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A B S T R A C T

We used shipboard and towed CTD, current meter, and satellite-tracked drifter data to examine the hydrographic
structure in the northeastern Chukchi Sea in August–September of 2011, 2012, and 2013. In all years the densest
winter water was around and east of Hanna Shoal. In 2012 and 2013, a ~ 15 m deep layer of cold, dilute
meltwater overlaid the dense water north of the shelf region between ~ 71.2 and ~ 71.5°N. A front extends from
the southwest side of Hanna Shoal toward the head of Barrow Canyon, separated meltwaters from warmer,
saltier Bering Sea Summer Waters to the south. Stratification was stronger and the surface density variances in
the meso- and sub-mesoscale range were higher north of the front than to the south. No meltwater or surface
fronts were present in 2011 due to a very early ice retreat. Differences in summer ice cover may be due to
differences in the amount of grounded ice atop Hanna Shoal associated with the previous winter’s regional ice
drift.

Along the north side of Hanna Shoal the model-predicted clockwise barotropic flow carrying waters from the
western side of the Shoal appears to converge with a counterclockwise, baroclinic flow on the northeast side. The
baroclinic tendency is confined to the upper 30 m and can include waters transported from the shelfbreak. The
inferred zonal convergence implies that north of the Shoal: a) near-surface waters are a mixture of waters from
the western and eastern Chukchi Sea and b) the cross-isobath pressure gradient collapses thereby facilitating
leakage of upper layer waters northward across the shelf.

1. Introduction

Pacific waters flowing northward through Bering Strait and across
the Chukchi Sea spread poleward across three principal bathymetric
depressions: Herald Valley in the west, the Central Channel in mid-
shelf, and Barrow Canyon along the Alaskan coast (Fig. 1a). Hanna
Shoal lies between the latter two features (Fig. 1b). Its western side
abuts the northern end of the Central Channel, while its eastern flank
yields to an 80 km wide bench along the western wall of Barrow
Canyon. The Shoal is a west-east oriented oval ~ 150 km long and ~
55 km wide (based on the 40 m isobath). The shelfbreak (~ 100 m
isobath) lies 75 km to the north, and the broad, gently sloping central
shelf of 40–45 m depth is to the south. Minimum depths atop the Shoal
are ~ 20 m and shallow enough to ground sea ice with deep keels, as
evidenced by the heavily scoured gravelly seabed (Grantz and Eittreim,
1979).

Circulation models (Winsor and Chapman, 2004; Spall, 2007) depict

the average flow as northward in the Central Channel and Herald Valley
(Fig. 1a), with the outflows from both proceeding eastward over the
outer shelf and shelfbreak. Some of this eastward flow is predicted to
continue clockwise around the southeast side of Hanna Shoal before
retroflecting eastward. Upon retroflecting, this flow merges at the head
of Barrow Canyon with eastward flow over the central shelf and
northeastward flow along the coast (Fig. 1a; Weingartner et al., 2017;
Fang et al., 2017). The models suggest that southward flow on the east
side and over Hanna Shoal is weaker than the flow along its northern
and southern flanks, which is consistent with the spreading of the iso-
baths between the western and eastern sides of the Shoal. Martin and
Drucker (1997) attributed the weak flow over the Shoal to Taylor
column formation and suggested that this feature was one reason why
ice persists here well after it has retreated elsewhere on the shelf. The
summertime persistence of sea ice over Hanna Shoal is of considerable
ecological importance as the area supports a large number of ice-ob-
ligate and ice-associated species (Moore and Huntington, 2008; Moore
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et al., in press). These species are sustained by the high benthic biomass
found throughout the region, with particularly large numbers of
benthic organisms found on the southeast side of the Shoal (Blanchard
et al., 2013; Schonberg et al.,2014).

