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Abstract 44 

 45 

Barrow Canyon, which incises the northeast corner of the Chukchi Sea shelf, is a major conduit 46 

through which Pacific-origin waters carrying nutrients, biota, freshwater, and heat enter the 47 

Arctic Ocean. As such, Barrow Canyon was adopted as a long-term monitoring site for the 48 

Distributed Biological Observatory (DBO) in 2010. However, annual hydrographic surveys 49 

across Barrow Canyon, conducted during late August 2005-2015 along a location near what is 50 

the Barrow Canyon DBO survey line and in support of other research programs, extend and 51 

complement the DBO hydrographic record. These complementary hydrographic surveys show 52 

that volumes of Pacific-origin and melt water masses in Barrow Canyon are significantly-53 

correlated with daily sea ice areas in the eastern Chukchi Sea for most of the May-August ice 54 

retreat season. Year-to-year differences in the timing and pattern of sea ice retreat across the 55 

Chukchi Sea are also shown to be well-correlated with changes in seasonally-averaged regional 56 

winds particularly as defined by the strength and longitudinal location of the Beaufort Sea High 57 

pressure cell. These interdependent wind-ice retreat-water mass relationships are largely 58 

predicated on wind stress curl-driven changes to sea level in the East Siberian Sea/northwestern 59 

Chukchi Sea. Statistically-significant correlations among wind-forced sea surface heights, ice 60 

areas, and water mass volumes suggest that, during the ice retreat season, the East Siberian 61 

Sea/western Chukchi Sea region serves as the Arctic terminus for the Pacific-Arctic pressure 62 

head. 63 

 64 

 65 

 66 



 67 

1.  Introduction 68 

 69 

Pacific-origin waters are key drivers of the western Arctic marine ecosystem (see Fig. 1a for 70 

regional geography and place names), carrying nutrients, biota, freshwater, and heat across the 71 

Bering and Chukchi Sea shelves to the Arctic basin (Danielson et al., 2017). They support high 72 

production across these shelves (Walsh et al., 1989; Springer and McRoy, 1993), contribute to 73 

the maintenance of the Arctic halocline and the freshwater balance of the Arctic Ocean 74 

(Woodgate et al., 2005), and promote the seasonal melt back of sea ice in the Chukchi Sea 75 

(Ahlnas and Garrison, 1984). Because the duration and extent of seasonal sea ice influences the 76 

modification of Pacific-origin waters as they cross these shelves (Weingartner et al., 1998; 2005; 77 

Woodgate et al., 2005) and the trophic pathways by which organic carbon migrates through the 78 

food web, the marine ecosystems of these shelves and the Arctic Ocean are likely to be 79 

particularly responsive to a changing climate (Grebmeier et al., 2010). For example, abundances 80 

of Pacific-origin zooplankton traversing the Chukchi Sea have been increasing over the last 81 

decade, potentially impacting zooplankton species composition and, ultimately, carbon 82 

transformations (e.g., Ershova et al., 2015; Matsuno et al., 2015; Wassmann et al., 2015). 83 

 84 

In one sense, Pacific-origin waters carried northward through Bering Strait are comprised of 85 

natal water masses named for their source regions: Anadyr Water, Bering Sea Water and 86 

Alaskan Coastal Water. An alternate nomenclature that reflects seasonal modification of these 87 

water masses during their residence on the Chukchi shelf identifies the Pacific-origin waters as 88 

Winter Water (WW), Chukchi Summer Water (CSW) and Alaskan Coastal Water (ACW). These 89 



waters arrive at Barrow Canyon driven in the mean by the Pacific-Arctic pressure head 90 

(Coachman and Aagaard, 1966; Stigebrandt, 1984; Coachman and Aagard, 1988; Woodgate, 91 

2005). Northward transport is greatest in summer when regional winds augment or only weakly 92 

oppose the pressure head-driven flow, while northward transport in winter is minimal or reversed 93 

under stronger winds from the north (Woodgate et al., 2005). Prevailing understanding of 94 

summer circulation on the Chukchi shelf indicates that these water masses tend to follow three 95 

generalized pathways during their transits across the Chukchi Sea (Spall, 2007; Brugler et al., 96 

2014). Cold, salty WW and somewhat warmer, fresher CSW flow along two routes, with 97 

stronger flow occurring through Herald Canyon in the western Chukchi (Coachman et al., 1975) 98 

and weaker flow through the Central Channel in the central Chukchi (Weingartner et al., 2005). 99 

ACW, the warmest water mass, is preferentially carried along the Alaskan Chukchi coast by the 100 

Alaskan Coastal Current (Paquette and Bourke, 1974). Although waters following these three 101 

advective pathways converge with some regularity in the northeastern Chukchi Sea and exit the 102 

shelf through Barrow Canyon (Weingartner et al., 2005; Winsor and Chapman, 2004; Spall, 103 

2007, Pickart et al., 2016), there remains considerable uncertainty as to how transport variability 104 

among these pathways is manifested as transport and hydrographic variability in Barrow 105 

