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Abstract We used a 5 year time series of transport, temperature, and salinity from moorings at the head
of Barrow Canyon to describe seasonal variations and construct a 37 year transport hindcast. The latter was
developed from summer/winter regressions of transport against Bering-Chukchi winds. Seasonally, the
regressions differ due to baroclinicity, stratification, spatial, and seasonal variations in winds and/or the sur-
face drag coefficients. The climatological annual cycle consists of summer downcanyon (positive and
toward the Arctic Ocean) transport of �0.45 Sv of warm, freshwaters; fall (October–December) upcanyon
transport of �20.1 Sv of cooler, saltier waters; and negligible net winter (January–April) mass transport
when shelf waters are saline and near-freezing. Fall upcanyon transports may modulate shelf freezeup, and
negligible winter transports could influence winter water properties. Transport variability is largest in fall
and winter. Daily transport probability density functions are negatively skewed in all seasons and seasonal
variations in kurtosis are a function of transport event durations. The latter may have consequences for
shelf-basin exchanges. The climatology implies that the Chukchi shelf circulation reorganizes annually: in
summer �40% of the summer Bering Strait inflow leaves the shelf via Barrow Canyon, but from fall through
winter all of it exits via the western Chukchi or Central Channel. We estimate a mean transport of �0.2 Sv;
�50% less than estimates at the mouth of the canyon. Transport discrepancies may be due to inflows from
the Beaufort shelf and the Chukchi shelfbreak, with the latter entering the western side of the canyon.

Plain Language Summary Barrow Canyon is a major avenue by which water flows northward
from the Pacific Ocean, across the Chukchi Sea, and into the Arctic Ocean. Understanding the water flow
through the canyon and its variability deepens our understanding of the Chukchi Sea and its connections
to the Arctic Ocean. We used 5 years of direct current measurements to develop transport predictions based
on winds. The regressions allow us to hindcast daily Barrow Canyon transports from 1979–2015. The 37-
year hindcast record is used to better understand the annual cycle of transport over the northeastern Chuk-
chi Sea. The results imply that the Chukchi Sea circulation field undergoes a major re-organization on an
annually. In summer the transport is a maximum and towards the Arctic Ocean, however in fall, the trans-
port is weak but from the Arctic Ocean onto the shelf. The mean winter transport is negligible. The results
have important implications for water mass formation processes on the Chukchi Sea shelf and on the move-
ment of Pacific Waters into the Arctic Ocean.

1. Introduction

Pacific-derived waters flowing northward through Bering Strait cross the Chukchi Sea along three principal
pathways: Barrow Canyon on the northeastern shelf, Herald Valley in the west, and the Central Channel
over the central shelf. The Pacific inflow is a substantial source of nutrients and carbon [Walsh et al., 1989;
Codispoti et al., 2005; Nishino et al., 2011], heat [Steele et al., 2004; Shimada et al., 2006; Woodgate et al., 2010;
Corlett and Pickart, 2017], and freshwater [Yamamoto-Kawai et al., 2008] to the polar basin. The partitioning
of the inflow among these channels is poorly understood, although it is clear that the transport variations
are largely associated with winds over the Pacific sector of the Arctic [Winsor and Chapman, 2004; Spall,
2007; Danielson et al., 2014]. Changes in Pacific water fluxes through these channels can affect rates and
patterns of ice processes, biological production, and the potential vorticity (PV) structure of the adjacent
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shelfbreak and slope. The latter has consequences on shelf-basin exchange processes [Spall et al., 2008] and
the circumpolar slope circulation [Spall, 2013]. Herein, we use a 5 year time series of moored measurements
to examine hydrographic and transport variability at the head of Barrow Canyon and to construct a trans-
port climatology using 37 years of regional winds.

Barrow Canyon extends �220 km from its head, north of Wainwright, to its mouth on the continental slope
(Figure 1). Bottom depths increase linearly along its length from 50 to 300 m. Between Wainwright and Bar-
row (�140 km), the canyon is bounded by the Alaskan coast; whereas north of Pt. Barrow, the canyon
delimits the western end of the Beaufort Sea shelf. The western wall of the canyon adjoins a broad, shallow
(40–60 m) bench that extends �80 km westward to Hanna Shoal. In cross section, the canyon is nearly
U-shaped, with the width varying from �40 km at its head to �60 km at its mouth (based on the distance
between the 70 m isobaths on either side of the canyon mouth). The aspect ratio (d), the ratio of the cross-
canyon to along-canyon length scales, is �0.3.

Most submarine canyons that incise shelfbreaks lie athwart the prevailing along-shelf currents that control
the canyon circulation [e.g., Allen and Durrieu de Madron, 2009]. Barrow Canyon shares this feature insofar
as the flow over the Chukchi/Beaufort shelfbreak is transverse to the canyon axis [e.g., Mountain et al., 1976;
Pickart, 2004; Nikolopoulos et al., 2009]. In contrast to most canyons, currents along the longitudinal axis of
Barrow Canyon are swifter than the transverse flows nearer its mouth and are strongly influenced by Bering
and Chukchi shelf processes operating to the south. These shelf regions are also the source of summer and
fall waters comprising the horizontally and vertically structured along-canyon flow [Pickart et al., 2005;
Shroyer and Plueddemann, 2012]. The contributing water masses include moderately salty Bering Sea Water,
fresh, warm Alaskan Coastal Water (ACW) [Coachman et al., 1975], near-freezing, saline winter-formed
waters (WW) derived from ice production, and cool, dilute ice-melt waters (MW).

The most comprehensive set of long-term transport measurements in Barrow Canyon is by Itoh et al. [2012,
2013]. They used three moorings at the mouth of the canyon to estimate seasonal and interannual varia-
tions in canyon transports of mass, heat, and freshwater from 2000 to 2008. Their moorings were deployed
at 10 km intervals, from east to west, on the 80, 250, and 150 m isobaths, respectively. They estimated a
mean average transport of 0.45 Sv northeastward (which with the convention adopted in this paper is the
downcanyon or positive flow direction) and into the Arctic Ocean. This flow opposes the mean northeasterly
winds and is a consequence of the Pacific-Arctic pressure gradient that is also responsible for the mean
northward transport in Bering Strait. Itoh et al. [2013] find that the flow varies seasonally and in-phase with
the annual cycle of Bering Strait transport; i.e., maximum downcanyon transport occurs in summer, and min-
imum transport occurs in winter. In accordance with previous studies [Aagaard and Roach, 1990; M€unchow
and Carmack, 1997; Weingartner et al., 1998; Pickart et al., 2005; Woodgate et al., 2005a; Itoh et al., 2012],

Figure 1. Bathymetric map of the northeastern Chukchi Sea showing mooring locations. The 2010–2012 arrays of six moorings are shown
with black dots and consist of moorings BC1 (closest to the coast) through BC6. Additional moorings, summarized in the discussion, are
shown using colored symbols. HFRs were located in Point Lay, Wainwright, and Barrow. The striped regions encapsulate that portion of
the HFR mask containing 50% or more good data.
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they find that transport variations are primarily wind-forced, include reversals, have magnitudes of �0.5–1.0
Sv, and durations of one to many days.

Our measurements, made at the head of Barrow Canyon �190 km southwest (upcanyon) of the arrays dis-
cussed by Itoh et al. [2013], were part of a larger program to examine connections between Barrow Canyon
and the northeastern shelf in a region contemplated for offshore oil development. Section 2 describes the
data sets. Section 3 examines kinematic features and transport variability derived from the observations.
These data and regional winds are used to hindcast a 37 year (1979–2015) transport record. This section
also examines the hydrographic properties in relation to circulation variability. Section 4 examines why our
transports differ from Itoh et al.’s [2013] values and discusses potential implications of our findings on the
Chukchi and Beaufort shelves and slopes. Section 5 summarizes the paper.