This study was motivated by the need to provide observations for
evaluating ocean circulation models in a region of the Chukchi shelf
susceptible to potential impacts from offshore oil development.
Moreover, Pacific-derived waters undergo substantial modification
while crossing this shelf and not all the flow pathways and modification
sites are understood. In particular, the region around Hanna Shoal has
received limited attention because heavy ice has often impeded sam-
pling here. We describe interannual variations in the regional hydro-
graphic structure of the northeastern shelf in summer
(August–September) and examine the connectivity in the circulation
between the west and east sides of the Shoal. Section 2 outlines the data
sets used, which span the years from 2011 to 2013. In Section 3.1, we
summarize the summer wind and ice conditions in these years. We next
provide an overview of the hydrography of the central shelf and Hanna
Shoal region with an emphasis on differences between summers with
light and heavy ice concentration (Section 3.2). Section 3.3 examines in
greater detail the differences in hydrographic and circulation structure
between the western and eastern sides of the Shoal. Section 4 discusses
the results and suggests reasons for the marked differences in summer
ice concentrations between 2011 and the later years.

2. Data and methods

2.1. Hydrography

Three different hydrographic data sets, each averaged into 1-db
vertical bins, are used. The first consists of shipboard CTDs collected
during the Chukchi Offshore Monitoring in Drilling Area (COMIDA)
program from the USCGC Healy in 2012 and 2013 (Fig. 1b). The station
spacing varied but was typically ~ 10 km. Time constraints prevented
us from conducting extensive CTD surveys south of Hanna Shoal during
both COMIDA cruises. To place the COMIDA CTD data in a broader
spatial and temporal context, we use CTD data collected on separate
cruises under the auspices of the Chukchi Sea Environmental Studies
Program (CSESP; sponsored by the oil industry) in August and Sep-
tember of 2011, 2012, and 2013. The August cruises were confined to
small study areas over the shelf south of Hanna Shoal, whereas the
September cruises enabled broader surveys that extended to the north
and east of Hanna Shoal. CTD processing followed the procedures of
Weingartner et al. (2013). The August and September cruises occurred
at identical times in each year, with the sampling progressing from
south to north across the domain. Although not synoptic, the data un-
derscore the large interannual differences in the seasonal hydrography
of this region. The third data set consists of several high-resolution (~
250 m) Acrobat towed CTD and fluorometric sections (Fig. 1c) sup-
ported by the Bureau of Ocean Energy Management (BOEM) and pro-
cessed per Martini et al. (2016). The sensors were calibrated at the
factory prior to the cruise and the chlorophyll values are estimated

Fig. 1. A) Bathymetric map of the Chukchi Sea showing principal flow pathways northward from Bering Strait. The pathway denoted by the red arrow denotes the Alaskan Coastal
Current, which carries the freshest and warmest fraction of the Bering Strait outflow and the blue arrows denote the pathways for the cooler and saltier fractions. B) Map of Hanna Shoal
and the surrounding shelf showing locations of 2012 (blue) and 2013 (red) CTD stations. C) Location of various current meter and ice profiling sonar (IPS) moorings (symbols) and
Acrobat towed-CTD transects (blue lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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based on this calibration because no chlorophyll samples were collected
on these cruises. The chlorophyll a concentrations are to be regarded as
relative, not absolute, values.

2.2. Meteorology, sea ice concentrations, drift, and thickness and satellite-
tracked drifters

We used winds and sea level pressures forecast at 3-h intervals from
NOAA’s North American Regional Reanalysis (NARR) models (Mesinger
et al., 2006). Sea ice concentration maps for June and July, from 2011
to 2013, were constructed from data obtained by the Advanced Mi-
crowave Scanning Radiometer (AMSR-E), Special Sensor Microwave
Imager (SSMI) satellite sensor, and the Advanced Microwave Scanning
Radiometer-2 (AMSR2), respectively and processed according to Spreen
et al. (2008). More detailed maps of the ice edge for the August –
September periods of each year were prepared based on National Ice
Center (NIC) analyses. Through CSESP, the oil industry supported
paired ice-profiling sonar (IPS) and ADCP moorings to measure ice
thickness and drift respectively during the winters of 2011–13 at sev-
eral locations south of Hanna Shoals (Fig. 1c). The IPS processing fol-
lows Melling et al. (1995) and a detailed description of the processing
procedures for the IPS and ADCP data is given by Mudge et al. (2015).
In Section 4 we use the mean ice keel values computed over the upper