Canyon.  106 

 107 

While hydrographic and transport variability in Barrow Canyon have often been addressed in 108 

relation to local winds (e.g., Weingartner et al., 2005, 2013; Okkonen et al., 2009; Itoh et al., 109 

2013; Itoh et al., 2015; Pickart et al., this issue), in this paper we show that remote wind-forcing 110 

is also important to understanding (observed) hydrographic and (inferred) transport variability in 111 

the canyon. Year-to-year (2005-2015) differences in the late-summer volumes of archetypal 112 



water masses in Barrow Canyon occur due to wind-induced changes to the Pacific-Arctic 113 

pressure head and the consequent differences in the timing and trajectory of sea ice retreat across 114 

the Chukchi Sea. Barrow Canyon is one of sites of the Distributed Biological Observatory 115 

(DBO) program (Moore and Grebmeier, 2017) that has been designed as a “change detection 116 

array” to identify biological responses to changing physical characteristics of the Pacific Arctic.  117 

Although the hydrographic data used in our analyses were acquired in support of other research 118 

programs, these data complement and extend the DBO hydrographic record in Barrow Canyon. 119 

 120 

2. Data 121 

 122 

2.1 Geographical Setting 123 

 124 

Our study area within the Pacific Arctic is bounded by the 55°N and 80°N parallels and the 125 

160°E and 120°W meridians (Fig. 1a) . Within this study area, we delineate the Chukchi Sea 126 

shelf domain as being bounded by the Bering Strait (~65.8°N) in the south, the 150-m isobath in 127 

the north, the 180° meridian in the west and the 156°W meridian in the east. 128 

 129 

2.2 Hydrography 130 

 131 

In support of various field programs (see Acknowledgments), hydrographic surveys across 132 

Barrow Canyon in the northeast Chukchi Sea were conducted annually (2005-2015) within a few 133 

days before or after 22 August from a small (<15 m) coastal research vessel (R/V Annika Marie 134 

or R/V Ukpik) along a transect extending ~40 km northwestward from Point Barrow (Fig. 1b). 135 



This transect lies close (~25 km northeast) to the DBO 5 line. Because of the small vessel size, 136 

these hydrographic surveys were all conducted during relatively benign wind conditions (4.7 +/- 137 

1.1 m s-1, mean +/- S.D.). As a consequence, with the exception of the 2013 survey, the flow was 138 

down-canyon on the east side and weakly up-canyon on the west side (Supplementary Figure 1).  139 

Weak up-canyon flow was observed across most of the section during the 2013 survey. 140 

Temperature and salinity measurements were acquired using both a Seabird 19plus lowered 141 

Conductivity-Temperature-Depth (CTD) recorder and a towed Acrobat profiling vehicle 142 

equipped with a Seabird 49 CTD. Details of the hydrographic sampling methodology are 143 

described in Okkonen et al. (2009). 144 

 145 

Temperatures (T) and salinities (S) encountered in Barrow Canyon during these surveys ranged 146 

from -1.8°C < T < 10.6°C and from 23.3 < S < 34.9, respectively. For this region of T/S space, 147 

we adopt with some minor modifications the water mass classification scheme of Gong and 148 

Pickart (2015).  The focal water masses for this study are sea ice meltwater and three Pacific-149 

origin water masses. Late season meltwater (LMW), overall the freshest water mass, is 150 

characterized by temperatures -1°C ≤ T < 7°C and salinities S < 30. Pacific-origin water masses 151 

include Alaskan Coastal Water (ACW), Chukchi Summer Water (CSW) and Pacific Winter 152 

Water (WW). ACW is characterized by relatively warm waters with temperatures T ≥ 3°C and 153 

salinities S ≥ 30. A small volume of water encountered near Point Barrow in 2012 with T ≥ 7°C 154 

and S < 30 was also classified as ACW. The coldest water (T < -1°C, S ≥ 31.5) encountered in 155 

Barrow Canyon is WW. Our WW classification combines two winter water masses from the 156 

Gong-Pickart classification scheme (Remnant Pacific Winter Water and Newly-ventilated 157 

Pacific Winter Water) into a single water mass. CSW, arising from a transformation of WW 158 



through solar heating and vertical mixing of open water, is characterized by temperatures 159 

intermediate to ACW and WW (-1°C ≤ T < 3°C) and by salinities 30 ≤ S <33. Other water 160 

masses encountered but not included in subsequent analyses because of their small volumes were 161 

early season melt water (EMW; T < -1°C, S < 31.5) and polar halocline/Atlantic Water (PH/AW; 162 

-1°C ≤ T < 1°C, 33 ≤ S <35). 163 

 164 

Each year’s temperature and salinity data from Barrow Canyon were interpolated to a common, 165 

regularly-spaced 1-km horizontal by 1-m vertical grid (each grid cell represents a volume of 166 

