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Abstract With parameterized wave mixing, the circulation and the tidal current in
the Bering Sea were simulated simultaneously using the three-dimensional Princeton
Ocean Model. The simulated circulation pattern in the deep basin is relatively stable,
cyclonic, and has little seasonal change. The Bering Slope Current between 200-1000
m isobaths was estimated to be 5 Sv in volume transport. The Kamchatka Current was
estimated to be 20 Sv off the Kamchatka Peninsula. The Bering shelf circulations vary
with season, driven mainly by wind. These fealures are consistent with historical esti-
mates. A counter current was captured flowing southeastward approximately along the
200 m isobath of the Bering Slope, oppasite to the northwestward Bering Slope Cur-
rent, which needs to be validated by observations. An upwelling current is located in
the shelf break (120-1000 m) area, which may imply the vertical advection of nutri-
ents for supporting the Bering Sea Green Belt seasonal plankton blooms in the break-
slope area. The Bering Slope Current is located in a downwelling area.
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1 Introduction

The Bering Sea is a semi-enclosed subpolar sea, which is connected to the Arctic O-
cean on the north, and bounded on the west by Russia, on the east by Alaska, and on the
south by the Aleutian Islands ( Figure 1, model domain). Bowers Ridge ( with a minimum
depth of 184 m) and Shirshov Ridge ( with minimum depth of 500 m) divide the Bering Sea
into three basins—the Bowers Basin, the Kamchatka Basin, and the Aleutian Basin. The
Bering Sea is divided almost equally between deep basins and the continental shelves ( <
200 m). The broad shelf in the east contrasts with the narrow shelf in the west. The steep
bathymetric features include the deep Aleutian Trench ( >5500 m) and the Bering Basin
( >3500 m) and the relatively shallow Aleutian ( <100 m) Islands chain, which challen-
ges all the 3-D physical ocean models with sigma coordinates ']

Observations show the circulation pattern ( Figure 2, after Stabeno et al. , 199921 in
the deep Bering Sea basin is often described as a cyclonic gyre2) ; the Aleutian North Slope
Current (ANSC) flows eastward along the Aleutian Islands; the Bering Sea Slope Current
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flows northwestwardly, and the southward flowing Kamchatka Current forms the western
boundary current. Observations'®>' show the currents on the Bering Sea shelf are basically
northward or northwestward. However, measurements are not sufficient to determine the
seasonal circulation variation, and it also cannot represent the whole domain with sufficient
spatial coverage. Models with realistic settings can help to derive more detailed information
about the general circulation in the Bering Sea. Overland et al. (1994 ) 41 used a three-
layer hydrodynamic model to simulate the circulation of the Bering Sea Basin, while the Be-
ring Sea shelf and slope regions shallower than 500 m, hence the cross-shelf flux, were ex-
cluded from the model. Several other models were applied to parts of the Bering Sea>-®.
Thus, the general circulation pattern is still not well understood.
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Fig. 1 Model domain and bathymetry of the Bering Sea (in meters). The depths along Aleutian Islands and
passes were modified according to NOAA ocean charts. Red line indicates the transect in the text.

Observations show that the cold water ( <1.0°C) near the bottom in the middle shelf
persists throughout the summer! ). It was speculated that this cold water is formed locally
in winter and insulated by strong stratification in summer. The mechanism of thermocline
formation seems well understood, i. e., by tidal stirring and surface wind-wave mixing;
whereas, it is still difficult to reproduce circulation, themocline, and fronts using a 3-D ba-
roclinic physical ocean model. Overland et al. (1999) ®] used a one-dimensional model to
hindcast the 1980 spring-summer thermal transition of the Bering Sea shelf as a function of
water depth, but without horizontal processes.
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Fig.2 Schematic diagram for surface circulation paltern in the Bering Sea based on historical observations ( re-
produced from Stabeno et al. 1999).

