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[1] Winter water formation is examined in the Chukchi Sea for the winters 02008

using a primitive equation ocean model forced by NCEP wind and surface salinity flux
derived from SSM/I thin ice thickness estimates. The model is also forced by an external
inflow of 0.8 Sv through the Bering Strait. The model successfully reproduces the
oceanic circulation on the Chukchi shelf, thus providing numerous insights into
behaviors of salenriched water produced on the shelf. The experiments show that under
northeasterly winds, northward throughflow across Barrow Canyon is reduced. This
results in salinity buildup under freezing conditions and ultimately in greater
enhancement of salinity of the waters carried into the Arctic Basin. The flow and salinity
enhancement of the flow through Herald Canyon is less extreme but more steady than
through Barrow Canyon. Together with moored salinity in the Bering Strait, the model
results estimate the actual salinity to be 32.9 £ 0.8 psu and 32.7 = 0.3 psu, respectively,
for waters moving through the Barrow and Herald Canyons. Both estimates are less than
33.1 psu that is typically observed for the cold halostad layer in the Canada Basin,
suggesting the importance of diapycnal mixing with saltier Atlantic origin water.

Citation: Kawaguchi, Y., T. Tamura, S. Nishino, T. Kikuchi, M. Itoh, and H. Mitsudera (2011), Numerical study of winter
water formation in the Chukchi Sea: Roles and impacts of coastal polyhy@spphys. Resl16, C07025,
doi:10.1029/2010JC006606.

1. Introduction areas for cold and saline shelf waters in the Arctic Ocean

[2] In the Arctic Ocean, the cold halocline layer betwee%{ause of frequent polynya occurrenSaimada et al.

depths of 50 and 200 m acts as an effective barrier betw 05] examined the varieties and spatial distribution of

relativelv fresh surf mixed laver and the warmer ific and Eastern Arctic origin halocline waters in the
elatively Tresh surtace ed layer a € warmer apg,ada Basin based on hydrographical data. They insisted

z%alg]eer r'?g@)z}ilﬁela}gereﬁat%aeamifet dallé 1?%;3\522 ;b:im\j\?th t the halocline structure in the Canada Basin differs from
heat flux from theyuﬁderl in warn)1/ water. and this gouall t found in the Eastern Arctic because it includes fresh
: ying P Igacific Winter Water (hereafter referred to as PWW) and
promote melting of the sea ice cover. One principal MegL " co1q halostad lay@rwhich has relatively weak
anism for halocline formation is ice production and.sfication in the halocline layer and has nearly homoge-
accompanying brine rejection over the shallow continen ous temperature close to freezing podftimada et al
shelves; these processes create cold and saline waters {96 ] also argued that the PWW, and consequently. the
gl?r?gelgdefcégsv?/;neaszﬂgSl(\)/\E)aetea:gdoﬁt?gl,ab}rittigeoiﬂgnhé d halostad layer, has an nonuniform spatial structure that
> 1ay g P ) -vAries depending on the pathways and source waters. This
addition, the salinityenhanced winter water on the Shelf is\y that moves along the eastern Chukchi shelf exhibits a
ESE‘;VL:]rf;%edIZI'\Srinathcgg\srg?gaé’;esi r&/r%?suhmeto; nltgggfts Ide range of salinities because of occasional salt produc-
Previo syst dies e.owinsor and B'érkZObO ha.e tion, and subsequently, it spreads along the northern Chukchi
_ 3] Previous studies [e.gWi { ] have ¢ 06 and into the southern Canada Basin. In contrast, in the
identified the Chukchi shelf as one of the most productl\(ggion downstream of the Herald Canyon, the PWW intru-
sion from the western Chukchi Sea results in a narrow

"~ 13apan Agency for MarinEarth Science and Technology. Yokosuka’salinity range and restricted ventilation. The present study

Japan. aims to reveal and quantify the spatial variation of PWW
“Antarctic Climate and Ecosystem Cooperative Research Cengistribution indicated from hydrographical observation such
University of Tasmania, Hobart, Tasmania, Australia. asShimada et al[2005].

SNational Institute of Polar Research, Tachikawa, Japan. ;
“Institute of Low Temperature Science, Hokkaido University, Sapporo [4] Weingartner et a|[1998, 2005] analyzed the hydro

Japan. graphical measurements obtained from moorings at several
locations on the Chukchi shelf. They found outbreaks of