1000 m3). Each grid cell was then assigned one of the six water masses (described above) based 167 

on the cell’s T/S characteristics. The grid cell volumes associated with each water mass in each 168 

sampling year were summed over the upper 120 m of the water column, the deepest sampling 169 

depth common to the 2005-2015 hydrographic surveys, to provide comparable statistical 170 

measures related to these focal water mass volumes.   171 

 172 

2.3 Sea ice 173 

 174 

Daily sea ice concentrations were obtained from the ¼° gridded NOAA High-resolution Blended 175 

Analysis of Daily SST and Ice dataset 176 

(https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html; Reynolds et al., 177 

2007). Chukchi Sea ice concentrations from this dataset were unusually low from 27 April - 15 178 

May 2009 and unrealistically high from 12 August -16 August 2012 and were considered 179 

suspect. Daily ice concentration data at each ¼° grid point during these periods thus were 180 

replaced with concentrations linearly interpolated between reasonable concentrations occurring 181 



on 26 April and 16 May 2009 and on 11 Aug 2012 and 17 Aug 2012.   Daily Chukchi sea ice 182 

areas were then computed as the sum of the fractional ice concentration-weighted areas of the 183 

grid cells within the Chukchi shelf domain.  184 

 185 

2.4 Meteorology 186 

 187 

The 2.5° gridded NCEP/NCAR Reanalysis 1 data set 188 

(https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html;  Kalnay et al., 1996) 189 

provided daily sea level pressure (SLP) and surface U and V winds. We computed wind stresses 190 

using a standard quadratic formula with an air-water drag coefficient of 0.0013. We did not 191 

adjust the stress computations to account for ice concentrations directly or through a larger ice 192 

concentration-weighted drag coefficient (e.g. Hibler, 1980) or to account for internal ice stresses 193 

(Martin et al., 2014). Daily Ekman pumping velocities were derived from wind stress curl 194 

(WSC) calculations at each NCEP grid point within the study domain using a central difference 195 

formula in which ∆x = 10° (1110 km x cos(latitude)) and ∆y = 5° (555 km). 196 

 197 

3. Results 198 

 199 

3.1 Water mass volumes and Chukchi sea ice 200 

 201 

Cross-canyon distributions of water mass volumes exhibited substantial variability over the 11-202 

year record (Fig. 2; corresponding annual temperature and salinity fields are depicted in 203 

Supplementary Figures S2-S3). In some years (2005, 2007, 2011, 2015) the dominant surface 204 



water mass was warm ACW, whereas in other years (2006, 2008, 2009, 2013, 2014) cool, fresh 205 

LMW was the dominant surface water mass. This warm-cold dichotomy also extends below the 206 

surface within Barrow Canyon. Years in which cold WW volumes are anomalously low tend to 207 

be years in which warmer CSW and/or ACW volumes are anomalously high and vice versa (Fig. 208 

3a-d). Corresponding records of east Chukchi sea ice areas at the approximate midpoint (1 July) 209 

and end (11 August) of the ice retreat season (defined below) are shown in Figure 3e.  210 

Covariance between ACW and LMW and among other focal water mass volumes over the 2005-211 

2015 period occurred at statistically-significant levels (Table 1, p< 0.05 or better), except for 212 

ACW and CSW. 213 

 214 

Table 1 Correlations among water mass volumes in the upper 120 m across Barrow Canyon. 215 

Statistically-significant correlations are highlighted in italicized (|r| > 0.521, p <0.05) and bold 216 

(|r| > 0.685, p <0.01; 9 degrees of freedom) text. 217 

 218 

 ACW CSW WW 

LMW -0.70 -0.58 0.69 

ACW  0.24 -0.82 

CSW   -0.72 

 219 

Consideration of the covariant relationships among these water masses in the context of  220 

1) heat supplied by the northward flow of Pacific-origin water masses through Bering Strait 221 

contributing to the retreat of sea ice across the Chukchi shelf (Ahlnas and Garrison, 222 

1984),  223 

2) the different advective paths followed by Pacific-origin water masses across the shelf 224 

(Spall, 2007; Brugler et al., 2014) and  225 

3) sea ice-mediated transformation of WW during its residency on the shelf (Weingartner et 226 

al., 1998; 2005; Woodgate et al., 2005) 227 



suggests that year-to-year differences among the water mass volumes in Barrow Canyon reflect 228 

year-to-year differences in the timing and pattern of sea ice retreat across the Chukchi shelf. 229 

 230 

We investigated the pattern and timing of sea ice retreat through iterative correlation analyses. 231 

Coefficients were sequentially calculated for correlations between the eleven-year time series of 232 

each late-August focal water mass volume and daily sea ice area from 1 April to 21 August (the 233 

median date of hydrographic sampling) in a set of 10° longitude-wide (380 km at 70°N) 234 

overlapping sections of the Chukchi shelf. The western edge of the 10° shelf section was 235 

advanced in 0.25° steps from 170°E to 166°W, resulting in 97 sections. The ice area date was 236 

advanced one day at a time and correlations between water mass volumes and daily ice area were 237 

calculated for each of the 97 sections. The strongest aggregate correlations were between water 238 

mass volumes and daily sea ice areas within the 10°-wide section of the eastern Chukchi shelf 239 

between 169°W and 159°W (Fig. 4). Daily sea ice areas in the eastern Chukchi and late-August 240 