Thus, a systematic modeling approach in a basin scale that covers both the deep basins
and shelves appears to be essential to simulate the circulation and tidal current simultane-
ously. Since few basin-wide 3-D ocean models exist for modeling ocean circulation and tidal
current, we attempt to develop such a model with parameterizations of wind-wave mixing for
the study of 1) the circulation and transports of major current systems and 2) dynamic fea-
tures in the shelf-slope region such as the Bering Slope Current. This paper is organized as
follows ; Section 2 describes the model configuration; Section 3 discusses simulated results
in comparison with available observations, followed by conclusions and discussion in Sec-
tion 4.

2 The model description

The model used here is the Princeton Ocean Model ( POM) described in detail by
Blumberg and Mellor (1987) (97 and Mellor (2004)10) Ttisa three-dimensional , primi-
tive-equation, vertical o-coordinate model and horizontal grid using curvilinear orthogonal
and an Arakawa C-grid. Horizontal time differencing is explicit, whereas the vertical differ-
encing is implicit; the latter eliminates time constraints for the vertical coordinate and per-
mits the use of fine vertical resolution in the surface and bottom boundary layers. Complete
thermodynamics is implemented. POM has a free surface with a second-order turbulence
(11 to calculate vertical mixing coefficients. Horizontal mixing coefficients
employ the Smagorinsky parameterization.

closure scheme

2.1 Wave mixing parameterization

The modeled surface boundary layer is often too shallow in temperature and salnity dur-
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ing the spring-summertime warming! '] and freshening even using the 2.5 closure turbu-
lence model. One major reason is that the mechanic wind-wave mixing processes are not in-
cluded. Craig and Banner (1994 )" 13) used wave breaking as a surface diffusion boundary

condition, which is proportional to 12, where u_ is the surface friction velocity. Mellor and

Blumberg (2004) (1) found that the Craig and Banner (1994) 3] model does deepen the
mixed layer in a 1-D calculation, and has a positive, but relatively small influence on the 3-
D calculation. Ezer and Mellor (1997) 4] proved that the absorption of short wave radia-
tion below the surface, due to the loss of surface heat, causes the upper layer to be less sta-
ble, increases mixing, and thus deepens the summertime thermocline. In this paper, sur-

face wave mixing is parameterized into the model as in Hu et al. (2004)(57,

2 .
K = &&33(]365‘:‘,,—:
g

uw

K, is the wave mixing coefficient, B is the wave age, & is the wave steepness, U is the
wind speed, z is depth, and k£ =0.4 is the Karman constant. A mature wave is assumed in
this study, then set 3=1.0, §=0.1.

Heat diffusion coefficient K}, can be assumed equal to K. Since in general, heat
mixing is considered to be slower than momentum transfer, K, = PW,,, is assumed, where
P is an empirical constant depending on the Richardson number. Following the POM!'6] |

we set
Khm = S_Hme
Su

where

Kn = qlSy, K, =qlSy

Syl 1 = (34,B, +184,4;,)Gy] = A, (1 - 64,/B,)
Sy (1 —=94,4,Gy) - Sy[ (184} +94,4,)Gy] = A, (1 -3C, - 64,/B,)
(A,,B,,A,,B,,C;) = (0.92,16.6,0.74, 10.1, 0.08)
Gy = % Jg_( P _ _15 QE)
q“po\dz ¢ 0z
where K, is the vertical turbulence momentum viscosity coefficient, K, is the vertical turbu-
lence heat diffusion coefficient, ¢ is the turbulence velocity, [ is the turbulence mixing
length scale, c, is the sound velocity, p is the water density, p, is the reference density, P
is the pressure, and Gy is the Richardson number.
If K, and K, are the vertical viscosity and diffusion coefficient calculated by the lev-

el 2.5 closure turbulence model, the total mixing coefficients are
K;i = Kh +Kwh; Kr:u = Km +me

2.2 Tidal mixing

Tides provide the most important and periodic driving force in the Bering Sea. The
tides and tidal currents on the Bering Sea shelf play an important role in snch oceanographic
processes as the maintenance of the density structure, sediment resuspension and nutrients
transport. Circulation can be simulated without tide and it is acceptable when the tidal cur-
rent is weak in the deep ocean/sea. However, since the tidal current is very strong in the
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Bering Sea shelf compared to the circulation, the tidal energy accounts for 90% of the total
energy !, dominating tidal stirring should not be ignored. Thus, the tidal current is in this
study.

