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We use a 9-km pan-Arctic ice-ocean model to better understand the circulation and exchanges in the
Bering Sea, particularly near the shelf break. This region has, historically, been undersampled for
physical, chemical, and biological properties. Very little is known about how water from the deep basin
reaches the large, shallow Bering Sea shelf. To address this, we examine here the relationship between
the Bering Slope Current and exchange across the shelf break and resulting mass and property fluxes
onto the shelf. This understanding is critical to gain insight into the effects that the Bering Sea has
on the Arctic Ocean, especially in regard to recent indications of a warming climate in this region.
The Bering Sea shelf break region is characterized by the northwestward-flowing Bering Slope Current.
Previously, it was thought that once this current neared the Siberian coast, a portion of it made a sharp
turn northward and encircled the Gulf of Anadyr in an anticyclonic fashion. Our model results indicate a
significantly different circulation scheme whereby water from the deep basin is periodically moved
northward onto the shelf by mesoscale processes along the shelf break. Canyons along the shelf break
appear to be more prone to eddy activity and, therefore, are associated with higher rates of on-shelf
transport. The horizontal resolution configured in this model now allows for the representation of

eddies with diameters greater than 36 km; however, we are unable to resolve the smaller eddies.

Published by Elsevier Ltd.

1. Introduction

The Bering Sea is a high-latitude, semi-enclosed sea with an
extensive (>500km) continental shelf in the east and a narrow
continental shelf to the west (<100 km). Portions of the shelf and
coastal region experience seasonal sea-ice cover for approxi-
mately 7 months per year, with ice reaching the shelf break in
the late winter of some years. The Bering Sea, like many subpolar
seas, is characterized by seasonal extremes between winter
and summer temperatures. Because this region is an important
national and international fishery, much fisheries research has
been conducted in some parts of the Bering Sea (e.g., Busby et al.,
2005; Ciannelli and Bailey, 2005; Mueter et al., 2006). However,
relatively little work has been done in other marine science fields,
particularly in numerical modeling.

The research presented here builds on an earlier work
(Clement et al., 2005), which utilized results from the same
model to quantify the volume and property fluxes through the
straits of the northern Bering Sea. The current work seeks to
identify and discuss the regions and processes of shelf-basin
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exchange within the Bering Sea. It is also an attempt to provide a
quantitative measure of mean volume and property fluxes across
the outer shelf, defined as a region between 50- and 200-m
isobaths. This exchange is important for biological productivity
along the slope and on the Bering Sea shelf because the deep
Bering Sea basin is the main source of nutrients for these
locations. In addition, the biological production within the
Chukchi and Beaufort Seas is strongly dependent on the influx
of nutrients from the deep Bering Sea via Bering Strait (Codispoti
et al., 2005). Without this nutrient source, biological production
on the Bering Sea shelf and, consequently, in the Western Arctic
would be much lower.

2. Model description

The coupled sea-ice-ocean model has a horizontal grid spacing
of 1/12° (or ~9 km), and 45 vertical depth layers with eight levels
in the upper 50m and 15 levels in the upper 200 m. The high
vertical resolution, especially in the upper water column, allows
for more realistic representation of the shallow Arctic and
sub-Arctic shelves. Some previous models of the Bering Sea were
two-dimensional (e.g., Overland and Roach, 1987; Spaulding et al.,
1987), which restricted their ability to represent shelf-basin
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exchange. More recent work in the Bering Sea includes that of
Overland et al. (1994). They used a primitive equation, three-layer
hydrodynamic model at 1/8° horizontal resolution. However, the
domain did not include the shelf and slope, but was instead limited
to the Bering Sea basin only. Mizobata et al. (2006) use a numerical
model based on the Princeton Ocean Model (POM; Blumberg and
Mellor, 1987) to simulate the eddy field in the vicinity of Zhemchug
Canyon. While this model has a high horizontal resolution (5 km),
the domain covers only a fraction of the Bering Sea slope and results
may be significantly influenced by the prescribed lateral boundary
forcing. The following analyses presented in this paper cover the
entire deep basin, slope, and shelf of the Bering Sea, by use of the
pan-Arctic domain as discussed below.