LMW volumes (solid line) are significantly positively correlated (r > 0.521, p < 0.05 level or 241 

better) from mid-May to late August. Correlations between WW (dash-dot line) and ACW 242 

(dotted line) volumes and daily eastern Chukchi ice areas are significant from late May to mid-243 

July and again in early August, with positive correlations (r > 0.521) between ice area and WW 244 

and negative correlations (r < -0.521) between ice area and ACW. CSW volumes (dashed line) 245 

and daily eastern Chukchi ice areas are significantly negatively correlated (r < -0.521) for shorter 246 

periods in late May to early June and late June to early July. The average of correlations between 247 

daily sea ice areas in the eastern Chukchi and late-August water mass volumes exceed |r| > 0.521 248 

from 27 May to 11 August. We adopt these dates as start and end dates for a common period of 249 

the ice retreat season over which integrated forcing acts to define characteristic patterns and 250 



histories of sea ice retreat across the eastern Chukchi shelf and corresponding late-summer 251 

distributions of water mass volumes in Barrow Canyon.  252 

 253 

Daily sea ice area histories from April 1 through the third week in August for each year reveal 254 

differences in the timing of seasonal sea ice retreat across the eastern Chukchi shelf between 255 

169°W and 159°W (Fig. 5). Sea ice areas were similar in all years on 1 April, but start to diverge 256 

by late April. From 27 May to 11 August, the retreat histories defining slower/later sea ice 257 

retreats (solid lines) and faster/earlier retreats (dotted lines) are largely differentiated from one 258 

another. Greater daily sea ice extents and slower/later sea ice retreats occurred in years (2006, 259 

2008, 2009, 2012-2014) when the August LMW volumes in Barrow Canyon were greater than 260 

the 2005-2015 mean (cf. Fig. 3). Conversely, smaller daily sea ice extents and faster/earlier sea 261 

ice retreats occurred in years (2005, 2007, 2010, 2011, 2015) when August LMW volumes were 262 

less than the 2005-2015 mean. For late ice retreat years, the mean ice edge (20% concentration) 263 

on 1 July extended as far south as Point Hope in the eastern Chukchi Sea (Fig. 6a) while for early 264 

ice retreat years the mean 1 July ice edge was much further to the north with a distinctive, largely 265 

ice-free tongue in the eastern Chukchi, corresponding to the northward path of the warm ACW 266 

and CSW (Fig. 6b). 267 

 268 

It follows from the yearly ice retreat histories depicted in Figure 5 and the covariant relationships 269 

illustrated in Table 1, Figure 3 and Figure 4 that volumes of LMW and WW tend to be 270 

proportionately greater and ACW and CSW volumes proportionately less in late ice retreat years. 271 

Conversely, volumes of LMW and WW tend to be proportionately less and ACW and CSW 272 

volumes proportionately greater in early ice retreat years. 273 



 274 

3.2 Wind forcing and sea ice retreat 275 

 276 

Yearly differences in the late-summer areal extent of Arctic sea ice have been attributed to 277 

differences in wind-induced Ekman drift as mediated by average summer sea level pressure 278 

anomalies (e.g. Rogers, 1978; Maslanik et al., 1999; Ogi et al., 2008). Stated another way, 279 

summer ice extent represents the net response to wind forcing integrated over a time period of 280 

ice retreat. In this section, we explore aspects of the relationships among seasonally-averaged (27 281 

May – 11 August) atmospheric variables (SLP and winds) and sea ice retreat across the eastern 282 

Chukchi shelf. We begin with sea ice areas in the eastern Chukchi at the end of the ice retreat 283 

season (11 August) for years 2005-2015. East Chukchi ice areas on this date in 2006, 2008, 284 

2010, and 2012-2014 were greater than the 2005-2015 mean ice area and are identified as late 285 

retreat years.  Ice areas in 2005, 2007, 2009, 2011, and 2015 were less than the 2005-2015 mean 286 

and are identified as early retreat years. Note that, based on ice areas at the end of the melt 287 

season, 2009 and 2010 are respectively classified as early and late retreat years, whereas 2009 288 

and 2010 are respectively classified as late and early retreat years based on LMW volumes. 289 

 290 

The mean seasonally-averaged (27 May - 11 August) SLP field for late ice retreat years (Fig. 7a) 291 

shows that the Beaufort Sea High (BSH) is centered adjacent to the Canadian archipelago and 292 

that isobars over the Arctic are generally widely-spaced indicating regionally weak mean winds. 293 

