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Abstract 25 

 26 

The distribution of water masses and their circulation on the western Chukchi Sea shelf 27 

are investigated using shipboard data from the 2009 Russian-American Long Term Census of the 28 

Arctic (RUSALCA) program. Eleven hydrographic/velocity transects were occupied during 29 

September of that year, including a number of sections in the vicinity of Wrangel Island and 30 

Herald canyon, an area with historically few measurements. We focus on four water masses: 31 

Alaskan coastal water (ACW), summer Bering Sea water (BSW), Siberian coastal water (SCW), 32 

and remnant Pacific winter water (RWW). In some respects the spatial distributions of these 33 

water masses were similar to the patterns found in the historical World Ocean Database, but 34 

there were significant differences. Most notably, the ACW and BSW were transposed in Bering 35 

Strait, and the ACW was diverted from its normal coastal pathway northwestward through 36 

Herald Canyon. It is argued that this was the result of atmospheric forcing. September 2009 was 37 

characterized by an abnormally deep Aleutian Low and the presence of the Siberian High, which 38 

is normally absent this time of year. This resulted in strong northerly winds during the month, 39 

and mooring data from the RUSALCA program reveal that the ACW and BSW were transposed 40 

in Bering Strait for a significant portion of the month. Using an idealized numerical model we 41 

show that the Ekman response to the wind can cause such a transposition, and that the 42 

consequences of this will persist on the shelf long after the winds subside. This can explain the 43 

anomalous presence of ACW in Herald Canyon during the RUSALCA survey.  44 

 45 

Keywords: Arctic Ocean, Shelf circulation, Boundary currents, Pacific-origin water 46 

masses, Upwelling  47 



 

1. Introduction 48 

 49 

The Chukchi Sea, north of the Bering Strait, represents an important transition zone 50 

between waters of the Pacific and Arctic Oceans. It is seasonally ice covered, subject to strong 51 

atmospheric forcing, and has distinct topographic features including canyons and shoals that 52 

influence the circulation (Fig. 1). In order to understand how Pacific water impacts the interior 53 

Arctic, including the ventilation of the halocline, the melting of pack-ice, and the distribution of 54 

nutrients, it is crucial to determine the hydrographic processes on the Chukchi shelf and how the 55 

water masses evolve, including the role of air-sea-ice interaction. This will help improve our 56 

knowledge of the Pacific-Arctic relationship and how this might change in a warming climate. 57 

 58 

Although northeasterly winds prevail in the Chukchi Sea, the mean flow through Bering 59 

Strait is northward due to the sea-level difference between the Pacific and Arctic Oceans 60 

(Coachman and Aagaard, K., 1966). Over the decade of the 2000s, the transport has increased 61 

from 0.7 Sv to 1.1 Sv due largely to the pressure head across the strait (Woodgate et al., 2012).  62 

There are three distinct water masses originating from the Bering Sea that flow northward 63 

through Bering Strait: Alaskan Coastal Water, Bering Shelf Water, and Anadyr Water. They are 64 

believed to follow topographically steered pathways through the Chukchi Sea en route to the 65 

Arctic basin (Woodgate et al., 2005; Weingartner et al., 2005; Fig. 1). Warm and fresh Alaskan 66 

Coastal Water (ACW) is advected northward by the Alaskan Coastal Current (ACC) and thus is 67 

usually found on the eastern side of the Chukchi shelf. The ACC is a narrow (10-20 km wide), 68 

surface-intensified, coastally trapped current that originates from run-off and river discharge into 69 

the Gulf of Alaska and Bering Sea; it is present in the region from late-spring until early-autumn.   70 



 

The other two Pacific water masses (nutrient-rich Anadyr Water and colder, fresher 71 

Bering Shelf Water) mix to some degree just north of Bering Strait forming a product which in 72 

summertime is known as Bering Sea Water (Coachman et.al, 1975) or Bering Summer Water 73 

(BSW), identifiable by its high nutrient content.
1
 The BSW is believed to split into two branches: 74 

one progressing northward through the Central Channel towards Hanna shoal, and the other 75 

veering northwestward into Herald Canyon. Ultimately all of the Pacific water on the Chukchi 76 

shelf reaches the shelfbreak where, in the absence of strong wind forcing, it turns to the right 77 

forming a jet along the edge of the Chukchi Sea (Mathis et al., 2012) and Beaufort Sea 78 

(Nikolopoulos et al., 2009). There is also evidence of westward flow of BSW south of Wrangel 79 

Island (Woodgate et al., 2005), but such a permanent pathway through Long Strait still lacks 80 

verification. 81 

 82 

In addition to the poleward-flowing branches of Pacific-origin water in the Chukchi Sea, 83 

the Siberian Coastal Current (SCC) is a quasi-permanent equatorward-flowing jet (Fig. 1) that is 84 

fed by cold and fresh Siberian river discharge (termed Siberian Coastal Water, SCW). Wind 85 

strongly influences this current as well, and two different modes of the SCC can be 86 

distinguished: a fully developed SCC with a sharp hydrographic front under westerly 87 

(downwelling favorable) winds, and a weakened (or absent) current with a less distinct 88 

hydrographic front when the winds are easterly (upwelling favorable). When the SCC reaches 89 

the vicinity of Bering Strait it is believed to separate from the coast and mix with the ambient 90 

shelf water (primarily the BSW), although there have been occasional measurements of SCW in 91 

Bering Strait and even south of the strait (Weingartner et al., 1999).  92 

                                                        
1
 Bering Summer Water has also been referred to as Western Chukchi Summer Water (Shimada et al., 

2001), Summer Bering Sea Water (Steele et al., 2004), and Chukchi Summer Water (von Appen and 

Pickart, 2012).  



 

During winter, strong air-sea forcing in the northwestern Bering Sea and subsequent ice 93 

formation lead to convective overturning of the water column and the formation of a cold and 94 

salty water mass known as newly ventilated Pacific Winter Water (WW, e.g. Muench et al., 95 

1988). This water also progresses northward through Bering Strait and flows along the three 96 

pathways in the Chukchi Sea. The water can also be formed and/or further transformed on the 97 

Chukchi shelf due to leads and polynyas, and in some instances can result in “hyper-saline” 98 

winter water (Weingartner et al., 1998; Itoh et al., 2012). Two areas where this is common are 99 

the Northeast polynya, between Cape Lisburne and Barrow Canyon, and the Wrangel Island 100 

polynya (Cavalieri and Martin, 1994; Winsor and Björk, 2000), although further densification 101 

also takes place along the Siberian coast (Weingartner et al., 1999). During spring and summer, 102 

when the pack-ice recedes and warmer waters enter the Chukchi Sea, the WW is warmed via 103 

mixing and solar heating, so that it is no longer near the freezing point. This modified water mass 104 

is referred to as Remnant Pacific Winter Water (RWW). Both WW and RWW are rich in 105 

nutrients, largely originating from the sediments as the dense water flows along the bottom.  106 

 107 

Warm and salty Atlantic Water (AW), originating from the Eurasian Arctic, can at times 108 

be found on the northern Chukchi shelf. This happens primarily under easterly winds when 109 

upwelling occurs in Herald Canyon (Pickart et al., 2010), Barrow Canyon (Aagaard and Roach, 110 

1990), and along the Chukchi shelfbreak between these two canyons (Spall et al., 2014).  111 

Depending on the strength of the winds, the AW can penetrate southward onto the mid-shelf 112 

(Bourke and Paquette, 1976). The mixing that occurs during upwelling at the edge of the shelf 113 

can lead to the formation of lower halocline water in the basin (Woodgate et al., 2005). The final 114 

water mass found in the Chukchi Sea is the result of ice melt, which seasonally can form a 115 



 

relatively thin cold and fresh surface layer on the northern part of the shelf, referred to as Melt 116 

Water (MW). 117 

 118 

Due to the relative dearth of measurements on the western Chukchi shelf, the precise 119 

pathways and modification of the Pacific-origin water in this region are presently not well 120 

understood. Many open questions exist regarding the geographical distributions and seasonal 121 

modifications of the water. This includes the relative influences of upstream forcing (Bering 122 

Strait) versus atmospheric forcing in steering and modifying the water, and the manner in which 123 

the water on the Chukchi shelf interacts with that on the East Siberian shelf and in the deep 124 

Arctic basin, including the Atlantic water. In this paper we use data from the Russian-American 125 

Long Term Census of the Arctic (RUSALCA) program to address some of these issues. In 126 

particular we use hydrographic, velocity, and nutrient data collected during a late-summer/early-127 

fall shipboard survey in 2009, along with mooring data from Bering Strait – including timeseries 128 

measurements from the Russian side of the strait. This affords a unique opportunity to identify 129 

the different water masses on this part of the shelf and map out their distributions, construct 130 

pathways, and investigate the connection between Bering Strait and the western Chukchi Sea in 131 

relation to the atmospheric forcing. As will be shown, the conditions observed in late-132 

summer/early-fall 2009 were unique in some respects, which was due in part to the anomalous 133 

atmospheric forcing at the time.   134 



 

2. Data and methods 135 

 136 

2.1 Shipboard Data 137 

 138 

A biophysical survey of the southern and western portions of the Chukchi Sea was 139 

carried out from 6-29 September 2009 onboard the ice-strengthened research vessel Professor 140 