Copyright 2011 by the American Geophysical Union. cold and hypersaline water (>34.0 psu) that were capable of
0148 0227/11/2010JC006606
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ventilating the lower halocline layer as well as the de&hukchi shelf. Because the model is also forced by the
Canada Basin, and suggested that these were attributablutéace salinity fluxes derived from SSM/I brightness tem-
considerable ice formation associated with the polynparature {ps [Tamura et al. 2007, 2008;Tamura and
activity between Pt. Barrow and Cape Lisburne (hereaf@hshima 2011], it is capable of showing both the pro-
referred to as Barrow coastal polynya). cesses for formation and transportation of ealiched
[5] Winsor and Bj6rk[2000] calculated ice productionswater. We then calculate the volume flux and its annual
for 28 Arctic coastal polynyas between 1958 and 1997 usingriability ventilating the winter water layer in the western
an analytical polynya model that gives offshore polynyarctic Ocean. Furthermore, sea ice production data is ana-
width (polynya area per coastal length) from the offsholgzed and discussed from the perspective of horizontal dis-
wind speed and air temperatufeepse 1987]. They also tribution, interannual and interseasonal variability for the
estimated the volume of salinignhanced water producedl992-2006 period.
in the Chukchi Sea as a consequence of polynya activity. Ifg] In section 2, the oceanic model is described along
their estimation, the Pacific origin water, approximatelyith the SSM/I thin ice thickness algorithm. Then, the sea
31.6 psu in September, can be enhanced up te-38.psu ice production derived from the algorithm is analyzed in
(35-42 psu if the advection of 2 cm’sis not incorporated), section 3. The model results are presented in sectiohs 4
corresponding to a density between the lower halocline drigst, the simulated circulation is verified in comparison
the deep Atlantic water layers in the Canada Basfimsor with mooring measurements in section 4. Then, dense
and Chapmarf2002] examined dense water formation fowater formation for the 1993 and 1994 winters are
the Barrow coastal polynya using a thiienensional oce- described in section 5, where these winters are represen-
anic model and they determined the salinity (densitigtive for frequent and less frequent polynya occurrence,
associated with baroclinic eddies generated along tespectively. In section 6, water volume of the ventilated
polynya edge. They showed that the maximum saliniBWW is quantitatively discussed. In section 7, practical
anomaly is typically 181.5 psu beneath the polynya (desalinity value to ventilate the cold halocline layer is dis-
pending on the forcing data set used) and also discussedctigsed. Finally, section 8 summarizes the present study.
interannual variability of the production volume of the
water.Martin et al.[2004] calculated ice formation volumep  Model and Data Descriptions
for the same polynya between 1990 and 2001, based on heat ,
flux calculations at ocean surface with Special Sensdd- Oceanic Model
Microwave Imagery (SSM/I) derived sea ice thickness]io] In this study, we adopted the Princeton Ocean Model
They compared the ice volume derived using the SSMROM), a free surface, hydrostatic, primitive equation model
algorithm (seeMartin et al. [2004] for detail) with that [Blumberg and Mellgr1987]. This model uses stretched,
obtained byWinsor and Chapmar2002] that used the terrainfollowing coordinates in the vertical and orthogonal
Peases [1987] analytical model. They then showed a sigurvilinear coordinates in the horizontal. For the present
nificant difference between the two estimates. study, the model gives solutions for 11 sigma levels, located
[6] Most previous studies have focused on dense watgrrelative depths of 0, 0.1, 0.2, 0.3, 0.5, 0.7, 0.9, 0.95,
volume and its maximum salinity produced upon th@988, 0.99, and 1.0, where 0 and 1.0 denote the bottom and
Chukchi shelf. However, hardly any studies have athe surface, respectively. The POM solves the standard
dressed the amount of water entering the Canada Basin Bodssinesq momentum, temperature, salinity, and continu-
actually contributing to the ventilation at the cold haloclingy equations. The model domain covers the Chukchi shelf,
layer. This problem may significantly depend on how well75-215°E (145°W) and 655°N (Figure 1), which ex-
oceanic circulation and also surface salinity flux, becaussmds westward up to the west of Wrangel Island in the East
of sea ice production, are reproduced. Furthermore, @iberian Sea, eastward along the entire Beaufort shelf,
saltenriched water is very limited; it passes the shelfbreaguthward to the Bering Strait, and northward to the middle
only through a few channels, e.g., the Barrow and Heralfithe Chukchi Borderland. Choice of the model domain is
Canyons. Therefore, local current velocity and detailsimilar to that bywinsor and ChapmafR004], except that
bathymetry is essential to quantitatively estimate volurttee northward extension of 75°N is less broad than their
flux and its salinity in the cold halocline layer. configuration, 78°N. The rotational Coriolis parameters are
[7] Climate changes in the western Arctic Ocean acalculated depending on the local grids betweer/ 55N,
dominated by pronounced summer ice reduction [e.garrespondingto 1-3.4 x 104s ™.
Shimada et a).2006; Stroeve et a].2007]. Since distribu- [11] In the model, the horizontal resolution is 1/20 and
tion of multiyear ice in autumn can significantly affect ic8/20° in latitude and longitude, respectively, correspond-
production the following winter, summer ice retreat tendsitoy to approximately 5.5 km and-4 km; this is suffi-
increase winter ice production. Furthermore, recent changestly fine to resolve detailed structures of the current
in atmospheric wind system, such as the Arctic Oscillatiosteered by the bathymetry, including intensified velocity at
primarily determine ice drift velocityRigor et al, 2002] both the Barrow and Herald Canyons. The model domain has
and consequently the amount of ice outflow from the regitiree open boundaries on the north, east, and west edges, at
[Kwok 2008]. This may also influence polynya activityvhich radiation open boundary condition is applied for the
because local wind direction over coastal region determinateral boundary (G. L. Mellor, Users guide for a three
polynya area and its frequendggwaguchi et al.2010].  dimensional, primitive equation, numerical ocean model,
[¢] In the present paper, we conduct a thdémensional http://www.aos.princeton.edu/WWWPUBLIC/htdocs.pom/,
simulation for winters 19922006 at a fine spatial resolution2004). The bathymetry is taken from the International
that can reproduce the detailed ocean circulation on Bathymetry Chart of the Arctic Ocean (IBCAO) with a
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Figure 1. A planview of model domain. Regions enclosed by dashed lines denote East Siberian (region A),
Barrow (region B), and Kotzebue (region C) coastal polynyas. Moored current velocities are also plotted

in vector, which are averages between September 1990 and September 1991. See the main text and also
Woodgate et al[2005c] for detailed information about the mooring systems.