The companion plot (Fig. 7b) of vector-mean winds (arrows) shows this to be the case while the 294 

blue and green shading indicates that the ensemble of daily winds (N = 6 yrs x 77 days/yr = 462 295 

days) exhibits little directional constancy. Directional constancy is defined as the ratio of the N-296 



day vector-mean wind speed to the N-day scalar mean wind speed (Moore, 2003). The mean 297 

seasonally-averaged SLP field for early ice retreat years (Fig. 7c), shows a stronger BSH (> 1017 298 

hPa) that is displaced westward and a slightly deeper Siberian Low relative to the late-retreat 299 

SLP conditions. The more closely-spaced isobars over the southern Beaufort Sea, northern 300 

Chukchi Sea and East Siberian Sea drive stronger (longer arrows), more persistent easterlies 301 

(yellow and orange shading) across this region of the Arctic (Figure 7d). End-of-season east 302 

Chukchi ice area is therefore positively-correlated with seasonally-averaged U and V winds at 303 

statistically-significant levels over most of the study area north of ~70°N (blue and black 304 

contours; Figures 7b,d).  305 

 306 

3.3 Wind forcing and the Pacific-Arctic pressure head 307 

 308 

Seasonally-averaged winds in the southern Chukchi (~66°-69°N) are weak (small arrows), 309 

variable (blue and green shading) and not significantly-correlated with ice area (Fig. 7b,d). 310 

Because Bering Strait transport is typically modeled as the sum of pressure head-driven and local 311 

(in the vicinity of Bering Strait) wind-driven components, these observations suggest that 312 

seasonally-averaged local winds are not primarily responsible for year-to-year differences in 313 

average transport through the strait during the sea ice retreat season.  It follows that the pressure 314 

head component might therefore be mediated by remote winds during the ice retreat season. 315 

Because the Pacific-Arctic pressure head is attributed to a steric or sea surface height difference 316 

between the Bering Sea and Arctic Ocean (Coachman and Aagaard, 1966; Stigebrandt, 1984), 317 

we invoke a height proxy derived from wind stress curl for these analyses.  318 

 319 



At each oceanic NCEP grid point (i,j) in the study domain and for each survey year t, we use the 320 

seasonally-averaged negative Ekman pumping velocity, WEk, as a proxy for mean steric or sea 321 

surface height, h.  322 

 323 

W��  =  
�

�
   k	
   ∙  ∇  × (τ ⁄ f)   (1) 324 

h(i, j, t) ≈ α −W��
�������� (i,j,t)                                 (2) 325 

 326 

In these two expressions, ρ is a representative sea water density taken to be 1027 kg m-3, τ is the 327 

local wind stress, f is the local Coriolis parameter, α is an undetermined constant scale factor and 328 

the overbar in expression (2) indicates time-averaging from 27 May to 11 August for year t. At 329 

seasonal time scales, Eq. 2 above follows from the time integral of equation 2 in Lagerloef 330 

(1995). Because we do not include ice concentration-related effects in our stress calculations and 331 

are unable to directly scale sea surface height to the Ekman pumping velocity, only relative 332 

changes in sea level and the pressure head can be ascertained from changes in the wind stress 333 

curl field. The unknown scale factor α can be eliminated by normalizing the heights  334 

 335 

H(i, j, t) = 
�(�,�, )! "�#

$%& (�) ! $�' ( �)
 =   

!()*���������  (�,�, ) ! "!()*���������#

$%&  (!()*���������) ! $�' (!()*���������)
          (3) 336 

 337 

in which the brackets, < >, indicate the 11-year mean value. Statistically-significant correlations 338 

between WSC-forced sea surface heights and late-summer (11 August) sea ice area in the eastern 339 

Chukchi define three centers of action across the western Arctic (Fig. 8). WSC-forced heights in 340 

the East Siberian Sea and eastern Beaufort Sea are positively correlated (solid contours) with east 341 



Chukchi sea ice areas, whereas WSC-forced heights in the northern Chukchi Sea are negatively 342 

correlated (dashed contour) with east Chukchi sea ice area. In late ice retreat years when wind 343 

forcing associated with the BSH is weak (cf. Fig. 7a,b), group-averaged sea surface heights are 344 

relatively small everywhere except in the central Beaufort Sea and Gulf of Alaska (Fig. 8a). The 345 

relative sea surface slope between the northern Bering shelf and East Siberian Sea is near zero, is 346 

positive between the northern Bering shelf and west-central Beaufort Sea and is positive between 347 

the northern Bering shelf and eastern Beaufort Sea.  In other words, the Pacific-Arctic pressure 348 

head is anomalously weak. In early ice retreat years, strong wind forcing (cf. Fig. 7c,d) acts to 349 

lower sea level markedly in the East Siberian Sea and raise sea level in the west-central Beaufort 350 