Khromov as a part of the RUSALCA program. A total of 114 stations were completed 141 

comprising 11 transects (Fig. 2a), including sections around Wrangel Island, in Herald Canyon, 142 

and across the southern part of the shelf. Some of the transect lines were repeat occupations from 143 

the previous broad-scale RUSALCA survey done in 2004. 144 

 145 

A Sea-Bird 911+ conductivity-temperature-depth (CTD) instrument was mounted on a 146 

rosette with 21 10-liter Niskin bottles. The CTD data were averaged using standard Sea-Bird 147 

processing routines into 1-db downcast profiles. The thermistors were calibrated pre- and post-148 

cruise, with a resulting accuracy of 0.002
o
C. Although salinity water samples were collected 149 

during the survey, the variability on the shallow shelf was too large for these samples to be 150 

useful for calibrating the conductivity sensors. To assess the accuracy of the CTD salinity 151 

measurements, the values measured by the dual conductivity sensors were regressed against each 152 

other (first excluding depths shallower than 10m, then excluding depths shallower than 30 m.) 153 

An initial regression line was determined, then all values outside the three standard deviation 154 

envelope were discarded and the regression was calculated again. The standard deviation of the 155 

resulting scatter, which is taken as a rough measure of the salinity accuracy, ranged between 156 

.0053 using measurements deeper than 30m and .0088 using measurements deeper than 10 m.   157 



 

Velocity data were collected using a dual lowered acoustic Doppler current profiler 158 

(ADCP) system with an upward- and downward-facing 300 KHz RDI Workhorse instrument. 159 

The data were processed using the Lamont Doherty Earth Observing system software. Based on 160 

the accuracy of the GPS unit used on the ship, the velocities have a formal accuracy of 4 cm/s. 161 

However, previous comparisons of LADCP data with finely-tuned shipboard ADCP data suggest 162 

that the accuracy was in fact better than this. The barotropic tidal signal was removed from each 163 

velocity profile using the 5 km Arctic Ocean Tidal Inverse Model (AOTIM-5) of Padman and 164 

Erofeeva (2004). Water sample nutrient data (nitrite, nitrate, ammonium, silicate, phosphate) 165 

were collected at 6 to 8 different depths through the water column at each station (Yun et al., 166 

2014). These data were processed onboard using an automated nutrient analyzer (ALPKEM RFA 167 

model 300) following Whitledge et al. (1981). 168 

 169 

Vertical sections of potential temperature and density (referenced to the sea surface), 170 

salinity, and nutrients were constructed for each of the 11 transects using a Laplacian-Spline 171 

interpolator with a grid spacing of 5-15 km in the horizontal and 5 m in the vertical. Vertical 172 

sections of absolute geostrophic velocity were constructed by referencing the thermal wind shear 173 

to the lowered ADCP data. In particular, at each grid point along the section the vertically 174 

averaged thermal wind velocity was matched to the vertically averaged cross-track ADCP 175 

velocity. The patterns in the resulting absolute geostrophic velocity sections were very similar to 176 

those in the de-tided vertical sections of lowered ADCP velocity, indicating that the ageostrophic 177 

component of the directly measured velocity was small (and that the tidal corrections were 178 

accurate).  179 



 

2.2 Mooring Data 180 

 181 

Moorings have been maintained regularly on the eastern (US) side of Bering Strait 182 

since 1990 (Woodgate et al., 2006). Starting in 2004, as a part of the RUSALCA program, 183 

additional moorings were added to the western (Russian) side (Fig. 2b). We use data from the 184 

2008-9 and 2009-10 deployments, when there were three moorings across the western channel 185 

and four moorings across the eastern channel (additionally there was a mooring roughly 65 km 186 

north of the Diomede islands). The moorings were equipped with a variety of instruments 187 

measuring temperature, conductivity, velocity, ice motion and thickness, and bio-optics 188 

(Woodgate, 2009). All records were year-round with the exception of some shallow temperature 189 

records which ended prematurely due to ice damage. Temperature and conductivity were 190 

measured by Sea-Bird 16+ and Sea-Bird 37 sensors, with a time interval ranging from 15-60 191 

minutes. Velocity was measured using a combination of 300 kHz and 600 kHz RDI ADCP 192 

instruments. Depth was derived from pressure sensors, or in some cases based on mooring design 193 

considerations. The timestamps were corrected for observed instrument clock drift. The Sea-Bird 194 

sensors were calibrated pre- and post-deployment, as were the ADCP compasses. For details 195 

regarding the processing of the mooring data and the accuracy of the sensors, the reader is 196 

referred to http://psc.apl.washington.edu/HLD/Bstrait/bstrait.html. 197 

 198 

2.3 World Ocean Data Base 199 

 200 

To investigate the origins of the various water masses on the Chukchi shelf, historical 201 

temperature, salinity and silicate data for the study area from 1920 to 2013 were extracted from 202 

http://psc.apl.washington.edu/HLD/Bstrait/bstrait.html


 

World Ocean Database 2013 (WOD) of the National Oceanographic Data Center. The database 203 

consists mainly of Russian and American data from bottle casts, CTD stations, moored buoys, 204 

and expendable temperature probes. All of the data have been systematically integrated, 205 

standardized, and quality-controlled (see Johnson et al., 2013).  206 

 207 

2.4 Atmospheric Reanalysis Fields and Satellite Data 208 

 209 

We use the North American Regional Reanalysis (NARR, Mesinger, 2006) sea level 210 

pressure data and 10 m winds to study the atmospheric conditions in the region. The reanalysis 211 

fields are defined on a polar stereo grid, hence the resolution is independent of latitude. The 212 

spatial resolution of the data is 32 km and the temporal resolution is 6 hours. NARR uses newer 213 

data assimilation techniques and more advanced modeling procedures than those employed by 214 

the original National Centers for Environmental Prediction (NCEP) global reanalysis product. 215 

Sea ice concentration data and sea surface temperature (SST) fields from the blended Advanced 216 

Very High Resolution Radiometer (AVHRR) and the Advanced Microwave Scanning 217 

Radiometer (AMSR) product are used in the study. The temporal resolution of the AVHRR-218 

AMSR product is once per day, and the spatial resolution is 0.25°. Combining data from 219 

microwave and infrared sensors helps avoid data gaps in cloudy regions as well as reduce 220 

systematic biases in cloud-free areas due to the different nature of their errors (Reynolds et al., 221 

2007). The accuracy of the sea ice concentration data is estimated to be ±10% (Cavalieri et al., 222 

1991).  223 



 

2.5 Bottom Depth Data 224 

 225 

Our study employs the new Alaska Region Digital Elevation Model (ARDEM) 226 

bathymetric data set. This is a recent product with nominal 1-km grid spacing over the domain 227 

45°N-80°N and 130°E-120°W (Danielson et al., 2008). It is believed that this product more 228 

accurately represents some of the detailed bathymetric features in the study region than the 229 

coarser resolution databases. 230 

 231 

2.6 Numerical model configuration 232 

 233 

An idealized configuration of the MITgcm primitive equation model (Marshall et al. 234 

1997) is used to help interpret the shipboard observations and assess the sensitivity of the water 235 

mass distributions to the wind forcing.  The model is configured in a 1000 km by 1200 km 236 

domain with uniform horizontal grid spacing of 2.5 km (Fig. 3). The model has 12 levels in the 237 

vertical with uniform grid spacing of 5 m. There is a large island that represents Alaska and a 238 

smaller peninsula that extends from the western boundary representing the west side of the 239 

Bering Strait.  The model Bering Strait is 100 km wide and lies between the island and the 240 

western peninsula.  The bottom topography is flat (40 m depth) over most of the domain, with a 241 

slope around the island that shoals to 10m over a horizontal scale of 30 km. Herald Canyon is 242 

represented by a narrow region of deeper bathymetry that extends north of the strait and deepens 243 

from 40 m to 60 m depth (Fig. 3).  There is also a region along the northern boundary where the 244 

topography descends from 40 m to 60 m, meant to represent the shelfbreak.  The Coriolis 245 

parameter is 1.2x10
-4

 s
-1

 and taken to be constant.  Calculations have also been carried out with a 246 



 

deep basin to the north of y=1200 km, and the resulting circulation and water mass distributions 247 

are essentially the same as reported here. 248 

 249 

Horizontal viscosity is parameterized using a Smagorinsky scheme with a 250 

nondimensional coefficient of 2.5 (Smagorinsky, 1963).  Vertical viscosity is 10
-4

 m
2
 s

-1
.  The 251 

lateral boundary conditions are no-slip, and a quadratic bottom drag of 10
-3

 is applied.  Statically 252 

unstable profiles are vertically mixed with an enhanced vertical diffusion coefficient of 253 

1000 m
2
 s

-1
. A linear equation of state is used with a thermal expansion coefficient of 2x10

-4
 
o
C

-1
.  254 

Salinity is constant. 255 

 256 

The model temperature is forced by restoring terms in the region south of the island 257 

between x=375 km and 750 km.  Over the sloping bottom the temperature is restored towards 13 258 

o
C from the surface to the bottom within 20 km of the southern extent of the island, and it is 259 

restored towards 3 
o
C south of that. This temperature difference, together with a thermal 260 

expansion coefficient of 0.2 kg/m
3
 C, results in a density change between the Bering Strait 261 

interior and the coastal current of 2 kg/m
3
, which is typical of the observed density difference 262 

during the time period of interest. The meridional velocity is restored towards -0.8 m/s between 263 

y=500 km and 1000 km to the east of the island.  The model is started from rest with a uniform 264 

temperature of 3 
o
C and run for a period of two years.  The resulting velocity field is essentially 265 

steady with an anti-cyclonic circulation around the island. The transport streamfunction is shown 266 

in Figure 3. The flow is barotropic over the flat bottom, with a surface intensified baroclinic 267 

current over the sloping bottom (the model equivalent of the ACC; vertical sections are shown 268 

later). The mean transport through the model strait is 1 Sv, which is approximately the observed 269 