2. Methods

2.1. Moorings
From August 2010 to September 2012, six moorings (BC1 inshore to BC6 offshore), spaced �13 km apart,
spanned the head of Barrow Canyon (Figure 1). Each mooring contained an upward looking 300 or 600 kHz
Teledyne ADCP and a temperature/conductivity/pressure (TCP) recorder (Seabird SBE-37 or SBE-19). Moor-
ings BC-2–BC-5 included bottom-tracking for measuring ice keel depths and ice drift. Bottom-tracking was
inactive on BC-1 and BC-6 because these included directional wave firmware (wave data are not discussed
here). The TCP and ADCP were housed in a float situated �4 m above bottom and sampled hourly. BC1,
nearest the coast, was deployed in a water depth of 31 m with its instruments mounted 1 m above the bot-
tom in a SeaSpider frame. This design minimized damage from nearshore ice keels that can exceed 25 m
depth. After recovering the array in September 2012, we deployed a single mooring (BC2) in succeeding
years. We will show that BC2 provides statistically valid estimates of along-canyon transport, so BC2 data
served as a proxy for transport from September 2012 to early August 2015. Table 1 lists positions, depths,
and period of record for each mooring. There were several gaps in the mooring data due to premature fail-
ure of the ADCP on mooring BC2. As explained below, we filled some of these gaps with other data.

To provide context over a wider area of the shelf, we obtained mooring data supported by other programs.
The red diamonds in Figure 1 indicate the locations of oil industry-sponsored moorings described by Mudge

Table 1. Mooring Positions and Depths for the Barrow Canyon (BC) Array and Locations of NARR Wind Grid Points

Mooring Name Latitude (8N)
Longitude

(8W) Bottom Depth (m) ADCP Depth (m) ADCP Period of Record

2010–2011
BC1 70.85 2159.67 30.1 29 18 Aug to 26 Aug
BC2 70.92 2159.94 52.3 49 17 Aug to 20 Aug
BC3 71.00 2160.21 53.3 48.5 17 Aug to 26 Aug
BC4 71.06 2160.49 49.3 45 17 Aug to 26 Aug
BC5 71.13 2160.79 49.5 45.5 17 Aug to 26 Aug
BC6 71.17 2161.07 46.6 43 18 Aug to 26 Aug
2011–2012
BC1 70.85 2159.67 30.1 29 30 Aug to 7 Jul
BC2 70.92 2159.94 52.3 49 30 Aug to 4 May
BC3 71.00 2160.21 53.3 48.5 30 Aug to 4 July
BC4 71.06 2160.49 49.3 45 30 Aug to 19 Jul
BC5 71.13 2160.79 49.5 45.5 30 Aug to 3 May
BC6 71.17 2161.07 46.6 43 30 Aug to 31 Oct 2011
2012–2013
BC2 70.92 2159.94 52.3 49 9 Sep to 13 Aug
2013–2014
BC2 70.92 2159.94 52.3 49 11 Sep to 24 Sep
2014–2015
BC2 70.92 2159.94 52.3 49 24 Sep to 10 Aug
NARR Wind Grid Points
Geographic Area Latitude (8N) Longitude (8W)
Barrow Canyon (BC2) 70.92 2159.94
Bering Strait (A3) 66.33 2168.97
Northern Bering Sea (C40) 60.34 2169.02
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et al. [2015]. The yellow circles are three moorings deployed northeast of Hanna Shoal (supported by the
Bureau of Ocean Energy Management), and the two orange triangles are moorings (courtesy of S. Okkonen)
spanning the canyon east of Barrow.

2.2. High-Frequency Radars (HFR)
During the open water seasons of 2010–2014, we measured hourly surface currents (upper 2 m) at 6 km
horizontal resolution in the northeast Chukchi Sea using �5 MHz HFRs (CODAR Ocean Sensors). Subsets of
these data fill gaps in the transport time series. Field sites were located in the villages of Point Lay, Barrow,
and Wainwright (Figure 1), which allowed collecting surface current data nominally within 180 km of the
coast. An additional system was deployed at Cape Simpson (Figure 15) in 2013 and paired with the Barrow
system to map currents in the western Beaufort Sea and over the mouth of the canyon. HFR calibrations
were applied following [Barrick and Lipa, 1986; Kohut and Glenn, 2003], and HFR data were processed
according to Weingartner et al. [2013a].

2.3. Winds
Wind and sea level pressure (SLP) estimates were obtained from NOAA’s North American Regional Reanaly-
sis (NARR) models [Mesinger et al., 2006] at grid points near the Barrow Canyon mooring array (BC2), Bering
Strait, and the northern Bering Sea (Table 1). Both variables have space and time resolutions of 32 km and
3 h, respectively.

3. Results

3.1. Kinematic Description
All six moorings from the 2010 to 2011 array provided year-long data sets. These data, low-pass filtered to
remove diurnal and shorter period fluctuations, are used to describe kinematic features of the flow at the
head of the canyon. The record-length mean vertically averaged velocity vectors and variance ellipses (Fig-
ure 2a) show that between moorings BC1 and BC3, the mean flow was northeastward at between 0.1 and
0.2 m s21, with maximum values at BC2. Farther offshore (moorings BC4–BC6), the mean vectors were east-
southeastward and onshore at �0.1 m s21. The vectors imply that upon entering the western side of the
canyon head the mean flow veered counterclockwise by �258 over a radius of 13 km (between BC4 and
BC3), so the bulk of the alongshore flow occurred within �35 km of the coast. Ellipse orientations were
alongshore polarized at the four inshore moorings (BC1–BC4; where the topographic slopes are greatest)
and cross-shore polarized at the two outer moorings (BC5 and BC6). Standard deviations of the alongshore
flow were three times the mean values at BC1–BC3 and twice the means at BC4–BC6. On a monthly basis,
the principal axes at each site varied by less than 158. Currents along these axes explained >95% of the cur-
rent variance at moorings BC1–BC3, >90% at BC4, and >75% at mooring BC5 and BC6.

Another perspective on the velocity structure is provided by vertical sections of velocity using an along-
shore and cross-shore coordinate system based on the approximate orientation of the coast between Wain-
wright and Barrow. In this system, positive alongshore or downcanyon velocities, ur, are toward 568T, and
ur< 0 is upcanyon toward 2368T. Positive cross-shore velocities, vr, are offshore toward 3268T, and vr <0 is
onshore toward 1468T. We classified the flow as being downcanyon or upcanyon according to the sign of ur

at �20 m depth at BC2. (This classification scheme is satisfied by virtually any choice of depth or mooring
position.) From 2010 to 2011, the ur record (Figure 2b) indicated that the flow was generally downcanyon.
Speeds were typically between 0.2 and 0.5 m s21, but, ur often exceeded 0.5 m s21, and its maximum was
�1.0 m s21. Upcanyon currents occurred �30% of the time, were generally swifter than downcanyon cur-
rents, and had a maximum speed of 1.2 m s21. From mid-August to September 2010 and from May to
August 2011, the flow was primarily downcanyon and steady compared to the period of October 2010 to
April 2011, when current speeds and variations were greater. As determined from adjacent moorings, the
mean cross-canyon Rossby number (Roy5@ur=f@y, where y is the cross-shore coordinate and f is the Coriolis
parameter) was�1, but �20% of Roy magnitudes were between 0.2 and 0.4 and highest on either side of
BC-2. The majority of the larger values were associated with upcanyon flows in fall indicating that, at times,
the cross-shore advection of along-canyon momentum can be significant.