The horizontal grid in our new model permits calculation of flow
through the narrow straits of the northern and southern Bering Sea.
The 9-km horizontal resolution allows us to minimally resolve
eddies with diameters as small as 36 km; however, we probably
cannot resolve the smallest eddies. The Bering Sea has a Rossby
radius of deformation of ~12-20km according to Chelton et al.
(1998). The model domain contains the sub-Arctic North Pacific
(including the Sea of Japan and the Sea of Okhotsk) and North
Atlantic Oceans, the Arctic Ocean, the Canadian Arctic Archipelago
(CAA), and the Nordic Seas (see Fig. 1A of Maslowski et al., 2004
or www.oc.nps.navy.mil/NAME/name.html for model domain).
The region of interest, the Bering Sea, is therefore far away from
the artificially closed lateral boundaries in the North Pacific at
30°N, greatly reducing the potential effect of boundary conditions.
Model bathymetry is derived from two sources: ETOPO5 at 5-min
resolution for the region south of 64°N and International Bathy-
metric Chart of the Arctic Ocean (IBCAO; Jakobsson et al., 2000) at
2.5-km resolution for the region north of 64°N. The ocean model
was initialized with climatological, three-dimensional temperature
and salinity fields (Polar Science Center Hydrographic Climatology;
PHC; Steele et al., 2000) and integrated for 48 years in a spin-up

mode. During the spinup we initially used daily averaged annual
climatological atmospheric forcing derived from 1979 to 1993
reanalysis from the European Centre for Medium-Range Weather
Forecasts (ECMWF) for 27 years. We then continued the spinup
using repeated 1979 ECMWEF annual cycle for 6 years and
then 1979-1981 interannual fields for the last 15 years of spinup.
This approach is especially important in establishing realistic ocean
circulation representative of the time period at the beginning of
the actual interannual integration. At the same time, the spin-up
procedure was designed to force the model into a quasi-equilibrium
state that is minimally sensitive to the specific initial conditions.
The final run with realistic daily averaged ECMWEF interannual
forcing starts in 1979 and continues through 2004. Results from this
integration (26 years) are used for the analyses in this paper. Yukon
(and other Arctic) river runoff is included in the model as a virtual
freshwater flux at the river mouth. However, in the Gulf of Alaska
the freshwater flux from runoff (Royer, 1981) is introduced by
restoring the surface ocean level (of 5m) to climatological (PHC)
monthly mean temperature and salinity values over a monthly time
scale (as a correction term to the explicitly calculated fluxes
between the ocean and overlying atmosphere or sea ice). This
approach was used due to the lack of realistic discharge observa-
tions for the many small rivers that empty into the Gulf of Alaska.
Additional details on the model including sea ice, river runoff, and
restoring have been provided elsewhere (Maslowski and Lipscomb,
2003; Maslowski et al., 2004).

3. General circulation

Twenty-six-year (1979-2004) mean (0-6250m) modeled
circulation and total kinetic energy (TKE) are shown in Fig. 1.
TKE is calculated as (u?+v?)/2, with u and v representing the
x- and y-components of velocity. TKE is useful for determining
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Fig. 1. Twenty-six-year (1979-2004) mean 0-220 m circulation and total kinetic energy. Every second vector is shown.
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the relative speed of a current. The Alaskan Stream to the south of
the Aleutian Island Chain and Anadyr Current (between Siberia
and St. Lawrence Island) reach mean speeds in excess of 35cm/s.
The Bering Slope Current (BSC) is characterized by speeds up to
~12cm/s in the long-term mean. The Bering Sea middle shelf
domain ranges between <1 and 7cm/s, with higher speeds
located north of the Zhemchug Canyon region (~170-175°W).

Previous modeling and observational studies (Kinder et al.,
1986, see Fig. 5; Walsh et al., 1989; Shuert and Walsh, 1993)
mention that the BSC splits into two branches as it nears the coast
of Siberia near Cape Navarin. One branch was believed to turn
north and circulate around the Gulf of Anadyr, while the other was
thought to turn southward and eventually, form part of the
Kamchatka Current. However, little direct observational evidence
is available to substantiate this idea. Our model results show that
the vast majority of the BSC follows the bathymetry and turns
south as it nears Cape Navarin (Fig. 1). Very little to none of the
water from the BSC turns northward on nearing the Siberian coast.
There is also evidence of a narrow coastal current flowing
northward around the cape. However, this northward flowing
water is not derived from BSC water. Instead, it is part of the
Kamchatka Current, originating in the southern Bering Sea
(not shown). Based on their observations, Stabeno et al. (1999)
propose a schematic circulation in agreement with our results
showing the majority of BSC water turning southward near Cape
Navarin.

In an effort to visually simplify the mean circulation, we have
constructed a schematic circulation based on Fig. 1, which is
shown in Fig. 2. This is an update to a previously published
schematic (Fig. 1 in Clement et al., 2005) and the major difference
is the above-mentioned southward turn of the BSC as opposed to a
north-south split. The current schematic shows the generally
northwestward flow across the shelf, as well as the Anadyr
Current and Alaska Coastal Current (ACC). The Alaskan Stream is

the strongest with significant throughflow (primarily northward
into the Bering Sea) occurring through Unimak Pass and Amukta
Pass.