 

late-summer transport through Bering Strait.  North of the strait there is a northward-flowing jet 270 

positioned over the canyon transporting approximately 0.3 Sv. Between this and the ACC is a 271 

broad, weaker anti-cyclonic flow over the flat portion of the shelf.  272 

 273 

The steady state in Figure 3 provides the initial condition for a set of wind perturbation 274 

calculations that are carried out in section 4.  In these model runs a southward wind stress is 275 

applied that is uniform west of x=260 km with a value of τmax, decreasing linearly from τmax to 276 

zero between x=260 km and x=900 km, and is zero to the east of x=900 km (there is no 277 

meridional variation). The winds are ramped up rapidly to τmax using a hyperbolic tangent 278 

function with a decay scale of 1 day, kept constant for approximately 4 days or 9 days 279 

(depending on the calculation), then ramped back down to zero with a decay scale of 1 day.  For 280 

these wind-driven simulations the model is integrated for a period of 70 days starting from the 281 

initial state of Figure 3. 282 

 283 

3. Observational Results 284 

 285 

3.1. Water mass definitions  286 

 287 

Due to the shallow bathymetry, seasonal presence of ice, large freshwater discharge from 288 

rivers, and high sensitivity of the flow to atmospheric conditions, the water mass characteristics 289 

in the Chukchi Sea vary on both short and long time scales. Despite this, we were able to define 290 

approximate temperature/salinity (T/S) boundaries for the major water masses present in 2009, 291 

using previous definitions found in the literature as a guide (adjusted for this particular survey) in 292 



 

addition to the geographical occurrences of the water. To further refine these boundaries it was 293 

necessary to use silicate, which is a relatively conservative tracer of Pacific water originating 294 

from the Gulf of Anadyr. Overall, our water mass definitions are only slightly altered from those 295 

used by Coachman et al. (1975) for the Chukchi Sea and those adopted by Pickart et al. (2010) 296 

for the region near Herald Canyon (see Fig. 4). We now discuss each of the water masses in turn, 297 

including their vertical and lateral distributions on the Chukchi shelf in late-summer/early-fall 298 

2009. These patterns are placed in broader geographical context by considering the historical 299 

data from the WOD, which further elucidates the origins of the water. 300 

 301 

3.2 Vertical distributions of the water masses 302 

 303 

We present four of the shipboard vertical sections occupied in 2009, progressing from 304 

Bering Strait to the northwest towards Wrangel Island (the sections are highlighted in Fig 2a): 305 

Bering Strait (BS); Chukchi South (CS); Herald Canyon 2 (HC2, in the central part of Herald 306 

Canyon); and Long Strait (LS). Only two of the water masses were observed flowing northward 307 

through Bering Strait, the ACW and BSW (the BS section was occupied at the end of the cruise, 308 

Fig. 11). In general the ACW occupied the upper layer while the BSW resided in the lower layer 309 

(Fig. 5). The ACW was warmer, fresher, and markedly lower in silicate. Flow speeds were quite 310 

large, in excess of 70 cm/s on the western side of the strait. On the next section to the north (CS, 311 

Fig. 6) these two water masses were still present, with the ACW again occupying the upper 312 

portion of the water column. However, fresh SCW was present next to the Siberian coast, which 313 

was higher in silicate than the ACW (which partly helped to identify this water mass). This is 314 

because of terrestrial sources of silicate along the Siberian Coast (Codispoti and Richards, 1968). 315 



 

Notably, the temperature of the SCW was comparable to the ACW, likely due to partial mixing 316 

of these two water masses in the vicinity of the strait (typically SCW is colder than both ACW 317 

and BSW, Weingartner et al., 1999). The absolute geostrophic velocity shows the surface-318 

intensified SCC flowing toward Bering Strait, while the other two water masses were flowing to 319 

the north, although much more slowly than in the BS section (generally less than 5 cm/s). This is 320 

due to the fact that the shelf widens considerably north of Bering Strait (Fig. 2a), and also 321 

because of the northeasterly winds before and during the occupation of the CS section (Fig. 11), 322 

which tend to retard the northward flow.  323 

 324 

At the HC2 section, which spans Herald Canyon, the two summer Pacific water masses 325 

ACW and BSW are present, but only occupy the eastern flank of the canyon (Fig. 7). At this 326 

northern location the two layers are now thinner (the ACW is only 20 m thick compared to 40 m 327 

in Bering Strait), but they are still clearly distinguishable in T/S/silicate space (as they were to 328 

the south). They are progressing northward quite swiftly (order 20 cm/s) due to the lateral 329 

constriction of the canyon.  The most prominent water mass in the canyon, however, is the cold 330 

and salty RWW which is elevated in silicate due to its contact with the nutrient-rich bottom 331 

sediments. This water mass was flowing fastest through the canyon, with the highest velocities 332 

(order 30 cm/s) in the deepest part of the channel. The final water mass present in Herald Canyon 333 

is the relatively cold and fresh surface (0 – 30 m) MW. This water was also flowing (weakly) 334 

northward, which suggests that it originated from ice melt in the region north and west of 335 

Wrangel Island, where there was still a small concentration of sea ice during the cruise. This is 336 

consistent with the circulation scheme discussed in Pickart et al. (2010) whereby anti-cyclonic 337 

flow around the island feeds the head of the Herald Canyon on its western flank.  338 



 

 339 

The final section that we highlight is the LS transect. Here the dominant water mass is the 340 

SCW which stretches across the entire 135 km width of the strait (Fig. 8). As expected, the SCC 341 

is flowing strongly towards Bering Strait adjacent to the coast with flow speeds exceeding 30 342 

cm/s in the upper layer (although near the bottom there is a weak flow reversal). As the SCW 343 

progresses from Long Strait to the CS section the amount lessens, extending only 40 km from the 344 

coast, and its T/S properties moderate considerably: the temperature increases from 3.5
o
C to 345 

4.5
o
C and the salinity increases from 25 to 29 (Fig. 6). Curiously, in the LS section there is a 346 

second branch of the SCC also flowing towards Bering Strait adjacent to Wrangel Island, which 347 

to our knowledge has not been previously observed (e.g. Weingartner et al., 1999). The other 348 

water mass present in Long Strait is the RWW, situated along the bottom. As in the HC2 section 349 

this water is cold, salty, and elevated in silicate. The RWW was flowing westward toward the 350 

East Siberian Sea on the southern side of the strait, and, for the most part, flowing eastward 351 

toward the head of Herald Canyon on the north side of the strait. We address the lateral pathways 352 

and transports of the different water masses in section 3.4.  353 

 354 

3.3 Historical distributions and water mass origins 355 

 356 

Using data from the WOD as a guide, we now assess how representative the water mass 357 

distributions in September 2009 were compared to their historical presence in the region. It 358 

should be noted, however, that there are caveats regarding the WOD data in this region. Firstly, 359 

the data coverage compared to other areas in the World Ocean is relatively sparse, especially on 360 

the Russian side of the Chukchi shelf. Secondly, some of the water masses being considered here 361 



 

are oftentimes present only over a limited portion of the water column (for example the layer of 362 

ACW in the Herald Canyon 2 section is confined to the upper 20-25 m, Fig. 7). This means that 363 

some of the older WOD bottle data, with relatively coarse resolution, could miss the occurrence 364 

of certain water masses. Thirdly, synoptic variability can bias the interpretation of the historical 365 

data. However, as seen in Table 1, the data coverage in our domain spans a large number of 366 

years for each of the water masses considered, and, as seen below, clear trends emerged from the 367 

data base.  368 

 369 

Water mass Years 

ACW 1935, 1937, 1938, 1946, 1947, 1948, 1949, 1950, 1953, 1955, 1956, 1957, 1958, 1959, 

1960, 1961, 1962, 1963, 1964, 1965, 1966, 1967, 1968, 1970, 1971, 1972, 1975, 1976, 

1977, 1978, 1981, 1982, 1983, 1985, 1986, 1987, 1988, 1989, 1992, 1993, 1994, 1995, 

1996, 2000, 2001, 2004, 2007, 2013 

BSW 1934, 1937, 1950, 1958, 1960, 1963, 1964, 1968, 1969, 1970, 1973, 1978, 1983, 1984, 

1986, 1987, 1988, 1990, 1992, 1993, 2003, 2004 

SCW 1946, 1948, 1950, 1952, 1954, 1955, 1956, 1957, 1959, 1961, 1962, 1963, 1964, 1965, 

1966, 1970, 1971, 1976, 1981, 1986, 1987, 1988, 1989, 1992, 1993, 1995, 2013 

RWW 1938, 1946, 1947, 1950, 1953, 1954, 1955, 1956, 1957, 1958, 1959, 1960, 1961, 1962, 

1963, 1964, 1965, 1966, 1967, 1968, 1976, 1977, 1981, 1984, 1985, 1986, 1987, 1988, 

1989, 1992, 1993, 1994, 1995, 1996, 1997, 1998, 1999, 2000, 2002, 2003, 2004, 2006, 

2012, 2013 

 370 

Table 1. Years when the water masses considered in the study were present in the WOD 371 

within the domain of interest.  372 

 373 

We limit our temporal coverage to late-summer (August/September) except for the BSW 374 

which is considered for the full year (although no BSW was found outside the months of June-375 

October). This is because it was necessary to use silicate in order to identify the BSW, and the 376 

amount of nutrient data is somewhat sparse in the WOD.  Using the identified T/S, silicate and 377 

depth ranges for 2009 we selected all of the individual water samples from the database that fell 378 



 

into our water masses definitions. As seen in Figure 9a (red circles), the ACW is present 379 

primarily along the Alaskan coast, extending from the eastern Bering Sea all the way north past 380 

