et al., 2009]. The ANSC turns north to form the Bering
Slope Current, BSC [Stabeno et al., 2009], part of which
turns toward the Bering Strait and the rest forms the
Kamchatka Current, KC [Panteleev et al., 2006] which
flows south back into the Pacific Ocean through the
Kamchatka Strait. Near the surface, the BSC is approx-
imately in geostrophic balance with higher sea level in
the Bering Sea shelf east of the BSC and lower sea level
in the Aleutian Basin west of the BSC (Figure 2b). Note that
the higher sea level in the BS compared to the Arctic Ocean
is an important factor in driving the northward flow through
the Bering Strait [Stabeno et al., 1999], thus our results
(shown later) of the impact of AS transport on BS sea level
may have implications for the Arctic Ocean climate. Note
that in addition to the well documented northward branches
of the AS, it also separates southward at several locations
(e.g., near 180°E and 193°E in Figure 2a), a phenomenon
indicated in observations [Thomson, 1972; Favorite, 1974;
Stabeno and Reed, 1992] and models [Overland et al.,
1994].

3.2. Spatial Variations Induced by the Alaskan Stream
Transport

[12] To evaluate the spatial impact that the AS transport
has on the BS, differences between different model experi-
ments are shown for the mean fields (Figures 3 and 4) and
for the variability (Figure 5). If the impact of the AS transport
on the BS is linear, the changes when the AS transport
increases from 10 to 25 Sv should have the same trend as
when it increases from 25 to 40 Sv, however, this is not
the case. The most noticeable change when the AS trans-
port increases is the increase in mean sea level over the BS
shelf (Figure 3). As will be shown later, the increase in BS
sea level also increases the geostrophic flow of the BSC
and the northward flow through the Bering Strait. When
the AS transport changes from 10 to 25 Sv (Figure 3a),
this impact on sea level is especially large and results in
warming (∼0.5°C, Figure 4a) along the eastern shelf that is
consistent with increase of transport of warm waters by the
ACC.
[13] However, further increased AS transport from 25 to

40 Sv causes a slight cooling of the BS shelf (Figure 4b).
The cooling is larger in the northern shelf (180–185°E, 62°N),
caused by a weakening of the northward branch of the BSC
as it turns south to form the KC. As the AS becomes more
inertial, the area of impact on the Aleutian Islands region is
shifted farther downstream (westward), as seen in the sur-
face elevation gradients between the Aleutian Basin and the
Pacific Ocean (Figure 3a versus Figure 3b) and in the
warming seen west of 180°E when AS transport increases
from 25 Sv to 40 Sv (Figure 4b).
[14] The nonlinear BS response to the AS transport is also

noticeable in the change in sea surface height variability
(Figure 5). When AS transport increases from 10 to 25 Sv,
the BS shelf variability decreases but the Aleutian Basin
variability increases (Figure 5a). However, a further increase
of AS transport from 25 to 40 Sv results in overall decrease
in variability almost everywhere. There seem to be a thresh-
old in which mean currents dominate over mesoscale vari-
ability in the model. The changes in surface flow between the
experiments are shown in Figure 6. Increasing the AS
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Figure 2. Annual mean surface model fields from the AS = 25 Sv run. (a) Surface velocity speed (color,
m s−1) and vectors. (b) Sea surface height (m). (c) Sea surface temperature (°C).
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transport from 10 to 25 Sv intensifies the ANSC, the BSC and
the KC (Figure 6a), while increasing the AS transport from
25 to 40 Sv results in increasing flows farther to the west
near the western Aleutian passages.

3.3. Temporal Variations and Water Exchange
Through Passages

[15] The model domain is divided into the following three
different regions according to the topography (Figure 1b):
(1) Bering Sea shelf, (2) Aleutian Basin, and (3) Northwest
Pacific Basin; (1) and (2) are separated by the BSC and
(2) and (3) by the Aleutian islands. Note that there is only
one direct connection between (1) and (3), Unimak Pass, but
many passages between (2) and (3). Area averaged sea
surface height (SSH) and kinetic energy per mass (KE =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p