25% of the keel depth frequency distribution. Following Melling et al.
(1995), the latter were formed from 50 km-long sections based on the
ice drift. We then computed monthly means based on these values as-
signing segments that spanned across months to the month in which the
majority of the segment occurred. The COMIDA program also included
current data from five moored ADCPs positioned on the northwest and
northeast sides of Hanna Shoals, 2012–14 (Fig. 1c). We use subsets of
these data coincident in time with the COMIDA CTD sections. A more
in-depth analysis of these and the CSESP moorings will be the focus of a
future paper.

In addition, we show trajectories from a subset of 13 satellite-
tracked Microstar drifters (manufactured by Pacific Gyre, San Diego
CA) equipped with a CODE-type drogue (Davis, 1985) at 1-m depth.
The drifters were deployed concurrently near Icy Cape (Fig. 1c) and
within ~ 15 km of the Alaskan coast on 12 August 2012. Processing
details and additional descriptions are given by Weingartner et al.
(2015).

3. Results

3.1. Sea ice conditions

Fig. 2 shows maps of the shelf-wide distribution of sea-ice

Fig. 2. Sea ice concentration maps on 15 June (top) 15 July (middle) and mean daily wind vectors (bottom). Panels a, b and c are for 2011, d, e, and f are for 2012, and g, h, and i are for
2013. The features labelled in map E are: Herald Valley (HV), Herald Shoal (HeS), Central Channel (CC), Hanna Shoal (HaS), and Barrow Canyon (BC). Wind vector plots include mean
monthly wind velocity and wind speed in parentheses.
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concentrations in mid-June and mid-July of 2011–2013 and time series
of the mean daily winds for June and July. In 2011, the ice retreat
occurred early insofar as the Chukchi shelf south of 71°N was largely
ice-free by mid-June (Fig. 2a). The remainder of the Chukchi shelf and
the western Beaufort Sea were ice free by mid-July (Fig. 2b). North-
easterly winds prevailed in both months (Fig. 2c). In 2012, winds varied
from northeasterly to southwesterly but were from the southeast on
average (Fig. 2f). By mid-June 2012, the western Chukchi had heavy ice
concentrations, but a broad swath of the northeast shelf was ice-free
(Fig. 2d). By mid-July, the ice had retreated northward over the wes-
tern shelf but advanced southward over portions of the northeast shelf
(Fig. 2e). In addition, distinct embayments formed in Herald Valley, the
Central Channel, and Barrow Canyon with the ice edge oriented from
west to east between the Channel and the Canyon along ~ 71°N. The
embayments, discussed by Paquette and Bourke (1981) and Martin and
Drucker (1997), correspond to the principal flow pathways along which
warm Bering Sea Summer Waters (BSSW) cross the shelf. These in-
dentations are annually recurring features and were well-known to 19th
century whalers (Bockstoce, 1986). They vary in extent from year-to-
year and are separated from one another by heavier ice concentrations
over Herald and Hanna shoals (Fig. 2e). In mid-June 2013 (Fig. 2g), the
ice-edge had retreated to ~ 70°N over the central shelf, but heavy
concentrations remained elsewhere.

By mid-July 2013 (Fig. 2h, the western Chukchi was largely ice-free
with open water present at the northern end of the Central Channel
(along 73°N, between 165° and 170°W) and over Barrow Canyon, al-
though heavy ice concentrations remained over Hanna Shoal. In both
months winds were variable but primarily southerly (Fig. 2i).

The subsequent evolution of ice concentrations in the Hanna Shoal
region is given by biweekly maps of the 15% ice concentration isopleth
(as estimated by NIC) for the August-September period of each year
along with the corresponding mean daily NARR winds for the same
period (Fig. 3). In 2011, the region was virtually ice-free and remained
so through September. In 2012, ice remained over Hanna Shoal through

mid-September. The same basic pattern persisted in 2013, although the
ice rapidly retreated from south of Hanna Shoal on 1 September to the
northwest of the Shoal by mid-September. The ice conditions of Fig. 3
were not obviously related to the concurrent winds. For example, in
both 2011 (ice-free year) and 2013 (moderate to heavy ice year) the
winds were persistently from the northeast and moderately strong (~ 5
to 10 m s−1).