4. Volume transport

We have created a series of cross-sections that approximates
the 50- and 200-m isobaths and several sections connecting the
two isobaths. Monthly mean values of volume, heat, salt, and
freshwater flux across each section were calculated for the years
1979-2004. Table 1 shows the 26-year mean values of these fluxes
for each cross-section. The section locations are shown and
labeled in Fig. 2. Fig. 3A shows the 26-year mean value of volume
transport (Sv) across each section with an arrow indicating the
mean direction of flow. Arrows are scaled as a percentage of the
largest cross-sectional value shown in the figure (e.g., a volume
transport of 0.5 Sv would have an arrow twice as wide as a section
with volume transport of 0.25Sv). The net volume transport is
positive (on-shelf) in the central and eastern part of the Bering Sea
along the 200-m isobath. It is highest through the section north
of Unimak Pass (AS1). In contrast, the westernmost sections
(AS7-AS9) have relatively small negative (off-shelf) mean volume
transport values. This is largely due to the separation of the BSC
from the shelf break west of AS6, which removes the source
of large (>0.05Sv) on-shelf transports. The cross-shelf sections
(CS1-CS6) increase in volume transport from east to west, as
upwelled water is accumulated and integrated into a generally
northwestward flow along the outer shelf. The sharpest increase
between consecutive cross-shelf sections occurs between CS3 and
CS4 (increase of 0.224Sv) over a distance of approximately
230km. This increase in shelf transport is due to water being
moved on-shelf through the Zhemchug Canyon (AS4-AS6) to the
south. Sections along the 50-m isobath have very small values of
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Fig. 2. Schematic circulation (0-220 m) and total kinetic energy based on Fig. 1. The locations of model cross-sections and names are included.
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net volume transport, except for section AN6, which has a value of
0.528 Sv or ~83% of the total net northward volume transport
across the 50-m isobath. Bathymetric steering is the main cause
of the low volume transports through sections AN1-AN5, since
the 50-m isobath directs water toward AN6 and eventually
through Anadyr Strait, which is a deeper pass than the eastern

Shpanberg Strait.

Table 1

Twenty-six-year mean volume transport (Sv), salt flux (millionkg/s), freshwater
flux (mSv; relative to 34.8), and heat transport (TW; relative to —0.1 °C).

Section Volume Salt flux Freshwater flux Heat flux
transport

AS1 0.200 (0.097) 6.398 (3.095) 16.142 (7.992)  5.052 (2.909)
AS2 0.142 (0.092) 4.562 (2.961) 10.803 (7.128) 2.951 (2.165)
AS3 0.145 (0.146) 4.687 (4.686) 10.669 (10.867) 2.351 (2.984)
AS4 0.093 (0.063) 2.991 (2.042) 6.701 (4.599) 1.755(1.315)
AS5 0.124 (0.070) 4.021 (2.279) 8.877 (5.001) 2.184 (1.485)
AS6 0.125 (0.137) 4.052 (4.433) 8.435(9.435)  2.164 (2.448)
AS7 —0.086 (0.103) —2.777 (3.345) 5.897 (7.063) —1.189 (1.891)
AS8 —0.003 (0.100) —0.111 (3.223) -0.146 (7.086)  0.555 (1.476)
AS9 —0.048 (0.316) —1.545 (10.179) —3.360 (23.526) 0.192 (2.459)
CS1 0.168 (0.146) 5.367 (4.654) 13.875(12.092) 2.438 (3.797)
CS2 0.280 (0.152) 8.950 (4.854) 22.939 (12.246) 3.372 (2.487)
CS3 0.355 (0.276) 11.383 (8.849) 28.004 (21.438) 3.808 (28.004)
Cs4 0.579 (0.297) 18.602 (9.541) 44.927 (22.971) 5.184 (3.778)
CS5 0.606 (0.333) 19.483 (10.712) 46.523 (25.698) 4.252 (3.507)
CS6 0.073 (0.312) 2.331 (10.013) 6.158 (24.108) 0.895 (2.380)
AN1 0.042 (0.049) 1.336 (1.559) 3.732 (4.453)  1.506 (1.835)
AN2 0.023 (0.089) 0.718 (2.814)  2.101 (8.439)  0.061 (1.951)
AN3 0.067 (0.122) 2118 (3.848)  6.037 (11.000) 0.536 (1.533)
AN4 —0.017 (0.074) —0.526 (2.347) —1.445(6.721)  0.027 (1.171)
AN5 0.011 (0.080) 0.361 (2.568) 0.786 (6.656)  0.067 (0.816)
AN6 0.528 (0.187) 17.065 (5.973) 37.644 (16.393) 1.737 (2.533)
AN7 —0.019 (0.018) —0.620 (0.581) —1.058 (1.066) —0.042 (0.130)
Shpanberg 0.132 (0.128)  4.219 (4.040) 10.607 (11.793) 1.058 (2.187)

Strait
Anadyr Strait

0.521 (0.179)

16.842 (5.700)

37.247 (16.173)

1.799 (2.597)

Numbers in parenthesis represent standard deviation.

