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Abstract Synoptic and historical shipboard data, spanning the period 1981-2017, are used to investigate
the seasonal evolution of water masses on the northeastern Chukchi shelf and quantify the circulation
patterns and their impact on nutrient distributions. We find that Alaskan coastal water extends to Barrow
Canyon along the coastal pathway, with peak presence in September, while the Pacific Winter Water (WW)
continually drains off the shelf through the summer. The depth-averaged circulation under light winds is
characterized by a strong Alaskan Coastal Current (ACC) and northward flow through Central Channel. A
portion of the Central Channel flow recirculates anticyclonically to join the ACC, while the remainder
progresses northeastward to Hanna Shoal where it bifurcates around both sides of the shoal. All of the
branches converge southeast of the shoal and eventually join the ACC. The wind-forced response has two
regimes: In the coastal region the circulation depends on wind direction, while on the interior shelf the
circulation is sensitive to wind stress curl. In the most common wind-forced state—northeasterly winds and
anticyclonic wind stress curl—the ACC reverses, the Central Channel flow penetrates farther north, and
there is mass exchange between the interior and coastal regions. In September and October, the region
southeast of Hanna Shoal is characterized by elevated amounts of WW, a shallower pycnocline, and higher
concentrations of nitrate. Sustained late-season phytoplankton growth spurred by this pooling of
nutrients could result in enhanced vertical export of carbon to the seafloor, contributing to the maintenance
of benthic hotspots in this region.

Plain Language Summary Using data from eight cruises to the Chukchi Sea, along with
historical data spanning the period 1981-2017, we find that the warmest Pacific water predominantly
follows the coastal pathway adjacent to Alaska, with a peak presence in September, while the coldest water
continually drains from the shelf during the summer. The circulation under light winds is characterized by a
strong coastal jet and another pathway through the central shelf. The latter pathway veers to the east and
flows around both sides of a shoal on the northeast shelf, known as Hanna Shoal, before joining the coastal
pathway. This circulation pattern is strongly altered under strong winds. In the most common wind
condition, the coastal pathway is reversed and the central pathway extends farther to the north, with
exchange between the interior shelf and coastal regions. In September and October, the region southeast of
Hanna Shoal is characterized by elevated amounts cold Pacific water and nitrate, in part because of the
circulation pattern. Sustained late-season phytoplankton growth spurred by this local pooling of nutrients
could result in enhanced vertical export of carbon to the seafloor, contributing to the high benthic biological
activity observed in this region.

1. Introduction

As a predominant source of freshwater, heat, and nutrients, the Pacific water that flows through Bering
Strait into the Chukchi Sea exerts a strong influence on the thermohaline structure, melting of ice, and
functioning of the ecosystem of the western Arctic Ocean (Coachman & Barnes, 1961; Shimada et al.,
2006; Spall et al., 2018; Steele et al., 2004; Woodgate et al., 2010). The Bering Strait throughflow is primarily
driven by the pressure difference between the Pacific and Arctic (e.g., Woodgate et al., 2005), although it is
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strongly influenced by wind on a variety of timescales (Aagaard et al., 1985). Mooring data from Bering Strait
over the past decade have revealed an increasing trend of transport of the Pacific water inflow. The year-long
mean transport has now been updated to 1.0 + 0.05 Sv (Woodgate, 2018), roughly 0.2 Sv greater than the pre-
viously quoted climatological value (0.8 Sv, Coachman & Aagaard, 1988).

The poleward progression of Pacific water across the Chukchi shelf has been documented by numerous
observations over the years (e.g., Pickart et al., 2010, 2016; Weingartner et al., 2005, 2013; Woodgate et al.,
2005), as well as through modeling studies (Panteleev et al., 2010; Spall, 2007; Winsor & Chapman, 2004).
To first order, the Pacific water follows three main pathways primarily dictated by the topography of the
Chukchi shelf (Figure 1). The western branch flows toward Herald Canyon through Hope Valley, while
the middle branch is directed northward through Central Channel between Herald and Hanna Shoals.
The eastern branch flows northward along the coastline of Alaska toward Barrow Canyon and is referred
to as the Alaskan Coastal Current (ACC) in the warm months of the year. The ACC carries a large portion
of the Pacific water (Paquette & Bourke, 1979; Weingartner et al., 2005), ~0.3 Sv in summer
(Woodgate, 2018).

More recent studies have furthered our understanding of the circulation in the Chukchi Sea beyond the
notion of three separate branches. It is now established that the middle branch bifurcates north of Central
Channel and flows around both the northern and southern sides of Hanna Shoal, eventually draining into
Barrow Canyon. This is supported by mooring measurements (Weingartner, Fang, et al., 2017), shipboard
measurements (Pickart et al., 2016), drifter tracks (Stabeno et al., 2018), and surface radar measurements
(Fang et al., 2017). Upon exiting Barrow Canyon, the Pacific water forms the eastward-flowing Beaufort
Shelfbreak Jet (Pickart, 2004) and westward-flowing Chukchi Slope Current (Corlett & Pickart, 2017; Li
et al., 2019; Spall et al., 2018; Stabeno et al., 2018). The water subsequently enters the Canada Basin via
shelf-basin interactions, for example, eddies (Pickart et al., 2005), upwelling (Lin, Pickart, Moore, et al.,
2018), and downwelling (Dmitrenko et al., 2016). Using three moorings, Itoh et al. (2013) computed an
annual mean Pacific water transport of 0.44 Sv at the mouth of Barrow Canyon, while Weingartner,
Potter, et al. (2017) estimated that it is only 0.20 Sv at the head of the canyon. They argued that the
unbalanced transport is in part due to sampling bias but also due to enhancement of the transport by water
feeding the canyon from the west (north of the head of the canyon).