In contrast, in 2012 (heavy ice year) the winds were from the south
through August and then northeasterly through most of September.
During the 2012 and 2013, COMIDA cruises observations from the
Healy bridge suggested extensive grounding of very thick ice atop
Hanna Shoal, which limited sampling here. Possible causes for these
interannual variations in the Hanna Shoal ice cover will be considered
in Section 4.

3.2. Hydrography: broad-scale perspective

We begin by examining plan views of the vertically-averaged upper
and bottom 10 m of the water column in both August and September
2012 (Fig. 4) because we believe that these conditions are typical of the
Hanna Shoal region (Weingartner et al., 2013). There are several water
mass classifications for the Chukchi Sea shelf (e.g., Coachman, Aagaard,
and Tripp, 1975; Gong and Pickart, 2014). For our purposes we define
BSSW as consisting of a warm (>4 °C) and dilute (~ 31 to 32) fraction
and a colder (2–4 °C) and saltier (32–32.5) fraction. The warmer waters
are typically carried northward in the Alaskan Coastal Current (red
arrow in Fig. 1a), while the cooler and saltier fraction is transported
through the Central Channel and Herald Valley. In addition, the shelf
contains ice meltwaters (MW), which are cold (< 2 °C) and fresh (24 to
~ 30) and winter waters (WW), which are<−1.0 °C and salty
(> 32.5). WW is near-freezing when produced in winter on the Bering
and Chukchi shelves as a result of ice formation and can warm slightly
in summer months (Gong and Pickart, 2014). The disposition of these
water masses varies seasonally. WW is pervasive in winter but is

Fig. 3. Maps of the 15% ice concentration isopleth at biweekly intervals for the August–September period (top row) and mean daily wind vectors (bottom row). Panels a and b are for
2011, c and d are for 2012, and e and f are for 2013. The mean monthly wind velocity and wind speed (in parentheses) are listed below the x-axis for each year.
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gradually displaced northward with the springtime increase in trans-
port through Bering Strait (Weingartner et al., 2005; Woodgate et al.,
2005) and by late summer occurs over the northern half of the shelf

underlying MW and/or BSSW (Weingartner et al., 2013; Pickart et al.,
2016).

In August, the surface waters from ~ 70.5° to 71°N and between

Fig. 4. Plan views of temperature (left) and salinity (right) in August and September of 2012 based on averages of the upper and bottom 10 m of the water column. The village of
Wainwright is designated with a “W”. Filled circles show CTD station locations.

T. Weingartner et al. Deep-Sea Research Part II 144 (2017) 6–20

10



164° and 165°W were warm (~ 6 °C) and moderately salty (31–32).
Bottom waters were slightly colder with both water masses consistent
with BSSW advected northward from Bering Strait in summer. North of
this location and south of Hanna Shoal, surface waters were cool
(2–4 °C) and fresh (~ 30), suggestive of MW, perhaps warmed by solar
radiation and/or mixed with BSSW. North of ~ 71.25°N bottom waters
were the very cold (<− 1 °C) and salty (> 32.8) WW. The more
complete coverage of September 2012 illustrates the enormous spatial
extent of the surface MW, which occupied the entire region north of ~
71.5°N. South of this latitude, the shelf contained BSSW, with this water
mass extending northward in the Central Channel along 166°W as well
as eastward toward the coast near Wainwright. Overall these data
suggest a front which extends southward from 72°N, 166°W (approxi-
mately parallel to the Central Channel) and then trending eastward
along 71.5°N towards Barrow Canyon. Very likely this meltwater front
is part of the same frontal system that extends along the length of
Barrow Canyon (Pickart et al., 2005; Gong and Pickart, 2014). The
spatial distribution of WW along the bottom in September was similar
in extent to the surface MW, although WW extended farther inshore
than MW. Note also that the coldest WW formed an arc along the
southern and eastern sides of Hanna Shoal. The 2013 CSESP hydro-
graphy (Weingartner et al., 2014) was broadly similar to that of 2012 in
terms of the areal distributions of the major water masses and location
of the MW/BSSW frontal system along ~ 71.5°N. The major difference
was that bottom salinities were slightly fresher (32.5–32.8) compared
to 2012.