) over each of the three subregions are calculated
from the daily model output and shown in Figure 7. The
regions near the model boundaries, within ∼3 longitude
degrees in the east and west and ∼3 latitude degrees in the

south, were ignored. If there is a correlation between, say
increased SSH in one subregion and decreased SSH in
adjacent basin, it will indicate a net transport of water
between the basins. For example, given the area of the BS
shelf in the model (∼600,000 km2), a gain of 15 cm in SSH
over a 10 day period translates to ∼0.1 Sv of net inflow
transport into this region.
[16] Although themodel does not have any time‐dependent

forcing, there are noticeable temporal variations associated
with mesoscale and basin‐scale variations. Large variations
in SSH are especially apparent over the BS shelf, but they
decrease as AS transport increases (Figures 7a–7c); they are
equivalent to up to ∼0.1 Sv net gain/loss. The BS shelf SSH
is highly correlated with the inverse of the Pacific SSH
(correlation coefficient R ∼ −0.9) for all experiments, but the
Aleutian Basin SSH is highly correlated with the inverse of
the Pacific SSH (R ∼ −0.7) only for AS transport over 25 Sv.
The latter result is consistent with the previously discussed
idea that increasing AS transport shifts the variability farther

Figure 3. Change in surface elevation (in m) when AS transport increases (a) from 10 to 25 Sv and
(b) from 25 to 40 Sv.
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west, i.e., affecting the Aleutian Basin in the central and
western BS more than the eastern shelf area. The increase in
the annual mean SSH over the BS, as seen in Figure 3) is
also evident here.
[17] In contrast to the SSH anticorrelations, the area aver-

aged surface kinetic energy in the BS (Figures 7d–7f) have
positive correlations with the Pacific Ocean, but they are
significantly higher for a weaker AS (R ∼ 0.6 for AS = 10Sv,
but R < 0.3 for AS = 25Sv). Therefore, for AS = 10Sv when
KE increases in the Pacific Basin (say between days 150–
250, Figure 7d) it also does so for the BS, but no similar
response is seen for the other two cases, AS = 25Sv or
AS = 40 Sv (Figures 7e and 7f). The implication is that BS
variability may be more sensitive to mesoscale variations
during years with relatively weaker AS.
[18] The correlation between area‐averaged properties in

the BS and the Pacific Ocean indicates transport exchanges
across the Aleutian Islands. The Aleutian Islands Arc
stretches for some 3000 km with 30 or more passages; only

few passages have been explored [Stabeno et al., 2005].
Therefore, we do not attempt to analyze the flow through all
the passages. Instead, we first examine transports across
4 large sections (defined in Figure 1b), then we will study
more closely the model variability in a few passages that
have been observed. The annual mean maximum surface
velocity and total transports across the 4 sections are shown
in Figures 8a and 8b, respectively. The surface velocity is in
general agreement with observations: flow enters the BS
from the eastern and central passages and exit through the
Kamchatka Strait. For example, the strong southwestward
flow in section A–B is consistent with the observed direc-
tion and speed of the KC [Panteleev et al., 2006], and the
northeastward inflow in section C–D is consistent with the
currents observed through the Amchitka Pass [Reed, 1990].
The surface flow in all the sections increases when the AS
transport increases.
[19] The interpretation of the total model transports across

the sections (Figure 8b) is more difficult, as the variability

Figure 4. Change in surface temperature (in °C) when AS transport increases (a) from 10 to 25 Sv and
(b) from 25 to 40 Sv.
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(thin black lines) is often larger than the mean (color thick
arrows). With increasing AS transport the variability in
transports is reduced and so is the net transport, except the
easternmost shallower section D–E. The mean transports
through many passages are not well known, and large dis-
crepancies often found in estimates based on different
observations, therefore, quantitative model‐data compar-
isons are very difficult to do (see more on this later when
comparing the model with observations at specific passages).
The model means in A–B and in C–D are not in agreement
with previous estimates, but given the idealized forcing (e.g.,
no wind‐driven circulation) the model is not expected to
exactly reproduce the observations. In particular, the model
produces strong deep currents that seem to balance the upper
ocean flow, but long‐term near bottom currents have not been
measured in many passages. Deep inflows into the BS inmost
passages are assume to exist, usually along the eastern slope
of each pass [see Stabeno et al., 1999, Figure 3], but their
transports are not well known.