J. Clement Kinney et al. / Deep-Sea Research I 56 (2009) 1351-1362

5. Heat transport

We calculated the heat flux referenced to —0.1 °C through the
sections shown in Fig. 2. Pathways of heat transport onto and
across the Bering Sea shelf are somewhat different than those of
volume transport (Fig. 3B). This is due to differing pathways
of warmer (less dense) water from colder (more dense) water.
The majority of heat flux onto the shelf occurs through section
AS1 and is primarily water that has recently entered the Bering
Sea via eastern Aleutian Island Passes and is relatively warm.
Differences between volume and heat flux are also due to the fact
that exchanges between the ocean and atmosphere change the
amount of heat in the ocean over time, while the volume remains
relatively constant. The largest on-shelf oceanic heat flux is
through Zhemchug Canyon (a total of 6.1 TW through sections
AS4-AS6), with the second largest on-shelf heat flux through
Bering Canyon (5.1TW, section AS1). In Figs. 3B-D, several
polygons are created by the cross-sections. We have summed
the mean values of heat transport, salt flux, and freshwater flux
across each section for each polygon, such that means directed
into/outside the polygon are positive/negative. The resulting sum
(the flux divergence) is shown circled and in italics inside each
respective polygon. The flux divergence values shown in Fig. 3B
indicate that a large amount of heat (2.5TW) is lost to the
atmosphere in the polygon northwest of Zhemchug Canyon,
which is bounded by CS3, AS4, AS5, CS4, and AN4. Lower heat
flux divergence values occur in the easternmost and westernmost
polygons and also in the polygon north of the 50-m isobath.

A net loss of heat from the ocean to the atmosphere occurs
as water generally moves northward throughout the Bering Sea
toward the Chukchi Sea and Arctic Ocean. A total of 16.015TW
is advected onto the shelf across the 200-m isobath (Table 2). This
calculation was made by summing the 26-year mean heat flux
across the sections that lie along the 200-m isobath (AS1-AS9;
shown in Figs. 2 and 3B). Approximately 75% of this heat is
lost to the atmosphere between the 200- and 50-m isobaths.
(The sections used in calculating the total heat flux across the
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Fig. 3. Twenty-six-year (1979-2004) volume transport (Sv; A), heat flux (TW; relative to —0.1 °C; B), salt flux (million kg/s; C) and freshwater flux (mSv; relative to S = 34.8;
D) across various sections. Arrows indicate net direction (positive is north or west) and are scaled relative to the largest value in each figure. The shading indicates depth
(m). The 50 m and 200 m isobaths are shown as dotted lines. The mean flux divergence for each polygon is shown in italics and is circled.
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50-m isobath were AN1-ANG6.) A smaller loss occurs between the
50-m isobath and Anadyr and Shpanberg straits. Eventually,
the net oceanic heat flux into the Chukchi Sea through Bering
Strait is ~2.4 TW or 14.9% of the 200-m isobath value. This implies
that an increase in Bering Sea heat content could have a large
impact on the Arctic Ocean, especially in light of recent melting.

6. Salt and freshwater transport

The mean salt flux through the Bering Sea sections (Fig. 3C)
closely resembles the mean volume transport in a relative sense,
due to the strong dependence of salt flux on volume flux.
Significant on-shelf salt fluxes occur between Bering Canyon and
Zhemchug Canyon and, as a result, cross-shelf fluxes (CS1-CS5) on
the outer shelf increase as the water moves northwestward across
the shelf. The vast majority of salt transport on the outer shelf
(17 million kg/s or 83% of the total) eventually crosses the 50-m
isobath at AN6 near Anadyr Strait, with very little northward salt
transport across the central and eastern sections. This is primarily
due to bathymetric steering, as mentioned above in Section 4; the
50-m isobath directs the shelf flow toward AN6 and eventually
northward through Anadyr Strait.

The mean freshwater flux (referenced to S = 34.8) through the
Bering Sea sections shows that the primary freshwater route
across the 200-m isobath is through the easternmost section
(AS1). This section accounts for 31% of the total net northward
freshwater transport along the 200-m isobath. Similar to volume
and salt transport, the total freshwater flux accumulates as water
moves northwestward across the shelf through sections CS1-CS5.
Then, the majority of freshwater turns northeastward and flows
through Anadyr Strait. Figs. 3C and D show that the polygon in

Table 2
Net heat transport (TW) across various locations in the Bering Sea.