Water mass distributions in 2011 were quite different in several
important respects (Fig. 5). Most obvious was the complete absence of
MW, which is not surprising given the early retreat of sea ice in 2011
(Figs. 2 and 3). The surface layer in both August and September con-
sisted entirely of BSSW, was nearly homogeneous in salinity, lacked
surface fronts, and had only weak meridional thermal gradients. In
August 2011, the bottom waters between 70–71°N and 164–165°W
were BSSW, while WW occupied the shelf north of this location and
along the southern side of Hanna Shoal. In September, BSSW was
prominent at the surface and bottom in the Central Channel, over the
shelf south of ~ 71°N, and was even found over the shallowest portions
of Hanna Shoal, although the low salinities here could have been a
remnant of MW that had either mixed with the BSSW or had warmed.
Except as noted with respect to the Central Channel, WW surrounded
most of Hanna Shoal. It extended as far south as 71°N with the coldest
waters forming a prominent lobe on the southern side of Hanna Shoal.
A thermohaline bottom front separated this WW from the adjacent
BSSW. The WW properties in 2011 were fresher (~ 32.5) than the
corresponding WW salinities> 32.8 of 2012 (Fig. 4h).

An alternative perspective of the contrasting thermohaline structure
between these two years is given by Fig. 6, which consists of two, 300-
km long vertical sections occupied in September 2011 and 2012. The
transect (shown in Fig. 5c) extended from the southwest (~ 70.5°N,
166°W) to the northeast (~ 72.5°N, 160°W) with the northern portion
of the transect along the eastern side of Hanna Shoal. In 2011, warm,
moderately salty BSSW entirely encompassed the upper 20 m of the
water column and along the bottom over the first 100 km. WW was
present below ~ 20 m on the northern and southern sides of Hanna
Shoal and was separated from BSSW in the south by a bottom tem-
perature front. In contrast, the 2012 section consisted of a strong frontal
system associated with MW and BSSW at 140 km, in addition to weaker
MW fronts at 175 km and 200 km. The sections also differ with respect
to the vertical stratification, which in both years was dominated by the
vertical salinity gradient. The stratification in 2012 (and 2013) was
nearly twice as strong as in 2011, with these differences primarily due
to the absence of MW in 2011 and its presence in 2012 (and 2013).

Another notable feature in the 2012 section was the presence, at km
225, of a “lens” of warm (~ 2 °C) water, signified by an upward dis-
tension of the 29 isohaline above the lens and a less prominent,
downward-bowing of the 32 isohaline below. This feature is likely an

anticyclonic, intrapycnocline eddy formed via a baroclinic instability of
the MW/BSSW front. These features are often observed when MW/
BSSW fronts are present and are probably important agents for lateral
mixing (Lu et al., 2015).

The coarse resolution of the CSESP CTD sampling did not permit
adequate horizontal resolution of the MW/BSSW fronts but Acrobat
sections collected in September 2013 along Legs Q and M (Fig. 1b)
resolve the frontal width scale. In both cases, the front was ~ 10 km
wide and located at ~ 71.5°N on Leg Q and 71.2°N on Leg M (Fig. 7a, b,
c, and d). We examined the stability of these fronts using the balanced
Richardson number criterion (Thomas et al., 2016) and found that
portions of the MW/BSSW front (including some sections not presented
here) met the necessary conditions for symmetric instability, whereas
other segments did not. The results are equivocal and, at best, suggest
that there was spatio-temporal variability along the front with respect
to this criterion.