[20] Net transports from the Pacific Ocean into/out from
the BS must be balanced by either raising/dropping BS sea
level or by out/in flow to the Arctic Ocean through the
Bering Strait (there is no water fluxes by rivers or through
the air‐sea interface in the model). Therefore, the linear cor-
relation between the transports at the four Aleutian sections
and the transport of the Bering Strait is calculated from the
daily data and shown in Figure 8c. Generally, when inflow
transports through the eastern Aleutian Islands increase, the
northward Bering Strait transport increases (positive corre-
lations with sections C–D and D–E) and the southward
outflow through the Kamchatka Strait increases (negative
correlation with section A–B). Section A–B and C–D are
also highly correlated with each other (Figure 9). Correla-
tions are much higher for AS = 10Sv than for the other
experiments, which is consistent with the reduction of var-
iability for stronger AS (Figures 7 and 8b). The relation of
the mesoscale variations in transports across the Aleutian
Island sections are shown in Figure 9. Again, it is apparent

Figure 5. Change in annual mean variability of sea surface height (standard deviation in m) when AS
transport increases (a) from 10 to 25 Sv and (b) from 25 to 40 Sv.
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the variability decreases when AS transport increases. The
largest variations (up to 15–20 Sv) are in sections A–B and
C–D which nicely balances each other, i.e., net inflow/out-
flow around Amchitka Pass corresponds to outflow/inflow
through Kamchatka Strait. Variations in the other sections
are smaller, but not negligible (∼5 Sv).
[21] An important question is whether the transports

through the Aleutian passages merely balance each other as
seems in Figure 9, or there is a net imbalance that can impact
the BS? Such imbalance can contribute to sea level variations
in the BS and potentially to variations in the Bering Strait
transport. Figure 10 shows the Aleutian transport versus the
Bering Strait transport for the three experiments. The
Aleutian‐Bering Strait correlation is slightly higher when
the Bering Strait transport lags by 2 days behind the Aleu-
tian transports. This lag is of the order of the time it takes a
barotropic wave to propagate around the BS (they slow
considerably over the shallow shelf). When the AS transport
increases, the Aleutian‐Bering Strait correlation slightly

increases, but the variability of the Bering Strait transport
decreases; the standard deviations of the Bering Strait
transport are 0.1, 0.09, and 0.08 Sv for AS = 10, 25, and
40 Sv, respectively. The sensitivity of the Bering Strait
transport to changes in the Aleutian transports (the slope of
the linear regression fit line in Figure 10) is also a monotonic
function of the AS transport, but on average, an increase of
∼3 Sv in the Aleutian net transport into the BSwill cause ∼1 Sv
increase in the Bering Strait transport (and the rest, ∼2 Sv,
will contribute to changes in BS total volume, thus in sea
level). Note that the model variations in the Bering Strait
transport of ∼±0.3 Sv (Figure 10) are comparable to the
observed interannual variations in the Bering Strait trans-
port over ∼30 year period [Coachman and Aagaard, 1988],
so even a small imbalance in the Aleutian transports may
be significant in terms of its long‐term impact on trans-
ports toward the Arctic Ocean.
[22] The variations in volume transports shown in Figures 8–

10 would also have important implications for heat exchange

Figure 6. Change in annual mean surface velocity (speed in m s−1) when AS transport increases (a) from
10 to 25 Sv and (b) from 25 to 40 Sv.
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between the Pacific Ocean, the Bering Sea and the Arctic
Ocean. The idealized model does not include surface heat
fluxes to allow calculations of complete heat budgets,
nevertheless, the experiments indicate how the AS transport
may impact the heat transports in/out of the BS. Observation‐
based estimates of heat transports are available for the Bering
Strait, but not for the Aleutian passages. The mean northward
heat transport through the Bering Strait in the model is around
0.01 PW (1 PW = 1015W) or ∼3.1 × 1020 J y−1. In com-
parison, Woodgate et al. [2006] estimated the heat flux in
the Bering Strait to vary between 1 and 3 × 1020 J y−1 with
considerable interannual variations. The lack of surface heat
loss over the BS in the model should result in heat fluxes
larger than observed through the Bering Strait, so despite the
underestimated volume transport in the model, the heat
transport is quite reasonable for this idealized experiment.
The heat flux through the Bering Strait increases by ∼15%
when the AS transport increases from 10 to 25 Sv, but
decreases by ∼5% when the AS transport increases from 25
to 40 Sv; this result is consistent with the heating and
cooling of the BS shelf seen in Figures 4a and 4b, respec-