Sea (Fig. 8b). Sea level is lowered slightly in the eastern Beaufort Sea. The resulting relative sea 351 

surface slopes are negative between the northern Bering shelf and East Siberian Sea, positive 352 

between the northern Bering shelf and west-central Beaufort Sea and near zero between the 353 

northern Bering shelf and eastern Beaufort Sea. Although not shown, but as might be expected 354 

vis a vis Table 1 and Figure 4, broadly similar statistical associations occur for correlations 355 

between sea level and the focal water mass volumes as well. We infer from these relationships 356 

that yearly differences in wind forcing over the East Siberian Sea/western Chukchi Sea region, 357 

mediated by the longitudinal location and strength of the BSH, exert significant control over 358 

year-to-year differences in the Pacific-Arctic pressure head. 359 

 360 

4. Summary and Discussion 361 

 362 

We have shown that late-summer volumes of Pacific-origin and melt water masses in Barrow 363 

Canyon are well-correlated with the timing and pattern of sea ice retreat across the Chukchi Sea 364 



shelf. These ice retreat characteristics were, in turn, also shown to be well-correlated with the 365 

strength of the Pacific-Arctic pressure head as mediated by the strength and longitudinal location 366 

of the Beaufort Sea High pressure cell and its associated wind field. These interdependent 367 

relationships are summarized in a hierarchical (left to right: driver, response) and comparative 368 

(more, less) format in Table 2.  369 

 370 

Table 2 Generalized interdependencies and associations among meteorological, sea ice and 371 

oceanographic variables in the Pacific Arctic. 372 

Sea level 

pressure 

East Siberian/ 

north Chukchi 

winds 

Sea level and 

Pacific-Arctic 

pressure head 

Northward 

heat 

transport 

East 

Chukchi Sea 

Ice 

Barrow 

Canyon 

water masses 
Stronger 
BSH in 
western 
Beaufort 

Strong, persistent 
easterlies; 
stronger WSC 

Lower SL in East 
Siberian Sea; 
stronger PH 

Greater net 
heat transport 
along Alaskan 
Chukchi coast 

Early ice 
retreat; more 
open water in 
August 

More ACW, 
CSW;  
Less LMW, 
WW 

Weaker 
BSH in 
eastern 
Beaufort 

Weak, variable 
easterlies; 
weaker WSC 

Relatively higher 
SL in East 
Siberian Sea; 
weaker PH 

Less net heat 
transport along 
Alaskan 
Chukchi coast 

Late ice 
retreat; less 
open water in 
August 

More LMW, 
WW; 
Less ACW, 
CSW 

 373 

Relationships among variables listed in Table 2 were directly identified through correlation 374 

analyses except for relative differences in northward heat transport which were inferred from 375 

year-to-year differences in the timing and pattern of sea ice retreat and differences in ACW 376 

volumes. Moreover, we also infer that the difference between transport along this coastal 377 

pathway and transport carried through Herald Canyon and the Central Channel during the ice 378 

retreat season is greater in early ice retreat years than late retreat years. Underpinning this latter 379 

inference is a simple analytical model proposed by Toulany and Garrett (1984) in which slowly-380 

fluctuating flow through a narrow strait connecting two basins is geostrophically-limited by the 381 

sea level difference between the basins. A consequence of their model formulation is that, in the 382 

adjustment to reduce the sea level difference between basins, the higher sea level signal (in the 383 

Bering Sea in the present context) propagates downstream to the lower elevation basin (the 384 



Chukchi Sea) along the coast as a Kelvin wave. Because the amplitude of a Kelvin wave decays 385 

exponentially from the coast, the associated geostrophic current is strongest near the Alaskan 386 

Chukchi coast. Consequently, a more negative sea surface slope (stronger pressure head) 387 

between the Bering and Chukchi Seas drives greater northward volume and property fluxes 388 

along the Alaskan Chukchi coast (i.e. stronger Alaskan Coastal Current) and promotes the 389 

observed earlier ice retreat across the eastern Chukchi shelf (cf. Fig. 6b). The corollary is that a 390 

less negative sea surface slope (weaker pressure head) results in weaker volume and property 391 

fluxes along the Alaskan Chukchi coast and slower, less directionally-biased ice retreat across 392 

the Chukchi shelf (cf. Fig. 6a). 393 

 394 

Sea ice cover is also important to the makeup of WW. As mentioned above, our WW mass 395 

represented the combination of Remnant Winter Water (RWW; -1.6°C ≤ T < -1°C, S ≥ 31.5) and 396 

Newly-ventilated Winter Water (NWW; T < -1.6°C, S ≥ 31.5) in the Gong-Pickart classification 397 

scheme. In partitioning our combined WW mass into these constituent water masses, we found 398 

that NWW and RWW were both present in Barrow Canyon in 2006, 2008, 2009, and 2012-2014; 399 

all late ice retreat years (cf. Fig. 6a). However, in 2005, 2007, 2010, 2011, and 2015 (early ice 400 

retreat years; Fig. 6b), only RWW was present in Barrow Canyon. Because the transformation of 401 