Figures 3a and 3b show the year-long mean vertical sections of ur and vr. On average, the flow was downcanyon
everywhere despite the fact that the mean winds were �2.4 m s21 toward 2558T, i.e., opposite the mean
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downcanyon flow. The ur composite indicates an alongshore jet centered at BC2 with a maximum speed of
0.16 m s21 between 20 and 40 m depth. The cross-shore flow was onshore everywhere, with the largest onshore
velocities observed below 20 m depth at moorings BC4–BC6. There were two regions of onshore convergence.
The first was between BC3 and BC4 where, as noted (Figure 2a), the mean onshore flow veered counterclockwise
into the canyon. The second was between BC1 and BC2 and likely reflects the coastal boundary constraint.

Figures 3c and 3d (3e and 3f) are the ur and vr sections composited from all downcanyon (upcanyon) flow
events, respectively. For both flow regimes, the along-canyon structure had three features in common. First,
each included an along-canyon jet, centered at BC2, with maximum speeds in the uppermost 20 m. Second,
the jets are somewhat asymmetrical with the horizontal shear slightly larger on the offshore side of the jet
(between BC2 and BC3) than on the inshore side. Third, vr � dur in all sections, consistent with the aspect
ratio. In the downcanyon case, there was little vertical shear in ur, but considerable shear in vr at BC1 and BC2.
The vr-distribution indicates onshore convergence between BC4 and BC1 with maximum convergence within
�20 km of the coast. The mean ur speeds for the upcanyon-flow composite (Figure 3e) were larger than those
for the downcanyon case. The vertical shear in ur was weak (�1023 s21) seaward of about 25 km, but substan-
tial (�5 3 1023 s21) within the core of the jet. For upcanyon flow vr (Figure 3f) consisted of offshore, vertically
sheared flow everywhere, divergent between BC1 and BC2 but weakly convergent seaward of BC2.

Empirical orthogonal function (EOF) calculations indicate that the velocity fluctuations were highly coherent
over the mooring array. The first EOF mode (Figures 3g and 3h) captures more than 90% of the variance in
the velocity components. Mode weights for ur were vertically uniform, greatest within 20 km of the coast,
and much smaller seaward of BC4. For vr, the amplitudes increased with depth, were greatest below 20 m
at BC3, and smallest at the surface near the coast. (EOF results from 2011 to 2012 were similar.)

3.2. Transport: Observations
We computed daily and vertically averaged transports assuming uniform velocity between the topmost bin
and the surface. We also estimated transports by extrapolating to the surface either the upper ocean shear

Figure 2. (a) Vertically averaged velocity vectors and variance ellipses for the moorings at the head of Barrow Canyon. Note the velocity
scale change between the mean vector and the variance ellipse. (b) Time series of the along-canyon currents at 20 m depth at mooring
BC2. Both figures are based on the August 2010 to August 2011 mooring records.
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and/or interpolations between the uppermost measured velocity and the ice velocity. The different
approaches yielded no significant differences in the transport estimates. Daily transports for 2010–2011
were then regressed against the mean daily vertically averaged ur at BC2 and BC4. Both regressions were
statistically significant at the 95% confidence level. The BC2 (BC4) regression accounted for 96% (93%) of
the variance. The BC2 regression (Table 2) was used to estimate mean daily transports for the August 2011
to August 2015 period. There were several gaps due to premature ADCP failure at BC2. The BC4 regression
filled the gap from 4 May to 19 July 2012 (when BC4 died). Remaining gaps were 21–29 August 2011, 19
July to 9 September 2012, and 13 August to 10 September 2013. We filled most of these gaps by regressing
the vertically averaged velocity at BC2 in each year against the mean daily HFR surface velocity at grids sur-
rounding the BC2 location. These regressions accounted for 80–90% of the BC2 transport variance in each
case. Poor quality HFR returns due to drifting sea ice prevented interpolating transports during the 15 day
period of 19 July to 2 August 2012. Errors in the transport estimates arise from the regressions procedures,
the alongshore coordinate choice, and the neglect of transport between the coast and mooring. In aggre-
gate we consider the uncertainty in these estimates to be between 15% and 20%.

The mean daily along-canyon winds and transport for the August 2011 to July 2015 period (Figure 4) are
enormously variable. For transport, the coefficient of variation (the ratio of the standard deviation to the
mean) is �4, based on the record-length mean transport of 0.19 Sv. Mean daily values ranged from a maxi-
mum of �1.6 Sv (11 November 2013) to a minimum of 22.6 Sv (19 January 2014). Transport event durations
varied from 1 to 5 days, in which fluctuation amplitudes were frequently 0.5 Sv or greater, to episodes last-
ing a week or more.

Transport and along-canyon wind variations at monthly and longer time scales are shown with mean
monthly values (Figure 5) along with their 95% confidence limits. (For both variables these limits were

Figure 3. Vertical sections of the mean annual: (a) along-canyon, ur and (b) cross-canyon, vr velocities. Mean sections of (c) ur and (d) vr for
the downcanyon case, and of (e) ur and (f) vr for the upcanyon case. Vertical sections of the first EOF eigenvector for (g) ur and (h) vr. All fig-
ures are based on the August 2010 to August 2011 period.
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constructed by bootstrapping [Efron and Tibshirani, 1993] because both have integral time scales of �4
days, and neither are normally distributed.) Typical monthly transport amplitudes are �0.5 Sv, �2.5 times
the record-length mean.

In addition to month-to-month variability, there is considerable interannual variability. For example, down-
canyon transport predominated from November 2010 to March 2011, while upcanyon transport dominated
over the same period in 2012. Although the seasonal variability is largely masked by month-to-month varia-
tions, the mean monthly transports of Figure 5 describe an annual cycle (Figure 6a). The mean summer
(May–September) transport was 0.45 Sv downcanyon, with the annual maximum of �0.7 Sv occurring in
July, whereas the mean transport from October to April was not significantly different from zero.

Seasonal transport variability is also reflected in the higher order statistics, as summarized in the summer and
combined fall and winter probability density functions (pdfs; Figure 7; fall and winter were combined because
their pdfs are similar.) For example, the summer variance (�0.29 Sv2) is about half the fall/winter variance
(�0.54 Sv2). In both seasons, the transport pdfs are negatively skewed; extreme flow events are primarily

Table 2. Row 1 Is the Linear Regression Model Used to Compute Barrow Canyon transports (T) From Mooring BC2a

r2

Linear Regression: Transport Versus Vertically Averaged Along-Canyon Current at BC2
T Svð Þ50:019 60:001ð Þ � BC2 cm s21ð Þ20:007 60:04ð Þ 0.96
GLM: Mean Daily Winter (Oct to Apr.) Transports From Alongshore And Cross-Shore Windsb

T50:40 60:038ð Þ10:021 60:007ð Þ � C40V10:067ð60:011Þ � A3V

10:084ð60:015Þ � BC2U20:038 60:013ð Þ � BC2V
0.59

GLM: Mean Daily Summer (May to Sep) Transports From Windsb

T50:56 60:031ð Þ10:025 60:007ð Þ � C40V10:029ð60:007Þ � A3V

10:062ð60:013Þ � BC2U20:018 60:013ð Þ � BC2V
0.55

aRows 2 and 3 are the winter and summer GLM models used to hindcast Barrow Canyon transport based on winds listed in Table 1
over the Bering Sea shelf (C40), Bering Strait (A3), and Barrow Canyon (BC2). Terms in parentheses are the 95% confidence limits on the
model coefficients using an integral time scale of 4 days. The wind components (V, U) and lags at each site are defined in the footnote.

bBC2U: 678T; BC2V: 1578T both lead transport by 1 day; A3V: 158T leads transport by 1.5 days; C40V: 3158T leads transport by 2.5 days.