Icy Cape in the Chukchi Sea. This is not surprising due to the fact that the ACC is formed 381 

predominantly from coastal run off along the Alaskan coast. Note that there are a few ACW 382 

points in the Gulf of Anadyr and along the Siberian coast. These may be real (rare) instances of 383 

this water mass, or it could be that our T/S classification scheme is not appropriate for all of the 384 

years in the historical data base (even for the 2009 survey our water mass boundaries are 385 

somewhat subjective). But the main message in Figure 9a is that ACW is primarily advected 386 

northward in the ACC and is rarely found on the western Chukchi shelf – in stark contrast to 387 

2009 where we observed this water mass in Herald Canyon.  388 

 389 

The distribution of the SCW in the WOD (blue circles in Fig. 9a) shows how this water 390 

mass is geographically distinct from the ACW. As expected it is found all along the Siberian 391 

coast from Long Strait to Bering Strait. Near Bering Strait it spreads onto the shelf, which is 392 

consistent with the notion that the SCC retroflects to the north here and mixes with the Pacific 393 

waters flowing into the Chukchi Sea via Bering Strait. The WOD suggests that SCW is rarely, if 394 

ever, found in the Bering Sea. However, there is evidence that this water mass is advected 395 

northward in the Central Channel flow branch (Fig. 1), and that it can also be found in the 396 

vicinity of Wrangel Island, as was the case in 2009 (Fig. 8).  397 

 398 

The presence of the high-silicate BSW in the WOD (green circles in Fig. 9b) shows that it 399 

emanates primarily from the Gulf of Anadyr and progresses through the Chirkov Basin into the 400 

western side of Bering Strait, consistent with previous studies (e.g. Coachman et al., 1975; 401 



 

Danielson et al., 2014). There is another known pathway for this water to enter the Strait via the 402 

south side of St. Lawrence Island (Coachman et al., 1975), which also shows up in Figure 8b. 403 

We reiterate that our precise water mass boundaries in Fig. 4 might blur the boundary of two 404 

water types that are adjacent to each other in T/S/silicate space, such as BSW and RWW. 405 

Consequently it may be that some of the water immediately south of St. Lawrence Island 406 

identified as RWW in Figure 9b is in fact BSW. North of the Bering Strait the WOD data 407 

suggest that BSW can spread across a wide portion of the Chukchi shelf.  408 

 409 

The final water mass considered here, the RWW, is detected in large amounts in the 410 

northwestern Bering Sea and the northern portion of the Chukchi Sea (yellow circles in Fig. 9b). 411 

It is known that WW (near the freezing point) is formed south and west of St. Lawrence Island 412 

(e.g. Muench et al., 1988), and then flows northward through Bering Strait until early summer 413 

(Woodgate et al., 2012; von Appen and Pickart, 2012). As the summer continues, this water mass 414 

is transformed into RWW as it progresses northward across the Chukchi shelf. This is the result 415 

of mixing with more swiftly flowing Pacific summer waters that have passed through Bering 416 

Strait after June, and also due to solar heating at this time of year (Gong and Pickart, 2015). This 417 

implies that in August/September there should be little RWW present in the southern Chukchi 418 

Sea, which is the case in Figure 9b. (The small amount of RWW near the southeastern Siberian 419 

coast is close in properties to BSW and thus could be misidentified).   420 



 

The substantial presence of RWW in the northern Chukchi Sea at this time of year is not 421 

a surprise. This water mass is regularly observed on the northeast part of shelf due to its slow 422 

progression around Hanna Shoal (e.g. Weingartner et al., 2013; Gong and Pickart, 2015). It is 423 

also observed in Herald Canyon (e.g. Kirillova et al., 2001). The distribution of RWW in Fig. 9b 424 

is consistent with the notion that winter water is also formed via polynya activity in the vicinity 425 

of Wrangel Island (Pickart et al., 2010), and also perhaps in the East Siberian Sea, and then 426 

drains through Herald Canyon to the north. This is not to say, however, that some of the RWW 427 

in Herald Canyon in Fig. 9b did not emanate from Bering Strait (e.g. Weingartner et al., 2005). 428 

Notably, there is a significant amount of RWW in late-summer in the northwestern Bering Sea in 429 

the WOD. This suggests that there is a long residence time of some of this water in the region 430 

south of St. Lawrence Island, which is consistent with previous studies (Danielson and Kowalik, 431 

2005).  432 

 433 

3.4 Lateral pathways and volume transports   434 

 435 

We now present a lateral view of the different water masses observed during the 2009 436 

RUSALCA survey which can be compared to the above geographical distributions seen in the 437 

historical data. The four water types are shown in the four panels of Figure 10, where we have 438 

overlaid transport vectors per unit width corresponding to the water masses in question. These 439 

were computed using the vertical sections of absolute geostrophic velocities and properties (note 440 

that the transport arrows in Figure 10 are constrained to be normal to the station pairs). It is well 441 

known that the circulation on the Chukchi shelf is highly sensitive to synoptic wind forcing. For 442 

example, the flow through Bering Strait can reverse to the south on time scales of a day under 443 



 

the influence of northerly winds (Woodgate et al., 2005), while the flow in Central Channel and 444 

Barrow Canyon can do the same (Pickart et al., 2011). Models indicate a similar sensitivity (e.g. 445 

Winsor and Chapman, 2004; Spall, 2007). The wind varied significantly during the 2009 cruise, 446 

and in Figure 11 we have plotted the value of the 10-m wind at each station during the time of 447 

occupation of the station (within the 6-hour resolution of the NARR reanalysis data set). As seen, 448 

over the course of the month-long cruise, the winds varied from roughly 8 m/s out of the south 449 

during the occupation of the HC4 section, to near-zero during the HC2 section, to roughly 10 m/s 450 

from the northeast during the BS section.  Notably, during the occupations of the three southern 451 

Chukchi shelf sections (CL, CS, and BS) the wind was consistently out of the north, opposing 452 

the usual northward progression of Pacific water on the shelf. Because of this significant, 453 

variable atmospheric forcing it is impossible to present a consistent overall flow pattern for our 454 

survey (e.g. one that balances mass for the southern Chukchi shelf); however, interpretable 455 

trends do emerge.  456 

 457 

The lateral property and flow maps presented in Figure 10 indicate that, in several 458 

respects, the conditions in late-summer 2009 were not indicative of the norm. Perhaps the most 459 

striking example of this is the ACW. At the time of the RUSALCA survey this water extended 460 

from Bering Strait through Hope Valley into Herald Canyon.
2
 The WOD lateral distribution 461 

suggests that this hardly ever happens (compare Fig 9a to 10a, keeping in mind that the WOD 462 

data coverage on the western shelf is less comprehensive). The poleward transport of this water 463 

mass integrated across each section of the 2009 survey reveals that the flux of ACW diminished 464 

                                                        
2 ACW was also detected at the head of Barrow Canyon during August 2009 on a 

different cruise, which explains the tongue in Fig. 10a extending to the northeast past Cape 

Lisburne along the coast.  



 

markedly over this distance (Fig. 10a), but a sizable amount was still entering the head of Herald 465 

Canyon at the time of section HC1. By the third canyon transect (HC3) most of the ACW was 466 

gone. This is not surprising in light of the observational and modeling results of Pickart et al. 467 

(2010) who showed that much of the Pacific summer water is diverted eastward away from the 468 

canyon to the north of Herald Shoal. Mixing may also play a role here since the ACW comes in 469 

contact with ice melt water as it flows northward through the canyon.  470 

 471 

Note that the transport of ACW was southward on the eastern ends of both the CL and CS 472 

transects (Fig. 10a vectors), which is where the northward-flowing ACC normally resides. This 473 

was undoubtedly due to the northerly winds before/during these transects. The model results of 474 

Winsor and Chapman (2004) show a similar disappearance of the Pacific water coastal pathway 475 

under such winds. Note, however, that the local wind was not strong enough to reverse the 476 

transport of ACW through Bering Strait. This could be related to the remote effect of 477 

atmospheric forcing in the Bering Sea that influences the flow in Bering Strait via northward-478 

propagating shelf waves (Danielson et al., 2014). Strikingly, the transport of ACW measured 479 

during the RUSALCA survey was stronger on the Russian side of Bering Strait (Fig. 10a). This 480 

is in contrast to many previous shipboard sections (e.g. Gong and Pickart, 2015) and mooring 481 

data (Woodgate et al., 2012), which indicate that the ACC typically flows on the US side of the 482 

strait. It is also at odds with the historical WOD distribution (Fig. 9a) showing a concentration of 483 

ACW on the eastern side of the strait. 484 

 485 

The lateral distribution of BSW in 2009 (Fig. 10b) was closer to what was expected based 486 

on the WOD distribution of this water mass. After entering Bering Strait, the water veered to the 487 



 

northwest directly into Herald Canyon. As with the ACW, the transport of BSW decreased 488 

substantially along this pathway, and virtually none of it was present near the mouth of the 489 

canyon. BSW was also absent on both boundaries of the southern Chukchi Sea (i.e. the ends of 490 

the CL and CS sections), which is not surprising because it is not normally found in the SCC or 491 

the ACC. However, there was one notable exception to the norm for the BSW: the transport of 492 

this water mass was strongest on the US side of the Bering Strait (Fig. 10b), whereas historically 493 

it is strongest on the Russian side (Fig. 9b). Hence, in late-September 2009, the ACW and BSW 494 

had transposed sides of Bering Strait. This is elaborated on below.   495 

 496 

The occurrence of SCW in the 2009 RUSALCA survey was in some regards 497 

straightforward, but in other respects curious. As mentioned earlier, the SCC does not exist every 498 

summer, but when it is present it is a well-defined surface-intensified current flowing towards 499 

Bering Strait associated with a hydrographic front (Weingartner et al., 1999).  The front is 500 

formed by the fresh, buoyant SCW adjacent to the coast and the saltier, denser shelf water 501 

offshore (e.g. Fig. 6). The lateral map for SCW is consistent with this scenario, with equatorward 502 

transport all along the Siberian coast (Fig. 10c). The overall decrease in transport from the LS 503 

section to the CS section (with no presence of this water in Bering Strait), is in line with the 504 

historical view (Weingartner et al., 1999) and consistent with the WOD distribution of SCW in 505 