It has long been known that wind plays an important role in the circulation of the Chukchi Sea, including
the inflow through Bering Strait, the flow on the Chukchi shelf, and the circulation in Barrow Canyon (e.g.,
Coachman & Aagaard, 1966; Spall, 2007; Weingartner et al., 1998; Winsor & Chapman, 2004). The flow in
Bering Strait responds quickly to along-strait winds (Woodgate et al., 2005), which sets up a pressure gradi-
ent across the strait that can often reverse the flow to the south (Woodgate, 2018). Using a numerical simu-
lation, Danielson et al. (2014) showed that the Bering Strait throughflow is also impacted by northward
propagating waves resulting from remote winds in the Bering Sea. Models also suggest that, north of
Bering Strait, winds out of the east result in enhanced transport in the central and western flow branches
on the shelf (Winsor & Chapman, 2004). This is consistent with the surface velocity measurements of
Fang et al. (2017), which suggest that the ACC can be reversed when northeasterly winds exceed 6 m s™*.
A similar threshold for flow reversal is found in Barrow Canyon (Itoh et al., 2015; Pisareva et al., 2019;
Weingartner, Potter, et al., 2017).

The different water masses resident on the Chukchi shelf throughout the summer months have been defined
by numerous previous studies (e.g., Gong & Pickart, 2015; Weingartner et al., 1998; Woodgate et al., 2005).
The two main classes of Pacific summer water are Alaskan Coastal Water (ACW) and Bering Summer Water
(BSW). The former, which is warm and fresh, stems from runoff from the Alaskan continent and is carried
northward by the ACC. The latter, which is relatively colder and saltier than the ACW, is a mixture of
Anadyr water and central Bering shelf water, which is advected north of Bering Strait by the central and wes-
tern flow branches. BSW has also been referred to as Western Chukchi summer water (Shimada et al., 2001)
and Chukchi summer water (von Appen & Pickart, 2012). In addition, there are two types of Pacific Winter
Water (WW) in this region: Newly Ventilated WW, which has been in recent contact with the atmosphere
and is near the freezing point, and Remnant WW, which has been warmed by solar heating and mixing with
summer waters later in the season. At times the surface layer of the Chukchi Sea contains a freshwater mass
deriving from ice melt and/or river runoff (referred to here as MWR). Finally, water from the Atlantic layer
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Figure 1. (a) Schematic circulation of the Chukchi Sea and place names, after Corlett and Pickart (2017). Depth contours
are in meters. The dashed box denotes the region shown in (b) focusing on the northeastern shelf. (b) Zoomed-in view
of the northeastern shelf. For purposes of the analysis, the region has been divided into subregions I, I, III, and IV
progressing clockwise around Hanna shoal. The 40-m isobath around Hanna Shoal and the 100-m isobath at the edge of
the shelf are highlighted by the thick black contours (the 100-m isobath delimits Barrow Canyon as well).

in the Canada Basin is occasionally upwelled onto the shelf via Barrow Canyon (e.g., Ladd et al., 2016;
Pisareva et al., 2019; Weingartner, Potter, et al., 2017) and Herald Canyon (Pickart et al., 2010).

The WW on the Chukchi shelf is generally high in nitrate, especially the Newly Ventilated WW (e.g., Arrigo
etal., 2017; Pickart et al., 2016). Consequently, there is a strong relationship between the presence of the WW
and phytoplankton growth during the warm months of the year (Brown et al., 2015; Grebmeier et al., 2006;
Lowry et al., 2015). Due to the fact that the Chukchi Sea is a vertical export dominated regime, in that much
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Table 1

List of the Eight Cruises Used in the Study, Including the Shipboard ADCP Hardware and ADCP Acquisition Software
Cruise Ship Year Dates Shipboard ADCP ADCP acquisition code
NBP03 R/V N.B. Palmer 2003 Jul 09 to Aug 17 NB150 DAS 2.48

HLYO03 USCGC Healy 2003 Sep 14 to Oct 17 0S75 VMDAS

HLY04 USCGC Healy 2004 Sep 7 to Sep 30 0S75 VMDAS

HLY10 USCGC Healy 2010 Jun 18 to Jul 16 0S150 UHDAS

HLY11 USCGC Healy 2011 Jun 28 to Jul 24 0S150 UHDAS

HLY1401 USCGC Healy 2014 May 15 to Jun 20 0S150 UHDAS

HLY1402 USCGC Healy 2014 Jul 09 to Jul 25 0S150 UHDAS

HLY17 USCGC Healy 2017 Aug 26 to Sep 15 0OS150 UHDAS

of the carbon produced in the summer sinks to the sediments, benthic macrofaunal communities are
pronounced (Grebmeier et al., 2015). The northeastern part of the shelf, and in particular the region
southeast of Hanna Shoal, contains numerous biological hotspots (Grebmeier et al., 2006). Such hotspots
have a profound impact on the broader ecosystem, influencing upper trophic level populations such as
marine mammals and seabirds (Moore et al., 2014).