spatial resolution of 2.5 km, which is interpolated to fit thehere S, and § are the salinity of seawater and sea ice,
model grid with a Gaussian filter of 10 km in effectiveespectively, and they are set&s S, x 0.31 Martin and
length. The bottom topography is cut off such that it is flat fastaufman 1981], whereS, = 32.0 psu. The model is also
regions deeper than 300 m. forced by the inflow that is externally imposed at the southern
[12] In this study, a series of simulations are performed fboundary of 189191°E (169171°W). The external inflow
winters of 19922006, where each run begins on Novemberig here given to be 0.8 Sv, so that it is roughly consistent with
and lasts until May 31. The numerical calculation begins fratime in situ estimation provided B{/oodgate et al[2005b,
rest with spatially homogeneous salinity and temperatu2®05c]; the effect of its variation on the dense water forma-
respectively set to be 32.0 psu an@.5°C. In the present tion is examined in section 6.3.
study, the salinity anomaly from the initial value indicates o _
salinity enhancement from ice production, and then, tRe2. Surface Salinity Flux From SSM/I Thin Ice
temperature is fixed aD.5°C. The model is forced with daily Thickness Algorithm
surface salinity flux estimated from the SSM/I thin ice thick-[14] The surface salinity flux calculated from sea ice
ness algorithm and heat flux calculatichafnura and production is based on the heat budget calculation using the
Ohshima 2011], whose details are described in section 22SM/I thin ice algorithm developed byamura and
In this study, we do not couple an explicit ice model with th®hshima [2011; see alsoTamura et al. 2007, 2008].
oceanic model because it is uncertain whether it correclljeir estimation used the Equal Area Scalable Eartt
predicts the distributions of ice concentration and ice thigeASE Grid) SSM/I brightness temperatuifgs that were
ness for each winter. provided by the National Snow and Ice Data Center
[13] We force the model based on a following formulaNSIDC). The data set is in turn interpolated to match the
tion, C4U;0 U1o, WhereUq is daily 10 m winds, provided Chukchi regional simulation performed in this study.
from National Centers for Environmental Predictiomamura and Ohshim§2011] estimated sea ice thickness
(NCEP), andCy4 = 0.0015 (kg m®). The surface salinity flux from the SSM/IT,s and validated with thicknesses derived
(Fs) is calculated after conversion from the ice productidrom thermal infrared Advanced Very High Resolution
rateV; by the following equation [ciCavalieri and Martin Radiometer (AVHRR) dataYu and Rothrock 1996;

1994; Martin et al, 1998]: Drucker et al, 2003; Tamura et al. 2006]; the thickness
. was then applied to calculate the heat flux at the sea ice
Fsva iVid& SP 107 ab  surface conducted through the ice interior. Air and dew
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Figure 2. Cumulative ice production (in meter) between November and March ir-200@. Vectors
represent an average of 10 m wind velocity for the period in the northeastern Chukchi Sea, where max-
imum strength is approximately 4 m‘sn the winter of 2000.
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of the ice thickness estimation, heat budget calculation, and
sea ice production at the ocean surface.

3. Analyses of Sea Ice Production Using SSM/I
Algorithm

[16] We describe characteristics of sea ice production
derived using the SSM/I algorithm from the viewpoint of
spatial distribution, its interannual and interseasonal variations.

3.1. Spatial Distribution

[17] Figure 2 shows horizontal distribution of cumulative
ice production for each winter during 192206 over the
Chukchi shelf. The most prominent feature is extensive sea ice
formation confined within narrow coastal regions. Figure 2
exhibits that the polynya activity in this regions is highly
variable over the years. Another feature is substantial ice
production over the broad shelf region in the Chukchi Sea,
equivalent to 051 m as an accumulated value, indicating
seasonal ice formation rather than spatially confined polynya
activity.

[18] Figure 3a shows cumulative ice production for three
coastal polynyas in the Chukchi Sea: a polynya between Pt.
Barrow and Cape Lisburne (Barrow coastal polynya as
defined previously), a polynya in the Kotzebue Sound
(Kotzebue polynya) in the northeast part of the Bering Strait,
and a polynya along the East Siberian coast (East Siberian
coastal polynya).

3.1.1. Barrow Coastal Polynya

[19] The Barrow coastal polynya exhibits the highest ice
production, 175 krhon average between 1992 and 20086,
and its annual variability is consistent withartin et al.
[2004] (hereafter referred to as MO04). Ice production is
highest in 2000 and lowest in 1994. M04 reported the
integrated ice volume to be 70 Rion average, which is less
than half of our estimate. On the other haB@dyalieri and
1994] (hereafter referred to as CM94) reported
ice volume, which is relatively close to our value.

e considerable difference between our and «81@bti-

ate is probably due to duration used in the calculation: in
our and CM94s estimation, ice production is assumed to
start as the sea ice concentration (SIC) exceeds a threshold

point temperatures (both at a height of 2 m), and the 10jjnthe early winter; we consider the SIC threshold to be
wind and mean sea level pressure (SLP) are also used in Bgat (see section 2.2), whereas CM94 used 15% and 30%.
budget calculation, which are taken from NCEP2 (Nationglo4 manually determined the onset of ice production
Centers for Environmental Prediction/Department of Energicause they mainly focused on the polynya activity of the
Reanalysis) data. Barrow coastal polynya.