Fig. 9a. However, the transport of the SCC is typically small, about 0.1 Sv (Weingartner et al., 506 

1999), whereas in our survey we measured values three times greater than this. This is likely due 507 

to the downwelling favorable winds during much of the cruise, which would accelerate the 508 

current (see also Weingartner et al., 1999). The curious aspect of the SCW in 2009 was its 509 

presence around Wrangel Island. As noted above, the LS section showed a jet of SCW flowing 510 



 

eastward on the north side of Long Strait (Fig. 8). The lateral map of Figure 10c indicates that 511 

this water mass was also flowing southward on the eastern side of Wrangel Island (i.e. at the 512 

western end of the CEN line). This demonstrates that there can be a more circuitous path (with a 513 

significantly longer residence time) for SCW to advect from its coastal source in the East 514 

Siberian Sea to the Bering Strait, likely due in part to the anti-cyclonic circulation that typically 515 

encircles Wrangel Island (Pickart et al., 2010).  516 

 517 

The presence of RWW in the 2009 RUSALCA survey is consistent with the view given 518 

by the historical WOD data for late-summer (compare Figs. 10d and 9b). In particular, RWW 519 

was found all around Wrangel Island, while none of it was present in the southern Chukchi Sea. 520 

Shipboard data from the 2004 RUSALCA Herald Canyon survey showed markedly less of this 521 

water mass than in 2009. However, the 2004 survey was a month earlier in the season and WW 522 

was prevalent in the canyon (i.e. before it had moderated to RWW). As explained in Pickart et al. 523 

(2010), the WW entered the head of the canyon on its western flank, and, as the water progressed 524 

northward, it switched sides of the canyon. Although not evident in the lateral map of Figure 525 

(10d), we observed a similar phenomenon in 2009. Relatively warm RWW (> -0.8
o
C) was 526 

entering on the western side of the head of the canyon at HC1, and, by the time it reached HC3, 527 

it had transposed to the eastern side. Pickart et al. (2010) argued that the source of the winter 528 

water feeding the head of the canyon in late-summer was a reservoir of dense water formed by 529 

the Wrangel Island polynya the previous winter. Consistent with this notion, the 2009 CEN 530 

section reveals RWW flowing towards the canyon (i.e. the same water that switches sides of the 531 

canyon farther north).   532 



 

Pickart et al. (2010) also observed some WW flowing to the south up Herald canyon on 533 

its western flank in 2004, entering from the mouth. In the 2009 survey relatively cold RWW (< -534 

1.2
o
C) was found on the western side of the canyon (at HC2 and HC3). While one might 535 

presume that this colder water also entered via the mouth, the flow vectors in Figure 10d are not 536 

conclusive. In fact, the HC4 section indicates an outflow of RWW on the western side of the 537 

canyon mouth. Intriguingly, RWW was measured flowing eastward on the north side of Wrangel 538 

Island on the WN section (Fig 10d) at depths shallower than the canyon. This is in line with the 539 

polynya origin scenario, put forth by Pickart et al. (2010), whereby the winter water flows anti-540 

cyclonically around the island before entering the head of the canyon. A final notable aspect of 541 

the RWW in 2009 is that an anti-cyclonic eddy containing this water mass was observed in the 542 

central portion of section HC4 (i.e. north of the canyon mouth). This is marked as the “eddy” in 543 

Figure 10d. The vertical section (not shown) reveals the familiar hydrographic structure of a 544 

cold-core anti-cyclone, i.e. the type that is commonly observed along the shelfbreak of the 545 

Chukchi and Beaufort Seas (e.g. Pickart et al., 2005). The presence of the eddy at this location is 546 

significant because it implies that Pacific water can get fluxed directly into the basin from Herald 547 

Canyon via turbulent processes, which occur in Barrow Canyon as well (Pickart and 548 

Stossmeister, 2008).  549 

 550 

As mentioned earlier, we also observed AW and MW during the September 2009 survey. 551 

These water masses are not included in Figure 10 because their presence was restricted to the 552 

northern part of Herald Canyon. In particular, AW was found only at the deepest stations of HC4 553 

underlying the RWW at depths greater than 100m (Fig. 2a). Curiously, this water was 554 

characterized by elevated concentrations of silicate (normally AW is depleted in silicate, which 555 



 

is one of the reasons why this nutrient is a good tracer of Pacific water; Rudels et al., 1991). 556 

Since the AW is in contact with the bottom here, and the flow through the canyon can be quite 557 

strong at times, it is likely that the silicate was obtained locally near the canyon mouth through 558 

mixing with the sediment pore water. MW was found as far south in the canyon as HC2 (see 559 

Fig. 7). It was likely mixing with the ACW, BSW, and RWW, which is not represented in 560 

Figure 4 (where we have defined distinct boundaries between the different water masses).  561 

 562 

3.5 Conditions in Bering Strait 563 

 564 

a) Timeseries of hydrography and flow 565 

 566 

As described above, the conditions in Bering Strait during the occupation of the 2009 567 

RUSALCA BS section were atypical. ACW was found predominantly on the Russian side of the 568 

strait, extending throughout the water column at the western-most station (Fig. 5). Furthermore, 569 

the ACC at the time was bottom-intensified due to the downward-sloped isopycnals towards the 570 

Siberian side of the strait, which is opposite of the normal surface-intensified ACC adjacent to 571 

the US coast. At the same time, BSW was most prominent on the eastern side of the strait, which 572 

is also not the typical scenario. One wonders if this anomalous configuration in the strait was 573 

present only briefly near the time that the section was occupied, or if these conditions occurred 574 

more often during the summer. This can be addressed using the mooring data in Bering Strait. As 575 

discussed in section 2.4, moorings were deployed on the Russian side of Bering Strait as part of 576 

the RUSALCA program, providing information across the entire strait. Here we consider 577 

timeseries from two of the moorings in the array: mooring A4 on the US side, and mooring A1 578 



 

on the Russian side (see Fig. 2b for the locations of the two moorings). As our study uses data 579 

from two different deployment periods (the mooring array was turned around in late-August), the 580 

depth of the instruments varied slightly – for example the top bin of the ADCP was centered at 581 

35 m in 2009 versus 38 m in 2008 (see Fig. 5 for the positions of the instruments in the vertical 582 

plane). 583 

 584 

The mooring data are presented for the months of August-September 2009 in Figures 12 585 

and 13, where both plots include the 10-m wind vector timeseries in the vicinity of Bering Strait 586 

from the NARR reanalysis data. On the temperature and salinity panels we have delimited the 587 

water mass boundary (3
o
C and salinity of 32) between the warmer, fresher ACW and the colder, 588 

saltier BSW (see Fig. 4). During the month of August the winds in Bering Strait were variable, 589 

alternating predominantly between northeasterly and southwesterly (Fig. 12a). For most of this 590 

time period the flow through the eastern side of Bering Strait was northward, advecting ACW 591 

into the Chukchi Sea (Fig. 12b and c). However, a marked change occurred in the beginning of 592 

September when the wind shifted to the northeast and remained that way for nearly the entire 593 

month. As seen, the flow through that side of the strait (at 35 m depth) reversed soon after this 594 

initial change in wind, and the water became substantially colder and saltier (changing from 8
o
C 595 

to 3
o
C and 29.5 to 32 in salinity at 41 m), hovering near the boundary between ACW and BSW. 596 

However, as the month progressed and the northerly winds increased in strength, the mooring 597 

clearly measured BSW on the eastern side of the strait (Fig. 12c). In fact, BSW was present for 598 

roughly the last 12 days of September (including the occupation of the BS section at the end of 599 

the month). Importantly, the flow through the strait was northward during some of the periods 600 



 

when BSW was present, revealing that this water mass was advected into the Chukchi Sea on the 601 

“wrong” side of the strait.  602 

 603 

Unfortunately, the CTD sensor on mooring A1 on the Russian side of the strait was 604 

absent for much of August, but when the mooring was serviced in late-August a replacement 605 

sensor was re-deployed which returned good data. One sees that the flow through the western 606 

side of the strait was predominantly northward during August, while the wind was variable, and, 607 

as expected, the water mass transported northward was BSW (there is no reason to think that 608 

BSW was not present at the mooring site throughout the month of August). However, coincident 609 

with the change that took place on the eastern side of the strait due to the occurrence of 610 

northeasterly winds in early September, the conditions on the western side changed just as 611 

dramatically. In particular, warm and fresh ACW was measured at the mooring site over a period 612 

of roughly five days (Fig. 13c). Then when the winds increased in strength later in the month, 613 

ACW appeared again at the site for a prolonged period. During some of this time period the 614 

ACW was being transported northward through the strait. Hence, the mooring records indicate 615 

that ACW and BSW were not only transposed in Bering Strait during the occupation of the BS 616 

section, but also at other times earlier in the month.  617 

 618 

This transposition of water masses is likely the result of the secondary circulation in the 619 

strait due to the persistent northerly winds during the month of September. The Ekman transport 620 

in the surface layer would advect ACW towards the Russian side of the strait, where 621 

downwelling would occur, bringing the ACW to depth (as observed in Fig. 6) and transporting 622 

the BSW towards the US side of the strait in the lower layer. This phenomenon is investigated 623 



 

below using a numerical model (in section 4). As noted, for part of the time when the two water 624 

masses were transposed, the flow through Bering Strait was poleward (a total of 8.5 days at 625 

mooring A4 and  4.5 days at mooring A1), transporting these water masses onto the Chukchi 626 

shelf in a manner not indicative of the norm. This may provide an explanation for the surprising 627 

occurrence of ACW in Herald Canyon during the 2009 RUSALCA survey. This is also 628 

addressed below using the numerical model.  629 

 630 

b. Atmospheric forcing 631 

 632 

It is natural to ask if the atmospheric forcing during the time period of the transposition of 633 