The open boundary conditions of velocities were given by

V.romt' = Vcircuiatiun + z (VG)J-COS(&J!»!, + 6:)

where V,, is tidal amplitude, @ is tidal phase, w is the tidal frequency, and n is the number
of tidal constituents.

2.3 Model configuration

The horizontal grids have a spherical coordinate system with a resolution of 1/12° lon-
gitude (about 9.3 km) and 1/6° latitude (from 10 km near the Aleutian Islands to 7.4 km
in the Bering Strait. ) There are 24 ¢ layers in the vertical, o = (z-7n)/(H + %), where
n(x, y) and H(x, y) are the surface elevation and water depth, respectively. The vertical
resolution is higher near the surface and the bottom for a better representation of the surface
and bottom boundary layers. Vertical levels were defined at ¢ =0, -0.008, -0.016,
-0.031, -0.063, -0.125, -0.188, -0.250, -0.313, -0.375, -0.438,
-0.500, -0.563, -0.625, -0.688, -0.750, -0.813, -0.875, -0.938,
-0.969, -0.984, -0.992, -0.996, - 1. The model has split modes. The 2-D exter-
nal mode uses a time step of 20 seconds, and the 3-D internal mode uses time step of 600
seconds.

Bathymetry is obtained from 5-minute resolution ETOPOOS data; however the depths of
the Aleutian Islands and passes were modified according to NOAA ocean charts ( NOAA
Chart). Smoothing of topography was conducted for the steep slopes. Subtracting the area-
averaged climatological density field before calculating pressure gradient terms was applied
to substantially reduce errors to be less than 10% of the mean flow and other numerical er-
rors! 1031141 The above procedure is widely used in previous applications of ¢ coordinate
models. The maximum bottom slope allowed between two adjacent grid points is AH/H <0.
1. Maximum and minimum depths were set to 3000 m and 10 m, respectively. Upwind ad-
vection boundary conditions allow the advection of the monthly mean temperature and salini-
ty into the model domain under inflow conditions. At the open boundaries, vertically-aver-
aged inflow/outflow was prescribed on the basis of observations ( described later). For the
baroclinic velocities, Sommerfeld type radiation conditions were used('”). Observations
since the 1940s show that the annual mean net northward transport is about 0.8 Sv in the
Bering Strait' '822) | and seasonal variations exist with a larger transport in summer than in
winter. Therefore, the outflow transport was specified according to the monthly data.

Volume transport of the Alaskan Stream has been described by direct and indirect
measurement data. Cokelet et al. (1996) 23] used vessel-mounted Acoustic Doppler Cur-
rent Profiler (ADCP) measurements to obtain an Alaskan Stream transport of 24 Sv based
on an absolute reference for geostrophic currents ( 0/1500 db). Onishi and Ohtani
(1999)[24] , using current-meter mooring data, show that the Alaskan Stream volume
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(referred to the bottom). The westward flowing Alaskan Stream was specified at the west-
ern open boundary with a constant throughput of 25 Sv. The eastern boundary inflow is 29
Sv plus a transport that equals the northward outflow at the Bering Strait.

The model was initialized with the annual climatological temperature and salinity data

from the Polar science center Hydrographic Climatology ( PHC 3. 0, Steele et al.
7““’[26]\ Tha cea ina madal in tha Rarine Qaa wae nat innlndad in thic ctndy Manthlv

LTI, WE leTldall e INuuel 101 diuLer 10Ul yedrs Lslig e previous sixtn=yedr uur.pul
as the restart or initial conditions. During the four-year run, all the monthly atmospheric
forcings remained the same. Then, the last year variables were used for examining the sea-
sonal cycle in this study.

