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Abstract 37 

More than 20 years of data from moorings, satellite-tracked drifters and hydrographic 38 

surveys are integrated to provide a comprehensive view of currents and transport on the 39 

eastern Bering Sea shelf.  The major sources of water onto the eastern Bering Sea shelf 40 

are North Pacific water flowing through Unimak Pass and Bering Slope water flowing 41 

onto the shelf usually via the canyons that intersect the shelf break.  Absolute geostrophic 42 

transport through Unimak Pass varies from an average of 0.25 × 10
6
 m

3
 s

-1  
(Sv) in the 43 

warm months to 0.43 Sv in the cold months.  Flow along the 50-m isobath is weak, with a 44 

transport of < 0.1 Sv (calculated from current meters) in summer and fall.  The transport 45 

along the 100-m isobath measured at two locations is more than twice that along 50-m 46 

isobaths; in the summer at the Pribilof Islands it was 0.2 Sv and during spring and 47 

summer at 60°N the northward geostrophic transport (referenced to the bottom) was 0.31 48 

Sv.  Northward transport along the 100-m and 50-m isobaths accounts for approximately 49 

half of the transport through Bering Strait.  A typical transit time from Unimak Pass to 50 

Bering Strait is >13 months and from Amukta Pass to Bering Strait via the Bering Slope 51 

Current is >8 months.  Consequently, the source of most of the heat transported into the 52 

Arctic through Bering Strait is a result of air-sea interactions local to the northern Bering 53 

Sea.  Analysis of the currents and water properties on the southern shelf indicates that 54 

~50% of the shelf water is exchanged with slope water during October–January each 55 

year.  This elevates the October mid-shelf average nitrate level from 6 M to 14-16 M 56 

by the end of January. 57 

 58 

Keywords:  Bering Sea, currents, transport, onshelf transport, nutrient replenishment 59 

60 
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1.  Introduction    61 

The Bering Sea stretches > 1200 km from Bering Strait to the Alaska Peninsula, and 62 

500 km from the coast of Alaska to the continental shelf break.  While the shelf break is 63 

cut by a number of large canyons, including Bering Canyon in the south and Pribilof and 64 

Zhemchug Canyons farther north (Fig. 1), the eastern Bering Sea shelf itself is relatively 65 

flat (typical slope of 4 × 10
-4

) with a maximum depth of 180 m at the shelf break. 66 

The large horizontal spatial scales, and low bathymetric relief contribute to the 67 

relatively weak (< 5 cm s
-1

) mean currents over much of the shelf (e.g., Kinder and 68 

Schumacher, 1981; Coachman, 1986).  Exceptions to the weak flow on the southern shelf 69 

include flow along the 50-m and 100-m isobath (Schumacher and Stabeno, 1998; Reed, 70 

1998) and anti-cyclonic tidally rectified circulation around the Pribilof Islands (Kowalik 71 

and Stabeno, 1999; Stabeno et al., 2008).  North of ~60°N, flow intensifies along the east 72 

coast of Siberia forming the Anadyr Current (Kinder et al., 1986), and in the approach to 73 

Bering Strait, where the large (0.8 Sv (1 Sv = 10
6
 m

3
 s

-1
) volume flux into the Arctic 74 

(Woodgate and Aagaard, 2005) is constricted by coastlines.   75 

Much of the background flow field on the northern Bering shelf is set by the net 76 

Pacific-Arctic pressure head (Stigebrandt, 1984; Aagaard et al., 2006), which determines 77 

the mean northward flow through Bering Strait and the location of the western-intensified 78 

Anadyr Current (Kinder et al., 1986). Wind stress drives the dominant portion of the 79 

synoptic-scale (35-100 hr) variability in the coastal domain and north of 62° N 80 

(Danielson et al., 2012a, 2014).   81 

The wind’s influence manifests itself through both direct and remote forcing - surface 82 

Ekman transport drives coastal convergences and divergences that can trigger continental 83 
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shelf waves, which rapidly propagate away from the generation region (Danielson et al., 84 

2014).  In addition to the magnitude of the wind stress, the relative orientation of the 85 

wind with respect to the orientation of the shelf break and coastline is critical for 86 

determining the response of the shelf currents to wind forcing (Danielson et al., 2012a, 87 

2012b). Together, these determine how the synoptic wind-forced flows modify the mean 88 

flow field.  89 

Aagaard et al. (2006) estimated that the source of approximately half of the flow on 90 

the Bering Sea shelf is the Gulf of Alaska’s (GOA) Alaska Coastal Current (ACC).  The 91 

ACC originates at the head of the GOA and flows southwestward along the southern 92 

coast of the Alaska Peninsula.  Average ACC transport in the northern GOA is ~1 Sv  of 93 

which ~30% enters the Bering Sea through Unimak Pass, providing relatively warm, 94 

fresh and nutrient-poor water to the southeastern Bering Sea shelf (Stabeno et al., 2002, 95 

in press; Aagaard, et al., 2006).  This water mixes with slope water from Bering Canyon 96 

and then most of it eventually flows northward along either the 50-m or 100-m isobath 97 

(Reed, 1998; Stabeno et al., 2002).  While flows concentrated along the 50-m and 100-m 98 

isobaths have long been known (e.g., Kinder and Schumacher, 1981; Coachman, 1986), 99 

measurements providing estimates of the magnitude of transport have been limited and 100 

the continuity of these flows has not been examined. 101 

This paper uses extensive data sets from moorings, satellite-tracked drifters and 102 

hydrographic transects collected over a 20+ year period to examine currents on the 103 

eastern Bering Sea shelf.  The goal is to spatially integrate our knowledge of flow on the 104 

shelf including transport along the 50-m and 100-m isobaths, transit times and the 105 

organization of the weak flow over the middle shelf. Using a map of currents derived 106 
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using >400 trajectories from satellite-tracked drifters, estimates of how long it takes a 107 

parcel of water to transit from Aleutian Islands to Bering Strait are made. Transports 108 

through Unimak Pass, and along the 50-m and 100-m isobaths (two of the primary 109 

currents on the Southeastern Bering Sea shelf) are then derived. The organization of the 110 

weak flows on the middle domain is then examined.  Utilizing the ~20 years of data 111 

collected at M2, estimates of nutrient replenishment on the southern shelf are calculated. 112 

Section 4 provides a summary of the results and conclusions.   113 

 114 

2.  Data and methods 115 

2.1  Sea ice 116 

Two sources of sea-ice data were used. The first source was the National Ice Center 117 

(NIC; http://www.natice.noaa.gov/), with data available from 1972 to 2005; the second 118 

source was the Advanced Microwave Scanning Radiometer EOS (AMSR; 119 

http://nsidc.org/data/amsre/) with data available from 2002 to 2014. These two data sets 120 

cover the entire period in which high quality data of sea-ice extent and areal 121 

concentration are available. 122 

NIC data from 1972 to 1994 are from their publically available CD of data on a 0.25° 123 

grid. Later data (1995-2005) were downloaded from their website and interpolated it to 124 

the same positions.  NIC data are derived from a variety of sources, including the 125 

Advanced Very High Resolution Radiometer (AVHRR) aboard the Polar Orbiting 126 

Environmental Satellites (POES). AMSR data consist of daily ice concentration data at 127 

12.5 km resolution, which are available from the National Snow and Ice Data Center 128 

(NSIDC) website. 129 
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2.2 Reanalysis winds 130 

The National Center for Environmental Prediction (NCEP) – Department of Energy 131 

Reanalysis uses a state-of-the-art analysis/forecast system to perform data assimilation on 132 

a 2.5° latitude by 2.5° longitude grid with data ranging from January 1979 to August 133 

2012 (Kalnay et al., 1996; Kanamitsu et al., 2002).  Six-hourly wind and wind stress data 134 

were extracted from the NCEP Reanalysis and interpolated to the desired mooring 135 

locations. NCEP Reanalysis data were obtained from the NOAA Earth System Research 136 

Laboratory, Physical Sciences Division in Boulder, Colorado, USA, from their website at 137 

http://www.esrl.noaa.gov/psd/. NCEP winds are well correlated with the observed winds 138 

in the Bering Sea (Ladd and Bond, 2002). 139 

2.3  Moored hydrography and currents 140 

Moorings (Table 1) have been deployed at many sites on the Bering Sea shelf, 141 

including surface and subsurface moorings instrumented with point current meters 142 

(Aanderaa recording current meters—RCM4 prior to 1998, RCM7 from 1995 to 2005, 143 

and RCM9 since 1996) and subsurface moorings containing acoustic Doppler current 144 

profilers (ADCP; Teledyne RD Instruments). Also, each of the moorings usually 145 

contained instruments measuring temperature and salinity at multiple depths. The ADCPs 146 

were upward looking, bottom-mounted, and either 300 or 600 kHz.  147 

Data were collected at least hourly and all instruments were calibrated prior to 148 

deployment.  The data were processed according to manufacturers’ specifications. All 149 

current meter, temperature and salinity time series were low-pass filtered with a 35-hr, 150 

cosine-squared, tapered Lanczos filter to remove tidal and higher-frequency variability, 151 

and re-sampled at 6-hour intervals. 152 
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2.4  Shipboard hydrography 153 