Using historical data, Grebmeier et al. (2015) suggested that the benthic biomass is sensitive to local forcing,
that is, ice concentration, wind, and ocean circulation. The extended ice-free season in recent decades has
led to increased net primary production in the northeastern Chukchi Sea (e.g., Arrigo et al., 2008), while
enhanced Bering Strait inflow likely imports more nutrients, potentially increasing primary production
(Woodgate, 2018). On seasonal timescales, the water mass structure, stratification, and circulation play an
essential role in the location and timing of phytoplankton blooms, including under-ice blooms (Arrigo
et al., 2012, 2014; Lowry et al., 2015, 2018).

Despite the studies to date, there is still considerable uncertainty regarding the circulation in the north-
eastern Chukchi Sea, including how the flow impacts the poleward progression of water masses across
the shelf. Most of our previous knowledge stems from time series from relatively sparsely spaced moor-
ings (e.g., Woodgate et al., 2005) or from quasi-synoptic snapshots from shipboard surveys (e.g., Pickart
et al., 2016). Further work is required to better understand how the physical processes on the shelf
impact the geographical patterns of the benthic biomass and resulting distribution of hotspots. In this
study we use a collection of eight shipboard hydrographic/velocity surveys of the northeastern
Chukchi shelf, carried out between 2003 and 2017, to further quantify the circulation patterns and their
relationship to wind, as well as their impact on nutrient distributions. The survey measurements are sup-
plemented with historical hydrographic data extending back to the early 1980s. We begin the study with
a presentation of the data sets used, followed by a description of the seasonal propagation and evolution
of water masses during the summer months using the historical data. We then investigate the circulation
on the northeastern shelf using the collection of eight cruises, including the impact of strong winds.
Finally, we address the effects of the physical conditions on the distribution of nutrients and how this
varies spatially and temporally over the summer.

2. Data and Methods
2.1. Synoptic Cruise Data

We use hydrographic, velocity, and nutrient data from eight synoptic surveys of the northeastern Chukchi
shelf in summer to early fall, spanning the time period 2003-2017 (Table 1). All of the cruises took place
on the USCGC Healy with the exception of one in July—August 2003, which took place on the R/V
Nathaniel B. Palmer. In each case, all hydrographic measurements were collected using a Sea-Bird 911+
conductivity-temperature-depth (CTD). Temperature and conductivity sensors were calibrated by the man-
ufacturer before and after each cruise. On a subset of the cruises, the conductivity measurements were
further calibrated using in situ bottle salinity data.

Shipboard acoustic Doppler current profiler (ADCP) data were collected on all eight cruises. Given the shal-
low depths of the study area, a 150-KHz instrument was used whenever possible with the exception of the
early Healy cruises, where the ship's BB150 unit was not operational. Data from the deeper reaching but
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coarser sampling OS75 were substituted in those cases (Table 1). High-quality differential GPS and/or iner-
tial navigation guided heading devices (e.g., Ashtech and Seapath) were available for all cruises. The
University of Hawaii's Common Ocean Data Access System (CODAS) processing code (http://currents.
soest.hawaii.edu) was employed for all but the two early Healy data sets. As is common for high-latitude
cruises, substantial manual editing was required to address ice interference. Barotropic tides were estimated
using the Oregon State University tidal model and removed from the final data sets (http://volkov.oce.orst.
edu/tides; Padman & Erofeeva, 2004).

During most of the cruises nutrients were measured on board from discrete water column samples using a
Seal Analytical continuous-flow AutoAnalyzer 3, with modifications of the method of Armstrong et al.
(1967). On HLY1402 and HLY17, the nutrient samples were frozen and analyzed ashore using the same pro-
cedure. In this study, we only consider nitrate (NO; ™), the most limiting nutrient to phytoplankton growth
in the Arctic Ocean (Tremblay et al., 2015), which was typically collected at 3-5 depths in the water column
at a given station. See Lowry et al. (2015) for details regarding the method and the accuracy.

2.2. Historical Hydrographic Data

In part of our analysis we use historical hydrographic data from the Pacific Marine Arctic Regional Synthesis
(PacMARS, http://pacmars.cbl.umces.edu/; Grebmeier et al., 2015). The data set includes CTD casts col-
lected in the northern Bering Sea, Chukchi Sea, and Beaufort Sea from 1981-2013, although in our study
region there are some gaps in early 1980s and late 1990s. PacMARS provides temperature and salinity at a
set of standard depths through the water column, as well as calculated parameters including the depth
and value of the maximum buoyancy frequency (N%). We note that two of the eight synoptic data sets
described above (HLY03 and HLY04, see Table 1) are also included in the PacMARS data set. To avoid dupli-
cation, we removed these cruises from the PacMARS data. Overall, the data set has good coverage from
June-October. In particular, on the Chukchi shelf the number of data points peaks in September with over
1,900 casts, followed by over 1,300 casts in July. The minimum number of casts is 330 for the month of June.