tively. Woodgate et al. [2006] estimated that ∼1/3 of the
warming and increase in heat flux through the Bering Strait
between 2002 and 2004 can be attributed to the ACC. As for
the heat flux through the Aleutian passages, the largest
change between the 3 experiments occurred in the eastern
passages (across section D–E, Figure 1b), where northward
mean heat transports of 0.0514, 0.0786 and 0.0874 PW were
found for experiments 10, 25 and 40 SV, respectively (an
increase of ∼53% and 11% between the experiments). These
changes would affect the heat transports by the ACC and
BSC, and thus likely impact the heat flux through the Bering
Strait, as suggested by Woodgate et al. [2006]. The in-
creased heat transport into the BS across the eastern Aleutian
passages when the AS transport increases is balanced in the
model by an increased heat transport out of the BS through
the Kamchatka Strait. However, these changes would also
affect the air‐sea heat exchange and sea‐ice formation over
the BS; such processes are neglected here, so further dis-
cussion of the net heat balance in the BS are left for follow
up studies with more realistic forcing.

Figure 7. (a–c) Area averaged SSH and (d–f) squared surface velocity for the three experiments, 10 Sv
(Figures 7a and 7d), 25 Sv (Figures 7b and 7e), and 40 Sv (Figures 7c and 7f). Color represents three
subregions: Bering Sea shelf (blue), Aleutian Basin (green), and North Pacific (red). The correlation coef-
ficients (from linear regression between subregions) are indicated.
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3.4. Comparison With Observed Transports

[23] Since the model forcing is idealized: no wind, no tides,
no sea ice nor any time‐dependent forcing, and consists of
only forcing by constant lateral transports, comparisons with

observations may tell us what portion of the observed var-
iability is forced by the AS and mesoscale variability gen-
erated by internal dynamics. Over the years, observations of
transports have been taken across some of the Aleutian
Island passages and more consistently in the Bering Strait;
some of these observations are summarized in Table 1 and
compared with the model experiments. Note that the 6 major
Aleutian passages included in Table 1 may have been
observed more than others, but nevertheless are only part of
the many (∼30 [Ladd and Stabeno, 2009]) passages, thus the
total transport in Table 1 is not expected to be balanced. In
fact, comparing the sum of the 6Aleutian transports in Table 1
with the transport of all passages in Figure 8 indicates ∼4–
5 Sv of “missing” outflow transports (i.e., in passages not
included in Table 1). Close examination shows that the
“missing” transports are distributed as follows:
[24] 1. Approximately 2.5 Sv additional southward

transport is found in section B–C (Figure 1b), probably
around Near Strait. This can explain the relatively low net
transport in the model’s Kamchatka Strait.
[25] 2. Approximately 3 Sv additional southward transport

is found in section C–D near Buldir and Amchitka Passages.
This region has been poorly observed and often show
southward flows [Stabeno et al., 1999].
[26] 3. Approximately 1.5 Sv additional northward trans-

port is found in section D–E. This transport may include the
Akutan and Samalga passages (∼0.5 Sv total [Ladd and
Stabeno, 2009]) east of Amukta Pass as well as additional
inflow in unobserved eastern passages.
[27] Therefore, the total transport in the eastern passages

that feed the ANSC is actually closer to observations than
the impression given by the low model’s transport in
Amukta Pass. It is noted that very recent estimates of the
transport through Amukta Pass (4.7 Sv [Ladd and Stabeno,
2009]) are significantly higher than previous estimations.
[28] Since the model forcing is idealized, discrepancies

from observations are expected. However, it is also clear
that there is little consensus of the transport across most
passages between different observations and estimates vary
sometimes by an order of magnitude. In some cases the
direction of the mean transport vary between one observa-
tion to another, especially for deep passages like Amchitka
where transports range from ∼3–4 Sv outflow to 2–5 Sv
inflow [Reed, 1984, 1990; Stabeno et al., 1999]. The
problem relates to lack of deep observations, the large
mesoscale variability and interannual variations that cause
unusual transports in some years [Stabeno and Reed, 1992;
Reed and Stabeno, 1993]. The model mean transports and
variability are in general in better agreement with observa-
tions across shallower passages than in deepwestern passages