ACW and BSW in September 2009 was anomalous. To assess this we use the NARR reanalysis 634 

fields for the period 2000-2012 (which encompasses the time period of the RUSALCA program). 635 

We start by considering the along-strait component of the wind (and windstress) at the NARR 636 

data point closest to the center of the strait (which is slightly on the US side)
3
. The along-strait 637 

angle is 30
o
T (positive is northward). The mean wind for the 12-year period is 2.4 m/s from the 638 

north. There is a well-defined seasonal cycle, with stronger winds in the fall/winter and weaker 639 

winds in the spring/summer (Fig. 14). From June-August the climatological monthly mean wind 640 

speed is indistinguishable from zero, and from October-November it exceeds 4 m/s. Included in 641 

Fig. 14 is the monthly mean wind speed for 2009 (red curve), and one sees that indeed the 642 

northerly winds were anomalously strong during September 2009 (near 6 m/s). Only one other 643 

September over this 12 year time period experienced comparable winds.  644 

 645 

                                                        
3 Results were comparable when using a spatial average over a region encompassing the strait.  



 

To examine the large-scale atmospheric setting leading to the stronger than normal winds 646 

in September 2009, we considered the sea level pressure (SLP) and 10-m winds over a domain 647 

that extends from the Gulf of Alaska to the Canada basin of the Arctic Ocean. The climatological 648 

September conditions for 2000-2012 are shown in Figure 15a. One sees a minimum in SLP 649 

centered in the eastern Bering Sea and the cyclonic circulation surrounding this feature, which 650 

results in northerly winds in Bering Strait. The effect of the orography of Alaska and Russia is 651 

evident, leading to enhanced wind speeds through the strait. This situation is similar to the 60-652 

year SLP climatology presented in Pickart et al. (2009) using the (lower resolution) global NCEP 653 

product. In particular, at this time of year the Aleutian low is situated in the region of the 654 

Alaskan Peninsula and extends from the eastern Bering Sea into the northern Gulf of Alaska (in 655 

October the Aleutian low shifts farther east into the Gulf of Alaska). In the September mean of 656 

Figure 15a there is also the signature of the Beaufort High, a region of enhanced SLP in the 657 

Canada Basin with an anti-cyclonic circulation around it (Moore, 2012).   658 

 659 

The conditions during September 2009 were markedly different than the climatological 660 

mean (Fig. 15b). The Aleutian low was significantly deeper and centered farther to east; 661 

however, the biggest change was in the Russian sector of the domain. In particular, a region of 662 

high SLP developed over eastern Russia – known as the Siberian High – associated with a strong 663 

anti-cyclonic circulation. This is a well known feature (Gong and Ho, 2002; Kim et al., 2005), 664 

which is often connected via a ridge of high pressure to the Beaufort High. The strong SLP 665 

gradient between the Aleutian low and Siberian high was the cause of the enhanced winds in 666 

September 2009. The anomaly fields (Fig. 15c) nicely reveal the eastward shift and deepening of 667 

the Aleutian low, which is more reminiscent of the climatological conditions in October 668 



 

associated with a tightened SLP gradient across Bering Strait (Pickart et al., 2009). The fact that 669 

high SLP anomaly over Siberia is not very different from the September 2009 mean in this 670 

region (compare Figs. 15b and c) indicates that it is rare for the Siberian High to be present 671 

during this month. 672 

 673 

These results show that it was a combination of a change in strength/position of the 674 

Aleutian low, together with the development of the Siberian high, which caused the abnormally 675 

strong winds during the September 2009 RUSALCA cruise. Taking a closer look at the synoptic 676 

fields during that month reveals that a series of low pressure systems transited through the region 677 

over this time period, some of which deepened in the Gulf of Alaska (as they are known to do, 678 

e.g. Wilson and Overland, 1986). In particular, seven different storms passed through the eastern 679 

box marked in Figure 15b. We compared the timeseries of SLP averaged within that box with the 680 

analogous timeseries for the western box in Figure 15b (centered over the Siberian High). Not 681 

surprisingly, the timeseries of SLP difference between the two boxes is significantly correlated 682 

(r = 0.5471 at the 95 % confidence level) with the 10-m wind speed in Bering Strait. Also not 683 

surprisingly, the Siberian High SLP varied on a much slower timescale than the Aleutian Low 684 

SLP. In contrast to the seven events in the eastern box, the timeseries for the western box was 685 

characterized by only two broad peaks: one lasting roughly one week and the other extending for 686 

roughly two weeks. Hence, although the magnitude of the winds in Bering Strait was due to both 687 

centers of action, the variation over the month was dominated by the Aleutian Low.  688 

 689 

To shed more light on the reasons behind the transposition of the two summer water 690 

masses that occurred in September 2009, we further examined the general characteristics of the 691 



 

wind events in Bering Strait. We defined an event by the criteria that the northerly wind speed 692 

exceeds 3 m/s for more than 18 hours without interruption for more than 18 hours. Again, there 693 

are clear seasonal trends. Notably, for the months of June-October (i.e. the climatological 694 

summer water period), the length of events increases from roughly 2 days to 5 days, while the 695 

average magnitude of the wind during the events strengthens from approximately 6 m/s to 8 m/s 696 

(the peak winds increase from 7.5 m/s to 12 m/s). Hence, progressing from summer into fall, 697 

storms become more intense and last longer. What does this imply about the secondary 698 

circulation in Bering Strait? To answer this we considered the time integral of the windstress 699 

over a wind event, which takes into account both the duration and magnitude of the storm, 700 

 701 

           
  

  
 , 702 

 703 

where τa is the along-strait component of the windstress, and t1 and t2 are the start and end times 704 

of the events identified above. We note that this quantity is proportional to the cumulative 705 

Ekman transport (Huyer et al., 1979) which is Iw/f. The results are plotted in Figure 16 for each 706 

month of the year over the 12-year period. The plot shows each event (grey stars), along with the 707 

mean (black stars) and median (blue stars) for each month, including the standard deviations 708 

(bars). 709 

 710 

Iw can be taken as a measure of the persistence of the wind-driven secondary circulation 711 

in Bering Strait, and hence reflects the tendency for the transposition of water masses to occur. 712 

As seen in Figure 16, there is a clear seasonal cycle with considerably larger Iw, and larger 713 

variability, from September through December. (The median is consistently smaller than the 714 



 

mean, due to the relatively large number of moderate and/or short storms during the year.) In 715 

September 2009 there were three events (see Fig. 12a): one short event and two longer ones. The 716 

corresponding Iw values are marked in red in Figure 16. The latter two events were both 717 

characterized by large Iw, especially the event during the last half of the month, which was one 718 

of the largest values during any of the Septembers. This, together with the WOD results 719 

presented earlier (showing very little ACW on the western side of Bering Strait, Fig. 9a), 720 

suggests that it takes especially strong winds to cause the transposition of water masses that was 721 

observed on the RUSALCA cruise. Note, however, that from October through early-December 722 

there are a number of Iw values comparable to, or larger than, the anomalous event in September 723 

2009. This implies that water mass transposition in the strait may be a more common 724 

phenomenon later in the fall. Unfortunately, shipboard surveys in the Chukchi Sea at that time of 725 

year are rare (we are not aware of any measurements in Herald Canyon in October/November), 726 

so it is difficult to assess this. Furthermore, during the fall the ACC is greatly diminished or 727 

absent, so that ACW is no longer found in Bering Strait. Hence, the consequences of such a 728 

transposition may not be as significant for the water masses of the Chukchi shelf at that time of 729 

year.  730 

 731 

4. Idealized numerical model  732 

 733 

We now use the numerical model introduced in Section 2.6 to explore the circulation and 734 

dynamics of the Bering Strait inflow and the fate of the water in the Chukchi Sea under northerly 735 

wind events. The aim is to understand the cause of the transposition of ACW and BSW that was 736 

observed on the RUSALCA 2009 cruise and to see if this can explain the anomalous 737 



 

measurements of ACW in Herald Canyon. The initial (undisturbed) flow and temperature 738 

distribution in the vicinity of the model strait are shown in Figure 17 in the lateral and vertical 739 

planes (only part of the model domain is shown here). The warm ACW is confined over the 740 

sloping bottom along the coast of Alaska and penetrates as deep as the 20 m isobath.  The 741 

northward transport through the strait is 1 Sv, carried predominantly by the barotropic flow in the 742 

center of the strait.  There is a thermal wind shear in the ACC associated with the horizontal 743 

temperature gradient, resulting in a surface-intensified jet.  744 

 745 

We consider first a wind event with a maximum wind stress of τmax=-0.1 N/m
2
 (which 746 

corresponds to a northerly wind speed of roughly 8.5 m/s) and a duration of approximately 9 747 

days. The flow and temperature distribution on day 11, at the end of the wind event, are shown in 748 

Figure 18. One sees that in the southern two-thirds of the domain the warm water has been 749 

advected approximately 100 km offshore of the eastern boundary.  This is sufficient to cross the 750 

model strait so that the warm water is now banked up against the western boundary of the strait 751 

(Fig. 18a and c). The flow in the central part of the channel remains nearly barotropic at 752 

approximately 35 cm/s while the total northward transport has been reduced to 0.52 Sv.  There 753 

are also flow reversals along the eastern boundary and near the surface at the western boundary.  754 