Conductivity-temperature-depth (CTD) measurements were made using a Sea-Bird 154 

SBE 911plus system with dual temperature and salinity sensors. Data were recorded 155 

during the downcast, with a descent rate of 15 m min
–1

 to a depth of 35 m, and 30 m min
-1 

156 

below that. Salinity calibration samples were taken on at approximately half of the casts 157 

and analyzed on a laboratory salinometer.  158 

2.5  Satellite-tracked drifters 159 

Since 1986, over 500 satellite-tracked drifters (drogue centered at ~40 m) have 160 

been deployed in the North Pacific and Bering Sea by investigators from the EcoFOCI 161 

program at Pacific Marine Environmental Laboratory (www.ecofoci.noaa.gov/drifters/ 162 

efoci_driftersIntro.shtml). During 1986-1988, “holey sock” drogues were used, between 163 

1987 and 1993 “tristar” drogues were employed, and from 1994 onwards “holey sock” 164 

drogues were again used. At these high latitudes, an average of ~14 position fixes per day 165 

were obtained from Argos. Spurious data were deleted from the time series, and data 166 

collected after the drogue was lost, or the drifter went aground or entered into ice 167 

(determined from maps of ice extent) were also deleted. The resulting time series were 168 

then linearly interpolated to hourly intervals.  169 

Lagrangian velocities were determined by centered differences using the hourly 170 

drifter positions. A low-pass filter (25-hour running mean) was applied to the drifter 171 

location data. The methods used in deriving gridded mean velocities are described by 172 

Stabeno and Reed (1994), with each 2-day period within a grid area considered an 173 

independent estimate. The size of each grid cell was 0.5° latitude by 1° longitude. If the 174 

derived scalar speed did not exceed one standard error, or if there were 8 or fewer 175 
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independent estimates within a grid cell, data were not used in the average vector plots, 176 

unless noted. 177 

2.6  Calculation of transport 178 

The hydrographic data were used to calculate baroclinic geostrophic transport 179 

(referenced to the bottom of the water column and hereafter referred to as simply 180 

geostrophic transport), and absolute geostrophic transport (the sum of the geostrophic 181 

transport and the bottom currents measured by the current meter).  In contrast, total 182 

transport was calculated using currents measured at multiple depths on the moorings. 183 

Estimates of total transport were obtained near Nunivak, St. Paul and St. George 184 

Islands, at Slime Bank and in Unimak Pass, following application of the approach 185 

previously applied to Shelikof Strait (Schumacher et al., 1989; Stabeno et al., 1995), Gore 186 

Point (Stabeno et al., 1995) and the Alaskan Stream (Stabeno and Hristova, 2014).   In 187 

this approach the current data were low-pass filtered and the component of velocity 188 

normal to the mooring line was calculated.  (When there was only one mooring, e.g., St. 189 

George Island, the net direction was used.)  This normal component of velocity at each 190 

current meter or ADCP bin was multiplied by the cross-sectional areas defined by the 191 

midpoints located halfway between two adjoining moorings or total distance between the 192 

mooring and the shore, as appropriate.  The outer edges of the mooring lines at Nunivak 193 

Island (IF array, Fig. 1), Slime Bank (SB) or St. Paul Island (PI), were defined as the 194 

same half distance as between the outer mooring and its nearest more coastal neighbor.  195 

The vertical boundaries were the surface, the bottom or the halfway point between 196 

instruments/bins as appropriate. The individual mooring transport time series were 197 

summed, providing a total transport perpendicular to each mooring line. The barotropic 198 
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transport in Unimak Pass was calculated by multiplying the bottom currents normal to the 199 

pass by the cross sectional area of the pass. 200 

 201 

3.  Results and Discussion 202 

3.1  Major current patterns 203 

The major current patterns at a depth of 40 m are evident in the map of mean current 204 

velocities derived from satellite-tracked drifter trajectories (Fig. 2).  The vectors represent 205 

currents when ice was not present in the grid cell.  The ACC in the GOA is the weaker, 206 

southwestward flow evident on the shelf south of the Alaska Peninsula and Unimak 207 

Island, which enters the Bering Sea through Unimak Pass, while the Alaskan Stream is 208 

the stronger, southwestward flow along the slope, which enters the Bering Sea through 209 

the deeper Aleutian Passes, particularly Amukta Pass (171°W). The flow through 210 

Unimak Pass diverges into two branches: one follows the 50-m isobath and the other 211 

flows just seaward of the 100-m isobath. South of St. George Island the shelf narrows, 212 

forcing the flow to intensify before it turns northward. In the basin, the northward flow 213 

through Amukta Pass joins the northeastward flowing Aleutian North Slope Current 214 

(ANSC; Reed and Stabeno, 1999). Upon nearing Bering Canyon, the ANSC turns 215 

northwestward forming the Bering Slope Current (BSC).  A portion of the BSC flows 216 

onto the shelf through the northern branch of Zhemchug Canyon, joining the100-m 217 

isobath flow northward.  Near 63°N, the flow along the 100-m isobath joins with slope 218 

waters to form the Anadyr Current, which flows anti-cyclonically around the Gulf of 219 

Anadyr. Elsewhere on the shelf, average flows are weak. 220 
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Many of the satellite-tracked drifters presented here were deployed on the southern 221 

Bering Sea shelf in the spring and by the time they reached 60°N, autumn usually had 222 

already arrived.  With the advent of winter and its stronger winds, the mixed layer 223 

deepened to below the drogue depth, so the drifters became more responsive to winds. 224 

More importantly, by the time many of the drifters approached St. Matthew Island, ice 225 

had begun to arrive (Stabeno et al., 2012a), thus ending the drifter record.  This resulted 226 

in fewer and less reliable estimates of velocity on the northern shelf than farther south. 227 

While drifter trajectories provide an indication of flow patterns and velocities at 40 228 

m, they do not provide information on the magnitude of the transport.  In the following 229 

three sections, we will discuss the magnitude of transport through Unimak Pass and along 230 

the 50-m and 100-m isobaths.  231 

 232 

3.2  Inflow through Unimak Pass 233 

Barotropic transport (estimated from near-bottom current measurements) through 234 

Unimak Pass varied seasonally, with the greatest transport in fall to mid-spring and the 235 

weakest from May to September (Fig. 3a). Transports were positively correlated (r = 0.7; 236 

Stabeno et al., 2002) with the southwestward winds (defined as the direction the winds 237 

are moving to).  Mean barotropic transport was calculated using current data from five 238 

Unimak Pass (UP) deployments (Table 1). During October 1–April 25 transport was 0.25 239 

± 0.03 Sv (mean ± standard error of the mean) and during May 10 – September 15 it was 240 

0.08 ± 0.02 Sv, or approximately three times larger in the winter than summer.   241 

Variability in the geostrophic transports through Unimak Pass (Table 2) was 242 

calculated using four standard hydrographic stations.  Stabeno et al. (2002) noted that the 243 
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transport was three times as large during ebb tide as during slack tide.  Based on 32 244 

hydrographic transects, a comparison of winter and summer transports can be made. The 245 

geostrophic transports in the cold months (October 1–May 14) and warm months (May 246 

15–September 30) were approximately the same: 0.16 ± 0.17 Sv (mean ± std) in the warm 247 

season and 0.18 ± 0.10 Sv in the cold season. Historically, estimates of absolute 248 

geostrophic transport have been calculated by combining a barotropic component 249 

calculated using near-bottom currents and the geostrophic component referenced to the 250 

bottom from hydrographic surveys (e.g., Fandry and Pillsbury, 1979; Reid 1986; Stabeno 251 

et al., 2002). The absolute geostrophic transport through Unimak Pass was ~0.25 Sv in 252 

the warm months and ~0.43 Sv in the cold months.  This difference was primarily driven 253 

by the barotropic component, which differs significantly between summer and winter. 254 

In 2002, an ADCP was deployed in the narrow passage to the south of Unimak Pass.  255 

The currents measured throughout the water column yielded time series of total transport 256 

(Fig. 3b, black line) and the bottom current bin was used to calculate the barotropic 257 

transports (red line). The records are clearly well correlated.  During this two and half 258 

month period, the mean barotropic transport was ~0.10 Sv, while the mean total transport 259 

was ~0.22 Sv, a difference of 0.12 Sv.  This difference is similar to the mean geostrophic 260 

transport calculated from hydrographic data (Table 2). 261 

There are no estimates of the magnitude of flow in Bering Canyon based on direct 262 

observations, but trajectories of satellite-tracked drifters show onshelf advection 263 

associated with this canyon (e.g., the purple trajectory in Fig. 4). The flow up Bering 264 