Figure 8. Velocity and transport at the four sections of
Figure 1b. (a) Maximum surface current vectors obtained
from the annual mean flow across the sections. (b) Vertically
integrated mean north/south transports (color arrows) and
standard deviation (vertical lines). (c) Correlations between
the transports across the sections and the Bering Strait
transport calculated from daily flows over 1 year. The three
experiments with AS transport of 10, 25, and 40 Sv are
marked by red, green, and blue, respectively.
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(e.g., Near and Kamchatka Straits). Interestingly enough, in
one of the least explored passages, Buldir Pass, the model
actually show large inflow transport (∼4–5 Sv). Until there
are long‐term, high resolution direct velocity observations
that extends all the way from the surface to the bottom (over
4000 m in Kamchatka Strait) it will be difficult to quanti-

tatively assess the model results. Note that velocity and
transport estimates from temperature and salinity casts often
assume a level of no motion at say 1500 m depth, but as will
be shown later (Figure 11), flow in straits often have strong
near‐bottom currents, so such assumptions may not be
correct.
[29] The model suggests that a large part of the discrep-

ancy between various observations may be attributed to
mesoscale variability since the standard deviation of trans-
ports is large compared with the mean. In the deep straits,
variability of model transport is ∼±4–8 Sv compared with
∼1–3 Sv mean transport. The impact of the AS transport on
the mean and variability is different for each passage, for
example, there is little impact on the transport through
Amchitka Pass and Near Strait, but when AS transport
increases from 10 to 40 Sv, the net transport in Kamchatka
Strait is changed from small inflow to small outflow. The
stronger observed southward transport in Kamchatka Strait
[Panteleev et al., 2006] can be partly attributed to the
southward seasonal wind pattern along the coast of Asia
[Pickart et al., 2009]; as mentioned before, the model
neglects this forcing. In the Bering Strait, the transport vari-
ability is about 30% of the mean, though it should be
acknowledged that the model mean is low compared to
observations, as it largely depends on the imposed northern
open boundary conditions, and does not include a wind‐
driven component which is known to control Bering Strait
flow variability [Coachman and Aagaard, 1988; Woodgate
et al., 2005].
[30] To quantify the impact of the AS transport on dif-

ferent passages in comparison with mesoscale variability, an

Figure 9. Time series of daily transports across the four
Aleutian Islands sections (A–B, B–C, C–D, and D–E, are
indicated by red, green, blue, and black lines, respectively).
The three experiments, (a) 10, (b) 25, and (c) 40 Sv are
shown. Figure 10. Scatterplot of the total daily transports through

the Aleutian Islands (the sum of the four sections in Figure 9)
versus the Bering Strait transport for the three experiments
(AS = 10, 25, and 40 Sv are indicated by red, green, and blue,
respectively). The Bering Strait‐Aleutian correlation coeffi-
cient (R), the standard deviation in the Bering Strait transport
(BerSD) and the average ratios between transport change in
the Aleutian Islands and the Bering Strait (Al/Br) are indi-
cated for each experiment.
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impact factor is defined as the ratio between the range of
transport variations between the three experiments and twice
the average standard deviation of the mesoscale variations
(“AS Contribution” column in Table 1). In the relatively
shallow passages (Unimak, Amukta, and Buldir) and in the
outflow of Kamchatka Strait, climatic changes in the AS
transport may contribute to the variability the equivalent of
∼30% of the mesoscale variability. The variability ratio
factor is surprisingly similar in these 4 passages located
thousands of kilometers from each other. The two deep
inflow passages (Near Strait and Amchitka) seem to have
different variability ratios, whereas mesoscale variations
dominate over climatic AS transport variations (which
contribute only 4–12% of the variability). The latter may
explain the conflicting transport estimates between different
observations taken at these two passages [Reed, 1984, 1990;
Stabeno and Reed, 1992; Reed and Stabeno, 1993; Stabeno
et al., 1999].
[31] Kamchatka Strait seems to stand out as a place where