[15] We should note that there is a possibility that in the 1.2, Kotzebue Polynya
early freezing period (e.g. November), heat loss in the thiyg] The Kotzebue polynya exhibits the secdrighest
ice region could be used for the cooling of surface watge production, and it is comparable to that in the Barrow
instead of being used for sea ice production; this may legélynya in our estimate. The polynya occurrence in the
to overestimation of sea ice production. However, in thtzebue Sound is not very sensitive to the northeasterly
above estimation of sea ice production and salt flux, iggnd (Figure 4a), unlike the Barrow polynya, but it exhibits
production only occurred in thin ice region (<0.15 Mgyfficient polynya occurrences. This may be because of the
whose ice concentration is more than 30%, where Bootstgfinplex geometry adjacent to the Kotzebue Sound, leading
sea ice concentratiol©pmiso et al. 1984;Comisq 1986] +to an offshore wind component for various wind directions,

provided by NSIDC is used. This conservative threshold @hich in turn results in a favorable condition for polynya
30% ice concentration is considered to be enough to assygation.

that the water temperature under the ice is at the freezgig 3. East Siberian Coastal Polynya

point (271 K), leading to low probability of overestimation [51] |ce production in the East Siberian coastal polynya is
of ice production. Please referfamura et al[2007, 2008] 0,52 m per year, which is close to the seasonal ice pro-
and Tamura and Ohshim§011] for detailed descriptions duction observed over the central Chukchi Sea. This implies
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Figure 4. (a) Time series of correlation coefficients between daily wind velocity and thin ice area, where
U andV are wind components for eastward and northward direction, respectively. (b) Occurrence (days)
of thin ice event in each polynya region. It is counted when thin ice area is greater than 20°000 km
corresponding to 50 km polynya width supposing 400 km coastline. Note thie&eegion before

20th December is not included in the calculation.

that the East Siberian polynya occurs infrequently relativedioelf region immediately after the water column reaches
the other two polynyas (Figure 4b). As an exception, it wése freezing temperature. The ice production is highest in
very active in winter 1993 when the integrated ice volunidovember and second highest in December, when the
reached 210 kfhthis was comparable to volumes of 286 antespective averages for the 15 winters are 328 &nd
284 kn?* for the Barrow and Kotzebue polynyas, respectivel§76 kn?, corresponding to 44% and 24% of the total ice
production averaged for the winters. In M@dstimation, itis
3.2. Interannual and Interseasonal Variations highest in December and second highest in November; this is
[22] Figure 3b shows interannual and interseasonal vaprobably because they only consider ice production occurred
ability of ice production integrated over the entire ChukcHl the Barrow coastal polynya. Additionally, they did not
shelf. Note that it includes ice production in the remainder g€lude ice production before the coastal area was completely
the Chukchi shelf besides the coastal polynyas. The annéigirounded by the firstear ice, thus neglecting the growth of
variability of ice production is generally consistent with th@mbient sea ice. While ice productioniis largely stable in early
sum of that in each polynya (Figure 3a), the average bem@']ter, it Is very variable durlng the midwinter between )
730 kn?® with the variation of 30%. Accumulated ice vol- January and March. The average value for the three months is
ume is similar to CMO% estimate: it is 850 and 680 Rm 77 km®with 65% (50 kni) standard deviation. This indicates
respectively, for early and late start days on the basis of $f@t polynya occurrence is quite sensitive to various factors
thresholds of 15 and 30%. In contrast, it is greater by a facich as wind velocity, oceanic current, and ice concentration.
of 10 as compared to analytical polynya models, such as those i i .
by Winsor and Bjor{2000] andWinsor and Chapman 3-3. Relationship Between Polynya Activity
[2002]. From the viewpoint of ice volume flux exportednd Atmospheric Circulation
through Fram Strait,3400 kn¥ [Rothrock et a].2000], itis  [24] Here, relationship between the frequency of polynya
equivalent to 20%. occurrence and atmospheric wind pattern is discussed.
[23] Figure 3 also shows that most ice production occuFsgure 2 depicts surface wind vector integrated over the
in early winter, i.e., November and December. This morthern Chukchi Sea (692°N, 185-205°E). Figure 2 il-
because numerous amount of frazil ice is formed over thistrates that the Barrow coastal polynya appears to open
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Figure 5. Mean SLP and 10 m wind for groups with (a) frequent and (b) infrequent polynya occur-
rences: 1993, 2000, and 2003, and 1994, 1998, 1999, 2005, and 2006, respectively. (c) Differences of
SLP and wind velocity between the two groups. (d and e) Ice thicknesses averaged over respective groups
of frequent and infrequent polynya years. (f) Iciekhess difference between the two groups, where
values in Figure 5d are subtracted by those in Figure 5e.