2.3. Wind Products

The wind data used in the study were derived from three sources. (1) Shipboard meteorological data:
Shipboard meteorological packages included anemometers for each of the eight cruises. True wind speed
and direction were calculated by removing ship motion, which is measured by a suite of GPS sensors. The
accuracy of the data was assessed by comparing the wind time series to the meteorological station in
Barrow, AK. Good agreement was found when the ship was in the vicinity of the weather station (see
Pickart et al., 2016, for details). (2) Meteorological data from the Barrow weather station: Hourly wind data
for the period 1941-2017 were obtained from the National Climate Data Center of the National Oceanic and
Atmospheric Administration (http://www.ncdc.noaa.gov/). The data were subsequently quality controlled
by removing outliers and interpolating over small gaps (see Pickart et al., 2013, for details). These data have
been widely used in studies of the northern Chukchi Sea and western Alaskan Beaufort Sea (e.g., Lin,
Pickart, et al., 2016, Lin, Pickart, Moore, et al., 2018; Li et al., 2019; Pickart et al., 2009). (3) Reanalysis wind:
In order to calculate wind stress curl over shelf, we used the European Center for Medium-Range Weather
Forecasts (ECMWF) ERA-Interim reanalysis 10-m wind data (Berrisford et al., 2009). This is a global
reanalysis product with spatial and temporal resolutions of 0.75° and 6 hr, respectively, covering the time
period 1979-2017.

2.4. Water Masses

As discussed in section 1, there are a number of summer and winter water masses on the Chukchi shelf dur-
ing the warm months of the year. In the present study we use a simplified approach for quantifying the water
mass distribution by employing the end member analysis of Mamayev (1975). First we constructed a compo-
site temperature-salinity (7-S) diagram of all of the hydrographic data on the Chukchi shelf (inshore of the
70-m isobath) from the eight cruises in Table 1, as well as from the PacMARS database (Figure 2). This
reveals that nearly all of the data points can be delimited by a single triangle (the exception being a small
amount of warm MWR and Atlantic water, which do not impact our results). Hence, we selected three
end members: ACW, WW, and cold MWR. Note that we do not distinguish between newly ventilated and
remnant WW. The end member index of ACW is 32 in salinity and 12 °C, while the indices of WW and
MWR are salinities of 34 and 23, respectively, with the temperature at the associated freezing point.
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Temperature (C)

Following this, we calculated the percentages of the end member water
masses for each data point within the triangle, based on the assumption
that each point is a linear mixture of the three end members (see Lin,
Hu, et al., 2016, for details of the procedure).

3. Progression and Evolution of Water Masses
3.1. Shelf-Wide Distributions in the Chukchi Sea

In order to minimize the effects of local air-sea heat fluxes on the water
properties in our analysis, we begin by considering the properties at the
bottom on the shelf and at the 100-m depth level on the continental slope,
which is near the base of the Chukchi Slope Current (Corlett & Pickart,
2017). Referring to the mixing triangle of Figure 2, when a data point

Figure 2. Scatter plot in T-S space of all the data used in the study (gray
dots). The blue dots are the near-bottom PacMARS data. The dashed line

has a percentage of the ACW end member (Pacw) larger than 40% it is

Salinity considered ACW and when it has a percentage of the WW end member

(Pww) larger than 85% it is considered WW. Bering summer water is taken
to be in the range 70% < Pww < 85%. These classifications are consistent

denotes the mixing triangle associated with the three end members: Alaskan with water mass definitions commonly used in previous studies (e.g.,
Coastal Water (ACW), Winter Water (WW) and Meltwater/River runoff Gong & Pickart, 2015; Lin, Pickart, et al., 2016).

(MWR). The base of the triangle is approximately the freezing point line.

Using these definitions, we constructed the geographical distributions of
the three water masses near the bottom (or at 100 m off the shelf) for
the time period June-October (Figure 3). Early in the summer, the northern part of the shelf consists entirely
of WW while the southern portion is mostly BSW. The ACW is just starting to show up in Bering Strait. As
time progresses, the ACW is advected along the coastal pathway (i.e., the ACC) toward Barrow Canyon. It
reaches peak presence in September, at which time there is some ACW on the eastern side of Central
Channel as well, but this water veers toward Barrow Canyon rather than progressing northward to the vici-
nity of Hanna Shoal. This is consistent with the drifter tracks presented in Stabeno et al. (2018) and also with
the velocity results shown below.

As the season progresses, WW drains from the northeastern Chukchi Sea and is nearly absent by October.
This water mass is replaced by BSW, which predominantly follows the Central Channel pathway and is
found throughout the region of Hanna Shoal in September and October. Note that comparatively little
BSW is present in the ACC throughout all months. In October the presence of ACW has diminished on
the northern part of the shelf (it is only found south of 71°N). This is likely because of local water mass trans-
formation on the shelf via air-sea interaction that has reached the bottom due to wind mixing (October is the
start of storm season, see Lin, Pickart, Moore, et al., 2018). This is consistent with the results of Pickart et al.
(2019) who presented evidence of the conversion of ACW to BSW in October in Barrow Canyon. Although
there are limited data in October, some ACW is present to the east of Barrow Canyon near the outer shelf.
This is likely being advected by the Beaufort Shelfbreak Jet (Brugler et al., 2014). On the Chukchi slope,
WW dominates in all months. This is in line with the mooring results of Li et al. (2019) who showed that,
at 100-m depth, WW is advected throughout the year in the Chukchi Slope Current.