Canyon may combine with the transport through Unimak Pass, resulting in greater 265 
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transport onto the southeastern shelf than that solely from Unimak Pass.  Trajectories in 266 

Figure 4 also suggest a separation into flow along the 50-m and the 100-m isobaths. 267 

 268 

3.3  Flow along and near the 50-m isobath 269 

Only a few moorings have collected time series of currents, temperature and salinity 270 

along or near the 50-m isobath north of Unimak Island and the along the Alaska 271 

Peninsula. Many of the earlier observations were based on short (< 3 month) 272 

measurement intervals (e.g., Kinder and Schumacher, 1981).  In the next section, we 273 

examine data from longer deployments, near Unimak Island and farther north near 274 

Nunivak Island.  275 

 276 

3.3.1  Mean currents and transport along the 50-m isobath 277 

Following the 50-m isobaths northeastward from Unimak Pass, moorings were 278 

deployed in 1995, 1997, 1998 and 1999 (Table 1; Fig. 1).  The southernmost moorings 279 

were deployed from February to September 1995 (Table 1) at M1 in 67 m of water.  They 280 

revealed northeastward flow parallel to the peninsula (Fig. 5).  The flow at 15 m (net flow 281 

3.5 cm s
-1

 at 65°) was much stronger than at 63 m (net flow 0.6 cm s
-1

 at 73°).  In the 282 

summer of 1999, another set of moorings (SB1, SB2, and SB3) was deployed to the east 283 

of Unimak Pass and M1 between water depths of 38 m and 97 m (Fig. 1).  Current meter 284 

data from these moorings were used to calculate a time series of total transport (Fig. 6), 285 

which ranged from -0.25 Sv
 
to 0.35 Sv, with an average of 0.04 Sv.   286 

The salinities can be used to give an indication of the sources of the flow near M1 and 287 

the SB line.  Unfortunately, the conductivity sensors on the SB moorings suffered from 288 
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heavy biological fouling in this region, which is appropriately referred to as “Slime 289 

Bank.” An examination of tidal variation from salinity time series collected in 1995 (not 290 

shown) reveals that the variation in salinity at tidal frequencies was ~0.2, with increasing 291 

salinity during flow onto the shelf.  While the salinity time series from 1995 were short, 292 

the low-pass filtered salinity varied by ~0.4, with more saline water associated with 293 

northeastward flow. The water was more saline in the 1999 time series than in 1995 294 

(likely because the salinity in 1999 was measured at 84 m, ~ 40 m deeper than that in 295 

1995), but with a similar pattern of increasing salinity in May. The salinity of the water 296 

that flows through Unimak Pass varies seasonally (Stabeno et al., 2002), with the lowest 297 

salinity (< 31.6) occurring in January and highest (>32) in late summer.  The higher 298 

salinities observed in 1999, indicate that the source of this water was likely Bering 299 

Canyon, or a combination of waters from Bering Canyon and Unimak Pass.  300 

The only other site with multiple moorings across the 50-m isobath was the Inner 301 

Front (IF) cluster near Nunivak Island.  Time series of total along-shelf transport derived 302 

from current measurements at these moorings showed strong variability (Fig. 7), but the 303 

correlation between transport and winds was not significant at the 99% level.  Mean 304 

transport in the summer of 1997 and 1998 was ~0.05 Sv toward the northwest, with 305 

stronger transport (~0.1 Sv) in the fall of 1997. 306 

Danielson et al. (2012a) examined currents from eight year-long moorings deployed 307 

on the 55 m, 40 m, and 25 m isobaths in July 2008 and again in July 2009.  Six of these 308 

moorings were deployed north of the IF moorings on the central (C) line and northern (N) 309 

line (Fig. 8a). The two deployed on the southern (S) line were within the same area as the 310 

IF cluster. At the S and the IF mooring sites, mean currents were parallel to bathymetry 311 
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and the horizontal gradients of density, except at the shallower S mooring. Farther north, 312 

the net speed at the moorings on the N line was weak (< 2 cm s
-1

), while flow on the C 313 

line was somewhat stronger, with currents at 5 and 10 m directed westward and 314 

southward, and deeper currents more northerly. Because of the large wind-driven subtidal 315 

variance, the mean currents were not statistically different than zero (at the 95% 316 

confidence level) except at 55 m on the C and S lines where 3-4 month seasonal means 317 

were as large as 3-4 cm s
-1 

in summer and fall. 318 

The subtidal variability in flow on the N and C lines were largely forced by the winds 319 

(see Figure 17 in Danielson et al., 2012a), with northward winds generally forcing 320 

northward flow, and with southward winds resulting in weaker northward or even 321 

southward flow. This was also true for the inner mooring (at a depth of 40 m) on the S 322 

line.  The flow at the deeper (55 m) mooring on the S line, however, was more complex. 323 

Subtidal variability in flow at 5 and 10 m was largely forced by winds, but the flow at 20 324 

and 30 m was mainly northwestward and less affected by winds.  This northwestward 325 

flow at the IF and the S moorings (Fig. 8 a, b) was associated with horizontal density 326 

gradients that characterize the inner front (Kachel et al., 2002). Interestingly, during 327 

winter this density gradient can reverse sign as a result of extensive brine production in 328 

shallow waters (Danielson et al., 2012a), reversing the flow. 329 

 330 

3.3.2  Correlations of currents along the 50-m isobath 331 

Concurrent measurements of near-surface currents at M2 and three sites (SB2, CN, 332 

and IF2) along the 50-m isobath were made in 1999 (Fig. 1 and Table 1). CN, deployed at 333 

Cape Newenham, was ~280 km to the northeast of SB2 and ~ 300 km to the southeast of 334 

IF2.  Correlations of these currents with NCEP Reanalysis winds ranged from 0.32 at CN 335 
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to 0.69 at M2 (at a depth of 7 m), with a 95% significance level, ρ, of ~0.12.  Correlations 336 

among moorings were weaker, with highest correlations occurring at 0 lag between M2 337 

and CN (r=0.41, ρ = 0.12). Near surface currents at IF2 lagged both M2 and CN by 6 hrs 338 

(r=0.35, ρ = 0.12) and 12 hrs (r=0.28, ρ = 0.13), respectively.  Currents at SB2 also 339 

lagged the surface currents at M2 (r= 0.26, ρ = 0.13) and CN (r= 0.26, ρ = 0.13), but by 340 

larger amounts (18 hr and 24 hr, respectively).   341 

Together, the above analyses suggest a relatively heterogeneous flow field on the 342 

100-300 km scale of the mooring separations.  Reasons for local differences may be 343 

driven by variations in the atmospheric forcing over these length scales and differences in 344 

the timing of these forcings, unresolved three-dimensional aspects of the flow field, and 345 

the influences of the varying orientation of coastlines and seafloor topography.  While the 346 

data set is not ideal, this analysis provides no evidence of propagating coastal trapped 347 

waves in this region. 348 

 349 

3.4  Transport along the 100-m isobath 350 

Having discussed the 50-m flow, we will return to Unimak Pass and examine the 100-351 

m flow.  There are two locations along the 100-m isobath where moorings have been 352 

deployed and the necessary data were collected to calculate total transport.  The first set 353 

of locations (SG2 and SG3) is on the narrow (< 30 km) shelf, which extends southward 354 

from the southern tip of St. George Island to the shelf break (Fig. 1).  The second set (PI3 355 

and PI5) is farther north on a line extending westward from the western tip of St. Paul 356 

Island.   357 

 358 

3.4.1  Transport south of St. George Island and west of St. Paul Island 359 
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Three times during the interval 1997–1999, moorings were deployed south of St. 360 

George Island for 5-6 months.  In 1997 a mooring was deployed on the 200-m isobath 361 

(SG2), while in the springs of 1998 and 1999 moorings were deployed on 100-m isobath 362 

(SG1). On this narrow shelf, an estimate of transport was made for spring and summer of 363 

1998 and 1999 using velocity data from SG1 (Fig. 9a). Mean transports were similar in 364 

the two years: 0.20 Sv in 1998 and 0.18 Sv in 1999.  In both years the flow was generally 365 

westward with considerable variability, including periods of reversal on time scales of 3-366 

5 days.  These reversals are likely associated with periods of northward flow that occur 367 

occasionally east of St. George Island (Stabeno et al., 2008). The flow along the 100-m 368 

isobath west of St. Paul Island also showed considerable temporal variability (Fig. 9b), 369 

but with fewer and weaker reversals. The mean total transport east of St. Paul Island was 370 

0.25 Sv.  The magnitude of these summer transports near the 100-m isobath is similar to 371 

that through Unimak Pass.   372 

The lack of current measurements along the 100-m isobath near the Pribilof Islands 373 

in winter prevents quantitative winter comparisons between transports at the Pribilof 374 