Location Heat transport Percentage of

(TW) 200-m isobath
value
200-m isobath 16.015 N/A
50-m isobath 3.934 24.6
Anadyr+Shpanberg Straits 2.857 17.8
Bering Strait 2.383 14.9
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the Gulf of Andyr (bounded by AN6, CS5, AS8, CS6, and AN7) has
the highest values for salt and freshwater flux divergence. This is
likely related to the large amount of sea ice produced and melted
in this region, along with sea-ice export/import into the polygon
from surrounding areas.

7. Bering Slope Current and eddy kinetic energy

The BSC extends from the eastern Aleutian Islands along the
shelf break toward Cape Navarin. It is a relatively broad, north-
westward flow and, more recently, has been described as a system
of eddies (Okkonen, 1993). Eddies ranging in size from 90 to
325km are found to populate the Bering Sea basin, especially
along the downstream portion of the BSC to the northwest.
Several cross-sections across the BSC and across several canyons
that lie along the Bering Sea shelf break were created to examine
the flow and property fluxes in this region (locations of these
cross-sections are shown in Fig. 4). Fig. 5 shows time series of
monthly mean volume transport, heat flux, and section mean
temperature through sections BSC1 and BSC4 from model results.
The long-term mean volume transport for the BSC is 2-3.5Sv.
Flow reversals occur periodically at BSC1. However, at the
westernmost section (BSC4), reversals occur multiple times per
year, likely due to passing eddies. In fact, monthly mean volume
transport at BSC4 ranges between —15 and 26 Sv.

The BSC carries a significant amount of heat (42-64 TW; Fig. 5),
of which a portion is transported onto the shelf across the slope,
as shown in Fig. 3B. Volume and heat transport are strongly
correlated at BSC1 and BSC4 (r = 0.99 for monthly mean time
series at each section). However, the low-frequency (smoothed)
section mean temperature shows a different, somewhat decadal,
signal. Section mean temperature was generally above average
from 1979 to 1989 at BSC1 and BSC4. It then dropped below the
26-year mean from 1989 to 1998/1999 and has recently been
above average. These temperature changes may be indirectly
related to large-scale weather indices of the Arctic and/or North
Pacific. However, no direct correlation exists between time series
of monthly mean temperature at either BSC1 or BSC4 and any of
the following climate indices: Arctic Oscillation (AO), Pacific
Decadal Oscillation (PDO), and Pacific-North America Index (PNA).
None of these correlations were significant at the 90% level and
the absolute values of all correlation coefficients were <0.10.
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Table 3

Correlation coefficients for volume transport, heat flux, and section mean temperature between Bering slope current sections.

Section 1 Section 2 Volume transport Heat flux Mean temperature
Mo. mean Annual cycle removed Mo. mean Annual cycle removed Mo. mean Annual cycle removed

BSC1 BSC2 0.32 (0) 0.31 (4) 0.25 (0) 0.31 (4) 0.82 (0) 0.66 (0)
BSC1 BSC3 0.22 (0) 0.16 (0) 0.17 (0) 0.13 (0) 0.80 (0) 0.58 (0)
BSC1 BSC4 0.08 (0) 0.14 (7) 0.08 (0) 0.14 (7) 0.75 (0) 0.45 (0)
BSC2 BSC3 0.32 (0) 0.22 (0) 0.29 (0) 0.20 (0) 0.83 (0) 0.68 (0)
BSC2 BSC4 0.23 (1) 0.20 (1) 0.25 (0) 023 (1) 0.75 (0) 0.51 (0)
BSC3 BSC4 0.23 (5) 0.36 (5) 0.27 (5) 0.38 (5) 0.84 (0) 0.65 (0)

The number in parenthesis is the lag time in months. The first column (mo. mean) for each parameter is the correlation for the monthly mean values. The second column

(annual cycle removed) is the correlation after removing the annual cycle.

Correlation coefficients for volume transport, heat flux, and
mean temperature between the four BSC sections are shown in
Table 3. We find a weak correlation for both volume transport and
heat flux between BSC1 and BSC2, and these correlations become
even less as fluxes across BSC1 are correlated with fluxes across
sections further west. This is possibly due to the increased eddy
activity in the west, which acts to reduce the correlation with the
upstream portion of the current. Another possible explanation for
the reduced correlation between time series at eastern and

western sections is that sometimes the BSC separates from the
shelf break. We have seen this separation in animations of sea
surface height and also velocity throughout 26 years of model
results. Over time scales of a few months, the position of the BSC
is highly variable, especially in the western Bering Sea, and
appears to be related to the formation of eddies just south of the
shelf break. This separation from the shelf break is suggested in
Figs. 1 and 2, where TKE is high (up to 100cm?s~2) near the
junction of AS3-AS4 and near AS6-AS7. If the BSC separates from
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the shelf break, conditions at BSC4 are not likely to be similar to
conditions at BSC1. Mean temperature is strongly correlated
between all sections; however, it is important to note that there is
no lag time. This, along with the lack of a strong correlation in
volume transport, indicates that the temperature correlation is
due to larger-scale basin changes in temperature, instead of an
advected signal.