3 Simulation results
3.1 The validation of tides and tidal residual current

Two harmonic analyzed co-amplitude ( solid lines) and co-phase ( dashed lines) maps
of the principal semidiurnal lunar constituent M, and diurnal lunar constituent K, are shown
in Fig 3. A small change in amplitude and phase occurs in the deep basin. The amplitude
increases slowly from the deep basin to the shallow shelf, while it increases dramatically
close to the Alaskan coast, especially in Bristol Bay, and the maximum amplitude exceeds
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Fig.3 a) computed ampiitude ( soiid line, in centimeters) and phase ( dashed line, in degrees) of the semidi-
urnal M, ; b) computed amplitude ( solid line, in centimeters) and phase ( dashed line, in degrees) of
the semidiurnal K, , ¢) computed residual tidal current { m/s).

2 meters. There are five M2 amphidromic points due to tidal waves interference/superposi-
tion; in the western Gulf of Anadyr, in the northern Norton Sound, in Bristol Bay, in the
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south of St. Lawrence Is. , and at (167°W, 54°N). These results are similar to the previ-
ous studies(?’”. '

Differing from the M, distribution, the K, amplitude increases from the open ocean,
deep basin to the Bering Slope and then decreases in the outer-middle shelf, but again
quickly increases near the Alaskan coast. A notable feature is that the K,-amplitude re-

duces sharply across the Bering Slope, which was also observed by Kowalik (1999) %"
such that a tidal waves propagating into the continental slope and shelf areas locally induce
topographic waves where the local period of rotational-gravitational mode is equal to the tid-
al period. Tidally-generated topographic waves occur only in the regions poleward from the
critical latitude ; the latitude is 30N for K, tide and 74. 5N for M,. Thus, only diurnal topo-
graphic waves can be generated.

The energy of the basic tidal constituents is transferred toward longer periods and the
tidal currents averaged over tidal period generate residual current. The tidal stirring signifi-
cantly affects local vertical mixing and accelerates the resuspension of sediments and the re-
lease of nutrients. The residual tidal current contributes to long-term transport of nutrients
and particle materials. Measurement of residual tidal currents is almost impossible because
it is difficult to separate the tidal residual currents from wind-generated current ( also resid-
ual). In this study, a tide only model was implemented to examine the tidal residual cur-

rent.
The tidal residual current ( also called Lagrangian residual current) was calculated by
I 1T
Ug = T udt + D undt

where T is the tidal period, u is the tidal velocity, D is the water depth, and 7 is the sea
surface elevation. The first term on the right side is called the Eulerian residual current and
the second term is called the Stocks’ residual current. The result is shown in Figure 3¢,
plotting every 4-grids in both longitude and latitude. The tidal residual currents in the mid-
dle shelf and outer shelf flow consistently northwestward or northward with a magnitude of a-
bout 0.5 ¢cm/s, and part of the residual currents flows into Bering Strait. This may indicate
the long-term transport of material and neutrient transport from the southern Bering Shelf to
the northern Bering Shelf, and to the Arctic Ocean via Bering Strait.

3.2 General Circulation and Transport

The simulated summer circulations ( Figure 4a) show that the Alaskan Stream flows
westward along the Aleutian Islands and enters the Bering Sea via the Aleutian Passes main-
ly from the Kamchatka Strait, the Near Strait, the Amchitka Pass, the Amukta Pass, and
the Unimak Pass. Water enters the Bering Sea from the eastern side of the Kamchatka Strait
and the Near Strait and flows eastward along the north side of the Commander Islands to-
wards the Bowers Ridge. This current is not well documented except for a schematic dia-
gram of the Bering Sea circulation pattern ( Figure 2). This current flows clockwise along
the isobaths of the Bowers Ridge; part of the flow turns eastward at 178°E, 56°N and enters
the Aleutian Basin gyre, and the other part turns westward to form the clockwise Bowers Ba-
sin gyre.