Figure 4. (top) Mean daily along-canyon winds and (bottom) transport. The dashed red line on the wind and transport time series denotes
the record-length means of 21.7 m s21 and 0.19 Sv, respectively.
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Figure 5. (top) The mean monthly along-canyon winds and (bottom) transport are denoted by black lines and dots. Crosses and gray lines
delineate the bootstrapped 95% confidence limits. The dashed red lines on the transport and wind time series plots show the record-
length means in transport (0.19 Sv) and along-canyon wind velocity (1.7 m s21).

Figure 6. (a and b) The means (filled circles) and standard deviations (error bars) on the monthly transport and along-canyon wind veloci-
ty, respectively, for the 2010–2015 period. (c) The mean monthly transport (black line and circles) and 95% confidence limits (error bars)
based on the January 1979 to July 2015 GLM hindcast. The gray lines and circles indicate the maximum and minimum values in each
month. (d) Displays the monthly means (circles) and standard deviations (squares) of the pseudostress for the January 1979 to July 2015
period at the three locations used in the GLM.
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upcanyon. Skewness is more nega-
tive in summer than in fall/winter
even though upcanyon flows are
more frequent and stronger in fall
and winter (i.e., 21% of all fall/winter
transports are �20.6 Sv, but only
�7% of summer upcanyon trans-
ports are �20.6 Sv). The seasonal
skewness differences reflect season-
al changes in the kurtosis. The sum-
mer pdfs have positive kurtosis;
�76% of all mean daily transports
are clumped within 1 SD of the
mean. The fall/winter (and record
length) pdfs have negative kurtosis,
implying that upcanyon flow events
are very intermittent and more fre-
quent and larger than those of sum-
mer. Both pdfs fail the Kolmogorov-
Smirnov goodness of fit test for nor-
mality at the 95% confidence level.

Variability in the along-canyon transport is largely wind-forced (Figure 4). The maximum correlation
accounts for �47% of the transport variance, using the wind-component projected along 678T and leading
the transport by �1 day. This result is similar to that found by Itoh et al. [2013] at the mouth of the canyon
and by Gong and Pickart [2015] from an assemblage of synoptic cross-canyon velocity sections. The lagged
response of the transport may reflect the spin-up time (h/r) for the bottom boundary layer; where h is the
water depth (�45 m) and r the linear resistance coefficient. For a frictional time scale of 1 day, r is �5 3

1024 m s21, consistent with estimates from other continental shelves [Brink, 1998].

Although the local winds explain nearly half the transport variance, there are prominent deviations from this rela-
tionship. For example, there is a distinct annual transport cycle (Figure 6a), but the mean monthly along-canyon
winds for the 2011–2015 period showed no seasonality (Figure 6b). Moreover, from June to August 2011, the
mean flow was �0.5 Sv downcanyon while the winds averaged �3 m s21 upcanyon (Figure 5). In contrast, the
average transport was upcanyon at 0.5 Sv from November 2012 to March 2013 when the mean winds were
upcanyon at�4 m s21. Such large transport differences cannot be ascribed to the small changes in local winds.

One clue to the differential transport responses to the winds is apparent in comparing the regional wind and
sea level pressure maps for June, July, August, and September 2011 (Figures 8a–8d), December 2012, and Janu-
ary, February, and March 2013 (Figures 8e–8h). From June to September 2011, winds over the northeastern
Chukchi shelf were easterly or northeasterly at 3–6 m s21. In all months except September, the flow was down-
canyon at rates of 0.2–0.7 Sv. Only in September did the flow become upcanyon, coincident with the onset of
strong northeasterly winds over the northeastern Chukchi shelf and northerly winds over the northern Bering
Sea. The transport was upcanyon at �20.2 Sv in December 2012 when the along-canyon winds were north-
easterly at �2 m s21, but the winds over the northern Bering shelf were northerly at 5–7 m s21. Upcanyon
transports of �21 Sv occurred in January and February 2013 as well, when strong northeasterly (northerly)
winds of 4–6 m s21 blew over the northeastern Chukchi (Bering Strait). The mean transport was nil in March
when winds over the northern Bering Sea collapsed, although moderate northeasterly winds of 3–4 m s21 per-
sisted over the northeastern Chukchi. These results recall those of Danielson et al. [2014], who showed that cir-
culation variability in the eastern Chukchi Sea was mediated by northward propagating, downwelling and/or
upwelling, long, continental shelf waves generated on the Bering Sea shelf. In addition, other adjustments in
the shelf wide pressure field arise from coastal convergences and divergences over the entire Chukchi [Winsor
and Chapman, 2004; Spall, 2007] and northern Bering shelves [Danielson et al., 2014].

3.3. Transport: Hindcast and Climatology
Based on the preceding results and following Danielson et al. [2014], we applied general linearized models
(GLM) in an effort to improve transport predictability in Barrow Canyon. This approach recognizes that it is

Figure 7. Probability density functions of the mean daily transport in Barrow Canyon
for (October–April; top) winter and (May–September; bottom) summer. Each plot
includes the value of the mean, sample variance (s2), and the skewness (Skw) and kur-
tosis (Kur) coefficients, computed per King and Julstrom [1982]. The vertical dashed line
delineates the upcanyon from the downcanyon class intervals.
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the alongshore integral of the shelf winds upstream of the point of interest that affects the local circulation
[e.g., Gill and Schumann, 1974]. Our GLM uses NARR winds at locations listed in Table 1 in Barrow Canyon
(BC2), Bering Strait (A3), and the northern Bering Sea shelf (C40). We proceeded by first finding the highest

Figure 8. Mean monthly maps of sea level pressure (contours), wind speed (color), and direction (arrows) over the northern Bering and
Chukchi seas. The 2011 maps are for: (a) June, (b) July, (c) August, and (d) September and the 2012–2013 maps are for: (e) December,
(f) January, (g) February, and (h) March.
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correlation for both the rotation angle and time lag by regressing the transport against each of the six indi-
vidual wind components over the entire transport record and then applying these lags and angles to the
GLM regression (and given in Table 2). Separate regressions were made for summer (May–September) and
fall/winter (October–April).

The summer and fall/winter regressions (rows 2 and 3 of Table 2) explain 55% and 59%, respectively, of the
transport variance. Although these seasonal differences are not substantially different from one another,
the GLM results are a significant improvement over models using only Barrow Canyon winds by explaining
�10% or more of the variance. All but the C40 (Bering shelf) model coefficients differ significantly from their
seasonal counterparts. For example, the summer intercept is almost 30% larger than the winter intercept,
and both seasons’ intercepts are positive and consistent with downcanyon transport being maintained by
an alongshore pressure gradient in the absence of wind forcing. In contrast, the magnitudes of all the win-
ter wind coefficients (except C40) are significantly larger than the summer coefficients.