A previous study (Clement et al., 2005, Figs. 16 and 17)
addressed the eddy kinetic energy (EKE) of the Bering Sea during
1987 utilizing model results from the same model described
herein. Along the BSC, the EKE was 20-100 cm?s~2 southeast of
Zhemchug Canyon, but was significantly higher (80-300 cm?s~2)
northwest of Zhemchug Canyon. This is in agreement with
Okkonen (1993), who found increased eddy activity in the
downstream (western) leg of the BSC as compared to the
upstream leg. However, it is possible that EKE is even higher
in the real ocean, since our model is not yet fully eddy-resolving
at 9-km horizontal resolution (Okkonen et al., 2007, Unpubl.).

In Fig. 6, we compare EKE from TOPEX altimeter measure-
ments to model results. The TOPEX measurements show the
regional distribution of EKE associated with surface geostrophic
velocity anomalies computed from measurements of the sea
surface height anomaly field. To approximate sampling associated
with the 9.92-day TOPEX orbital repeat period, model EKE was
computed from model surface velocities that were sub-sampled
every 10 days. Both TOPEX measurements and model results
depict the 9-year (1993-2001) mean of these 10-day fields.
The TOPEX measurements are shown along orbital ground tracks

with a vertical dimension that is proportional to EKE value (Fig. 6).
TOPEX measurements are excluded (and not shown) on the
shelf due to residual tidal contamination. The observed and
modeled EKE show similar distributions; however, modeled
values are somewhat higher than TOPEX values. In general,
the TOPEX-derived estimates of EKE likely underestimate the
true values. This is because altimeter-derived velocities are
computed from the along-track slope of SSHA. Spatially, both
the model and TOPEX show high EKE values along the shelf break
and lower values in the basin interior. High values of EKE, up
to 225cm?/s%, are found near Zhemchug Canyon and along
the southern part of the Kamchatka coast in both observations
and model results.

8. Exchange in canyons and the importance of eddies

Figs. 3 and 6 indicate that transport, flux, and EKE measure-
ments are locally enhanced near canyons along the Bering Sea
slope: Bering Canyon, located on the north side of the Alaska
Peninsula, Pribliof Canyon, located south of the Pribilof Islands,
and Zhemchug Canyon, located along the shelf break in the central
Bering Sea between 171°Wand 176°W (see Fig. 4 for canyon
locations). Circulation and property exchange associated with
these canyons is examined in greater detail below.

Twenty-six-year (1979-2004) mean values of volume, heat,
salt, and freshwater transport through each canyon section are
shown in Table 4. In the mean sense, the transport of water and all
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properties is northward through all of the canyons. However,
reversals do occur and may sometimes even show up at the
monthly mean time scale (figures not shown). Because of the
relatively strong on-shelf transports of volume, heat, and salt
through section C6 (hereafter Zhemchug Canyon) we examine the

Table 4

Twenty-six-year mean volume transport (Sv), salt flux (millionkg/s), freshwater
flux (mSv; relative to 34.8), and heat transport (TW; relative to —0.1 °C) for canyon
sections.

Section  Volume transport  Salt flux Freshwater flux ~ Heat flux

C1 0.206 (0.084) 6.601 (2.705)  15.842 (6.495) 5.245 (2.892)
Cc2 0.009 (0.080) 0.281 (2.579) 0.679 (6.120) 0.556 (1.505)
3 0.083 (0.087) 2.682 (2.799) 6.198 (6.492) 1.261 (1.593)
c4 0.135 (0.053) 4.357 (1.717) 9.839 (3.840) 2.501 (1.233)
c5 0.110 (0.071) 3.556 (2.303) 7.895 (5.122) 2.035 (1.444)
C6 0.195 (0.112) 6.284 (3.616)  13.927 (7.976) 3.550 (2.369)
c7 0.055 (0.056) 1.782 (1.812) 3.960 (3.988) 1.004 (1.010)