The thermal wind shear associated with the warm water on the western boundary now results in a 755 

local maximum in northward flow near the bottom. The transposition of the warm water to the 756 

western side of the strait and the enhanced northward flow at depth are consistent with what was 757 

observed in the Bering Strait during the period of strong northerly winds in September 2009, 758 

although the barotropic flow near the western boundary in the model is much weaker than in the 759 

observations. South of the strait at this time the ACW is within a broad region of northward flow. 760 



 

North of the strait, some of the warm water is being advected northward in the branch that flows 761 

through the model equivalent of Herald Canyon. In fact, a portion of this warm water has been 762 

carried entirely across the northward branch and lies in a region of weakly recirculating flow 763 

west of the canyon, staying there for quite a while (the model does not contain Wrangel 764 

Island).We note that most of the model ACW that resides in the canyon at this time emanated 765 

from the ACC after it had already passed through Bering Strait; i.e., it was not due to the 766 

transposition in the strait. 767 

 768 

On day 30, although the wind has been turned off for 19 days, the effects of the wind 769 

event are still seen throughout the region (Fig. 19). The warm water is now being advected 770 

northward in the middle of the strait, having originated from the pool of warm water that was 771 

previously carried into the interior south of the strait.  The ACC is becoming re-established along 772 

the southern portion of the eastern boundary, advecting warm water as far north as y=600 km at 773 

this time.  We note that the temperature is behaving somewhat as a passive tracer that is carried 774 

by the barotropic flow. This is most evident north of the strait.  There is a plume of warm water 775 

extending northward from the strait to y=1050 km, heading into the canyon.  (The earlier pulse 776 

of warm water in the canyon has already drained from the shelf at this point and is now being 777 

advected eastward along the shelf break near x=300 km, y=1150 km.)  Importantly, the ACW 778 

now entering the canyon did stem from the transposition in Bering Strait and is not simply a 779 

short pulse of warm water. At this time the transport through the strait is again 1 Sv and the 780 

major currents are being re-established − yet they now advect anomalous water masses compared 781 

to the time period prior to the wind event.  782 

 783 



 

It takes months for the flow and temperature distribution in the model to return 784 

completely to the pre-wind state. This is because the flow speed varies significantly across the 785 

domain, from O(50 cm/s) in the strait, to O(10-20 cm/s) in the canyon and along the eastern 786 

boundary, to nearly stagnant in the western-most portion of the shelf. The Ekman transport is 787 

able to carry the warm water across these flow regimes, but after the wind ceases there is no 788 

mechanism to bring the warm water back into the original advective pathways that carry it across 789 

the shelf and towards the east.  The wind event also disrupts the northward heat transport through 790 

the strait, reducing it by approximately 40% while the wind is strong.  This heat is not lost, 791 

however, and is eventually advected northward through the strait between days 40 and 60. 792 

 793 

It is evident that the cross-stream displacement of the ACW depends on the Ekman 794 

transport.  We now explore the sensitivity of this displacement to the strength and duration of the 795 

wind event.  A series of model calculations were carried out in which the wind stress was varied 796 

between -0.0125 N/m
2
 and -0.325 N/m

2
, and the duration was either 9 days or 4 days.  The 797 

location of the ACW was calculated as a weighted zonal integral of temperature anomaly relative 798 

to Tref = 3
o
C as 799 

 800 

     
            
  

  

           
  

  

 . 801 

 802 

The reference frame is such that Xe = 0 on the eastern boundary, so XACW is a measure of 803 

the offshore distance of the ACW from the coast. The minimum value (most westward distance) 804 

of XACW was found for each calculation and is plotted in Figure 20. The circles are for the latitude 805 

of the strait, y = 770 km, and the squares are for a region north of the strait taken to be 806 



 

y = 1000 km. The offshore shift of the ACW core is plotted as a function of the Iw for each of 807 

the wind events. Not surprisingly, the warm water is advected farther offshore for either stronger, 808 

or longer lasting wind events. To leading order, Iw controls the behavior; short strong events are 809 

equally as effective as long, weak events. This is not precisely true because there is a weak zonal 810 

flow of approximately a few cm/s in the strait (note the orientation of the streamlines in 811 

Figure 19a) which offsets this linear interpretation, but this effect is relatively minor.  This is the 812 

reason that the weak, long events do not advect the warm water in the strait quite as far as the 813 

strong, short events. One implication of this is that very weak winds would not result in an 814 

offshore shift of the warm coastal water even if they persist for a very long time.   In the strait the 815 

offshore shift is of course limited by the presence of the western boundary at XACW = -100km. 816 

Complete displacement is achieved for Iw less than about -0.75 to -1.0 N /m
2
 days (Fig. 20).  For 817 

reference, this is approximately 0.1 N/m
2
 wind stress applied for 10 days.  Note that most of the 818 

Ekman transport is carried in the uppermost model level (5 m).  If the vertical mixing were 819 

sufficiently large to significantly deepen the Ekman layer so that the Ekman transport were 820 

distributed over a larger depth range then it would take longer for the transposition to occur.  821 

Note that at this time of year the flow through Bering Strait is generally well stratified and thus 822 

expected to limit the depth of the Ekman layer.  We have marked this range of Iw on Figure 16, 823 

which denotes when the full transposition of ACW and BSW should occur. This provides further 824 

evidence that the transposition is not a common phenomenon. In particular, only 10% of the 825 

observed wind events in the strait over the 12-year period meet/exceed this criterion – none in 826 

May, June, and July (and only a few in April and August).  827 

 828 

To the north on the shelf (y = 1000 km), the warm water is always located farther 829 



 

offshore than it is in the strait. This is because the eastern boundary at y=1000 km lies 830 

approximately 130 km to the east of the eastern boundary in the strait and much of the warm 831 

water north of the strait was advected there from the strait, not locally from the eastern boundary. 832 

The warm water returns to the eastern boundary within the strait approximately 60 days after a 833 

wind event, independent of the wind strength because it is restored by the large scale circulation 834 

south of the strait.  However, the warm water north of the strait remains in the interior far longer 835 

because part of it remains in the region of weak flow to the west, plus the advective pathway 836 

over the canyon and along the shelfbreak is much longer than the direct route along the coast, 837 

and thus takes longer to flush the warm water out of the region.  838 

 839 

There are surely aspects of the wind-driven response in Bering Strait and the Chukchi 840 

shelf that are not captured, or precisely represented, in our simplified model.  We note that the 841 

model domain does not contain significant variations in the coastline (such as Norton Sound) 842 

and, as seen in Figure 15, the northerly winds are not spatially uniform. However, the model 843 

does provide a dynamical explanation of the water mass transposition that occurred in September 844 

2009, which is consistent with the shipboard observations and the atmospheric reanalysis fields.  845 

Furthermore, it shows how a single strong and/or long-lasting storm can disrupt the normal 846 

progression of Pacific summer waters across the Chukchi shelf and can divert ACW from its 847 

coastal pathway into Herald Canyon.  848 



 

5. Summary and Discussion 849 

 850 

We have presented results from a hydrographic/velocity survey of the Chukchi Sea 851 

carried out in September 2009. What makes the study unique is that the sampling domain 852 

included the western (Russian) side of the shelf, including the region near Wrangel Island where 853 

there are few existing measurements (and no high-resolution transects that we are aware of). We 854 

focused on the distribution and pathways of four different water masses: Alaskan coastal water 855 

(ACW), Bering summer water (BSW), remnant Pacific winter water (RWW), and Siberian 856 

coastal water (SCW), and compared what was observed in September 2009 to the historical 857 

presence of these water masses as seen in the World Ocean Database (WOD).  858 

 859 

There were both similarities and differences between our survey and the patterns seen in 860 

the WOD. Both ACW and BSW were flowing northward through Bering Strait in September 861 

2009, while SCW was flowing southwards towards the strait adjacent to the coast of Russia in 862 

the Siberian Coastal Current. The transport of the Siberian Coastal Current diminished to the 863 

south, while the transport of the ACW and BSW decreased in the northern part of the Chukchi 864 

Sea. RWW was found extensively in the region around Wrangel Island and Herald Canyon, but 865 

not on the southern part of the shelf. All of these things are consistent with the patterns seen in 866 

the WOD and with the results of previous studies. 867 

 868 

There were, however, surprising aspects to our 2009 survey. Most notably, the ACW and 869 

BSW were transposed in Bering Strait and ACW was found extensively on the western shelf, 870 

which, according to the historical data, is rare. In particular, the ACW was flowing northward on 871 



 

the western side of the strait as a bottom-intensified current, whereas this water mass is typically 872 

transported in the surface-intensified Alaskan Coastal Current on the eastern side of the strait. At 873 

the same time the BSW was observed within the eastern channel in our survey, as opposed to the 874 

normal situation where it flows through the western channel. Furthermore, significant amounts of 875 

ACW were present in Herald Canyon flowing to the north. Another notable aspect to the survey 876 

was the presence of SCW encircling Wrangel Island, suggesting that at times this water mass can 877 

get entrained into the prevailing anti-cyclonic circulation around the island. 878 

 879 

Using a simple numerical model we provided a likely explanation for the anomalous 880 

presence of ACW observed in our survey. The winds in September 2009 were especially strong 881 

out of the northeast, and we simulated this with a strong northerly wind event in the model. We 882 

found that the resulting secondary circulation in Bering Strait caused the transposition of ACW 883 

and BSW. In particular, the surface Ekman flow brought ACW to the western side where it 884 

downwelled, and, as compensation, the BSW was fluxed to the eastern side of the strait. The 885 

meridional flow was temporarily reversed to the south in the strait, but as the model winds 886 

subsided the northward flow was re-established while the water masses were still transposed. 887 

This resulted in a substantial amount of ACW being diverted to the western side of the shelf into 888 

the model equivalent of Herald Canyon, Notably, the readjustment process in the model is slow, 889 

so ACW is able to exit the western shelf as a result of a single strong wind event.  890 