3.2. Bering Strait Boundary Condition

To add context to the water mass distributions described above, we also considered the seasonal variation of
Pacific water from June to October in Bering Strait, that is, the upstream boundary condition for the Chukchi
Sea. In particular, we averaged the percentage of each water mass end member in the region from 66-69°N
for each month (Figure 4). One sees that the percentage of ACW varies oppositely to the percentage of WW.
In June and July, the WW is the primary water mass in the region accounting more than half of the bottom
water. The Py decreases steadily, and by September there is more ACW in Bering Strait than WW. Finally,
in October there is a sharp rise in WW and a corresponding sharp decline in ACW. These trends are in line
with mooring time series from the east side of Bering Strait (Woodgate, 2018), indicating that the ACC
advects the warmest water in August and September. To shed light on the variation of the coastal current
we computed the maximum Pcw for each month, which is taken to be representative of the ACC. This
has the same seasonal trend as the mean Pcw but is larger in magnitude, with a maximum percentage of
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mum Ppcw (red dashed line) in the Bering Strait region from June to
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WW = Pacific Winter Water.

approximately 65% in August and September. The fact that these values
are derived using bottom water properties suggest that the ACW is
significant throughout the water column within the ACC during middle
to late summer.

3.3. Northeastern Chukchi Sea

To examine the northeastern shelf in detail using the historical hydro-
graphic data, we divided the domain into four quadrants encircling
Hanna Shoal (delimited by the dashed lines in Figure 1b and labeled
clockwise from northwest). We calculated the WW end member percen-
tages in the region for July to October (Figure 5; June was excluded
because of the relatively small number hydrographic casts on the north-
eastern shelf during this month). WW covers the entire region in July
and then decreases clockwise around Hanna Shoal in the subsequent
months as it is replaced by BSW (see also Figure 3). By late
summer/early fall the only WW found at the bottom of the shelf is predo-
minantly in subregion IIT and the eastern side of subregion IV. This is con-
sistent with the circulation map of Newly Ventilated WW presented in
Pickart et al. (2016), in which the filaments of the cold water flowing
around Hanna Shoal converged on the southeast side of the shoal before
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Figure 5. Monthly evolution of the percentage of the winter water end member at the bottom of the shelf in the four
subregions of the northeastern Chukchi Sea, from July to October. The 40-m isobath around Hanna Shoal and the 100-m
isobath at the edge of the shelf are highlighted by the thick black contours.

draining into Barrow Canyon (see their Figure 9). We now address the circulation on the northeast Chukchi
shelf using our shipboard ADCP data.

4. Circulation on the Northeastern Chukchi Shelf
4.1. Background Circulation

The eight shipboard ADCP data sets offer the opportunity to investigate the detailed structure of the
summertime circulation on the northeastern Chukchi shelf and slope, and its response to wind. We consider
the vertically averaged flow on the shelf and the vertical average over the top 100 m on the slope. We focus
first on the circulation under weak wind forcing, which is referred to as the background circulation. In
particular, we identified all of the data points that were collected when the wind speed was less than the
climatological mean (5.5 m s™1) at the Barrow meteorological station (1981-2017). This threshold is close
to that found by Fang et al. (2017) who reported that a wind speed of 6 m s is able to alter the surface current
pattern in the region. We then combined all of the low wind speed data onto a single map and applied objec-
tive interpolation (see Vége et al., 2013) to compute a gridded field of the background circulation. This
accounted for 43% of the ADCP data, distributed fairly evenly throughout the study domain. As noted in
section 2, there is an ~15-m blanking region in data coverage below the surface and an ~7-m blanking region
above the bottom. Hence, for a bottom depth of 50 m (the average depth of the Chukchi shelf), the vertical
average is over the depth range 15-43 m. The error due to the gridding process can be represented by the resi-
duals between the gridded values and the nearby data points, which was found on average to be 0.01 m s™* for
speed and 3.62° for direction (similarly small residuals were found for the other wind cases considered below).

The background circulation is shown in Figure 6. The ACC is evident flowing along the coast into Barrow
Canyon. The velocities are largest in the canyon, up to 0.9 m s~* (which is the strongest flow found through-
out the domain). This is in line with previous surveys at the mouth of the canyon reported by Itoh et al.
(2015). Upon emerging from Barrow Canyon some of the Pacific water turns to the east feeding the
Beaufort Shelfbreak Jet, while some of it deflects to the west and enters the Chukchi Slope Current. It is also
likely that some of the water flows directly offshore into the basin leading to eddy formation (Pickart &
Stossmeister, 2008). Both of the boundary currents are strongest in summer (Brugler et al., 2014; Li et al.,
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Figure 6. Vertically averaged background circulation in northeastern Chukchi Sea. The gray dots mark the ADCP data
points, and the dashed lines denote the four subregions (see Figure 1b). The 40-m isobath around Hanna Shoal and the
100-m isobath at the edge of the shelf are highlighted by the thick black contours.

2019). Our background circulation map supports the argument that the Chukchi Slope Current is formed
from the outflow of Barrow Canyon (Corlett & Pickart, 2017; Li et al., 2019; Stabeno et al., 2018).

The northward flow through Central Channel is also evident in the background map. Immediately north of
the channel, however, some of the flow deflects anticyclonically and joins the ACC. The rest of it continues
farther north before turning to the east toward Hanna Shoal. At that point there is a bifurcation in the flow:
Some of it progresses anticyclonically around the north side of the shoal through subregions I, IT, and III, and
the remaining part turns sharply south and flows along the western side of the shoal in subregion IV. Both
branches ultimately join the ACC and flow into Barrow Canyon. This general pattern of circulation is com-
patible with previous synoptic observational surveys (Pickart et al., 2016), model results (Spall, 2007), and
drifter trajectories (Stabeno et al., 2018). The consistency over the eight ADCP data sets implies that
Figure 5 accurately depicts the basic state in the summer months. It also supports the previous notion that,
during this time of year, much of the Bering Strait inflow exits the Chukchi shelf through Barrow Canyon
(Gong & Pickart, 2015; Itoh et al., 2015).