NWW to RWW occurs through mixing with warmer summer waters and/or solar heating (Gong 402 

and Pickart, 2015), the presence (absence) of NWW in Barrow in late summer would be a 403 

manifestation of late (early) sea ice retreat. 404 

 405 

The eleven annual snapshots of Barrow Canyon water mass volumes were the starting point for 406 

our correlation analyses. While the water mass volumes embodied in any individual snapshot 407 



survey might also be biased by a variety of factors (e.g. local wind-driven circulation, shelf 408 

waves, frontal instabilities, internal waves), these potential biasing effects do not fundamentally 409 

alter the relationships summarized in Table 2 because any such biasing effects are not entirely 410 

random nor are they unconstrained. As mentioned in Section 2.2, our surveys were conducted 411 

during locally-weak wind (non-upwelling) conditions. Consequently, random local wind-driven 412 

circulation biases were mitigated (cf. Fig. S1) and PH/AW, when present, was largely limited to 413 

depths below 120 m (cf. Fig. 2) effectively excluding this water mass from consideration. 414 

Perhaps more importantly, particularly as related to the associations summarized in Table 2, our 415 

surveys took place at a time during the open-water season when there were occurrences of zero 416 

(or very near zero) volumes of LMW (2005, 2007, 2011, 2015; early ice retreat years) and ACW 417 

(2006, 2008, 2013, 2014; late ice retreat years). It is unlikely that long waves, instabilities or 418 

other factors produced these observed zero/near-zero volumes of LMW and ACW or are able to 419 

produce zero/near-zero volumes of WW or CSW. Because our survey line defines a fixed 420 

volume across Barrow Canyon, the sum of any noise contributions to a year’s volumetric 421 

snapshot is zero. Despite uncertainties in our estimations of water mass volumes, the constraints 422 

imposed by zero LWM and ACW volumes and resultant associations summarized in Table 2 423 

allow us to reasonably interpret each year’s snapshot of water mass volumes as the net 424 

(dependent) response to a common period (27 May – 11 August) of integrated or average wind-425 

forcing. 426 

 427 

The principal uncertainties in our study results reside in our wind stress calculations and the sea 428 

surface height fields derived from them. As noted above, we did not adjust the stress 429 

computations to account for ice concentrations directly or through an ice concentration-weighted 430 



drag coefficient or to account for internal ice stresses. While height estimates in the East Siberian 431 

Sea are significantly-correlated with sea ice area (and Barrow water mass volumes), height 432 

estimates in the Bering Sea are not (cf. Fig. 8). Because the normalized sea surface heights over 433 

the Bering Sea are very near zero, the Pacific-Arctic pressure head is largely defined by the sea 434 

surface heights in the East Siberian Sea and not those in the Bering Sea. Despite these 435 

uncertainties, our results are consistent with and complement those of Peralta-Ferriz and 436 

Woodgate (2017) who, in a clever use of ocean mass measurements acquired by the Gravity 437 

Recovery and Climate Experiment (GRACE) satellite, showed that sea surface height variations 438 

in the East Siberian Sea effectively control the magnitude of the Pacific-Arctic pressure head. 439 

 440 

From a broader perspective, the observed annual variations in the volumes of the different water 441 

masses transiting Barrow Canyon will impact the transfer of properties such as heat, salt, 442 

nutrients, and plankton between the Canyon and the northern Chukchi/western Beaufort shelves 443 

and the Beaufort Sea that in turn can impact downstream conditions.  Low nutrient 444 

concentrations are found in the ACW and upper water column across the Canyon during 445 

summer, with higher concentrations found at depth in the WW and CSW (e.g., Cota et al., 1996; 446 

Codispoti et al., 2013; Danielson et al., 2017).  Upwelling in the Canyon can bring nutrients into 447 

the upper water column, supporting elevated primary production (e.g., Lowry et al., 2015). 448 

Distinct or “indicator” phytoplankton and zooplankton species or types are found in each water 449 

mass type (e.g., Hopcroft et al., 2010; Ashjian et al., 2017; Danielson et al., 2017; Pinchuk and 450 

Eisner, 2017; Sigler et al., 2017). Much of the zooplankton in the Chukchi Sea is now believed to 451 

originate in the Bering Sea (e.g., Wassmann et al., 20125; Ershova et al., 2017; Pinchuk and 452 

Eisner, 2017), including the euphausiids that are important prey for bowhead whales (e.g., 453 



Ashjian et al., 2010; Moore et al., 2010; Citta et al., 2015).  Increased transport of these 454 

expatriate species, if they can recruit in Arctic conditions, could change the species composition, 455 

and thus ecosystem structure, of the slope and basin (although see Matsuno et al., 2015). The 456 

Arctic Marine Pulses (AMP) model explains linkages between the northern Bering and Chukchi 457 

shelves and Beaufort shelf break and slope (among other linkages) and postulates that seasonal 458 

biophysical pulses coupled to organism phenology are central to explaining ecosystem dynamics 459 

(Moore et al., in press).  The interannual variability in transport, water mass volumes, and 460 

intrinsic physical, chemical, and biological properties through Barrow Canyon observed here 461 

embodies that pulse. 462 
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Figure Captions 684 
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 686 