We applied the GLM to hindcast mean daily Barrow Canyon transports using NARR winds from January
1979 to July 2015 and then formed monthly means to construct a climatological annual transport cycle
(along with 95% confidence limits and the range in mean monthly transports, Figure 6c). The climatology
suggests that three seasons comprise the annual transport cycle: (1) winter (January–April), when the net
transport is zero; (2) summer (May–September), when the net transport is �0.45 Sv downcanyon; and (3)
fall (October–December), when the net transport is �20.1 Sv upcanyon. The ranges for summer months
imply that individual monthly transports are always downcanyon, whereas the fall/winter ranges indicate
that individual monthly transports can be upcanyon or downcanyon. The hindcast cycle is similar in phasing
to the annual cycle computed from the 5 years of measurements (Figure 6a), and the 95% confidence limits
on the observed monthly means overlap those of the hindcast values.

As a further illustration of the seasonality in wind forcing over the Bering and Chukchi seas, we show the
seasonal variation in the alongshore pseudostress (the product of wind speed and the alongshore wind
component and which avoids uncertainties in choosing ice-ocean drag coefficients) from the northern
Bering Sea, Bering Strait, and Barrow Canyon derived from the 37 year NARR record (Figure 6d). Although
the annual pseudostress cycles at each location are nearly in-phase everywhere, the annual amplitudes of
the pseudostress at the Bering locations are �30–45 m2 s22 while that for Barrow Canyon is �5 m2 s22. The
monthly standard deviations are nearly equal at all locations from December to July, and over Barrow Can-
yon they are virtually constant throughout the whole year. At the Bering locations pseudostress variability
from September to November is 2–3 times greater in comparison to other months and/or to Barrow Can-
yon. These differences suggest that the influence of remote winds on Barrow Canyon transports should
vary considerably from year-to-year, especially in autumn.

Variability in the entire monthly hindcast record (not shown) is dominated by the annual signal, which oscil-
lates about a long-term mean value of 0.16 Sv. Monthly transport anomalies derived from the hindcast cli-
matology cycle (Figure 9) show that the anomaly magnitudes are large and exceed 0.2 Sv in about one-
third of the months. Fall and winter anomaly magnitudes are �0.2 Sv on average, twice those of summer.
The maximum mean monthly transport is �1.0 Sv (February 1989), and the minimum is �20.7 Sv (January
2001). Month-to-month changes in anomaly sign show little persistence, although upon smoothing with a
13 month running mean, there is a suggestion of anomaly magnitudes of �0.1 Sv persisting for 3–10 years.
For example, transports between 1979–1988 and 1999–2006 were �0.1 Sv below the long-term average,
while those from 1989 to 1998 and since 2006 were above the mean by a similar amount.

As discussed later, monthly transports that are either upcanyon or downcanyon in fall or winter likely have
a profound influence on the circulation and water masses on the northeastern Chukchi Sea. We thus consid-
er the larger-scale atmospheric patterns associated with monthly transport anomalies. Figure 10 shows
maps of atmospheric pressures and surface winds composited using all March and October months (repre-
sentative of the winter and fall, respectively) for which the transport anomalies exceed one standard devia-
tion from the climatological monthly mean. The maps in the top row indicate that abnormally large winter
and fall upcanyon transports are associated with a deep Aleutian Low, centered along 528N between 1508W
and 1708W, and a strong Beaufort High. The juxtaposition of these pressure systems impels northeasterly
(northerly) winds over the Chukchi (Bering) shelves. For months when the downcanyon transport is anoma-
lously large, winds are feeble, the Aleutian Low is weak and displaced into the Gulf of Alaska, and the merid-
ional pressure gradients over northern Alaska are diminished.
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The observed transport pdfs indicated large seasonal differences in the kurtosis, which we further explore
using the mean daily hindcast transports to compute cumulative probabilities of flow event duration and
the total number of events for each season for both the upcanyon and downcanyon cases (Figures 11a and
11b, respectively). (Transport events that extend across seasons were assigned to the season in which most
of the event occurred.)

From the climatological perspective, there are nearly equal probabilities of upcanyon and downcanyon
events within any given season. Consequently, seasonal differences in kurtosis are associated with seasonal

Figure 9. Monthly transport anomalies (gray) for the 1979–2015 period based on the GLM hindcast. The thick red curve is the 13 month
running mean of the anomalies.

Figure 10. Sea level pressure (contours), surface wind vectors (arrows) and wind speeds (colors) for (left) March and (right) October in
which there was anomalously large upcanyon (top row; ci 5 5 mb) and downcanyon transports (bottom row; ci 5 2 mb). The maps are
composites based on the month and years shown to the right of each map, which includes the mean monthly transport for those years.
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differences in event durations and/or transport magnitudes. Differences in event durations are most striking
in summer, when 75% of upcanyon events are �2 days, and only 10% are 4–10 days in length (with 10 days
being the maximum length). By contrast, only �20% of summer downcanyon events are �2 days duration,
and more than 40% exceed 10 days (with the maximum duration being 120 days). Short (�2 days) duration
events have smaller mean daily transport magnitudes than events >2 days. Hence, in summer, the magni-
tude of the mean daily downcanyon transport is �2.5 times larger than that for the upcanyon transport. Dif-
ferences in event durations are smaller in fall and winter, when �75% of upcanyon and downcanyon event
durations are �5–6 days, and mean daily transport magnitudes for each event are more equal.

3.4. Thermohaline Variability
Our description of temperature and salinity variations at the head of the canyon is based on near-bottom
measurements (within �4 m of the seabed). Although these may not be representative of the water col-
umn, they provide a sense of the spatial and temporal scales in water mass variability. We first address these
scales by examining the potential temperature (h) and salinity (S) records from moorings BC1, BC2, and BC5
for the August 2010–August 2012 period (Figure 12; we omit the other records to enhance clarity). BC5 data
are representative of h and S at BC4 and BC6. The BC3 h and S records are similar to those at BC1 and BC2,
but the magnitude of the variations at BC3 is smaller.

There is little seasonal variability in salinity at BC5 where the average and standard deviation of S 5 32.6 6

0.3. BC5 temperatures are h 5 21.4 6 0.78C, with h near-freezing in all months except between June and
November. In contrast, BC1 and BC2 have distinct seasonal variations. From late November/early December
through April/early May, h is at or near the freezing point, and the salinity average and standard deviation
are �33 and 0.5, respectively. Consequently, the density of near-bottom waters in winter decreases moving
offshore. At all locations, but most noticeably at BC1 and BC2, there are episodes of warm (21.5 C< h
<�0 C), salty (�33.1) intrusions in fall and winter, which are associated with upcanyon flows of slope waters
(discussed later). There were also periods when very salty (>�33), near-freezing waters were present at BC1
and BC2 (and BC3) but not at BC5, e.g., February–March 2011 and January–February 2012. In fact, the salti-
est fractions occur more frequently at BC1 than at BC2, in spite of BC1 measuring at a shallower depth.
These are cold, salty, recently formed winter waters, most likely produced in the latent heat polynyas along
Alaska’s northwestern coast [Cavalieri and Martin, 1995]. They are subsequently transported into the head
of the canyon [Weingartner et al., 1998] where, as expected, they are trapped to the coast by the sloping
topography [Chapman, 2001].