the model mean transport (∼3 Sv net inflow in AS = 10 Sv
to ∼1 Sv net outflow in AS = 40 Sv) appears to disagree
with most observations that estimate a net outflow of 5–
15 Sv due to the southward flowing Kamchatka Current
[Stabeno et al., 1999]. Therefore, the velocity and variability
across this strait for the three experiments are shown in
Figure 11. The observed strong outflow of the Kamchatka
Current along the western coast of the strait is well
reproduced in the model (∼25 Sv), but the model flows at
the deep (water depths > 4000 m) portion of the strait
(Figures 11a, 11c, and 11e) have not been observed (only
very limited number of measurements are available in such
deep waters). Therefore, the model results suggest that esti-
mations of total transports in the strait based on upper ocean
observations may not be accurate. In the model, a barotropic
inflow occupies the center of the strait from ∼500–4500 m,

and a deep outflow is seen along the eastern slope of the
strait centered around 2000 m depth. The outflow region is
where most of the variability occurs (Figures 11b, 11d, and
11f), with a maximum standard deviation of ∼0.15 m s−1

found at 500 m depth in the center of the strait. Since the
model neglects wind variations, there are almost no varia-
tions in the currents at the upper ∼500 m. The impact of
the AS transport is to increase both the KC outflow and the
return inflow. However, the former is increased more than
the latter due to the net increase of inflow transports
through the Aleutian passages, resulting in an increased net
Kamchatka Strait outflow as the AS becomes stronger. As
seen before, the variability decreases with increasing AS
transport. It is especially noticeable that significant vari-
ability in the Kamchatka Current is only seen for the AS =
10Sv experiment (Figure 10b).
[32] Since to our knowledge there are no observations at

4000 m in the Kamchatka Strait that can verify if the model
results are real or not, we have only found some anecdotal
evidence that this flow patternmay be plausible. For example,
using hydrographic and drifter data, and inverse calcula-
tions, Panteleev et al. [2006] found that the transport of the
Kamchatka Current is about twice as large (∼24 Sv) than
previous estimates. Our results show ∼25 Sv outflow in
the Kamchatka Current plus ∼7 Sv deep outflow along the
eastern slope, which are balanced by ∼32 Sv deep inflow.
Weaker Kamchatka Current estimates of 6–11 Sv by
Verkhunov and Tkachenko [1992] and others were based on
dynamic height calculations relative to 1000 or 1500 m;
based on the model results, the assumption that there is no
flow below 1500 m is incorrect. Temperature distribution
observed at 500–1000 m depth north of Kamchatka Strait
sometimes shows a plume of slightly warmer waters
northeast of the eastern side of the strait [see Verkhunov and
Tkachenko, 1992, Figure 6c], which could indicate a sub-

Table 1. Comparison of Model Transports Driven Only by Alaskan Stream and Model Boundary Conditions With Transports Estimated
From Observations Across Various Passagesa

Location and Depth
(m)

Model Run (AS =)

Observations AS Contribution10 Sv 25 Sv 40 Sv

Unimak Pass (∼100) 0.37 (0.19) 0.47 (0.21) 0.48 (0.22) 0.23b 0.4c(0.1–0.5)b 27%
Amukta Pass (∼400) 1.1 (1.4) 1.2 (0.69) 1.4 (0.7) 0.6,b 4,d 4.7c(−0.1–1.4)b 35%
Amchitka Pass (∼1500) −3.4 (1.0) −3.2 (0.78) −3.3 (0.75) −4,e −2.8,f 0.3,b 2–5g,h(−2.8–2.8)b 12%
Buldir Pass (∼1000) 3.8 (1.9) 4.1 (1.2) 4.8 (1.4) ∼1b(unknown)b 33%
Near Strait (∼2500) 2.94 (2.9) 2.64 (3.2) 2.74 (3.6) ∼3,b,f 5,i 10g(6–12)b 4%
Kamchatka Strait (∼4500) 2.7 (7.6) −0.01 (5.5) −0.7 (4.9) −6,j −7,i −12,b −24k(−5 to −15)b 28%
Bering Strait (∼50) 0.32 (0.11) 0.35 (0.09) 0.34 (0.08) 0.6,l 0.8m,n(0.3–1.4)b 16%

aAll numbers are in Sv (1 Sv = 106 m3 s−1) and positive/negative values represent northward/southward direction. Model standard deviation values are in
parentheses as well as estimated observed ranges. The “AS Contribution” column shows an estimate of the relative contribution to the variability from
changing the mean AS transport as a percent of the mesoscale variability is 100 × (transport range between experiments)/(twice the average standard
deviation).