favorably when northeasterly wind blows strongly over ttend low ice production based on its statistical average
region, which is intuitively consistent with the correlationsegarding the Barrow polynya. The consequence shows that
shown in Figure 4a. For example, such wind componentvignters (1993, 2000, 2003) are highly ice productive, while
quite large in winters 1993, 2000, and 200343n s%), winters (1994, 1998, 1999, 2005, 2006) have low ice pro-
when coastal polynyas are formed frequently (Figure 4bction (Figures 5d, 5e, and 5f), where members of each
and thus, the accumulated ice production volume duringyeup are selected based on whether deviation from the
winter is considerably large; it is equivalent 18 m per average is greater than a standard deviation 6.7%kh@,
unit area for the winter. In contrast, wind velocities ai#8% of the 15 years average, or not.
lower (<2 m s?) for winters 1994, 1998, 2005, and 2006, [26] Figure 5 plots results of the analysis, where surface
when the annual accumulated volume is reduced to betweeénd vectors overlaid with the SLP contours are plotted for
1 and 4 m per unit area. each group. Comparison between the two groups shows a
[25] To clarify the relationship between wind pattern ansignificant difference in the synoptic atmospheric circula-
polynya formation, we conducted a composite analysistion. In both groups, the Aleutian lopressure and Beaufort
terms of SLP pattern over the north Paeifientral Arctic high pressure systems are commonly established over the
Oceans, where they are classified into two groups of hitjlorth Pacific and the Western Arctic Oceans, respectively.
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(a) Simulated current obtained by the University of Washington. The multiple
mooring systems were deployed at approximately 10 m
above the seafloor and current velocity was recorded
between September 1990 and September 1991, these cover
the entire Chukchi shelf and enable the calculation of net
fluxes of water volume, heat, and salt (see the paper by
Woodgate et al[2005c] for further information).

[28] Figures 1 and 6, and Table 1 show comparisons
between observed and modeled current velocities, where the
model output is averaged between November 1990 and May
1991. Figures 1 and 6 and Table 1 show that the simulation
suitably captures the characteristics of the observed circu-
lation over the Chukchi Sea.

[29] Observed northward flow in the vicinity of the Bering
Strait is well reproduced by the model, where the velocities
to the east and west (MA1 and MA2) of Diomede Island are
calculated to be 24 and 28 cnt sespectively in the model,
similar to the observation 0f29 cm s (Table 1). To the
north of the Bering Strait, MA3, they are similarly con-
sistent in both magnitude and direction, where the current
speeds are roughly 20 cm'sdirected northward with a
small westward fraction. With regard to the MC line across
the central Chukchi Sea, the intensified northward flow
(>20 cm s*) via the Bering Strait bifurcates into the broad
northwestward passage entering the Hope Valley and the

relatively narrow branch moving north along the Alaskan
A ” coast. For these features, the modeled velocity agrees well
£y l SRG Y . with the observed one at MC2, 3, and 4, which are
Y 2 A * directed northwestward with velocities of53 cm s™.
MC®6, located to the west of Pt. Hope, flows northward
along the Alaskan coast; it is simulated to have a velocity
of 3.1 cm s, and this is slightly smaller than the mea-
< sured magnitude of 4.1 cm’s
[30] Because there were no moorings in this year over the
Hanna and Herald Shoals and on the northern shelf slope,
— the model results shown in Figure 6a are also compared with
those from a barotropic ocean modalifisor and Chapman
Figure 6. (a) Simulated current velocity (m'3, averaged 2004]. The mean ocean circulation calculated for 1990/1991
from November to May in 1990/1991, and (b) NCEP windinter resembles their circulation that is forced merely by a
vectors (m s at 10 m height that are averages for the sarateady northward inflow of 0.8 Sv from the Bering Strait
period. [Winsor and Chapmar2004, Figure 3]. The broad north-
ward flow via the Bering Strait trifurcates into three major
branches to the west of Pt. Hope as mentioned. Subse-

However, there are substantial differences between the §t§ntly, the eastern passage moves northeastward along the
cases. For example, it is found in the intensity of BeaufdM@skan coast (this current is called the Alaskan Coastal
high pressure system, and additionally, it is on the locatiérrent, or simply ACC) and directly drains into the Barrow

of Aleutian low pressure system (Figure 5c¢). That is, in tfe@nyon. The broadest branch moving through the Hope
frequent polynya occurrence group, the Beaufort hi%g(gr?y is mtensme_d_ as it passes thro_ugh the Herald Valley.
pressure tends to be further intensified on its center core, e of the Pacific origin water via the Herald Canyon
additionally, the Aleutian low pressure system is locat&gcapes by descending across the slope into the west of the
further west relative to the other group. Such synogtide Chukchi Borderland, gr_ld then moves eastward along the
atmospheric patterns may induce the stronger SLP contf!f edge. The remaining branch moves along the middle
between the north and the south of the Alaskan continent Pgghway between the Herald and the Hanna Shoals, which is

that it promotes northeasterly winds, and consequently, ¢alled the Central Channel byeingartner et al[1998], and
sults in more frequent polynya occurrence. some of them join the eastward flows from the Herald

Canyon to the north of the Hanna Shoal.
4. Reproduction of Oceanic Circulation: [=1] Af\c%ordl_ilng t%t?:e mooredhmeas%remznaat MF%* tol the
. . : : : west of the Herald Canyon, the northward flow is far less
Comparison With Multiple Moorings in 1990/1991 intensified relative to the other side of MF2 (see Table 1). In
[27] To verify the application of the model for the probthe model, the current strength is 3.6 crhat the western
lem of dense water formation in the Chukchi Sea, the siside; this is smaller than the strength of 11 crhat the
ulated current is compared with the mooring observatieastern side, although it is still larger than the measured
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Table 1. Observed and Simulated Current Velocity at Each Mooring Lo&ation