The cross-shore density gradient reverses sign from June to September, when, in general, salinity (and den-
sity) increases and temperature decreases moving offshore. This reversal has little to do with changes in
water properties at BC5 but is instead due to the impressive changes in temperature and salinity at BC1 and
BC2. Warming and freshening begins in May and proceeds gradually via a series of pulses coincident with
energetic downcanyon transport events. In 2012 (and perhaps 2010), these pulses gave way to a sustained

Figure 11. The seasonal cumulative probabilities for (a) upcanyon and (b) downcanyon events based on the hindcast transport record.
The numbers associated with the seasons in the legend on each graph refer to the number of events over the 37 year record.
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period of warm (88C), fresh (29–30) ACW, which persisted at BC1 through August and September. The salini-
ty records imply that the cross-shore salinity gradients within the canyon attain their maximum values in
these months. In August and September 2010, the mean density difference between BC1 and BC3 was
�1.4 kg m23 implying a vertical shear in the along-canyon velocity of �5 3 1023 s21, assuming thermal
wind balance and that the gradient holds over the entire water column. Under these assumptions, the
velocity difference over the uppermost 30 m of the water column between BC1 and BC3 would be �20 cm
s21. If we further assume that this shear was typical for August and September 2010, the baroclinic geo-
strophic contribution to the total along-canyon transport was �0.15 Sv, which is in line with the synoptic
observations of M€unchow and Carmack [1997], Pickart et al. [2005], Gong and Pickart [2015], and the model
results of Signorini et al. [1997]. By comparison, the measured transport for this period was �0.8 Sv, sugges-
ting the barotropic component accounted for �80% of the canyon transport.

Figure 13 shows the 5 year BC2 temperature and salinity time series along with the mean daily transport.
Clearly the inferences drawn from the 2 years shown in Figure 12 regarding the seasonal variability in tem-
perature and salinity at BC2 hold over the entire record. The longer record underscores the tremendous
interannual variability in water mass properties. For example, the maximum water temperature in summer
and fall 2013 was �3–48C cooler than in the other years, and while winter bottom temperatures were
always close to the freezing point, winter-to-winter variations were primarily associated with upcanyon
incursions of warmer slope waters. There is also variability in the timing of the spring and/or summer arrival
of above-freezing temperatures. We assessed this by examining the dates when BC2 temperatures first
reached 08C and 28C. (The arrival of water of 218C is followed within a few days by water at 08C, and the
1.58C and 28C arrival dates are similarly close). The ‘‘early’’ summers of 2011, 2012, and 2015 all detected 08C
between the 20th and 22nd of June, with temperatures rising quite rapidly afterward. In 2011 and 2012, 28C
water occurred during the first week of August, and in 2015 it arrived a full month earlier. In the ‘‘late’’ sum-
mers of 2013 and 2014, 08C water appeared on the 29th and 18th of July, respectively. In 2013, temperatures

Figure 12. (top) Time series of salinity and (bottom) potential temperature h, at moorings BC1 (black), BC2 (blue), and BC5 (red) for the
August 2010–August 2012 period.
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reached 28C in late September, and in 2014 this benchmark occurred in late August. Variations in the spring/
summer arrival of warm bottom waters are not obviously related to the spring or early summer transports. The
average transports from April to June in the ‘‘late’’ summers of 2013 and 2014 were �0.38 Sv and more than
double the corresponding averages for the ‘‘early’’ summers. Nor did we find a compelling relationship
between the May and June ice extent over the Chukchi Sea shelf and the timing of warm water arrival. Such a
relationship would suggest that solar penetration and heating of subsurface waters was responsible for the dif-
ference in arrival times. The lack of convincing connections between the timing of the summer arrival of
‘‘warm’’ water and summer transport magnitudes or ice extent suggest that the summer warm water signature
is established by conditions well south of Barrow Canyon and most likely on the Bering Sea shelf.

The fresh, warm waters of late summer/fall routinely terminate with the upcanyon transport of salty (>33.1)
water with h between 21.68C and 0.58C. Waters with these characteristics are found over the continental
slope within the lower halocline (140–180 m depth) and/or even deeper (�200 m) within the Atlantic Layer
[Shimada et al., 2005]. The gray-shaded regions in Figure 13 highlight the more prominent packets of
upcanyon events, in which lower halocline or Atlantic Water was transported to the head of the canyon.
Most of these (indeed four of the five highlighted events) occur in the October–December period. Following
these events, temperatures at the head of the canyon decreased to �218C.

Interestingly, the depth of the slope water source (based on the h/S characteristics described earlier) does not
appear to be a function of the magnitude or duration of the upcanyon flow events as suggested by Signorini
et al. [1997]. The most obvious example of this was the prolonged and strong upcanyon flows that occurred
between December 2012 and February 2013. Throughout this time the upcanyon transport had salinities
<33.1 and h � 218C. In contrast, the warmest (h � 218C) and most saline (�34.5) waters occurred during the
sequence of upcanyon and downcanyon flows of October 2014. Hence, the magnitude and persistence of
upcanyon flow events do not solely determine the source depth of slope waters fluxed into the canyon. Other
mechanisms, likely occurring over the shelfbreak and slope, must be important in this regard.

Figure 13. (bottom) Time series of temperature and (middle) salinity from mooring BC2, and the along-canyon transport (smoothed with
a 7 day running mean; top). The horizontal line on the salinity plot delineates the 33.1 value. The light gray shading encompasses the peri-
ods of upcanyon transports that contained lower halocline and Atlantic Water signatures (e.g., salinity>33.1 and>21.68C). The light yel-
low shading captures periods of dense water (S> 33.1 and h 5 freezing point).
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4. Discussion

4.1. Transport Comparisons
Our average transport estimate of �0.2 Sv at the head of Barrow Canyon is in reasonable agreement with
the modeled mean transport of Spall [2007] of �0.25 Sv, but it is �50% smaller than the �0.45 Sv average
of Itoh et al. [2013] determined at the mouth of the canyon. We examine the possibility that these differ-
ences are a result of sampling bias and/or unaccounted transports into the canyon between its head and
mouth. We first address these possibilities using vertically averaged means and variances from various moor-
ings located in Barrow Canyon and over the northeastern shelf for the 2010–2011, 2011–2012, and 2012–2013
periods shown in Figures 14a–14c, respectively. (The plot contains two different scales for the currents; scales
within the blue box are one-half those outside of the box to enhance viewing the smaller currents farther from
the canyon axis.)

Our array may be biased if there is substantial flow moving northeastward between the offshore end of the
BC mooring array and the southeast side of Hanna Shoal. This undetected flow would enter the canyon north
of the BC array. We examine this possibility using results from moorings A, B, and C (Figure 14b) that extend
northwestward from the end of the BC array to the southern side of Hanna Shoal. The means and standard
deviations of these records were �2 cm s21 and �10 cm s21, respectively. The vectors and the ellipses are ori-

ented toward the head of Barrow
Canyon (similar to the statistics
from moorings BC4 and BC5) at A
and C, although the flow direction
at B suggests that some of this flow
might enter the canyon north of the
BC array.

At each mooring, the mean flow
along the minor axis was <1 cm
s21 southwestward but not signifi-
cantly different from zero at the
95% confidence level. This finding
is consistent with that of Pickart
et al. [2016], who observed south-
eastward flow along the south side
of Hanna Shoal from synoptic sum-
mer velocity and hydrographic sec-
tions. Collectively these results
suggest that: (1) flow over the
northeastern Chukchi Sea shelf
south of Hanna Shoal was funneled
toward the head of the canyon
(consistent with inferences by
Weingartner et al. [2005]) and (2)
that there was little northeastward
transport from the central Chukchi
to the shelf between Hanna Shoal
and Barrow Canyon. Both findings
comport with the model results of
Winsor and Chapman [2004] and
Spall [2007].