The chlorophyll distributions (Fig. 7e, f) along these sections are
interesting in two regards. First, the densest chlorophyll concentrations
occur in the highly-stratified region north of the front on the 26 σθ
isopycnals at ~ 25 m depth, and below the pycnocline. Second, the
chlorophyll distribution appears very patchy with the patch scales
ranging from ~ 1 to ~ 20 km based upon visual inspection. Nutrient
concentrations, reported by Codispoti et al. (2005), Questel et al.
(2013), and Danielson et al. (2017) indicate that WW bottom waters
have sufficiently high nutrient levels to sustain primary production,
while MW is nutrient deficient. Although high in nutrients upon leaving
Bering Strait, BSSW nutrient levels are depleted by the time these wa-
ters reach the northeastern Chukchi shelf in August and September.
Consequently, neither the absence of chlorophyll in the surface waters
or the sub-surface chlorophyll maxima in the heavily stratified MW/
WW is surprising. There is, however, no indication of chlorophyll
patchiness or of a well-defined sub-surface chlorophyll maximum in the
less-stratified regions south of the front where BSSW overlies WW.

These (and other) Acrobat sections suggest that the surface layer
containing BSSW south of the front is horizontally homogenous in
contrast to the more heterogeneous surface layer north of the front.
Indeed, Fig. 7 suggests that north of the main front, there were weaker
and equally shallow fronts composed solely of meltwater of varying
salinities and temperatures. We quantified these differences by com-
puting the wavenumber spectra of density at 10 m depth (similar to
Timmermans and Winsor, 2012). The spectra were computed north and
south of the front from different acrobat sections (Fig. 1b) but not
across the front. We then integrated the spectra over three different
spatial bands (1–5 km, 5–10 km, and 10–20 km) and compared the
variance in each band. Regionally the baroclinic radius of deformation
is ~ 5 km, so we define the mesoscale portion of the spectrum as having
length scales of> 5 km and the sub-mesoscale range having length
scales< 5 km. The computations were done separately using sections
north and south of the front and the results summarized in Fig. 8. South
of the front, the variance was uniformly low across the entire spectral
range, with typical values being 1–2 kg2 m−6. North of the front, the
variances increase, although not consistently across all the sections. In
general, the variances north of the front were a factor of 2–5 times
greater in these bands than the variances south of the front. Quite
possibly this greater spatial variability includes vertical motions over
similar spatial scales that contribute to the patchiness in the chlorophyll
distributions.

3.3. Hydrography: Hanna Shoal

In this section we examine the temperature and salinity structure
around the Shoal based on CTD sections occupied during the 2012 and
2013 mid-August COMIDA cruises. In both years heavy ice and other
time constraints limited the spatial coverage. We occupied five sections
in 2012 and four sections in 2013 (Fig. 1b), with each section radiating
outward from the Shoal. The 2012 sections included three Sections
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(1–12, 2–12, and 3–12) arrayed from west to east on the northern side
of the Shoal (Fig. 9) where ice concentrations were 60 – 80%, except
along the inner portion of Section 1–12 where concentrations were

~30%. Winds during the 2012 sampling were southerly at ~ 4 m s−1.
Under these conditions the flow over the shelf south of the front was
likely eastward at 5–10 cm s−1, veering northeastward and becoming

Fig. 5. Plan views of temperature (left) and salinity (right) from August and September 2011 based on averages of the upper and bottom 10 m of the water column. The village of
Wainwright is designated with a “W”. Filled circles show CTD station locations. The black line in panel c shows the location of the vertical sections from 2011 and 2102 shown in Fig. 6.
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swifter along the coast (Weingartner et al., 2013) while the surface
currents east of Hanna Shoal were weakly eastward at 2–5 cm s−1

(Weingartner et al., 2017; Fang et al., 2017). Similar sections were
occupied in 2013 (Fig. 10, but note that Section 2–13 differs in location
from Section 2–12, Fig. 1a). Winds during the 2013 sampling were
northeasterly at ~ 4 m s−1, in which currents should also be eastward
south of the front at ~ 5 cm s−1 (Weingartner et al., 2013), but

westward at ~ 5 cm s−1 at the surface east of Hanna Shoal (Fang et al.,
2017). Thus we feel that in both years the sections were sampled sy-
noptically during the occupation of the COMIDA transects. Ice con-
centrations along these sections were similar to those of 2012, except
the concentrations were generally 0–30% along Section 1–13. Fig. 11
shows Sections (4–12, 5–12, and 4–13) on the southern side of the
Shoal, where there was heavy ice along the northern part of each