4.2. Effect of Wind

We now address how the flow responds to wind forcing. To do this, we identified the data points associated
with wind speeds higher than the threshold of 5.5 m s™*. Fang et al. (2017) demonstrated the important role
that both wind direction and magnitude have on the surface flow. We consider first the wind direction. We
divided the direction into four quadrants: northwest, northeast, southeast, and southwest. The composite
velocity field for each quadrant revealed that there are two distinct regimes. Specifically, in the coastal
region, the flow under northeasterly wind forcing is substantially different than that associated with all other
wind directions, which in those cases have a generally similar flow pattern. By contrast, over the interior part
of the shelf the circulation is not well correlated with wind direction. As such, we consider the coastal and
the interior domains separately.

For the coastal region we constructed a composite vertically averaged velocity field for the northeasterly
wind condition (23% of the ADCP profiles), and a second single composite for all of the remaining directions
(the remaining 34% of the profiles, noting that the background condition accounts for 43%). Not surprisingly,
the northeasterly wind reverses the ACC relative to the background state (Figure 7a). This is in line with pre-
vious studies using cruise measurements, mooring, and high-frequency radar data (Aagaard & Roach, 1990;
Fang et al., 2017; Okkonen et al., 2009; Pisareva et al., 2019). It is the result of Ekman setup due to coastal
upwelling driven by the along-coast winds (see Pickart et al., 2011). The peak magnitude of the vertically
integrated reversed flow is 0.75 m s~* (compared to 0.9 m s for the down-canyon flow in the background
state). Interestingly, the reversed current appears to bifurcate downstream in the vicinity of Icy Cape (162-
163°W), which is likely associated with the widening topography (e.g., Lin, Pickart, Torres, et al., 2018). The
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Figure 7. Composite vertically averaged flow near the Alaskan coast under strong wind forcing. (a) Northeasterly wind
case and (b) wind from all other directions. The gray dots mark the ADCP data points, and the dashed lines denote the
four subregions (see Figure 1b). The 40-m isobath around Hanna Shoal and the 100-m isobath at the edge of the

shelf are highlighted by the thick black contours. ACC = Alaskan Coastal Current.

composite of Figure 7b indicates that wind from any other direction only slightly modulates the background
coastal flow. In particular, the peak velocity of the ACC strengthens by approximately 10% and the current
widens slightly.

In contrast to the nearshore wind-driven response, which is dictated by wind stress that drives Ekman setup,
the response over the interior shelf is thought to be dictated by the regional wind stress curl. This is seen in
the model results of Spall (2007) and Pickart et al. (2011) and is implied by the observations of Li et al. (2019)
near the Chukchi shelfbreak. Hence, we constructed two composite interior flow maps corresponding to (1)
strong negative (anticyclonic) wind stress curl and (2) strong positive (cyclonic) wind stress curl. The results
are shown in Figure 8.

In the former case, to first order the flow is anticyclonic around Hanna Shoal (Figure 8a). This is likely due to
a rise in the sea surface height on the northeastern shelf in response to Ekman convergence associated with
the negative wind stress curl (see Li et al., 2019; Pickart et al., 2011). Close inspection of Figure 8a indicates,
however, that the streamlines do not simply encircle the shoal. Rather, the flow in subregion III is directed
toward the coastal region, while the westward/northwestward flow in subregion IV must emanate from the
coastal region. This is discussed further below. As in the background state, the flow in Central Channel is to
the north; however, unlike the basic state, most of this flow continues northward (i.e., it does not bifurcate)
and circulates around the north side of Hanna Shoal. Hence, one major difference between the negative
wind stress curl state and the basic state is the fate of the Central Channel branch.
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Figure 8. Composite vertically averaged flow in the interior northeastern Chukchi shelf for (a) strong negative
(anticyclonic) wind stress curl and (b) strong positive (cyclonic) wind stress curl. The gray dots mark the ADCP data
points, and the dashed lines denote the four subregions (see Figure 1b). The 40-m isobath around Hanna Shoal and the
100-m isobath at the edge of the shelf are highlighted by the thick black contours.

The situation is quite different in the positive wind stress curl state. To first order the flow is now cyclonic
around Hanna Shoal (Figure 8b), which is consistent with Ekman divergence and a drop in sea surface
height. However, close inspection of Figure 8b again reveals that the streamlines do not simply encircle
the shoal. In particular, the flow in subregion II is largely emanating from the coastal region, and some of
the southward/southeastward flow in subregion IV is directed toward the coastal region. In this wind-forced
state the northward flow in Central Channel bifurcates immediately north of the channel, as it does in the
background state. However, in contrast to the background state, it appears that very little of the Central
Channel flow makes it all the way to Hanna Shoal. Instead, much of the flow entering subregion I seems
to emanate from the west, that is, from the Herald Canyon flow path. Such a diversion from the western flow
path to the vicinity of Hanna Shoal is well documented (e.g., Pickart et al., 2016). Note the strong flow con-
vergence on the eastern side of subregion I. This implies that the southward flow in subregion IV is partially
fed from the coastal domain (via subregion II), unlike the basic state.