bStabeno et al. [1999].
cLadd and Stabeno [2009].
dStabeno et al. [2005].
eReed [1984].
fStabeno and Reed [1992].
gFavorite [1974].
hReed [1990].
iReed and Stabeno [1993].
jVerkhunov and Tkachenko [1992].
kPanteleev et al. [2006].
lAagaard et al. [1985].
mCoachman and Aagaard [1988].
nWoodgate et al. [2005].
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surface warmer inflow from the Pacific. Reviewing various
observations, Stabeno et al. [1999] describe inflow of Deep
Pacific Waters (DPW) below 2000 m, entering the BS near
the eastern side of the Kamchatka Strait. This deep inflow is
supported by models and data calculations of the abyssal

circulation in the North Pacific, for example,Morehead et al.
[1997] show that one of the most robust near‐bottom flow in
the northwest Pacific basin is a deep (∼5000 m) boundary
current flowing toward the Kamchatka Strait. An intriguing
observation described by Stabeno et al. [1999] is the high

Figure 11. (a, c, and e) Mean (in m s−1) and (b, d, and f) standard deviation of the velocity across the
Kamchatka Strait. Positive velocity (light green, yellow, and red) is toward the northeast direction (per-
pendicular to section A–B in Figure 1b) and negative velocity (dark green and blue) is toward the
southwest direction. The thick line is the zero contour.
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concentration of silica found in the strait between 2000 and
3000m depth, suggesting the existence of (quote) “… a
southward flow of deep Bering Sea water beneath the
Kamchatka Current and above the inflow of DPW.” The
deep return flow in our model is found between 1500 and
3000 m (Figure 11). The barotropic nature of the deep flows
in the model and temperature sections (not shown) indicate
though, that those flows may not be detected from temper-
ature and salinity sections, but instead, direct velocity
measurements are needed.

4. Summary and Conclusions

[33] The Bering Sea (BS) provides an important connec-
tion between the Pacific Ocean and the Arctic and Atlantic
Oceans and is subject to ongoing research related to global
climate change and its impact on the rich marine ecosystem
[e.g., Hunt et al., 2002; Jin et al., 2009]. The climate and
variability of the BS is affected by different forcing, such as
seasonal wind pattern, sea ice, freshwater influx, etc. An
important impact on the BS circulation and climate comes
from the exchange of water, heat, nutrients, etc. between the
BS and the Pacific Ocean through the various passages in
the Aleutian Islands Arc. These transports are affected by
the strong Alaskan Stream, AS [Reed, 1984; Reed and
Stabeno, 1993, 1999; Maslowski et al., 2008]. Unfortu-
nately, there are no long‐term observations of the full water
column across the AS, so numerical models may be needed
to help understand its dynamics [e.g., Overland et al., 1994].
The goal of our study was thus to isolate the role of the AS
in affecting the transport exchanges between the Pacific
Ocean and the BS. Some important questions are as follows:
What will happen to the BS if long‐term Pacific climate
variations change the transport of the AS? What part of the
observed variability can be attributed to variations in the
AS?
[34] To address such questions a numerical ocean circu-