C07025

Mooring Observed Magnitude Direction Modeled Magnitude  Direction

Identifier Location Longitude (W), Latitude (N) (cms? (deg) (cms? (deg)
MA1 West Bering Strait 169°25,765°54.0 29 27 24 24
MA2 East Bering Strait 168°35,%65°46.5 29 8 28 2
MA3 North Bering Strait 168°57.966°17.6 22 338 20 331
MC1 West Central Channel 174°33.87°56.9 1.2 9 3.1 318
MC2 Central Channel 172°29,.%8°20.5 45 327 5.4 307
MC3 Central Channel 171°4,468°36.7 5.2 320 5.3 309
MC4 Central Channel 169°35,68°51.4 5.4 331 3.3 334
MC6 East Central Channel 166°57.89°1.1 4.1 6 3.1 7
ME2 North Long Strait 181°33.170°29.7 3.1 294 21 271
MF1 West Herald Valley 175°43,971°6.9 0.4 337 3.6 32
MF2 East Herald Valley 174°11,270°57.8 12 358 11 1
MK1 Barrow Canyon 159°41.971°2.0 14 74 18 59

#The values for the observed current are taken from the papéobgigate et a[2005c]. The model speed and direction are from the nearest grid points
encompassing the mooring positions.

speed of 0.4 cm 3. This is probably because the velocity aken from the basin does not have any net influence on
the west is affected by the eastside current in the motled salinity estimation.
owing to the difficulty in fully resolving the velocity in such [33] Finally, we discuss the volume flux via the Long
a narrow strait. Strait. Our model simulates the magnitude of the westward
[32] In the Barrow Canyon, corresponding to MK1 in theelocity there to be 2.1 cm % which is similar to the in
moorings, there is a slight difference in magnitude betwesitu measurement of 3.1 cm*sat ME2. The net transport
the model and observed velocities. Both the records showia the channel is 0.03 + 0.06 Sv, which is negligible as
topographically steered northeastward velocity; it hascampared to the total volume 0f0.7 Sv through the
magnitude of 18 cm $ in the model, which is larger thanBering Strait.
the velocity of 14.4 cm ¢ obtained from the in situ mea- [34] The winter of 1990/1991 is considered to be a typical
surement. This difference can be explained by the fact thanter from the viewpoint of wind pattern (Figure 6b). In this
our model underestimates the reverse current from thimter, northeasterly wind blows with a strength 8fm s *
Canada Basin that is principally induced by the eastedy average. Then, the external inflow of 0.8 Sv from the
wind [Winsor and Chapman2004], which is frequently southern boundary is weakened by the northeasterly wind,
observed from October to March in the winter of 199®king roughly 0.65 Sv when it passes via the Bering Strait. It
1991 Woodgate et al.2005c, Figure 10]. The underestithen moves across the shelfbreak with volume fluxes of 0.40
mation of the reverse current velocity may be because amd 0.25 Sv via the Barrow and Herald Valleys, respectively.
model does not fully incorporate basinale circulations [35] In conclusion, our model reproduces the oceanic
such as the anticyclonic Beaufort Gyre, which is expectenculation in the Chukchi Sea, and it is generally consistent
to promote the southwestward gpnyon events. In our with the in situ measurements and another numerical study
calculation, the initial salinity distribution is assumed to bgith a barotropic model.
homogeneous, and therefore, the Atlantic deep water up-

(b) S_increase (Mar1995)

0.2 0.2

Figure 7. Salinity increment from initial value (psu) in March (a) 1994 and (b) 1995, which are vertical
averages at the end of respective months. Current vectors’Ysuperimposed are averages for each
month.
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(a) Wind—NoWind in 1993/1994 (b) Wind—NoWind in 1994/1995
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Figure 10. (a and b) Salinity and velocity differences between two experiments: with and without wind
forcing. Values are averages over water columns in February.