The water from Bowers Ridge flows eastward from Amichikta Island to Unimak Island,
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Fig.4 The modeled Bering Sea surface circulation in July (upper panel) and February (lower panel). Color
bar indicates sea surface elevation (in meters).

which is well documented and named as ANSC[?’], The transport of the ANSC was esti-
mated to be about 2-4 Sv based on satellite-tracked drifting buoys and geostrophic flow re-
ferred to 500 db'2®!. The modeled transport of the ANSC is 5 Sv if the integration is con-
ducted from the Islands to the 2000 m isobath ( Figure 5), and increase to 10 Sv if the inte-
gration is conducted from the islands to the 3000 m isobath.
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Fig.5 Model-simulated stream function or transport in July (in Sverdrup, 1 Sv =10° m*s~'). The red con-
tours indicate 200 m and 1000 m isobaths.

The ANSC turns northwestward at the Bering Slope (about 167°W | 55°N) , then flows
along the 1000-3000 m isobaths on the Bering Slope to form the Bering Slope Current. The
Bering Slope Current becomes wider at 175°W, 56°N and bifurcates into two branches: one
branch flows westward into the Aleutian Basin and contributes to the northwest Aleutian Ba-
sin gyres; the other branch flows along the 1000-3000 m isobaths to the slope of Kamchat-
ka. Between the two branches there are large eddies, both clockwise and anticlockwise.
The Bering Slope Current keeps flowing southwestwardly parallel to the Siberian coast. The
transport in the Bering Slope Current is about 5 Sv ( Figures 5), which is integrated from
200 m to 1000 m isobaths. Note that the transport increases to 10 Sv if the integration is ex-
tended to 2000 m. The bathymetric feature of the Shirshov Ridge causes a southward deflec-
tion and reduction in speed. Some part of the water flows southward along the east side of
the Shirshov Ridge, and then merges into the ANSC. The other part of the water crosses the
Ridge and enters the Kamchatka Basin.

In the Kamchatka Basin there are several large eddies ( Figures 4a). An anticlockwise
eddy has a diameter of about 360 km with the center at 168°E, 59°N. The other clockwise
eddy has a diameter of about 400 km with the center located at about ( 167°E, 57°N).
There are mesoscale eddies on the right side of the two large eddies. The Alaska Stream en-
ters the Kamchatka Basin from the eastern Kamchatka Strait and flows northward until 58°
N, then turns west to merge with the Kamchatka Current, which flows southward and leaves
the Kamchatka Basin from the western Kamchatka Strait. The transport of the Kamchatka
Current integrated from coast to 3000 m isobath is about 20 Sv (see Figure 5), consistent
with the data-assimilated model estimate of 14-24 Sv by Panteleev et al. (2006 ) [29]

A current with an order of 1. 0 Sv along the east coast of Siberia (173°E, 61°N),
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which originates from part of the Bering Slope Current water, turns northward at (173°E,
61°N), flows northeastward clinging to the coast, passes around Cape Navarin, and enters
the Gulf of Anadyr. The clockwise current exits the Gulf from Anadyr Strait west of St.
Lawrence Island and flows to the Bering Strait ( Figure 4a). However, this current is weak
in winter ( Figure 4b). Data from observed temperature, salinity, buoy drifters! %’ , and
the summer nitrate concentration in the Anadyr Water all confirm that the current enters the
Gulf of Anadyr from the south of Cape Navarin, parallel to the Siberian coast on the Gulf of
Anadyr, turns eastward, flows to the Strait of Anadyr, and then flows into the Bering
Strait 307,

The winter circulation pattern ( Figure 4b) is similar to that in summer, except that 1)
the current in the Gulf of Anadyr is weaker (5 cm/s) than in summer (10 em/s), and 2)
the shelf current is stronger in winter than in summer.