Numbers in parenthesis represent standard deviation.
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relationship between conditions in the BSC and exchange through
Zhemchug Canyon. Fig. 7 shows heat and salt flux anomalies
through sections BSC3 and C6 (perpendicular sections whose
locations are shown in Fig. 4). The two smoothed time series of
heat flux anomaly are somewhat correlated, though not signifi-
cantly at the 90% level (r=0.51) with C6 lagging BSC3 by
4 months. The salt flux anomaly time series are slightly less
correlated (r = 0.44), again with a 4-month lag and not significant
at the 90% level. The salt flux anomaly is highly variable and peaks
at over 10 million kg/s during November 1993 (indicated with an
open circle in Fig. 7D). Based on Fig. 8C, we see that the increase in
salt transported northward onto the shelf in November 1993 is
associated with a cyclonic eddy located just south of the canyon
section. The eddy has a diameter of 145km and persists for a
period of ~3 months. In addition, we show that three other peaks
in the heat and salt flux anomalies are associated with cyclonic
eddies (Fig. 8). These peaks are represented with stars on the time
series in Figs. 7C and D. A vertical section along the Zhemchug
Canyon (BSC3) during the maximum salt anomaly (November
1993) shows the high salinity anomaly core sitting above the
slope, with positive salinity anomaly extending onto the shelf
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Fig. 7. Time series of monthly mean heat (A, C) salt (B, D) flux anomaly across BSC3 (A, B) and the Zhemchug Canyon section (C6; C, D) shown in Fig. 5. The thin black line
represents monthly mean values, while the thick black line represents a 13-month running mean and the horizontal gray line represents zero. The circles and squares
represent the salt and heat flux maximum (November 1993) and minimum (November 1995), respectively, through the Zhemchug Canyon. The stars represent local peaks
in the heat and salt flux anomaly through the Zhemchug Canyon associated with eddies shown in Fig. 8.
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(Fig. 9A). A section across Zhemchug Canyon (Fig. 9B) shows that
the salinity anomaly is positive near the surface (up to 0.12 psu)
and also near the bottom (up to 0.18 psu), with the flow directed
on shelf. These figures show how the eddy is responsible for
upwelling relatively salty water onto the central Bering Sea shelf.
If we focus on the deeper water (>100 m, where salinity can be
used as a proxy for nutrients), then we can say that this eddy
accounted for a total of 28.6trillionkg of salt being upwelled
onto the shelf through the Zhemchug Canyon section during its
3-month lifetime. If we include the entire water column, then
107 trillion kg of salt were transported onto the shelf through
Zhemchug Canyon during the same 3-month period.

The contribution of a transient motion (e.g., an eddy) to the
time-averaged flux across a particular section can be quantified
according to

F:/(ﬁ)dA 1)

where F is a temporal mean flux (26-year annual cycle;
1979-2004), [(...)dA is the area integral across the section,
u the normal component of velocity, and c¢ the quantity being
advected. We can define anomalies from the temporal mean

U=u-i, ¢=c-¢ (2)

Taking Egs. (1) and (2) together gives
F:/(ac)dA+/(W)dA (3)

The perturbations, v’ and ¢/, should be derived from instanta-
neous measurements of u and c; or in the case of model results,
calculated based on high-frequency temporal snapshot results.
To make a fair calculation of the eddy transports, it would be best
to use (for u and c) means that are daily, if not over a shorter time
period. However, the model results are not available in three
dimensions as daily means, due to storage limitations. Therefore,
we must use the monthly means for calculating perturbation
values. For the means (i, ¢) we use the 26-year annual cycle
monthly means (e.g., mean January over 26 years). Transient
motions contribute to the mean flux if v’ and ¢’ are correlated.
The correlation coefficient between v’ and S’ across Zhemchug
Canyon section was 0.32, while the correlation coefficient
between v and T was 0.20. Both correlations were significant
at the 99% level (p =.01). The fractional contribution of eddy
transports to the mean flux, F, was small for both heat and salt
flux (<8%). We argue that the weak correlations and small eddy
contributions to the mean flux are largely due to the fact that
we use monthly means for calculation of perturbation values,
which smooth out the short-lived perturbations (Marble, 2001).
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Fig. 9. Vertical section of velocity (contours; cm/s) and salinity anomaly (shading) (A) along the Zhemchug Canyon (section BSC3) and (B) across the Zhemchug Canyon

(section C6) during November 1993.

We realize that this calculation does not fully quantify the eddy
contribution to the mean flux; however, this is the best that can be
made with the available model output.