   687 

Figure 1 A) Map of the Pacific-Arctic region with place names. The dashed line delineates the 688 

10°-wide box within which daily sea ice areas were calculated. The solid line delineates the 689 

Barrow Canyon area within the Pacific-Arctic region. B) The location of the hydrographic 690 

survey line across Barrow Canyon (black line) in relation to the DBO 5 line (grey line). 691 

 692 

 693 

Figure 2 Annual water mass sections across Barrow Canyon. Sections are viewed looking northeastward, 694 

down-canyon. Point Barrow lies at the right hand side of the plots. LMW=Late season Melt Water, 695 

EMW=Early season Melt Water, ACW=Alaskan Coastal Water, CSW=Chukchi Summer Water, 696 

WW=Winter Water, PH/AW=Polar Halocline/Atlantic Water. 697 

 698 

 699 

Figure 3 Panels A-D) Annual volume anomalies relative to the 2005-2015 mean volumes for 700 

each of the four focal water masses. Panel E) Annual east Chukchi sea ice areas on 1 July 701 

(black) and on 11 August (grey). The horizontal lines indicate the 2005-2015 mean ice areas for 702 

these dates. 703 

 704 

 705 

Figure 4 Correlations among Barrow Canyon water mass volumes and daily sea ice areas on 706 

the Chukchi shelf between 169°W-159°W. Grey shading between 27 May and 11 August defines 707 

a representative sea ice retreat season. Horizontal lines at +/- 0.521 and +/- 0.685 indicate 708 

statistically-significant correlations at p<0.05 and p<0.01, respectively (9 degrees of freedom). 709 

The vertical lines in August identify the dates of annual hydrographic surveys in Barrow 710 

Canyon.  711 

 712 

 713 

Figure 5 Annual records of daily sea ice areas on the Chukchi shelf between 169°W-159°W. 714 

Solid lines and boldface years indicate ice area histories for years in which LMW anomalies are 715 

positive. Dotted lines indicate ice area histories for years in which LMW anomalies are negative. 716 

Blue shading between 27 May and 11 August defines a representative sea ice retreat season. The 717 

vertical lines in August identify the dates of annual hydrographic surveys in Barrow Canyon. 718 

 719 

 720 

Figure 6 Mean Chukchi Sea ice edges (20% ice concentrations) on 1 July and 1 August for late 721 

ice retreat years (A) and early ice retreat years (B). Late retreat years are associated with LMW 722 

volumes greater than the 2005-2015 mean. Early retreat years are associated with LMW 723 

volumes less than the 2005-2015 mean. Dotted line contours delineate the 150-m and 1000-m 724 

isobaths. The dashed line delineates the 10°-wide box within which daily sea ice areas were 725 

calculated. 726 

 727 

 728 



Figure 7 Mean seasonal (27-May-11 August) atmospheric circulation for late ice retreat years (A, B) and 729 

early ice retreat years (C,D). A) and C) display mean sea level pressure (SLP) patterns. The blue crosses 730 

indicate the NCEP grid points at which the mean pressure associated with the Beaufort Sea High (BSH) 731 

is maximum. B and D display mean wind vectors, directional constancy (colored shading), and 732 

statistically-significant correlations between ice areas and U-component winds (blue contours) and V-733 

component winds (black contours). Correlation contours at r = 0.521 (p<0.05), 0.685 (p<0.01), and 734 

0.735 (p<0.005).  735 

 736 

 737 

Figure 8 Normalized mean WSC-forced sea surface heights (color shading) for (A) late ice 738 

retreat years and (B) early ice retreat years. The solid grey line delineates the zero-height 739 

contour. Black contours identify statistically-significant correlations (r = +/- 0.521, 0.685, 740 

0.735; p<0.05, 0.01, 0.005) between sea surface heights and late-summer (11 August) east 741 

Chukchi Sea ice areas. Solid black contours indicate positive correlations. Dashed black lines 742 

indicate negative correlations.  743 

 744 

 745 

Figure S1 Annual along-canyon (65°T – 245°T) velocity sections acquired by a towed 300 kHz 746 

acoustic Doppler current profiler. Contour interval is 25 cm s-1. Solid contours and shaded areas 747 

indicate down-canyon (to 65°T) velocities. Dotted contours indicate up-canyon (to 245°T) 748 

velocities. Sections are viewed looking northeastward, down-canyon. Point Barrow lies at the 749 

right hand side of the plots. No velocity data were acquired during the 2009 survey due to a 750 

failure of the ADCP. 751 

 752 

 753 

Figure S2 Annual temperature sections across Barrow Canyon. Contour interval is 1°C. 754 

Sections are viewed looking northeastward, down-canyon. Point Barrow lies at the right hand 755 

side of the plots. 756 

 757 

 758 

Figure S3 Annual salinity sections across Barrow Canyon. Contour interval is 1 psu. Sections 759 

are viewed looking northeastward, down-canyon. Point Barrow lies at the right hand side of the 760 

plots. 761 




