Islands and through Unimak Pass. Some more qualitative comparisons, however, can be 375 

made. First, the mean and standard deviation of the current velocity in the upper 100 m at 376 

SG2 during June–September 1997 was 7.1± 5.5 cm s
-1

 westward, which was similar to 377 

the 7.0 ± 6.7 (6.0 ± 9.7) cm s
-1

 measured in 1998 (1999) at SG1.  While SG2 was at the 378 

edge of the shelf, trajectories (not shown) of the satellite-tracked drifters (drogued at 40 379 

m) indicated that the flow along the 100 m and at 200 m isobaths was uniform.  Thus, the 380 

flow at SG2 is probably representative of the flow at SG1. Moored current observations 381 

at SG2 during the winter show that winter currents were almost 50% stronger than the 382 
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summer currents (see Fig. 7 in Stabeno et al., 2008).  Thus, it is likely that winter currents 383 

at SG1 would also be stronger than those in the summer.  Second, mean Lagrangian 384 

velocity in the 50 km × 100 km box (166–167°W, 55.4–56.4°N) south of St. George was 385 

marginally stronger in October–April (4.5 cm s
-1

 ± 0.4 cm s
-1

, mean ± standard error) 386 

than in May–September (3.7 ± 0.5 cm s
-1

).  In contrast to these two observations, data 387 

from the long-term mooring at 135 m depth (M3; not shown) exhibited no seasonal 388 

variability in the current.  The observed seasonality in flow at Unimak Pass and near the 389 

Pribilof Islands compared with the lack of seasonality in between these sites suggest the 390 

presence of cross-isobath exchanges in the region (Cokelet, 2016).   391 

 392 

3.4.2  Transport north of 58°N along the 100-m isobath 393 

That flow continues northward along the 100-m isobath is evident in the satellite-394 

tracked drifter trajectories (Fig. 10) and in the vectors derived from those trajectories 395 

(Fig. 2). Individual drifter trajectories show northward flow seaward of the 100-m isobath 396 

as far north as St. Matthew Island (Fig. 10a).  In addition, some drifters that were caught 397 

in the BSC show onshelf flow in Zhemchug Canyon. These drifters were also advected 398 

northward over the shelf, usually remaining west of the drifters that were traveling along 399 

the 100-m isobath (Fig. 10b).  The monthly average velocity of the drifters typically 400 

ranged from 5 to 10 cm s
-1

, unless caught in an eddy (e.g., red in Fig. 10a). 401 

Lacking moorings along the 100-m isobath north of the Pribilof Islands, estimates of 402 

transport depend on hydrographic transects.  Since 2005, the east-west line just south of 403 

St. Matthew Island (MN line, Fig. 1) has been occupied a dozen times (Table 3), 404 

revealing a mean geostrophic transport of 0.31 ± 0.05 Sv.   There were strong cross-shelf 405 

gradients in nutrients, temperature and salt along the MN line, with more saline, nutrient-406 
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rich water offshore and at the bottom of the water column (Fig. 11 a,b). Geostrophic 407 

currents, referenced to the bottom, indicate higher speeds (~5 cm s
-1

) along the 120-m 408 

isobath seaward of the two-layer structure of the middle domain and a weaker relative 409 

maximum (>2 cm s
-1

) just shoreward of the 100-m isobaths (Fig. 11c).  Arguably, the 410 

120-m flow is from the northern lobe of Zhemchug Canyon and 100-m flow is the 411 

continuation of the 100-m isobath flow near the St. Paul Island. 412 

 413 

3.5  Time scales of northward flow along the 100-m isobaths and in the BSC 414 

The map of velocity vectors (Fig. 2) provides the opportunity to estimate how long it 415 

would take a drifter (or parcel of water) to travel from the southern boundary of the 416 

eastern Bering Sea north to Bering Strait.  Two continuous pathways can be examined 417 

(Fig. 12): the first is flow through Unimak Pass and along the 100-m isobath, and the 418 

second is through Amukta Pass following the ANSC/BSC to Zhemchug Canyon and onto 419 

the shelf there.  A third pathway that follows the BSC to the northern boundary of the 420 

basin cannot be investigated because the current vectors in Figure 2 do not show the flow 421 

coming onto the shelf at the northern edge of the basin.  422 

A drifter originating in Unimak Pass would take ~4 months to pass St. George Island 423 

and 13 months to reach the vicinity of St. Lawrence Island (Fig. 12a), if there was no ice.  424 

Using the monthly average maps of ice concentration derived from the AMSR data set 425 

(not shown), a drifter exiting Unimak Pass in October would come in contact with ice just 426 

north of St. Paul Island, while a drifter exiting Unimak Pass in November would follow 427 

the ice as it retreats northward and only come into contact with sea ice the following 428 

November near St. Lawrence Island.  In contrast, a drifter being advected northward by 429 
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the BSC would reach the area to the west of St. Matthew Island in six months (Fig. 12b), 430 

three months faster than the shelf route. So, in an average year, drifters exiting Amukta 431 

Pass in the four months from October to January would reach Bering Strait 9-10 months 432 

later before encountering ice.  These water parcels, however, would be subjected to 433 

cooling over the southern Bering Sea by air-sea interactions during fall and winter. 434 

The duration of the trip north has implications for heat from the GOA entering the 435 

Chukchi Sea.  On the transit north, any parcel will be influenced by air-sea-ice 436 

interactions.   Ice plays a particularly profound role if the bottom depth is less than ~120 437 

m, in that it can cool the entire water column to the freezing point (Stabeno et al., 2001). 438 

Any parcel of water following the 100-m isobath would come into contact with sea ice, 439 

prior to reaching the Arctic, effectively removing the GOA heat signature.  Thus, the 440 

source of heat reaching the Arctic via the 100-m isobath is from air-sea interactions in the 441 

Bering Sea (Wood et al., 2015).  Some heat from the GOA could reach the Arctic 442 

following the BSC route, but during the ~8 months of transit, local air-sea interaction 443 

would also modify the water. Other waters bound for Bering Strait could include BSC 444 

waters not originating in Amukta Pass but these waters too will have spent the greater 445 

part of a year (at a minimum) in the Bering Sea.  The implication is that most of the heat 446 

entering Chukchi Sea through Bering Strait originates from air-sea fluxes in the northern 447 

Bering Sea. 448 

 449 

3.6  Organized flow on the middle shelf 450 

In contrast to the flow along the 50-m and 100-m isobaths, the flow on the middle 451 

shelf has been viewed as weak, with an implication that there is no consistently organized 452 
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pattern on this part of the shelf.  Long-term observations at four primary mooring sites 453 

(M2, M4, M5, and M8; Fig. 1, Table 1) are revising this view (Stabeno et al., 2010, 454 

2012a).   455 

 456 

3.6.1 Monthly and long-term mean currents at M2, M4, M5 and M8    457 

Examination of the monthly mean flow at each of the sites showed marked similarity 458 

in direction and magnitude of the flow at M2 and M4 (Fig. 13 c,d), with stronger flow in 459 

September through March and weaker flow during summer.  The annual mean (1995-460 

2013) flow at M2 was westward, with weak (0.2 cm s
-1

) near-bottom currents (~60 m in 461 

72 m of water) and stronger (1.5 cm s
-1

) near surface (~15 m) currents.  In the near 462 

surface, the annual mean flow at M4 was toward the south-southwest and weaker (1.0 cm 463 

s
-1

) than at M2.  The near-bottom current was toward the southwest and identical in 464 

magnitude (0.2 cm s
-1

) to that measured at M2. 465 

In contrast to the currents at M2 and M4, the monthly mean flows were stronger at 466 

M5, with predominantly northwestward flow in January through April (Fig. 13b).  The 467 

flow weakened during the summer and then strengthened and turned southwestward in 468 

November.  The long-term mean currents were stronger at M5, especially in the fall and 469 

winter, than at M2 or M4, with average westward flow of 2.0 cm s
-1 

in the upper water 470 

column and 0.6 cm s
-1

 toward the southeast in the near bottom (~60 m in 73 m of water). 471 

Finally, monthly average currents at M8 were weak (mostly < 1 cm s
-1

) from January 472 

through August, with the strongest currents in late summer and fall (Fig. 13a). Average 473 

near-surface (~15 m depth) flow using ~8 years of data was northwestward at 0.8 cm s
-1

, 474 

and the near-bottom flow was northwestward at 0.4 cm s
-1

.    475 

 476 

3.6.2  Mooring sites M2 and M4:  Differences between warm and cold years  477 



 21 

The long time series at M2 (>18 yrs) and M4 (>14 yrs) allow comparison of currents 478 

in the “warm” years and in the “cold” years.  Stabeno et al. (2012b) identifies 1995, 1997, 479 