The stream function ( Figure 5) and major current transports were calculated based on
our model simulation. Overall, the general circulation in the deep basin is cyclonic. The o-
verall transport in the Aleutian Basin, the Kamchatka Basin, and the Bowers Basin are esti-
mated in the upper 3000 m to be 60 Sv, 40 Sv, and 50 Sv, respectively. The barotropic
circulation in the Bering shelf is about 1.2 Sv, while the wind driven circulation contributes
about 0.3 Sv, totaling an 1.5 Sv transport on the Bering shelf (see Figure 5). Although
the inflow condition for the Alaskan Stream is 29 Sv, the Alaskan Stream can have a trans-
port up to 30 Sv, while the circulation downstream of the Alaskan Stream ( see the left cor-
ner of Figure 5) can reach about 40 Sv.

Topography is a well-known important dynamic factor for veering the ocean circulation
in the Bering Sea . Figure 6 shows a clear picture of the 1 0 0 - m circulation pattern that
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Fig. 6 Model-simulated ocean current field at 100 m depth.
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veered by topography. For instance, the Bering Slope current is veered by the Bering Slope
until it reaches a ridge at (176W, 57.5N), causing a bifurcation into two branches. The
Shirshov and Bowers Ridges clearly veer the current that flows along the isobaths. The
Kamchatka Current is another example that bears the signature of both the topography and
coastline.

3.3 The Bering Sea shelf circulation

The summer vertically-averaged circulation on the Bering Sea shelf ( Figure 7a) is rel-
atively weak ( <5 em/s) , flowing northwestward or northward. The water enters from the
Unimak Pass bifurcated into two branches: one branch flows directly into the Bering Slope
along the 200-m isobath via the east side of the Pribilof Islands, then flows (34 cm/s)
northwestward along about 100-m isobath, and eventually joins the current of the Gulf of
Anadyr in the Bering Strait. Most of the Anadyr Current flows along the Siberian coast,
which agrees with the observations('8:3°). The other branch ( about 34 em/s) flows north-
eastward along the Alaska Peninsula into Bristol Bay. The current in Bristol Bay flows anti-
clockwise along the isobaths, and bifurcates as it exits the bay. One branch ( about 2-3 em/
s) flows approximately along the 50-m isobath northwestward in the middle shelf and enters
the Bering Strait. The other branch (1-2 cm/s) flows northward along the Alaska coast,
passes the Nunivak Strait, turns anticlockwise (5 em/s) in the mouth of the Norton Sound,
and enters the Bering Strait.
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Fig. 7 Model-simualted Bering Sea Shelf vertically-averaged current in summer ( upper panel) and in winter
(lower). Black arrows indicate current velocity smaller than 10 cm/s and red arrows indicate current
velocity greater than 10 em/s. The green contours denote isobaths in meters. The thickened arrows show
evelonie/anticyelonic ( anticlockwise/clockwise) circulation patterns in Bristol Bay and Norton Sound in
summer/ winler.

The winter circulation is similar to the summer circulation in the middle and outer Be-
ring Shelf ( Figure 7b) , but with a larger magnitude due to predominant wind forcing. The
surface current direction differs from the bottom current direction. The surface current fol-
lows the wind direction, whereas the vertically-averaged current flows northerly or north-
westwardly. In the inner shelf, the currents vary noticeably. The water exiting from Bristol
Bay flows southwestward to 163°W, 55°N along the north of the Alaska Peninsula. This
current in Nunivak Strait becomes strong (about 5 em/s) and flows northward. The cur-
rents in Bristol Bay and in Norton Sound flow clockwise in winter compared to the anticlock-
wise circulation in summer, consistent with previous observations!3.