[3e] Thus, we believe that the model was sufficientlgonsequently, influence the local salinity value through
validated to discuss the movement and ventilation volumeaafvection.
the saltenriched PWW. [39] Figure 7a and 7b show salinity distribution averaged
for water columns during March in the winters of 1993/1994
and 1994/1995, respectively, where vertically averaged cur-
5. Dense Water Formation and Transportation ~ rentis plotted in vector as well. The simulated salinity dis-
for Winters of 1993 and 1994 tr]butlorl_ is brlefly_ outlined as follows. In the 1993 winter,
_ _ high saline water is formed along the Alaskan coast, and then,
[371 Next, we discuss the dense water formation on tieis advected northward along the three pathways. While,
Chukchi shelf from the viewpoint of windriven circulation far |ess saline water is found in the winter of 1994, except for
and saltenriched water movement. For this purpose, Wge high saline water within further limited coastal region.
show the model results for typical winters with hlgh and low 40] In November 1993, the broad areal ice production
ice production, namely, the winters of 1993/1994 and 199;45 plies a considerable amount of salt to the underlying
1995, respectively. The two winters have been examing@@u waters (Figure 8a). This leads to-0.3 psu salinity
based on the in situ observation on the Central Channel @f¢tease for the month in the broad shelf region, which
the Hanna ShoaMeingartner et a.2005;Martin et al,  additionally causes a salinity increase df5 psu per month
2004]. _ _ _ in the coastal regions because of the frequent polynya for-
[38] The mooring observatiolNeingartner et a).2005] mation there (Figure 9a). Using the mean salinity flux of
indicates a drastic difference in the bottom salinity betwepn = 1-3 x 10 °® kg m s?® observed for the month, a
the two winters. In the former winter, 1993/1994, extremefifeoretical solution (7) (see Appendix) gives a salinity
hlgh saline water witls = 352 pSU was found betweeﬁncrease of 0-61.8 psu using—| =50 m, which is rough|y
December and February, which is equivalentsto = consistent with the model results. In contrast, from
28.3 kg m* corresponding to a density greater than that pfecember to January in the winter of 1993, quite intensive
the lower halocline layer (>200 m) in the Canada Basin. §alinity inputs occurred along the western Alaskan coast;
contrast, they _predomlnantly observed far less sal_lne, _cgﬂdse were primarily caused by frequent polynya emer-
winter water withS= 32.0-32.5 psu at the same locations iyence associated with the strong northeasterly wind and
the next winter of 1994/1995. According to the SSM ey continued for near|y two months (Figure 8b) In mid
algorithm, the 1993/1994 winter exhibits the highest i%nuary, the Barrow polynya expanded over 100 km off
production among the 15 winters (192P06) (Figures 3a the coast, and it partially covered the Central Channel and
and 3b), as opposed to the 1994/1995 winter that exhikfie Hanna Shoal. In these months, the northward oceanic
the lowest ice production. BoWeingartner et al[2005]  flow, induced by the 0.8 Sv inflow, is considerably
{:mdMartln et al[2004] concluded that the Iarge dlﬁerenCWeakened on the shoals (Figure gb), and there occurs a
in ice production, expected from the SSM/I image, prindlow moving in the opposite direction. During these
pally determines the difference in the observed salinity at fh@nths, the salt provided at the surface remains on the
moorings. However, the oceanic circulation on the shelf mggfelf without draining the Barrow Canyon, and subse-
be considered because it can vary depending on winds, goéntly, the shelf water is imposed with the additional salt
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o to the west of Cape Lisburne because of saline water
° advection from the southern Chukchi Sea (Figure 9c) that
propagates further northward in April.

[42] The simulation for the 1993 winter showed that the
strong northeasterly wind attenuates the northward through-
flow in December and January. To examine the effects of
on shelf circulation induced by the northeasterly wind on
the dense water formation, we carried out additional experi-
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 ments for the two winters. In the experimems, the model is
12e413 —t—t 1111111 forced merely by the external northward inflow with 0.8 Sv
(b) Barrow transport, where it is also applied with the same salinity flux
at the surface in the absence of wind forcing.

[43] Figure 10a shows the difference in vertically aver-
aged salinity and also current vectors between the two sim-
ulations for the end of February in 1994. Figure 10a shows
that for the case with wind forcing, the salinity increase due to
Bev12 1 " ice production is greatly intensified relative to that in the

absence of wind forcing. In particular, the salinity enhance-

I ment is remarkable along the Alaskan coast between Icy Cape

3e+12 l and Kotzebue Sound, being 0.7 psu at a maximum, whereas it

I [ | is moderate in the Central Channel, beifig2 psu. This is

I I I I interpreted that the northeasterly wind during the winter of
. - ! - - - 1993 promoted the salinity enhancement by prolonging the
19|9219|93199419|9519|9619I97199819|9920|0020|o120|022c;0320|o4200520|06 residence time of the water on the shelf and increasing
12e413 p—t—rd L1 opportunities to receive the salt input from ice production
(c) Herald SA>1.4 (refer to the discussion in the Appendix). In contrast, for the

1.2<SA<1.4

1.0SA<1 2 winter of 1994/1995 that is characterized by the weak

0bsons08 northeasterly wind (Figure 10b), the effect of salinity
05ons0s enhancement because of the wilrien circulation is not

sa<o2 significant, although the northeastward Alaskan coastal cur-
rent, draining into the Barrow Canyon, appears to be slightly

Be+12 7 [ enhanced.

|
S
Il

Wind Speed [m s7]

1
IS
Il

9e+12 B

Water Volume [mq]

9e+12

OOomOoOmd

Water Volume [m?]

6. Quantification of the Ventilation Water
Volumes

3e+12 -

[44 We attempt to quantify the ventilation volume at the
0 . . - | cold halocline layer in the Canada Basin. First, we discuss
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 the cumulative volumes of the exported water in the Barrow
. . . , nd Herald Canyons. Then, we show the results of the water
Figure 11. (a) Northward (dashed line with circle) ancflemained on the Chukchi shelf by the end of spring because
eastward (solid with cross) wind speed, where these st of the waters left on the shelf until summer likely

averages over the northern Chukchi Sea-{&N, 185- | ,n4ergo warming and freshening/odgate et al.2005¢].
205°E) between November and May. Exiting water volume

and salinity anomaly are shown for (b) Barrow and (c) Herafidl. Exported Water via Barrow and Herald Canyons