1999, and 2007-2010 as cold, 1998 and 2001–2005 as warm, and 1996, 2000, and 2006 480 

as average.  Recent temperature data from M2 categorized 2011 as average and 2012–481 

2013 as cold. It should be noted that the time series at M5 and M8 are not long enough to 482 

divide into warm/cold years and that, in addition, the definition of warm and cold years 483 

from Stabeno et al. (2012b) only applies to the southern shelf. Warm and cold years in 484 

the north do not align with warm and cold years in the south (Stabeno et al., 2012b; 485 

Danielson et al., 2011; Luchin and Panteleev, 2014).  486 

A strong seasonal signal is evident in the time series, along with significant 487 

differences in near-surface current direction and/or magnitude between warm and cold 488 

years in December–June (Fig. 14).  The currents were stronger in cold years at both M2 489 

and M4 and the flow during the winter months was directed more southward than during 490 

warm years. This depiction is consistent with the flow field responding to changes in the 491 

wind stress over the Bering shelf causing west-east displacement of the Aleutian Low as 492 

described by Danielson et al. (2011, 2012a, 2012b, 2014). In particular, years with storms 493 

located over the GOA are generally associated with cold years and greater southward (or 494 

less northward) advection near M2 and M4. Near-bottom currents were weaker, with the 495 

greatest differences between warm and cold years occurring between December and 496 

February. 497 

Factors that can cause differences in currents between warm and cold years include 498 

winds, the presence/absence of ice, and the horizontal density structure. Data exist to 499 

examine the first two mechanisms (see following section), but there is a paucity of 500 
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hydrographic transects within the sea ice and around the melting ice edge.  This is 501 

especially true in December–February when the flow differences between warm and cold 502 

years are greatest and magnitude of flow is the strongest.  503 

3.6.3  Mooring sites M2 and M4:  Effect of winds and ice on currents 504 

While the correlation between winds and currents at 5–10 m were substantial (e.g., 505 

1999, r = 0.7), the correlations between winds and currents at ~15 m were generally 506 

weaker (r < 0.3).  For example, the maximum vector correlation between M2 near-surface 507 

(~15 m) current and NCEP Reanalysis winds in 2007–2008 was 0.27 at a lag of 12 hours 508 

and rotation of 91°.  While the correlation was significant (ρ =0.10), the wind directly 509 

explained only 7% of the current variance.  510 

To further examine the impact of winds and ice on the currents, the year was divided 511 

into three periods: “summer” (May 15–September 15); winter no-ice (October 15 until 512 

arrival of ice at areal concentrations > 30%); and winter with ice (when ice is present at > 513 

30% areal concentrations and before March 31). If ice was present after May 15, the data 514 

were not included in the “winter” or the “summer” estimates.  In each of these periods, 515 

winds (> 4 m s
-1

) were binned by direction into octants (0-45°, 45-90°, etc.).  The 516 

currents, lagged by 18 hours, associated with those wind directions were then averaged.   517 

During the winter period with no ice, surface current directions at M2 were 518 

dominantly along the southwest–northeastward axis with none of the average currents 519 

directed toward the two southeastern octants (Fig. 15a). In some months, mean near-520 

bottom currents, representing the barotropic component of the flow, opposed the 521 

direction of the winds (Fig. 15b). When the averaged near-bottom currents were 522 

subtracted from near-surface currents, the resultant velocities (Fig. 15c) were found to be 523 
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largely wind-driven (45°-90° to the right of the wind), but flows to the southwest were 524 

still stronger. Figures 15a and 15b provide some insight to the three-dimensional nature 525 

of the flow field by depicting the direction in which the near-surface and near-bottom 526 

currents are oriented relative to each other.  The presence of both surface and near-527 

bottom Ekman layers, in addition to the varying influences of stratification, fronts, and 528 

topographic constraints all confound interpretation of the near-bottom currents on this 529 

shallow shelf.   530 

During periods when areal ice cover exceeded 30% (not shown), the surface currents 531 

at both M2 and M4 were largely westward, forced by the southward and southwestward 532 

winds. Momentum is transferred from the winds to water directly (if not 100% ice cover) 533 

and via the ice motion.  During summer the near-bottom currents at M2 and M4 were 534 

weak (<1 cm s
-1

) and the near-surface currents were wind driven.  535 

 536 

3.6.4  Mooring site M5 537 

Of the four mooring sites on the middle shelf, the highest correlations between the 538 

currents and the winds occurred at M5. Maximum vector correlations between the winds 539 

and the near-surface currents were 0.45 at an angle of 71° with the currents lagging by 12 540 

hr.  The 95% significance level was 0.1.  Correlations between winds and near-bottom 541 

currents were weaker, but still significant. 542 

The position of M5 is unique among the four middle-shelf mooring sites.  Unlike M2 543 

and M4, which are distant from land, it is within 50 km of the inner front and just south 544 

of St. Matthew Island.  A polynya often forms southwest of St. Matthew Island (Stringer 545 

and Groves, 1991), and early winter peaks in salinity in 2005-2008 (Fig. 16) could be 546 

related to the increase in salinity resulting from ice formation (brine rejection).  The 547 
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lower salinities in 2010 and much of 2013 were likely associated with westward flow, 548 

and the advection of fresher coastal domain water to the site as discussed by Danielson et 549 

al. (2011, 2012b). Trapping of waters near St. Matthew Island through tidal rectification 550 

(e.g., Kowalik and Stabeno, 1999) may also retain melt waters in this vicinity.   551 

The stronger flow, the proximity to the inner front and to St. Matthew Island, and its 552 

position in the transition zone between the northern shelf and the southern shelf (Stabeno 553 

et al., 2012a) place M5 in a region of greater environmental variability than the other 554 

mooring sites.  West of M5, the northward flow along the 100-m isobath (Fig. 10) 555 

introduces nutrient-rich bottom water to latitude of M5 (Fig. 11b), so eastward flow can 556 

then introduce higher concentrations of nutrients and salt to the region around M5 557 

(Mordy et al., 2010).  Finally, sea ice plays an important role here.  Brine formation from 558 

the polynya at St. Matthew Island can introduce higher salinity water into the region 559 

around M5.  In contrast, ice melt reduces the surface salinity both on its arrival in late 560 

fall/early winter and its retreat in spring (Sullivan et al., 2014).  As a consequence, the 561 

salinity at M5 is highly variable. 562 

3.6.5  Mooring site M8 563 

The currents at M8 were only weakly correlated with local winds (r = 0.31 for near-564 

surface flow and r = 0.25 for near-bottom flow).  The 95% significance level for both was 565 

0.1. The cause of the weak correlation is not completely clear, although it may be 566 

influenced by the large-scale pressure gradient that drives flow through Anadyr Strait, the 567 

proximity of M8 to the orographically influenced tip jets that develop in the Gulf of 568 

Anadyr (Moore and Pickart, 2012), or the limitations of the relative coarse NCEP 569 

reanalysis model.  Aspects of the role of remote winds are discussed in Danielson et al. 570 
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(2014), including the potential for shelf winds both north and south of Bering Strait to 571 

trigger short-lived but energetic continental shelf waves.   572 

From January through August, the monthly mean flow at M8 was relatively weak and 573 

highly variable (Fig. 13a).  The surface flow during the remaining four months of the 574 

year was stronger and more organized toward the west or northwest (Fig. 17). This 575 

westward flow advected colder water over the mooring before the arrival of ice.  By the 576 

time ice arrived, usually in December, the water was already near the freezing point 577 

(Sullivan et al., 2014).  This resulted in minimal ice melt and minimal freshening of the 578 

water at this location during fall, although during the spring, melting ice decreased the 579 

surface salinity by ~0.5.   580 

In contrast to the highly variable conditions near M5 and conditions near M2 and M4, 581 

the regime at M8 is more strongly influenced by extensive annual sea-ice cover. In 582 

addition, the weak flow in the summer coupled with the weak tides has implications for 583 

the bottom water chemistry.  The local export of primary production to the seafloor near 584 

M8 results in a thriving benthic community (Grebmeier, et al., 1988) where respiration 585 

products (CO2) can accumulate over time. The weak currents do not flush this water, and 586 

so the combination of respiration and anthropogenic CO2 results in pH levels low enough 587 

to dissolve both aragonite and the much harder calcite (Cross et al., 2013).  588 

 589 

3.7  Replenishment of salt and nutrients on the shelf   590 

The flow up Bering Canyon and the flow through Unimak Pass likely play a role in 591 

replenishing salt (lost due to advection of ice and subsequent melting during winter and 592 

spring, Sullivan et al., 2014) and nutrients (consumed by phytoplankton blooms in spring 593 
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and summer) on the southeastern Bering Sea shelf. During summer, the frontal structure 594 

of the inner front and middle transition isolates the water on middle domain (Coachman, 595 