We next examine current data for the
shelf east and northeast of Hanna
Shoal. At mooring D (Figures 14b and
14c), the mean vertically averaged
flow was not statistically different

Figure 14. Vertically averaged mean velocity vectors and variance ellipses for currents
and winds in (a) 2010–2011, (b) 2011–2012, and (c) 2012–2013. Red symbols and text
are for winds, black are for currents outside of the blue box, and blue are for currents
within the blue boxes. Gray (black) vectors and ellipses in each figure denote record
lengths of from 6 to 10 (11 to 12) months duration.
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from zero. There appears to be negligi-
ble flow overly the weakly sloping shelf
between the 40 and 55 m isobaths as
measured by moorings E, F, and G
northeast of the Shoal in both 2012–
2013 (Figure 14c) and in 2013–2014
(not shown). Although somewhat
ambiguous, these results suggest that
this portion of the shelf is not a major
feed for Barrow Canyon. There is the
possibility, however, of net eastward
transport between the 55 m isobath
and the shelfbreak.

A second potential source of bias is in
the mooring array at the mouth of the
canyon. Recall that Itoh et al.’s [2013]
transport estimates derive from three
moorings, deployed at 10 km intervals,
from east to west, on the 80, 250, and
150 m isobaths, respectively (Figure
15). The gap between their western-
most mooring and the 70 m isobath

on the west side of the canyon is �30 km (�5 times the baroclinic radius of deformation). This gap is wide
enough to permit the �15 km wide, subsurface, eastward flowing Chukchi shelfbreak current carrying win-
ter waters [Corlett and Pickart, 2017] to enter the western side of the canyon. (Their estimate is tentative
insofar as it is based on a compilation of synoptic sections collected between the months of May and Octo-
ber in different years.) We expect that the eastward shelfbreak flow follows the isobaths around the western
lip of Barrow Canyon and continues upcanyon along the western wall. Proceeding upcanyon, this transport
should diminish as it becomes entrained into the prevailing downcanyon flow along the eastern wall. This
additional mass transport would be captured by the mooring array at the mouth of the canyon, but not the
array at the head of the canyon. This interpretation is reflected in Shroyer’s [2012] synoptic sections and in the
vertically averaged current statistics from two moorings deployed west of Barrow on the 70 m isobath on the
eastern (EBC) and western (WBC) sides of the canyon (Figures 14a–14c). In all 3 years, the vertically averaged
flow at WBC was statistically significant and southwestward (or westward in 2012–2013) at �1–3 cm s21. By
contrast, along the eastern wall of the canyon the mean flow was �15 cm s21 northeastward and statistically
significant.

Another potential mass source is associated with westward flow over the Beaufort shelf. As seen in Figure
15, the HFR-averaged surface currents for September–October 2013 between the coast and the 40 m iso-
bath (�50 km offshore) were �7 cm s21. If this estimate is comparable to the vertically and annually aver-
aged currents, then the western Beaufort shelf contributes �0.07 Sv into Barrow Canyon upstream of the
canyon mouth. The mean winds on the Beaufort Sea shelf are westward year-round suggesting that this
shelf transports water into the canyon.

Taken together the subsurface eastward flow along the Chukchi shelfbreak and the westward flow from the
Beaufort shelf may add �0.15 Sv to the �0.2 Sv canyon outflow we measured. If correct, these contributions
substantially reduce the 0.25 Sv transport deficit between the head and the mouth of the canyon. We
emphasize, however, that the estimates of the additional mass sources are tentative at best and await bet-
ter resolution.

4.2. Consequences of Transport Seasonality
When compared to the transport climatology in Bering Strait [Woodgate et al., 2005b], we find that, on aver-
age in summer, �40% of the Bering Strait summer transport is carried into the head of Barrow Canyon, but
none of the Strait’s transport enters the canyon in fall and winter. This finding implies fall/winter flow con-
vergence over the shelf south of Barrow Canyon because the net northward Strait transport must be

Figure 15. Mean September–October 2013 surface current map of the western
Beaufort Sea shelf and the northern end of Barrow Canyon. The mean winds at Bar-
row were from the east-northeast (as indicated by the arrow) at 3 m s21. The red
squares at the mouth of Barrow Canyon are the locations of the moorings dis-
cussed by Itoh et al. [2013].
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diverted elsewhere, with the Central Channel, Herald Valley, and Long Strait being the likely avenues of
egress. Although diversion has been inferred to happen in some winters [e.g., Weingartner et al., 1998] and
in numerical models subject to synoptic wind events [Winsor and Chapman, 2004; Spall, 2007], our results
imply that it is an annual occurrence. If so, seasonal switching of the points of entry into the Arctic Ocean of
Pacific waters should affect the shelfbreak circulation structure and the seasonality of slope/basin exchange.
We next consider other implications of this annual cycle.

4.3. Hydrographic Implications
The downcanyon advection of warm waters characteristic of summer effectively concludes with the upcan-
yon transport of colder waters in fall. The duration and intensity of these upcanyon flows may be critical in
initiating freezeup on the northeastern Chukchi shelf because the oceanic heat flux convergences associat-
ed with these events can be substantially greater than the heat loss to the atmosphere [Weingartner et al.,
2013a]. The interplay between upcanyon and downcanyon transports in fall may also affect the properties
of dense winter waters produced on the shelf. Large volumes of dense water can be produced in the exten-
sive latent heat polynyas along the northwest coast of Alaska, which are most prominent in December and
January [Cavalieri and Martin, 1995; Weingartner et al., 1998; Ladd et al., 2016]. The initial polynya salinity
depends upon advection from either the south (low to moderately saline Bering waters) or from the north
(MW and WW) and is a key ingredient in establishing the properties of the dense water formed [Winsor and
Chapman, 2002]. Winter circulation can also affect dense water production. If the along-shelf flow collapses,
dense water residence time in the polynyas can be prolonged and thus become denser over the duration
of the polynya event. In addition, the absence of an along-shelf flow implies that a greater fraction of the
dense water is carried cross-shelf by eddies [Gawarkiewicz and Chapman, 1995] rather than into the canyon
by the along-shelf flow. Finally, negligible winter canyon transport implies sluggish flow over the northeast-
ern Chukchi shelf, thus expanding the time for exchanges between the seabed and bottom waters. Each of
these processes affects the properties of the dense winter water that ultimately enters the Arctic Ocean.

4.4. Shelf Response to Wind Forcing
Transport variations are largely controlled by local and remote winds. The latter includes Bering Sea shelf
winds, where the seasonal variations in wind stress are much larger than over the northeastern Chukchi
Sea. The summer and fall/winter wind-transport regression coefficients were significantly different from
each other with the summer intercept being �30% greater than the winter intercept. One reason for this
difference might be due to the baroclinic contribution to the downcanyon transport, which amounted to
�20% of the total August and September transport. The baroclinic tendency should weaken through fall,
and in winter it should either vanish entirely or reverse, as suggested by our observations.

Seasonal differences in regression coefficients may arise from oceanic processes that mediate vertical stress
divergence in the alongshore momentum balance. Chapman and Lentz [2005] demonstrated that for strati-
fied shelves the frictional stress exerted by the bottom boundary layer (bbl) is diminished compared to the
unstratified case so that stratification enhances the alongshore transport forced by an alongshore pressure
gradient. The response depends upon the magnitude of the slope Burger number (Bu5aN=f , where N is
the buoyancy frequency and a is the bottom slope). Bottom slopes are �5 3 1024 over the Bering and
Chukchi shelves (and �1023 in Barrow Canyon). N varies from �0.1 s21 in spring and early summer due to
heavy stratification associated with ice melt [Weingartner et al., 2013b] and/or runoff over portions of the
Bering Sea shelf [Danielson et al., 2012] to �0 s21 in winter [Aagaard et al., 1981, 1985]. As a result, Bu may
be �0.2 in summer, and Bu � 0 in winter on the shelf. Complete bbl shutdown occurs for Bu> 1 [Macready
and Rhines, 1993], but Chapman and Lentz [2005] find an appreciable increase in the alongshore transport
for Bu � 0.2. Spatial variations in Bu render comparisons with theory difficult, but the seasonal differences
in Bu are consistent with the summer intercept being larger than that of winter.