Valleys. These values are counted at corresponding sectiop@,] Figure 11b shows the volume fluxes exported into
in Figure 1. the Canada Basin via the Barrow Canyon; the fluxes are
computed at the section shown in Figure 1 and integrated

for 7 months from November to May. Figure 11 indicates

|ﬂnput frorlg fkl)thher ice prngcth?h. !{R rel‘.";‘t“ty'f thelt_revers&at the exported volume varies modestly over the years,
ow could b€ accompanied wi e It of saller ang,.y an average of 7.4 x ®m? and a standard deviation

warmer Atlantic origin basin water onto the shelf, so thg} 1.2 x 102 m®. As compared to the wind speed averaged

the flow may have significantly contributed to the drastify " yne same period (Figure 11a), the integrated water
salinity increase observed at the mooring stations in

1993 winter. ort is highly correlated with both the eastward and the

[+] Ice production in the Alaskan polynyas OCCurnorthward wind speed?(= 0.88 and 0.78, respectively). In

Bther words, it tends to be small in years in which a strong
rtheasterly wind blows along the Alaskan coast. For
"é ample, in the winters of 1997 and 2000, when a strong
d blows southwestward, the cumulative water volume
ss than 7 x 16 m°.

T46] The maximum salinity increase and its volumetric

Htio for the exported water are more variable; the maximum

infrequently after March when steady northeasterly wi
weakens (Figure 8c); this may be related to a grad
increase in air temperature. With the reduced ice produc
in spring, the strong mean flow caused by pressure gradign
may mainly determine the salinity distribution. For example
during March in 1994, salinity rapidly increases by 0.6 [
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Figure 12. Volume and salinity anomaly of water remaining on the shelf at the end of May showing
cases of inflowing rates for (a) 0.5, (b) 0.8, and (c) 1.0 Sv.

salinity increase is 0-4..7 psu, and it rarely exceeds 1.4 psishelf is less than 0.6 psu, whereas that of the exiting water
Several winters such as 1993, 1995, 2000, and 2001 exhibigedeeds 1.4 psu. This implies that highly saitiched water
considerable occupancy of highly saftriched water (i.e., (DS> 1.0 psu) is effectively exported via the Barrow Canyon
water withDS > 1.0 psu occupies 280% of the overall by the pressure gradient northward flow. In other words, the
volume). In particular, in the winter of 1993, 25% of th@.8 Sv inflow sufficiently prevails over the reverse southward
total volume was greatly enhanced to up te-2.92 psu. On current induced by the northeasterly wind.

the other hand, in the winters of 1994, 1998, 2005, and 2006,

over 50% of the total volume is less saline than 0.4 pgw3. Sensitivity Test for Variation of Pressure Gradient
anomalously. Inflow

[47] Next, the water exported via the Herald Valley is 49] Wood
: . ; gate et al.[2005c] calculated the current
discussed (Figure 11c). The throughflow via the Herg| locity driven by the pressure gradient force in the Bering

Va[le_y is relatively less variable_in terms of both volume a rait and they reported that it is temporally variable by a
salinity as compared to that via the Barrow Canyon. T Sctor of two. In the following, we examine how signifi-

salinity enhanceme_nt_ is quite characteristic and lies in avg%tly the variable inflow from the Bering Strait can influ-
narrow range of salinity anomaly, where roughly 75% of th3

0 Ol Nhrce the exported water through the Barrow and Herald
waters are enhanced to as less @ psu (an exception is

the winter of 1993, when water wihS> 0.4 psu occupies Canyons. Thus, we conducted another simulation with three

inflowing rates, 0.5, 0.8 (default), and 1.0 Sv, at the Bering

40% of the overall volume). This can be explained bgtrait (Figure 12). These experiments give a reasonable

fewer opportunities for salinity enhancement for the Watererésult in that the saknriched water is more effectively

passing through the Herald VaIIey;_ these can be enriched ¥)orted and disappears from the shelf when the prescribed
salt from Kotzebue polynya and in part from the Barro‘ml

polynya to the west of Pt. Hope in addition to the season
ice formation in the early winter.

ow increases. This is most prominently observed for
ter with salinity anomaly of 0-B.5 psu; it occupies
roughly 50% of the total shelf volume for the case of 0.5 Sv,
o ) ) whereas it occupied only20% for the case of 1.0 Sv.
6.2. Water Remaining on Chukchi Shelf Until Summer [s] Table 2 shows the volume flux and salinity
[4¢] Next, we show the water volume and salinitanomaly for each inflowing rate, where they are averaged
anomaly for water remaining on the shelf until the end &fr 15 years. The results show that the exports via both
May; the waters possibly undergo the warming and fredBarrow and Herald Canyons increase with the inflow rate
ening associated with heat adoption because of solar raftiem 0.36 to 0.62 Sv and from 0.25 to 0.36 Sv, respec-
tion as mentioned. Expectedly, Figure 12b shows that tlieely. Salinity across the Barrow Canyon does not
waters have a maximum salinity anomaly correlated witbspond significantly to a change in inflowing rate, where
the wind strength along the Alaskan coast. For the wintersasfe forth of the overall volume has a salinity anomaly of
1993 and 2000, some of the waters are highly salt enrich8-1.8 psu.
with DS> 1.4 psu at a maximum; in both cases, the north{s1] In contrast, the water exported via the Herald Valley
easterly wind is greater than 3 nf.dHowever, the maximum exhibits a clearer response to the variance in the inflowing
salinity anomaly of water remaining on the shelf tends to bete. Twentyfive percent of the most saline water ranges in
lesser than that of water exiting from the shelf. For example3-0.7 psu, 0.20.5 psu, and 0-0.4 psu for 0.5, 0.8 and
in the winter of 1997, the salinity of water remaining on the
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