Hovmuller plots of near-bottom salinity and temperature
anomaly (after removing the annual cycle) for 1979-2004 allow
us to see the significant interannual and spatial variability along
the 200-m isobath (Fig. 10). Zhemchug Canyon experiences
frequent events, likely due to strong eddy activity, in comparison
to Bering Canyon, which is more consistent. Overall, we see that
temperature and salinity anomalies tend to be of the same sign
(either negative or positive) along the entire length of the 200-m
isobath. However, this is not always true. For instance during
1987, temperature and salinity anomalies were negative in the
west (0-400km), with mainly positive anomalies in the east.
When looking over longer time scales, we see that temperatures
were higher, especially in the west during the 1980s, followed by a
drop in the early 1990s. Recently, however, temperatures along
the slope have increased. Salinity anomalies show some temporal
similarities with temperature anomalies. Decreased salinity
anomalies were present over the slope during the 1990s and
increased in 2001. However, unlike temperature anomalies, the
salinity was relatively low in the 1980s. There is also a suggestion
of propagating features in these figures, possibly planetary waves,
which would be a topic for a subsequent paper.

9. Discussion

The flow across the Bering Sea shelf is up to 3 cm/s in the mean
sense and is the highest near 60°N between St. Matthew and

Nunivak Islands. This area of strengthened flow is centered on and
follows isobaths between 50 and 75 m. As expected, the strongest
flow on the shelf is Anadyr Current to the west, which carries
water toward Anadyr Strait at a mean speed of approximately
3-10cmy/s, depending on the location. Several regions along the
slope (especially certain canyons) that are important in shelf-
basin exchange also show up in the long-term mean circulation
scheme (Fig. 1).

In our model results, the BSC appears to be more a system
of eddies rather than a continuous current, which emphasizes the
need for a fully eddy-resolving, basin-wide model to represent its
complex dynamics. Okkonen (1993) identified a representative
eddy period as ~4 months. This time period is similar to those
of modeled high-frequency signals in the volume transport and
heat flux at BSC4 (Figs. 5D and E), as well as the heat and salt flux
anomalies at BSC3 (Fig. 7). The lack of correlation between various
sections along the BSC, along with snapshots of SSH indicating
frequent, multiple eddies (not shown), provide additional evi-
dence for this conclusion.

We find little evidence for a north-south splitting of the BSC
near Cape Navarin (Fig. 1). Instead the majority of the BSC turns
southwestward on nearing the coast in the long-term mean model
results. There is also evidence of a coastal current flowing
northeastward around Cape Navarin. According to our model
results the main source of water for the Gulf of Anadyr comes
from the outer shelf flow, roughly between the 100- and 200-m
isobaths.

Paluszkiewicz and Niebauer (1984) and Okkonen (1993) have
suggested that topographic planetary waves generate eddies seen
along the Bering slope. The modeled eddy described herein had a
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Fig. 10. Hovmuller plot of temperature anomaly (°C; A) and salinity anomaly (B)
along the Bering Sea 200-m isobath.

diameter of 145 km and lifetime of ~90 days. This is similar in size
and duration to eddies observed by Paluszkiewicz and Niebauer
(1984; 140 km/84 days) and Okkonen (1993; 184 km/72 days). We
conclude that frequent eddies, such as the one described herein,
may be important for transporting salt onto the Bering Sea shelf.
However, if we had been able to use three-dimensional daily
mean fields to correlate velocity and salinity along the Zhemchug
Canyon section, instead of monthly means, this might have
allowed us to make a more quantitative statement. EKE and on-
shelf transport appear to be enhanced by the presence of canyons
along the Bering Sea slope (Figs. 3A, 6).

A biological ‘hotspot’ has been identified southwest of St.
Lawrence Island between the 40- and 70-m isobaths (Grebmeier
and Cooper, 1995). Our results show that a relatively strong source
of on-shelf transport occurs south of this ‘hotspot’ in the
Zhemchug Canyon region. Upwelling of nutrient-rich deep Bering
Sea water due to eddies and shelf-basin exchange in general could
enhance biological productivity in this region. For example, the
eddy mentioned above in Section 8 had a mean salinity of 33.12,

which can be converted to a silica concentration of 41.98 pM
(based on a relation from data in Cooper et al., 1997). If we use the
3-month (October-December 1993) mean volume transport of
0.416 Sv, this yields a total of 8350 kg of silica advected onto the
Bering Sea shelf through Zhemchug Canyon due to the eddy. If we
focus on upwelled water (deeper than 100 m), the mean salinity is
33.36, which would be associated with a silica concentration of
45.61 pM. Over the 3-month lifetime of the eddy, the mean
volume transport (for water deeper than 100 m) is 0.11 Sv, which
would result in 2426 kg silica advected onto the Bering Sea shelf.
It is important to note that this relationship between salinity and
silica is a rough estimate. However, to our knowledge this is the
first calculation of the amount of silica provided to the shelf via an
eddy along the Bering Sea slope.
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