What is the most common wind-forced state over the full northeastern Chukchi Sea (i.e., the coastal region
plus the interior shelf)? The long-term wind record from the Barrow meteorological station, together with
the long-term ERA-Interim reanalysis fields, indicates that this corresponds to northeasterly winds along
the coast and negative wind stress curl over the shelf (accounting for 41% of the strong wind period). We
therefore made a composite flow map of this condition (Figure 9). One sees that this is roughly a
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Figure 9. Composite vertically averaged flow over the full domain for the most common strong wind condition (see text).
The gray dots mark the ADCP data points, and the dashed lines denote the four subregions (see Figure 1b). The 40-m
isobath around Hanna Shoal and the 100-m isobath at the edge of the shelf are highlighted by the thick black contours.

combination of the corresponding coastal and interior composites, that is, Figures 7a and 8a. The ACC is
reversed, being partially fed on its upstream (northern) end by flow from the shelf (subregion II). Near Icy
Cape the ACC bifurcates, with the inshore portion progressing toward Bering Strait and the offshore
portion joining the northward flow from Central Channel. While there are some inconsistencies
regarding the overall mass budget in Figure 8 (most certainly due in part to deficiencies in data coverage
and from the compositing process), there are some clear patterns. Specifically, our analysis implies that,
for the most common wind-forced state of the northeastern Chukchi Sea, the ACC reverses, the Central
Channel flow penetrates farther north, and there is mass exchange between the interior and coastal regions.

5. Physical-Biological Links

As discussed in section 1, the northeastern part of the Chukchi shelf contains regions of enhanced benthic
biomass (Grebmeier et al., 2006). This is especially true on the southeastern side of Hanna Shoal where there
are numerous benthic hotspots (Figure 10). In addition, there are specific locations where walruses tend to
congregate in this region during the summer months (Hannay et al., 2013). The two southernmost points on
the Figure 10 denote locations of especially high numbers of walrus acoustic detections. Included in
Figure 10 are the main flow pathways based on the background circulation map of Figure 6. Notably, the
hotspots are in the region where the different flow paths converge. This is the last region on the Chukchi
shelf where WW is found in summertime. This was demonstrated observationally by Pickart et al. (2016)
and numerically by Shroyer and Pickart (2018). It is also consistent with the results presented here
(Figure 5). Recall that the WW is generally high in nitrate. This means that the area southeast of Hanna
Shoal receives high-nutrient water at a time of year when there is plenty of sunlight, the ice cover is reduced,
and the water column stratification is strong—all of which are conducive for the continuation or develop-
ment of phytoplankton blooms (Lowry et al., 2015). This motivates us to consider further the physical-
biological links in this region.

Using the historical data, we considered the conditions in the four subregions on the northeastern shelf,
making composites of the early months (July and August) and the late months (September and October).
We considered both the WW percentage, averaged over the depth range 20 m to bottom and the depth of
the pycnocline (i.e., the N* maximum). A depth of 20 m was chosen because this is the mean depth of the
pycnocline over the shelf in late months, which is the approximate upper bound of the WW (results were
not overly sensitive to this choice). The WW percentage in the early months is nearly constant around
Hanna Shoal (over 85%), and there is no evident variation in the pycnocline depth as well (although the
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N? maximum is very shallow this time of year and often impossible to define due to the large amount of
weakly stratified WW present). By contrast, during the late months there are clear differences between
the subregions (which is not surprising given the WW distributions in Figure 5). In particular, the WW
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Figure 11. Average properties in the different subregions of the northeast-
ern Chukchi shelf (see Figure 1b for the subregions). (a) Average winter
water (WW) percentage from 20 m to bottom in the late months (September
and October) using the historical data. (b) Depth of the N’ maximum in
the late months using the historical data. (c) Average nitrate concentration
from 20 m to bottom in the early months (July and August, dashed line) and
late months (solid line) using data from the eight synoptic cruises. The
individual data points are the blue dots. The standard errors are indicated in
each panel.

percentage is highest and the pycnocline is shallowest in subregion IIT
(Figures 11a and 11b).

We also considered the nutrient distributions using the eight synoptic
shipboard data sets (there was limited nutrient information available in
the historical database). As with the WW, we computed the average
nitrate concentration over the depth range 20 m to bottom. In the early
months, the nitrate concentration decreased progressing anticyclonically
around Hanna Shoal (Figure 11c). This is likely due to the fact that the
coldest WW contains the highest nitrate levels (e.g., Arrigo et al., 2017),
and, early in the season, this newly ventilated WW is most prevalent
farther upstream along the flow pathways (Pickart et al., 2016). In the late
months, however, subregion III again stands out with the highest nitrate
levels. This is especially evident when considering the individual data
points (Figure 11c). Note that, on average, the nitrate level in subregion
III stays the same throughout the 4-month period.

It is of interest to consider the vertical structure of the water column pro-
gressing around Hanna Shoal in the late months. We are afforded this
opportunity by using data from the HLY17 cruise (Table 1). This cruise
carried out a detailed survey of the northeastern Chukchi shelf on 1-10
September 2017, composed of a set of nine high-resolution hydrographic
sections radiating from the center of Hanna Shoal (Figure 12a). Using this
data set, we constructed a vertical section around the shoal at the 45-m
isobath (choosing the station closest to that isobath at each location).
This is shown in Figure 12b, progressing anticyclonically around the
shoal. The water column generally had a two-layer structure, with WW
predominantly comprising the lower layer (percentages >60%), and a
combination of BSW and ACW in the upper layer, separated by a fairly
sharp pycnocline. Note that this interface rises from approximately 35 m
in subregion I to 20 m in subregion III then descends back to 35 m in sub-
region IV. This is in line with the trend determined using the historical
data (the trend is more pronounced in this synoptic realization). The
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uplifted pycnocline in subregion III means that there is more nitrate shallower in the water
column (Figure 12b).