 891 

The NARR fields revealed that the northeasterly winds in Bering Strait during September 892 

2009 were much stronger than the climatological average due to the combination of a deepened 893 

Aleutian Low, which was shifted to the east, and the presence of a strong Siberian High. Using 894 



 

the time integral of the windstress (Iw) as a metric – which takes into account both the duration 895 

and strength of a storm – it was found that one of the storms in September 2009 had an 896 

especially large value of Iw. Sensitivity tests using the model indicated that there is a threshold 897 

for Iw above which the ACW will be shifted to the western side of Bering Strait. The value in 898 

September 2009 far exceeded this threshold. Thus, despite the simplified nature of the model, it 899 

offers a dynamical explanation for the anomalous state of the Chukchi Sea observed in our 900 

survey.  901 

 902 

There are several ramifications of such a wind-driven transposition of ACW and BSW.  903 

Much of the heat and freshwater transported into the Chukchi Sea, and ultimately fluxed into the 904 

interior basin, is carried by the Alaskan Coastal Current (Steele et al., 2004; Itoh et al., 2015). 905 

The heat is capable of melting a significant amount of pack-ice (Woodgate et al., 2011; Brugler 906 

et al., 2014), while the freshwater can contribute to the reservoir of freshwater within the 907 

Beaufort gyre (Proshutinsky et al., 2009; Pickart et al., 2013). If ACW is diverted from its 908 

normal coastal route within the Alaskan Coastal Current it will (1) reside longer on the Chukchi 909 

shelf due to the longer and slower pathways on the central/western shelf (e.g. Pickart et al., 910 

submitted), plus the fact that northerly winds retard the flow (Winsor and Chapman, 2004); and 911 

(2) exit the Chukchi shelf at a different location and possibly in a different manner.  912 

 913 

The longer residence time means that the water will tend to cool due to the colder air 914 

temperatures and increased storminess in late-September and October, which means the modified 915 

ACW is less likely to melt ice in the basin. Furthermore, the ACW will enter a different part of 916 

the Canada Basin which will impact the ultimate fate of the water. It is well known that ACW 917 



 

exiting Barrow Canyon forms an eastward-flowing shelfbreak jet (Nikolopoulos et al., 2009), 918 

and that the jet is unstable and fluxes the warm water into the Beaufort Sea (von Appen and 919 

Pickart, 2012). A similar jet along the edge of the Chukchi shelf seems to result from the outflow 920 

from Herald Canyon (Mathis et al., 2009; Linders et al., submitted), and it too appears to flux 921 

water offshore via eddies (Pickart and Stossmeister, 2008). It seems likely that water transferred 922 

to the basin near Herald Canyon will more readily enter the Beaufort Gyre and the Transpolar 923 

Drift. This in turn suggests a more effective route for the fresh ACW to help maintain the 924 

freshwater reservoir of the Beaufort Gyre. 925 

 926 

As shown here, and in many previous studies, BSW is considerably higher in nutrients 927 

than the ACW. The typical pathways for BSW thus result in higher productivity on the western 928 

shelf, with larger amounts of water column chlorophyll and benthic biomass (Grebmeier et al., 929 

2006). The transposition of water masses in Bering Strait documented here could potentially 930 

result in more BSW on the eastern shelf in late-summer / early-fall. There has been a significant 931 

decline in sea-ice persistence in the Chukchi Sea over the past several decades, including a later 932 

occurrence of freeze up (Frey et al., 2014). On the northeast portion of the shelf the pack-ice is 933 

now tending to form in mid-November versus late-September 35 years ago (Frey et al., 2015). 934 

This means that more light enters the water column later in the season. Consequently, autumn 935 

phytoplankton blooms may start to occur resulting in enhanced biological activity on the eastern 936 

shelf. It remains to be seen what the consequences of this are. One interesting thing to note in 937 

this regard is that Bowhead whales tend to migrate southward in the fall in greater numbers on 938 

the western shelf (Quakenbush et al., 2010). With a more biologically active eastern shelf this 939 

could change. One should also keep in mind that, while it takes strong winds to cause the water 940 



 

mass transposition in Bering Strait, the number and intensity of high latitude storms is expected 941 

to increase as the climate warms.  942 
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Figure 1. Schematic circulation of the Chukchi Sea and geographical place names (from Brugler et al., 2014). 

 

Figure 2. (a) Locations of the hydrographic stations occupied during the 2009 RUSACLA cruise. See the key for the names of the 

transects. The four vertical sections discussed in the paper are highlighted in red. The dashed black line indicates the Russian – US 

convention line. (b) The Bering Strait mooring array from 2008-2010. The two moorings used in the study are colored red. 

 

Figure 3: Model domain with bottom topography (colors) and transport streamfunction before wind event (contours, contour interval 

0.1 Sv). The model forcing is described in Section 2.6. The white line is the section through Bering Strait discussed in Section 4.  

 

Figure 4. Characteristics of the water measured during the 2009 RUSALCA survey in temperature/salinity space. The color 

represents the silicate concentration [μM kg
-1

]. The identified water masses are: ACW = Alaskan coastal water; BSW = Bering 

Summer water; SCW = Siberian coastal water; WW = newly ventilated Pacific winter water; RWW = remnant Pacific winter water; 

MW = melt water; AW = Atlantic water. The approximate boundaries of the water masses are indicated by the red lines and 

associated numbers. 

 

Figure 5. Vertical sections of (a) potential temperature (
o
C), (b) salinity, (c) silicate (μmol/l; circles denote water sample locations), 

and (d) absolute geostrophic velocity (cm/s; positive is northward) for the Bering Strait transect. The viewer is looking to the 

northeast. The contours are potential density (kg/m
3
). The thick lines and labels mark the different water masses present in the 

section (see Fig. 4 and Section 3.2 for definitions). The black line denotes the zero velocity isotach (when present). The station 

positions/names are marked along the top. Positions of A1 and A4 moorings instruments are marked by white stars. 

 

Figure 6. Same as Fig. 5 for the Chukchi South section. The viewer is looking to the northwest.  

 

Figure 7. Same as Fig. 5 for the Herald Canyon 2 section. The viewer is looking to the north.  

   

Figure captions

http://ees.elsevier.com/dsr1/viewRCResults.aspx?pdf=1&docID=2716&rev=2&fileID=132368&msid={BC67C8DC-44C7-433E-9A72-4FB1B91CAB78}


Figure 8. Same as Fig. 5 for the Long Strait section. The viewer is looking to the northwest.  

 

Figure 9. Lateral distribution of water properties from the World Ocean Database for (a) the ACW and SCW; and (b) BSW and 

RWW. The water masses are coded by color (see the legend). The grey dots denote instances where none of the four water masses 

were found, or there were no silicate data.  

 

Figure 10. Lateral distribution and transport of water masses from the 2009 RUSALCA survey: (a) ACW, (b) BSW, (c) SCW, and 

(d) RWW. The vectors are transport per unit width computed from the absolute geostrophic velocity for each station pair (see the 

key). 

 

Figure 11. Surface wind vectors at the time and the position of occupation of each station during the 2009 RUSALCA cruise from 

the NARR 10 m winds. The bottom axis shows time. Lines and labels mark the different transects. 

 

Figure 12. Timeseries from Mooring A4 on the eastern side of Bering Strait for the months of August and September, 2009 (see Fig. 

2b for the location of the mooring, and Fig. 5 for the locations of the instruments). The time period of the RUSALCA cruise is 

denoted by the red lines. (a) 10-m winds from NARR in the vicinity of Bering Strait; (b) vector stick plot of currents at 

approximately 35 m depth; (c) Temperature (blue) and salinity (green) at approximately 40 m depth. The water mass boundary 

between the ACW and BSW is indicated by the dashed black line.  

 

Figure 13. Same as Fig. 12 for Mooring A1 on the western side of Bering Strait. The currents and hydrographic timeseries are from 

17 m depth.  

 

Figure 14. Monthly mean along-strait (30
o
T, where positive is northward) 10-m NARR winds in the vicinity of Bering Strait, for the 

period 2000-2012. The grey lines are the individual years, and the black curve/symbols are the climatological monthly means for 

each month. The red curve is 2009. 



 

Figure 15. Maps of sea level pressure (mb, color) and 10-m winds (vectors) from NARR. (a) Mean fields for September 2000-2012. 

(b) Mean fields for September 2009. The white boxes mark the regions used to compute the SLP gradient, discussed in Section 

3.5(b). (c) September 2009 anomaly 

 

Figure 16. Time integral of the windstress  (Iw [N m
-2 

days]) in Bering Strait for the wind events from 2000-2012 (see Section 3.5(b) 

for how the wind events were defined). The grey stars are the individual events, the black stars are the monthly means, and the blue 

stars are the monthly medians. The standard deviations are denoted by the bars. The value of Iw for the three events in September 

2009 are marked in red. The grey shaded region (delimited by the dashed lines) is the threshold range for ACW to reach the western 

side of Bering Strait according to the model. 

 

Figure 17. Model initial state before the wind event. a) temperature (colors) and transport streamfunction (contours, c.i. = 0.1 Sv) in 

the vicinity of the strait. Vertical sections of b) meridional velocity and c) temperature at y=770 km (white line in a). 

 

Figure 18. Same as Figure 17 for day 11, just after wind forcing is turned off. 

 

Figure 19. Same as Figure 17 for day 30, 19 days after wind forcing is turned off. 

 

Figure 20. Location of warm water relative to the eastern boundary, XACW, as a function of the integral of the wind stress (Iw).  

Circles are at the location of the strait, y=770 km. Squares are north of the strait at y=1000 km.  Solid symbols are for long wind 

events of 9 days, open symbols are for shorter wind events of 4 days. 
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