lation model with realistic topography of the BS has been
constructed. The model domain extends from the North
Pacific Ocean in the south to the southern edge of the
Chukchi Sea in the north. The model is driven by an ide-
alized forcing that includes only lateral transports with three
different AS transports (10, 25, and 40 Sv); these transports
are all within the range of different estimates based on
observations. The sensitivity of the flow in the Bering Sea to
variations in the AS transport are demonstrated for example
in Figure 12. This section across 190°E, just east of Amukta
Pass, shows that when the AS transport (imposed on the
model boundary ∼150 km upstream of this section) increases,
the meanwestward flow of the AS (the blue core in Figure 12)
deepens and widens, as expected. However, a more inter-
esting result is the significant increase in the speed and
extent of eastward flowing ANSC (the red core in Figure 12).
The impact of the AS on the ANSC seen here is consistent
with observations [Stabeno et al., 2005] showing that the AS
transport is correlated with the Aleutian passages transports
that feed the ANSC. At that longitude the AS may experi-
ence considerable mesoscale eddy variability [Maslowski
et al., 2008] so the widening of the AS core seen in the
annual mean velocity when its transport increases (Figure 12)
reflects wider offshore/onshore variations in its location
(consistent with Figure 5). Note that the model ofMaslowski

Figure 12. Annual mean east‐west velocity (m s−1) com-
ponent across 190°E (just east of Amukta Pass) for the three
experiments. The blue core on the left side of the Aleutian
ridge is the westward flowing AS and the red core on the
right side is the eastward flowing ANSC. Contour interval
is 0.05 m s−1 and speed over 0.3 m s−1 is truncated.
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et al. [2008] also show deep eastward return flows below the
AS, as seen here.
[35] The model results show some unexpected findings.

An increase of AS transport from 10 to 25 Sv causes a
warming of ∼0.25°C over the BS shelf due to increased
transports of warmer Pacific waters through the eastern
passages of the Aleutian Islands, but further increase of AS
transport from 25 to 40 Sv had an opposite impact on the BS
shelf with a slight cooling of ∼−0.1°C (though cooling of up
to ∼−0.5°C are obtained in some locations). These changes
are caused by circulation changes and associated advection
of different water masses. More intense (inertial) AS trans-
port is able to impact flows through passages farther
downstream in the western Aleutian Islands. Moreover, the
variability in the entire BS is reduced when the AS is
stronger than normal. Mesoscale variations in the AS not
only affect the variability of transports across the Aleutian
Islands, but also the variability of the Bering Strait flow into
the Arctic Ocean; an important factor in climate variations
and predictions. It is estimated that potential long‐term
changes in the mean transport of the AS may contribute to
changes in transports across the Aleutian Islands that are
about 25–30% of the contribution from mesoscale vari-
ability. However, the impact of AS transport is somewhat
different for each passage, depending on its local topogra-
phy and location along the Alutian Islands Arc. Therefore,
future process studies will focus on the detailed flow‐
topography interactions across different passages. In par-
ticular, the model suggests deep return flows (in opposite
direction to the upper ocean currents) that may have been
previously missed. Therefore, the total net transports cal-
culated by the model in deep passages (e.g., Kamchatka
Strait) are often different than estimated transports based on
mostly upper ocean observations.
[36] The model velocity across the Kamchatka Strait

(Figure 11) is much more complex than previously inferred
from (limited available) observations. Two outflow currents
are found, the well known KC along the western coast of the
strait, and less known middepth (1500–3000 m) currents.
The existence of the latter current, have been suggested by
some authors, in order to explain a core of high silica in the
straits [Stabeno et al., 1999]. The deep inflow of Deep
Pacific Waters is thought to occupy the bottom 2000 m
[Stabeno et al., 1999; Morehead et al., 1997], but in the
model it seems to occupy the center of the strait between
500 and 4500m, with transports comparable to the outflow
transports. Direct velocity observations may be needed to
verify the model results, as this inflow is very barotropic
with little signature in the temperature field. It is interesting
to note that the unusual structure of the Kamchatka Strait
flow resembles to some extent the structure found by the
same authors in a very different environment, in the Yucatan
Channel (YC) between the Caribbean Sea and the Gulf of
Mexico [Ezer et al., 2003; Oey et al., 2004]. In both cases
southward flows found along the side slopes and northward
flows in the center, though the surface flow in the YC case is
driven by the northward flowing Caribbean Current, while
here it is driven by the southward flowing Kamchatka
Current. The unusual flow pattern in the YC was discovered
first by numerical models before direct observations became
available, so we hope that our results in the Kamchatka Strait
may motivate further observations. While realistic ocean

circulation and ecosystem models are being developed to
simulate present and future climates and ecosystem impacts,
process oriented studies, like the one presented here, can
provide important insights and improve our understanding
of particular mechanisms.
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