Recall that subregion III is where the flow paths converge southeast of Hanna Shoal (Figure 10) and that this
is the last region on the Chukchi shelf where WW resides before draining into Barrow Canyon (see also
Pickart et al., 2019). Hence, the background circulation is largely responsible for uplifting the pycnocline
and pooling the nitrate in this region late into the season. However, wind forcing could also play a role.
For the eight cruises considered here, 33% of the time there were strong northeasterly winds during the late
months (61% during HLY17), while this was true only 12% of the time for the early months. A similar per-
centage holds for the long-term Barrow wind time series as well. As discussed above, during such wind con-
ditions the ACC is reversed. Using 2 years of mooring data, Pisareva et al. (2019) investigated upwelling in
Barrow Canyon. They found that the most common scenario corresponds to WW flowing up the canyon via
the reversed flow. This implies that there will be a significant flux of nitrate also, which could readily enter
subregion III.

Our results thus imply that the region southeast of Hanna Shoal has a sustained supply of nitrate from
August through October. One must keep in mind, however, that during the early months (July and
August) the very cold, high-nutrient WW is more prevalent upstream of region III. This by itself would imply
greater phytoplankton growth there. However, the stratification is weaker in the early months, and the ice
cover is generally more pronounced, both of which are not conducive for the development of blooms (Arrigo
et al., 2014). An important conclusion from our study therefore is that sustained late-season phytoplankton
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growth, spurred by the continued presence of relatively high levels of nitrate in subregion III, provides an
increased vertical flux of carbon to the sediments. This in turn would lead to the existence of the enhanced
benthic biomass observed in this area.

6. Conclusions

In this study we used a combination of synoptic and historical shipboard data, spanning the time period
1981-2017, to investigate the seasonal evolution of water masses on the northeastern Chukchi shelf and
quantify the circulation patterns and their impact on nutrient distributions. An end member analysis was
applied to identify the near-bottom water masses, which revealed a clear northward progression of ACW,
WW, and BSW from June to October. The ACW traveled predominantly along the coastal pathway (the
ACC), with a peak presence in September. The shelf was filled mostly with WW in June, after which the con-
centration of this cold water mass decreased steadily over time such that, by October, it was nearly absent. As
the summer progressed, the BSW replaced the WW over the interior portion of the shelf, mostly via the
Central Channel pathway. On the northeastern shelf, it was seen that the WW vacated the region in a clock-
wise pattern around Hanna Shoal.

Using the shipboard ADCP data from the eight cruises we constructed a map of the depth-averaged circula-
tion under light winds (<5.5 m s™%), which is referred to as the background circulation. This is characterized
by a strong ACC progressing into Barrow Canyon. A portion of the flow passing through Central Channel
recirculates anticyclonically to join the coastal current. The remainder progresses northeastward to
Hanna Shoal where it bifurcates, with a portion flowing around the north side of the shoal and the rest flow-
ing to the south of the shoal. Ultimately all of the water flows into Barrow Canyon. This scheme, which is
consistent with previous synoptic surveys, is a characterization of the summertime circulation of the north-
eastern Chukchi Sea unaliased by wind forcing. Our map also indicates that the outflow of Barrow Canyon
feeds both the eastward-flowing Beaufort Shelfbreak Jet and westward-flowing Chukchi slope current.

We demonstrated that the background circulation is significantly modulated by strong winds. The wind for-
cing has two regimes: a coastal regime and an interior shelf regime. The coastal current is primarily affected
by wind stress; it is reversed by northeasterly wind and slightly intensified by wind from all other directions.
The circulation over the interior shelf is more sensitive to wind stress curl. To first order, positive wind stress
curl drives cyclonic flow around Hanna Shoal, while negative wind stress curl drives anticyclonic flow
around the shoal. Our maps reveal, however, that the circulation is more complex than this, with flow into
and out of the coastal region from the interior shelf, and differences in the fate of the water flowing north-
ward through Central Channel. The most common wind condition on the northeastern shelf is that of north-
easterly winds along the coast and negative wind stress curl in the interior. Under these conditions the ACC
reverses and is partially fed by flow from the shelf near Barrow Canyon. Farther to the south the ACC bifur-
cates with some of the flow progressing toward Bering Strait and the offshore portion joining the northward
flow from Central Channel. In this state the flow emanating from Central Channel penetrates farther north-
ward on the shelf.

In an attempt to shed light on the fact that the area southeast of Hanna Shoal is characterized by numerous
biological hotspots, we quantified water column properties in four subregions surrounding the shoal. We
found that, late in the season (September and October), this area is characterized by elevated amounts of
WW and a shallower pycnocline, along with larger concentrations of nitrate. This is consistent with the
background circulation that transports WW to this region late in the season. It is also consistent with the
most common wind-forced circulation this time of year, which advects high-nitrate WW from the basin to
this part of the shelf via upwelling through Barrow Canyon. Sustained late-season phytoplankton growth
spurred by this pooling of nutrients could result in enhanced vertical export of carbon, contributing to the
maintenance of the benthic hotspots in this region. Further efforts to document this are warranted.
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