Chapman and Lentz’s [2005] arguments imply that the summer wind coefficients should be greater than
those of winter, but instead the winter coefficients are �1.5 times greater than those of summer. Three pos-
sible reasons, operating alone or in concert, may account for this difference. First, fall and winter wind
alongshore pseudostresses over the Bering Sea are greater than those of summer, and so the differences
may simply reflect our choice of seasons in constructing the statistical model. Second, mobile sea ice covers
all or portions of these shelves in fall and winter, and the ice-ocean drag should enhance the transfer of
momentum from the atmosphere to the ocean [Lu et al., 2011; Schulze and Pickart, 2012]. Third, the winds
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force rapidly propagating, long continental shelf waves in fall/winter when the stratification is weak. In sum-
mer, a greater fraction of the wave energy should be carried by smaller, more slowly propagating coastal-
trapped waves. These are more susceptible to coastline scattering as they propagate northward, reducing
the response of the transport to the winds.

4.5. Transport Intermittency
The intermittent nature of upcanyon and downcanyon transport events is an important feature of the flow.
Intermittency is seasonally modulated, as reflected in the seasonal pdfs (Figure 7) and in the seasonal flow
event duration pdfs (Figure 11). The differences, which arise because summer downcanyon (upcanyon)
events are of greater (shorter) duration than those of fall and winter, may have consequences for shelf-
basin exchange.

Upcanyon transport events have a maximum velocity scale of �0.4 m s21 (Figure 3e), suggesting that the
advective time scale for a parcel to travel from the mouth to the head of the canyon is �6 days. In summer,
�5% of upcanyon flow events are �6 days, whereas in winter and fall, nearly 20% of upcanyon flows
exceed 6 days. Thus, the transport of basin waters onto the shallower reaches of the Chukchi shelf is rela-
tively rare and largely confined to fall and winter. Based on a comparison of the temperature and salinity
records from moorings BC2 and EBC (where EBC is �110 km northeast of BC2, Figures 15a and 15b), we
find that only �1/3 of the upcanyon events that transport slope waters as far as Barrow carry them to the
head of the canyon.

Intermittency in downcanyon transports may have consequences on the formation of Arctic Ocean eddies.
Nof [1991] argues that intermittent outflows can lead to unbalanced fluid patches that eventually break up
into anticyclonic lenses. This mechanism is independent of the stability properties that evolve from quasi-
geostrophic flows, such as that modeled by Spall et al. [2008] for a steady eastward shelfbreak current over
the Chukchi/Beaufort slope. Presumably, short duration outflows from Barrow Canyon are more prone to
generating eddies through imbalance, whereas longer, steadier duration outflows preferentially lead to
quasi-geostrophic instabilities. Given the marked seasonal asymmetry in downcanyon event duration, Nof’s
arguments would suggest that current instabilities predominate in summer, and unbalanced motions pre-
vail in fall and winter. Conceivably eddy generation sites might also change seasonally; unbalanced motions
predominate at the canyon mouth while instabilities occur farther eastward along the Beaufort shelfbreak.
As a final point, the halocline cold-core anticyclones generated along the Beaufort shelfbreak contain �5 3

1010 m3 Pacific-derived waters [based on a diameter of �20 km and a thickness of �150 m, Zhao et al.,
2014]. A similar volume is transported during fall/winter downcanyon events of �2 days duration, which
have a mean daily transport of �0.3 Sv. This agreement may be fortuitous but it suggests consideration be
given to the connection between intermittency and basin eddies containing Pacific-derived waters.

As noted by Itoh et al. [2013], the summer downcanyon transport is a significant source of heat and fresh-
water to the Arctic basin by feeding the shelfbreak currents that flow eastward along the Beaufort shelf-
break and, within the upper ocean, westward along the Chukchi slope [Corlett and Pickart, 2017]. Upwelling
and reversals from east to west of the Beaufort shelfbreak flow depend upon the magnitude of the easterly
along-shelf winds [Schulze and Pickart, 2012], however, these winds may not cause a simultaneous reversal
in the canyon transport. For example, in July 2011, strong northeasterly winds (Figure 8b) resulted in west-
ward flow and upwelling along the entire Chukchi and Beaufort shelfbreak [Spall et al., 2014]. The Barrow
Canyon transport in July 2011 was downcanyon (Figures 4 and 5), so the warm, fresh outflow was presum-
ably carried westward along the Chukchi shelfbreak. Similarly, the mean westward surface flow (Figure 15)
at the mouth of Barrow Canyon and over the Chukchi and Beaufort shelves and shelfbreaks was westward
in September and October 2013 when mean winds were from the east-northeast at �3 m s21 (Figure 14).
These winds likely caused weak shelfbreak upwelling but not a complete reversal of the subsurface east-
ward shelfbreak jet [Schulze and Pickart, 2012]. However, the winds were not strong enough to reverse the
transport at the mouth (Figure 15) or head of the canyon (Figure 5). Schulze and Pickart [2012] find that
>65% of all westward wind events having wind speeds of 4–7 m s21 result in significant Beaufort shelf-
break upwelling. Using the hindcast record we computed the probability of a downcanyon event versus
easterly wind speed over the Beaufort slope (at the NARR grid point located at �728N, 1528W). We find that
�35% of all downcanyon transports occur under easterly winds when these wind speeds are within the 4–
7 m s21 range.
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The confluence of the westward-flowing shelfbreak current and the downcanyon flow at the mouth of the
canyon is presumably complicated. The PV structures of these flows differ; the shelfbreak flow has an upw-
elled frontal structure whereas the downcanyon flow is in the downwelled configuration. Upon converging
at the mouth of the canyon, the different PV fields of both currents must adjust to one another. How this
adjustment evolves remains to be determined but may involve intense mixing and a variety of submeso-
scale motions. In both the numerical model of Watanabe [2011] and Nof’s [1988] inviscid, analytical model
the fate of the outflow is sensitive to the PV structure of both the outflow and the ambient current field.
Interestingly, Nof finds that the outflow could be deflected to the east or to the west or even switch back
and forth depending on PV structures.

5. Summary

We used a 5 year time series of transport, temperature, and salinity measurements obtained at the head of
Barrow Canyon to describe the seasonality of these variables and to construct a 37 year hindcast of the
mean daily transport. The annual cycle is in-phase with that in Bering Strait insofar as the maximum occurs
in summer and the minimum in winter. The climatological Bering Strait transport is northward year-round
[Woodgate et al., 2005b], but this is not the case in Barrow Canyon. Here the annual transport cycle consists
of three seasons: (a) the May–September or ‘‘summer’’ season in which the transport is downcanyon (north-
eastward and into the Arctic Ocean) and averages 0.45 Sv, (b) the October–December or ‘‘fall’’ season in
which the average transport is upcanyon (southwestward and onto the Chukchi Shelf) at 0.1 Sv and; (c) the
January–April or ‘‘winter’’ season when the along-canyon transport is not significantly different from zero.
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