1986), but with the breakdown of the fronts in fall, cross-shelf fluxes increase (Danielson 596 

et al., 2011).  At M2, the annual signal in salinity shows an increase (strong at the surface 597 

and weaker near the bottom) from October into January (Fig. 18a).  The slight freshening 598 

of the near-surface layer in mid-January, likely resulted from the early arrival of ice in 599 

some years (e.g., 1997, 1998, 2013) and its subsequent melting (Sullivan et al., 2014). An 600 

estimate of the salt flux onto the shelf can be made by examining each year individually 601 

from the time the water column becomes well mixed (usually in October) until February 602 

or the arrival of ice (areal concentration > 20%), whichever is earlier.  There are limited 603 

salinity observations in October–January from Bering Canyon or Unimak Pass, which are 604 

the sources of the more saline water.  Ignoring the time of year and the shallow (<5 m 605 

deep) freshwater lens, which can occur in the vicinity of Unimak Pass, salinity varies 606 

from 31.4 to 32.8 in the upper 100 m, but more typically is near 32.35.  607 

To calculate the percentage of water replenished each year on the shelf, four values of 608 

slope salinity (32.3, 32.35, 32.4, and 32.45) were chosen.  Using these values, the 609 

percentage of water flushed at M2 is shown in Figure 18b.  The year-to-year variability 610 

was not related to timing of ice arrival, nor to whether the previous year was warm or 611 

cold (defined in Stabeno et al., 2012b).  Averaged over 1996-2012, the annual percentage 612 

of water flushed from the shelf between late October through January ranged from 48% 613 

(assuming a slope salinity of 32.45) to 62% (slope salinity of 32.3), suggesting that a bit 614 

more than half the shelf water in the vicinity of M2 is replaced in fall and early winter. 615 
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A reasonable value of depth-averaged fall nitrate concentration near M2 is ~6 M 616 

(e.g., Stabeno et al., 2002, 2010; Mordy et al., 2012). The source of water along the slope 617 

is largely from Amukta Pass (Stabeno et al., 2005, 2009; Ladd, 2014) giving a fall/winter 618 

nitrate concentration at the slope of 25 M (Mordy et al., 2005), while the average nitrate 619 

in Unimak Pass in February 1998 was 18 M (Stabeno et al., 2002).  Using a slope 620 

nitrate concentration of 22 M and a shelf concentration in autumn of 6 M, a 50%  621 

(60%) flushing of the shelf would result in a nitrate concentration of 14 (16) M, or a 622 

nitrate replenishment of 57% (62%), which is similar to the 50% estimated by Whitledge 623 

et al. (1986) and in the upper range suggested by Granger et al. (2013).    624 

 625 

4.  Summary and Conclusion 626 

Well defined, albeit weak, subtidal currents exist across much of the eastern Bering 627 

Sea shelf, with stronger flows along the 50 and 100-m isobaths and in the Anadyr 628 

Current. While varying in magnitude, these currents persist throughout the year. The time 629 

series of the annual velocity at M2 and M4 (~300 km apart) were similar, with strong 630 

mean westward flow in the late fall and winter and relatively weak currents during the 631 

summer.  The near-surface currents were well correlated with reanalysis winds.  632 

Correlations decreased with increasing depth, but remained significant (95% level). The 633 

near-surface baroclinic flow (near-surface minus near-bottom), however, was well 634 

explained by Ekman dynamics and well correlated with the winds.  At the northernmost 635 

mooring, M8, the flow was weak except in the fall, when westward flow cooled the water 636 

column, preconditioning it for the arrival of ice.  At this site, the winds and currents were 637 

weakly correlated. 638 
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The source of much of the transport along the 50- and 100-m isobaths is Unimak 639 

Pass, where the transport ranges from a mean of  ~0.2 Sv in the warm season to  ~0.45 Sv 640 

in the cold season.  Similar to the seasonal variations in Unimak Pass, flow past the 641 

Pribilof Islands varies between winter and summer with a similar phasing of the annual 642 

maxima and minima. Additional transport enters the shelf through canyons. Flow onto 643 

the shelf in Bering Canyon and from the Gulf of Alaska through Unimak Pass provides 644 

salt (including nutrients) to the southeastern shelf.  From late October to February 1, 645 

approximately half the water is replenished in the vicinity of M2.  This replenishment is 646 

an important source of nutrients for the following year’s primary production, more than 647 

doubling the nitrate inventory that was present at the end of summer. 648 

Northward geostrophic transport on the outer shelf at 60°N is ~0.34 Sv, accounting 649 

for over 40% of the total transport (0.8 Sv) through Bering Strait (Woodgate and 650 

Aagaard, 2005). The transport along the 50-m isobath (Bering ACC water) is appreciably 651 

smaller, ~0.05 Sv, and includes at least some water derived from the two largest Alaskan 652 

rivers entering the Bering Sea (the Yukon River [~6000 m
3
 s

-1
] and the Kuskokwim River 653 

[2000 m
3
 s

-1
]). The coastal ACC water is associated with the low-salinity plume of the 654 

Yukon River.  The ACC contributes ~0.08 Sv to the transport through Bering Strait 655 

(Gawarkiewicz et al., 1994; Woodgate and Aagaard, 2005).   The remaining fraction of 656 

the Bering Strait through-flow (~50%) likely arises from the Bering Sea slope as part of 657 

the Anadyr Current.  658 

The average transit time on the Bering Sea shelf from Unimak Pass to Bering Strait 659 

along the 100-m isobath is 13-14 months.  A second pathway originating at Amukta Pass 660 

is faster.  This path follows the BSC to ~60°N where a portion of BSC flow crosses onto 661 
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the shelf through Zhemchug Canyon, and eventually joins the flow along the 100 m 662 

isobath.  Water traveling along this pathway (Amukta to Zhemchug to Bering Strait) can 663 

reach Bering Strait in 8 months.  Thus, most of the heat entering into the Chukchi Sea 664 

through Bering Strait originates from air-sea interactions in the Bering Sea, not from the 665 

Gulf of Alaska. 666 

The weak correlation between subsurface currents and winds on the middle shelf 667 

contrasts with the higher correlations between these variables in the coastal domain.  In 668 

contrast, flow along the 50-m isobath is associated with the Inner Front (the boundary 669 

between the unstratified coastal and stratified middle domains), and flow along the 100-m 670 

isobaths is associated with middle transition (the boundary between the middle and outer 671 

domains).  In these locations, the horizontal density structures contribute to the mean 672 

flows.  Sea ice may further complicate the flow patterns, because of the creation of low 673 

salinity pools formed by melting ice and brine created through freezing.  These features, 674 

however, are ephemeral. 675 

Based on our analyses, a number of knowledge gaps exists limiting our 676 

understanding of the Bering Sea shelf circulation and its influence on bottom-up 677 

ecosystem controls.  For example, the seasonality of currents in Unimak Pass and near 678 

the Pribilof Islands contrasts with the lack of seasonality midway between the two. These 679 

observations imply the existence of potentially important regional-scale cross-isobath 680 

exchanges. Drifter measurements are biased to ice-free locations and time intervals, 681 

leaving many aspects of the flow pathways in winter unexplored. Bering, Pribilof and 682 

Zhemchug Canyons all play an important role in introducing slope water onto the shelf, 683 

but there are few measurements addressing the magnitude and seasonality of flow in 684 
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these canyons. Addressing these issues will improve our understanding of the time-685 

varying nature of shelf-basin and Pacific-Arctic exchanges. 686 

 687 
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Table 1.  Listed below are the different mooring sites, their depths, positions, and 894 

deployment periods.  The M2, M4, M5, and M8 moorings are long-term monitoring sites 895 

on the middle shelf and M3 was a site on the outer domain.  UP is Unimak Pass; SB is 896 

Slime Bank; SG is St. George Island; PI is the Pribilof Islands; and IF is the inner front. 897 

The deployment period indicates the time when currents were measured at the mooring 898 

sites.  899 

 900 
Mooring Site Lat.,  Long. 

 

Deployment period and comments 

  (°N), (°W)  