3.4 The shelf-break counter current?

Just north of the Bering Slope Current, the model captures a narrow (30-50 km)
counter current ( Figure 8) almost parallel to the Bering Slope Current, which extends from
179°E, 62°N to 168°W, 55°N along about 200 m isobath. The current tends to be stronger
while it flows southeastward possibly because of the entrainment of water from both the shelf
and the Bering Slope Current. The entrained water from the shelf is mainly located at 176 —
178°W, 59°N, while the entrained water from the basin is located at about 173 —172°W
57°N. This counter current is stronger in summer ( from July to November, about 56 cm/
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s) than in winter-spring ( from December to June, about 34 cm/s). The model results
show that the Bering Slope Current provides major water to the counter current. Although a
current vector opposite to the Bering Slope Current was observed near the 200-m isobath
(see S11 in Fig. 2 of Cokelet and Stabeno 1997) '] | more observations are required to
support the existence of this counter current.

62.0°N

61.0°N

60.0°N

59.0°N

58.0°N

57.0°N

56.0°N

55.0°N

Fig.8 Model-simulated shell break counter current. Black arrows indicate current velocity smaller than 10 cm/
s and red arrows indicate current velocity greater than 10 em/s. The February vertically averaged cur-
rents in the slope and shallow shelf basically flow northward or northwestward, while the shelf break
counter current (5-10 em/s) flows southeastward almost along the 200-m isobath ( the green contours) .

3.5 Vertical features in the shelf break-slope area

Nutrient transport from deep basin to the shelf is considered to be one of the main fac-
tors for high primary productivity on the shelf break, such as in the Bering Sea Green
Belt{32-33] . Overlying the continental slope, the shelf break front separates the shelf water
from the deep basin water. Available data show that this front persists throughout the
year 3],

The velocity of the Bering Slope Current ( Figure 9a) is about 40 ecm s ™', flowing
northwestward along about 1000-m isobath , which is located at a downwelling ( about 10 ~°
ms~!) area (Figure 9b). The shelf break counter current flows southeastward along about
200-m isobath (Figure 8), corresponding to the upwelling area ( Figure 9b).

The simulated temperature ( Figure 9c) and salinity ( Figure 9d) fronts on the shelf
break ( at depth at 80-120 m) are clearly captured. The 4.5-5.5°C isotherms at 80-120 m
tend to be bended beneath. There is a salinity gradient change from 32.4 to 33.0 psu,
which corresponds to the upwelling area (Figure 9b). This upwelling band may be one of
the mechanisms that can maintain the Green Belt by pumping the nutrient-rich subsurface
water upward to the upper layer. '
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The mechanisms of the upwelling and downwelling as simulated could be very com-
plex. Mesoscale eddies may be one of the causes that can cause convergence and divergence

[33.35]

zones near troughs and ridges of a mesoscale eddy . This needs detailed research by

both modeling and observations.
4 Conclusions and discussion

Based on the above results, the following conclusions can be drawn;

1) The model reproduced the observed circulation pattern. The circulation in the deep
basin has a cyclonic circulation with little seasonal changes. The deep basin transports are
a result of barotropic, baroclinic, and wind-driven circulation. The overall general circula-
tion pattern is steered by topography and superimposed by multiple large gyres. The major
current transports were compared reasonably to observations.

2) The Bering Shelf currents are weak and northward or northwestward with seasonal
variations. The winter current is stronger than in summer due to predominant wind forcing.
In contrast, the Gulf of Anadyr Current is stronger in summer than in winter due to stronger
barotropic transport via the Bering Strait. In the inner shelf, the circulations in Bristal Bay
and Norton Sound are cyclonic in summer compared to the anticyclones in winter, compa-
ring reasonably with the previous measurements.

3) A counter current was captured, which flows southeastward along 200 m isobath a-
gainst the Bering Slope Current, is located at an upwelling area on the shelf break (120-
1000 m). However, its existence needs to be proven by systematic observations. The
mechanisms of this current may be due to the entrainment of both the Bering shelf water and
Bering Slope Current water. Strong wind forcing may be responsible for the counter current.
The mechanisms of the counter current and the mechanisms of upwelling and downwelling
regions were not investigated in depth in this study. More observational, numerical, and
theoretical research is recommended to identify these processes and mechanisms in the near
future.
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