M1 (60 m) 55.07, 164.52 2/95-9/95 

M2 (72 m) 56.87, 164.05 3/95-8/95,2/96-4/97,9/97-12.06,4/06-3/10,10/10-11/13 

M3 (130 m) 56.05, 166.33 2/95-9/95, 2/96-9/96, 2/97-5/97, 5/98-9/98, 5/00-2/01 

M4 (71 m) 57.85, 168.87 5/99-9/99, 5/00-4/05, 4/06-9/06, 4/07-4/09, 10/11-8/12 

M5 (72 m) 59.90, 171.70 7/04-4/05,10/05-6/06,10/06-9/09,7/10-8/11,8/12-8/13 

M8 (74 m) 62.20, 174.65 7/04-8/12 

 UP1 (76 m) 54.32, 164.77 3/80-8/80, 2/95-3/96, 9/96-9/97, 5/01-6/01, 5/02-8/02 

SB1 (38 m) 55.10, 163.88 4/99-9/99 

SB2 (60 m) 55.25, 163.95 4/99-9/99 

SB3 (97 m) 55.42, 164.10 4/99-9/99 

SG2 (200 m) 56.30, 169.33 6/97-4/98 

SG3 (100 m) 56.47, 169.33 4/98-10/98, 4/99-9/99 

PI3 (102 m) 57.12, 171.22 6/97-9/97, 5/98-9/98 

PI5 (70 m) 57.13, 170.57 6/97-9/97, 5/98-9/98 

IF1 (53 m) 58.67, 168.32 6/97-9/97, 5/98-9/98 

IF2 (55 m) 58.67, 168.50 6/97-9/97, 5/98-12/98 

IF3 (51 m) 58.72, 168.27 6/97-9/97, 5/98-12/98 

IF4 (46 m) 58.83, 168.13 6/97-9/97, 5/98-9/98 

IF5 (50 m) 58.70, 168.08 6/97-9/97, 5/98-9/98 

IF6 (58 m) 58.55, 168.25 6/97-9/97, 5/98-9/98 

IF7 (63 m) 58.48, 168.53 6/97-9/97, 5/98-9/98 

IF8 (57 m) 58.63, 168.55 6/97-9/97, 5/98-9/98 

IF9 (50 m) 58.80, 168.38 6/97-9/97, 5/98-9/98 

CN (53 m) 57.41, 163.41 4/99-9/99 

901 
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Table 2.  Calculated geostrophic transports (referenced to the bottom) through Unimak 902 

Pass.  Two estimates (indicated by *) used only three stations instead of the standard four 903 

stations (see inset Fig. 1).  Here, summer is defined as May 15–September 30 and winter 904 

is defined as October 1–May 14. 905 

 906 
Summer Winter 

Date  Transport  

(10
6
 m

3
 s

-1
) 

Date  Transport  

(10
6
 m

3
 s

-1
) 

21 May 1995 0.19 23 Feb 1995 0.18 

21 Aug 1995 0.31 15 Mar 1995 0.33 

5 Sep 1995 0.51 21 Apr 1995 0.16 

15 May 1996 0.04 4 May 1995 0.12 

21 May 1996 0.27 25-26 Feb 1997 0.14 

22 May 1996 0.08 25 Apr 1997 0.22 

26 Sep 1997 0.13 11 May 1997 0.14 

18-19 May  0.03 21 Feb 1998 0.17 

18 May 2003 0.36 29 Apr 1998 -0.02 

4 July 2008   0.06 6 Oct 1998 0.36 

01 Sep 2008 0.13 25 Feb 2000 0.24 

15 Jun 2009 0.09 21 Apr 2000 0.16 

13 Jul 2010 0.06 30 Apr 2000 0.19 

8 Sep 2010 -0.16  16 Feb 2002 0.06 

  10 May 2005    0.41 * 

  26 Feb 2007 0.29 

  21 Apr 2007 -0.03*  

  14 May 2008 0.08 

Average± std 0.16±0.17  0.18±0.10 

 907 

908 
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Table 3.  Geostrophic transports referenced to the bottom on the St. Matthew Line (Fig. 909 

1).  Each of the ~10 stations used to calculate transport are indicated by “x” in Figure 1.  910 

The mean ± the standard deviation is given in the bottom line. 911 

 912 

 913 
Cruise ID Date  Transport  

(10
6
 m

3
 s

-1
) 

TN179c 19 May 2005 0.30 

HLY0701 23 Apr 2007 0.29 

TN211 1 Oct 2007 0.33 

HLY0802 7 Apr 2008 0.34 

HLY0803 24 Jul 2008 0.28 

ME0823 28 Aug 2008 0.23 

HLY0902 10 Apr 2009 0.32 

KM195-10 2 Jul 2009 0.29 

MF00904b 5 Oct 2009 0.29 

TN249 8 Jun 2010 0.42 

TN250 3 Jul 2010 0.31 

WE1008b 1 Sep 2010 0.37 

Mean ± std  0.31± 0.05 

 914 

 915 

 916 

  917 
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Figure Captions 918 
 919 

Figure 1.  Map of the eastern Bering Sea shelf showing the place names and mooring 920 

sites (circles and squares) listed in Table 1 (e.g. IF, CN, M2). The multiple sites at IF, SB, 921 

SG and PI are indicated by smaller symbols.  The vectors summarize the findings of this 922 

paper. The three primary currents on or near the southern shelf are: the 50-m isobath 923 

flow, the 100-m isobath flow, and the Aleutian North Slope Current/Bering Slope 924 

Current. Each hydrographic station in Unimak Pass (insert) and on the MN transect are 925 

indicated by "x".  926 

 927 

Figure 2. Mean velocity at ~40 m calculated from the trajectories of ~ 500 satellite-928 

tracked drifters.  The dashed contour is the 100-m isobath and the solid contour is the 929 

200-m isobath.  The brown vectors in the north, each have less than 8 independent 930 

estimates of velocity. 931 

 932 

Figure 3.  a)  Barotropic transport measured at the Unimak mooring (UP) site during the 933 

6 years listed at top of panel.  b)  Barotropic transport (red) and total (black) transport 934 

measured at the Unimak Pass mooring site in 2002.  Total transport was calculated using 935 

ADCP data. 936 

   937 

Figure 4.  Satellite-tracked drifter trajectories in the vicinity of Unimak Pass.  The center 938 

of the drogue on each drifter was at ~40 m. 939 

 940 

Figure 5. a) Near-surface currents (15 m) and b) near-bottom salinity and currents at M1.  941 

All time series have been low-pass filtered and velocities rotated 65°. 942 

 943 

Figure 6.  a) Along shelf transport perpendicular to the line of SB (Slime Bank) moorings 944 

east of Unimak Pass and b) salinity at 84 m at SB3.  945 

 946 

Figure 7.  Total transport along the 50-m isobath, perpendicular to the IF array (Fig. 1) 947 

near Nunivak Island in a) 1997 and b) 1998.  The transect is ~55 km long. 948 

 949 
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Figure 8.  a) Mean current vectors from the two-year 2008-2010 mooring deployments on 950 

the central shelf. Vector colors denote depth with red, yellow, green, blue, and black 951 

vectors at 5, 10, 20, and 30 m depths, respectively.  At M5, pink indicates mean currents 952 

at 15 m, and purple indicates currents at 60 m. b) Mean currents for the IF mooring array 953 

in summers 1997 and 1998.  Pink indicates mean currents at ~15 m depth and purple at 954 

~10 m off the bottom.  The box in (a) shows the location of the IF array shown in (b). 955 

 956 

Figure 9.  Transport was calculated on two transects across the 100-m isobath a) south of 957 

St. George Island and b) west of St. Paul Island.  The transport south of St. George was 958 

westward and that west of St. Paul was northward. 959 

 960 

Figure 10.  Selection of trajectories of satellite-tracked drifters that transited the region 961 

north of the Pribilof Islands.  a) These drifters (drogued at 40 m) were advected along the 962 

100-m isobath south of St. George Island and continued along that isobath heading 963 

toward St. Matthew Island.  b) These drifters were transiting in the BSC and were 964 

advected onto the shelf in Zhemchug Canyon.   965 

 966 

Figure 11.  Vertical sections of a) salinity, b) nitrate, and c) geostrophic flow referenced 967 

to the bottom along the hydrographic transect south of St. Matthew Island (MN in Fig. 1).  968 

This example (July 2010) is representative of other summer occupations. 969 

 970 

Figure 12.  Time scales of northward flow along a) the 100-m isobath and b) BSC and the 971 

northern part of the 100-m isobath.  The black numerals indicate the number of months it 972 

takes a parcel to reach that point from its origin at a) Unimak Pass or b) Amukta Pass.  973 

The blue bars indicate where a parcel of water would intercept the ice.  For example in 974 

(b), “Sep” indicates where the parcel starting at the origin (Amukta Pass) on September 1 975 

would intercept the ice ~between 5 and 6 months later.  Similarly, parcel starting in 976 

Amukta Pass in May would intercept the ice between 7 and 8 months later. 977 

 978 
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Figure 13.  Monthly mean near-surface (~12-17 m) and near-bottom (~60 m) currents 979 

measured at a) M8, b) M5, c) M4, and d) M2.  The magenta vectors indicate near surface 980 

flow and the black vectors indicate near bottom flow. 981 

 982 

Figure 14.  Monthly mean vectors divided into warm years (red) and cold years (blue).  a) 983 

near-surface (~12-17 m) measurements and b) near-bottom (~60 m) measurements at M4; 984 

and c) near-surface measurements and d) near-bottom measurements at M2. Warm years 985 

were 1998, 2001–2005 and cold years were 1995, 1997, 1999, 2007–2010, 2012-2013.  986 

The remaining years were average (Stabeno et al., 2012b). 987 

 988 

Figure 15.  Relationship between winds and currents at M2. The period examined is 989 

winter when there is no ice for a) near-surface (~12-17 m), b) near-bottom (~60 m), and 990 

c) the difference between near-surface and near-bottom.  In the left column, vectors 991 

indicate the mean direction of the flow when the winds are toward the octant indicated 992 

(e.g., 270°-315°). Right column shows current direction as a function of wind direction 993 

(black line) and the number of points in each direction octant (shaded).  The red lines are 994 

at 45° and 90° to the right of the wind. 995 

 996 

Figure 16.  Monthly mean near-bottom currents and daily near-bottom salinity (red) at 997 

M5.   The blue lines indicate the presence sea ice (areal coverage > 30%). 998 

 999 

Figure 17. Relationship between winds and currents at M8. The period examined is 1000 

winter when there is no ice for a) near-surface (~12-17 m), and b) the difference between 1001 

near-surface and near-bottom flow.  In the top panels, vectors indicate the mean direction 1002 

of the flow when the winds are toward the octant indicated (e.g., 270°-315°). The bottom 1003 

panels show current direction as a function of wind direction (black line) and the number 1004 

of points in each direction octant (shaded).  The red lines are at 45° and 90° to the right of 1005 

the wind. 1006 

 1007 

Figure 18.  a) Average annual salinity at M2 (1995–2013).  b) The percentage of water 1008 

flushed from the shelf during late October–February 1 for four different values of slope 1009 



 44 

salinity.  Note that the salinities in October 1996, when water column became well mixed 1010 

at M2, and January 1997, when ice arrived, were identical, which indicates there was 1011 

little or no replenishment that year. 1012 

 1013 

 1014 

 1015 

  1016 
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 1017 

 1018 

 1019 
 1020 

Figure 1.  Map of the eastern Bering Sea shelf showing the place names and mooring 1021 

sites listed in Table 1 (e.g. IF, CN, M2). The vectors summarize the findings of this 1022 

paper. The three primary currents on or near the southern shelf are: the 50-m isobath 1023 

flow, the 100-m isobath flow, and the Aleutian North Slope Current/Bering Slope 1024 

Current. Each hydrographic station in Unimak Pass (insert) and on the MN transect are 1025 

indicated by "x".  1026 

  1027 
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 1028 

 1029 

 1030 

 1031 
 1032 

 1033 

 1034 

Figure 2. Mean velocity at ~40 m calculated from the trajectories of ~ 500 satellite-1035 

tracked drifters.  The dashed contour is the 100-m isobath and the solid contour is the 1036 

200-m isobath.  The brown vectors in the north, each have less than 8 independent 1037 

estimates of velocity. 1038 

1039 
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 1040 

 1041 

Figure 3.  a)  Barotropic transport measured at the Unimak mooring (UP) site during the 1042 

6 years listed at top of panel.  b)  Barotropic transport (red) and total (black) transport 1043 

measured at the Unimak Pass mooring site in 2002.  Total transport was calculated using 1044 

ADCP data. 1045 
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 1048 
 1049 

Figure 4.  Satellite-tracked drifter trajectories in the vicinity of Unimak Pass.  The center 1050 

of the drogue on each drifter was at ~40 m. 1051 

 1052 

  1053 
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 1054 

 1055 

 1056 

 1057 
 1058 

Figure 5. a) Near-surface currents (15 m) and b) near-bottom salinity and currents at M1.  1059 

All time series have been low-pass filtered and velocities rotated 65°. 1060 

  1061 
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 1067 
 1068 

 1069 

 1070 

 1071 

 1072 

Figure 6.  a) Along shelf transport perpendicular to the line of SB (Slime Bank) moorings 1073 

east of Unimak Pass and b) salinity at 84 m at SB3.  1074 
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 1078 

 1079 

 1080 
 1081 

 1082 

Figure 7.  Total transport along the 50-m isobath, perpendicular to the IF array (Fig. 1) 1083 

near Nunivak Island in a) 1997 and b) 1998.  The transect is ~55 km long. 1084 
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 1087 

 1088 

Figure 8.  a) Mean current vectors from the two-year 2008-2010 mooring deployments on 1089 

the central shelf. Vector colors denote depth with red, yellow, green, blue, and black 1090 

vectors at 5, 10, 20, and 30 m depths, respectively.  At M5, pink indicates mean currents 1091 

at 15 m, and purple indicates currents at 60 m. b) Mean currents for the IF mooring array 1092 

in summers 1997 and 1998.  Pink indicates mean currents at ~15 m depth and purple at 1093 

~10 m off the bottom.  The box in (a) shows the location of the IF array shown in (b). 1094 
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 1096 
 1097 

Figure 9.  Transport was calculated on two transects across the 100-m isobath a) south of 1098 

St. George Island and b) west of St. Paul Island.  The transport south of St. George was 1099 

westward and that west of St. Paul was northward. 1100 
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 1106 

 1107 
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 1110 

Figure 10.  Selection of trajectories of satellite-tracked drifters that transited the region 1111 

north of the Pribilof Islands.  a) These drifters (drogued at 40 m) were advected along the 1112 

100-m isobath south of St. George Island and continued along that isobath heading 1113 

toward St. Matthew Island.  b) These drifters were transiting in the BSC and were 1114 

advected onto the shelf in Zhemchug Canyon.   1115 

1116 
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 1119 

 1120 

Figure 11.  Vertical sections of a) salinity, b) nitrate, and c) geostrophic flow referenced 1121 

to the bottom along the hydrographic transect south of St. Matthew Island (MN in Fig. 1).  1122 

This example (July 2010) is representative of other summer occupations.  1123 
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 1124 

 1125 

Figure 12.  Time scales of northward flow along a) the 100-m isobath and b) BSC and the 1126 

northern part of the 100-m isobath.  The black numerals indicate the number of months it 1127 

takes a parcel to reach that point from its origin at a) Unimak Pass or b) Amukta Pass.  1128 

The blue bars indicate where a parcel of water would intercept the ice.  For example in 1129 

(b), “Sep” indicates where the parcel starting at the origin (Amukta Pass) on September 1 1130 

would intercept the ice ~between 5 and 6 months later.  Similarly, parcel starting in 1131 

Amukta Pass in May would intercept the ice between 7 and 8 months later. 1132 
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 1138 
Figure 13.  Monthly mean near-surface (~12-17 m) and near-bottom (~60 m) currents 1139 

measured at a) M8, b) M5, c) M4, and d) M2.  The magenta vectors indicate near surface 1140 

flow and the black vectors indicate near bottom flow. 1141 

 1142 
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 1145 

 1146 
Figure 14.  Monthly mean vectors divided into warm years (red) and cold years (blue).  a) 1147 

near-surface (~12-17 m) measurements and b) near-bottom (~60 m) measurements at M4; 1148 

and c) near-surface measurements and d) near-bottom measurements at M2. Warm years 1149 

were 1998, 2001–2005 and cold years were 1995, 1997, 1999, 2007–2010, 2012-2013.  1150 

The remaining years were average (Stabeno et al., 2012b). 1151 
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 1157 
Figure 15.  Relationship between winds and currents at M2. The period examined is 1158 

winter when there is no ice for a) near-surface (~12-17 m), b) near-bottom (~60 m), and 1159 

c) the difference between near-surface and near-bottom.  In the left column, vectors 1160 

indicate the mean direction of the flow when the winds are toward the octant indicated 1161 

(e.g., 270°-315°). Right column shows current direction as a function of wind direction 1162 

(black line) and the number of points in each direction octant (shaded).  The red lines are 1163 

at 45° and 90° to the right of the wind. 1164 

1165 
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 1166 

Figure 16.  Monthly mean near-bottom currents and daily near-bottom salinity (red) at 1167 

M5.   The blue lines indicate the presence sea ice (areal coverage > 30%). 1168 
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 1171 

Figure 17. Relationship between winds and currents at M8. The period examined is 1172 

winter when there is no ice for a) near-surface (~12-17 m), and b) the difference between 1173 

near-surface and near-bottom flow.  In the top panels, vectors indicate the mean direction 1174 

of the flow when the winds are toward the octant indicated (e.g., 270°-315°). The bottom 1175 

panels show current direction as a function of wind direction (black line) and the number 1176 

of points in each direction octant (shaded).  The red lines are at 45° and 90° to the right of 1177 

the wind. 1178 

 1179 

 1180 

  1181 



 62 

 1182 
 1183 

Figure 18.  a) Average annual salinity at M2 (1995–2013).  b) The percentage of water 1184 

flushed from the shelf during late October–February 1 for four different values of slope 1185 

salinity.  Note that the salinities in October 1996, when water column became well mixed 1186 

at M2, and January 1997, when ice arrived, were identical, which indicates there was 1187 

little or no replenishment that year. 1188 
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