Fig. 6. Vertical sections of potential temperature (top row) and salinity (bottom row) collected from early to late of September 2011 (a, b) and 2012 (c, d), respectively. The location of
both sections is shown in Fig. 5c. Hanna Shoal is denoted as “HS”. Inverted triangles indicate station locations.

Fig. 7. Vertical sections of potential temperature (a, b), salinity (c, d), and fluorescence expressed as ug-l−1 of chlorophyll a (e, f) in September 2012 along Leg M (left) and Leg Q (right).
The white contours indicate σθ isolines. The arrows at the top of each figure indicate latitude 71.5°N. The locations of these transects are shown in Fig. 1c. The front along Leg M is located
at 71.2°N as indicated.
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section.
Several features are common to all sections. First, below ~ 20 m

depth the water column consists entirely of WW with salinities> 32.5
and temperatures<− 1.6 °C. In 2012, salinities within 10–15 m of the
bottom exceeded 33, with maximum salinities (> 33.4) near the
bottom on Section 1–12 (Fig. 9b). Bottom salinities rarely exceeded 33
in 2013. Second, in general the surface layer consisted of meltwater
with low salinities (< 30) and temperatures between − 0.5 °C and
0.5 °C. Third, along the northern side of the Shoal and proceeding from
west to east, the salinities in the upper 10 m decreased by ~ 2. Fourth,
the 2-layer stratification of the water column was set by a strong ha-
locline centered between 10 and 15 m depth.

There are a number of exceptions to these general features. First,
warmer (1–2 °C), near surface waters were observed south of Hanna
Shoal at the southern end of Sections 4–12, 5–12, and 4–13 (Fig. 11).
Each of these sections extended as far south as ~ 71.5°N, suggesting
that the warm water source was BSSW intruding across the front

(Fig. 4).
Second, warm (>0 °C) surface or near surface waters were found

within the first 35 km of sections 1–12 (Figs. 9a) and 1–13 (Fig. 10a)
along stations nearest to the Shoal. In both cases, the warmest water
was in a subsurface temperature maximum embedded in the pycno-
cline. These warm waters were likely BSSW, albeit modified by melt-
waters, which had flowed northward through the Central Channel and
had begun to flow clockwise around the northern side of the Shoal. This
interpretation is consistent with velocities at moorings HSNW-40 and
-50 in 2012 where the mean flow was ~ 7 cm s−1 toward the east-
northeast during the time that Sections 1–12 to 3–12 were occupied. In
2013, this flow averaged ~ 5 cm s−1 eastward over the time required to
occupy Sections 1–13 to 3–13. (In both years the flow was largely
barotropic insofar as the velocity shears were small; the differences
between the near-surface and near-bottom ADCP bins were ~
3 cm s−1.) However, subsurface temperature maxima were absent
along the sections further east. In 2012 the warmest waters along 2–12

Fig. 8. Histograms of density variance at 10 m depth as a function
of horizontal length scale based on 2013 Acrobat CTD tows col-
lected north of the front (gray stippled bars) and south (black
bars) of the front. The horizontal bars denote the mean density
variance in each band for the gray bars.

Fig. 9. Vertical sections of potential temperature (θ; top) and salinity (S; bottom) along transects 1–12 (a, b), 2–12 (c, d), and 3–12 (e, f) on the northwestern, northern, and northeastern
sides of Hanna Shoal, respectively. Fig. 1 shows transect locations. Hanna Shoal is on the left of each panel.
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Fig. 10. As in Fig. 9 but for transects 1–13 (a, b), 2–13 (c, d), and 3–13 (e, f) on the northwestern, northern, and northeastern sides of Hanna Shoal, respectively. Fig. 1 shows transect
locations. Hanna Shoal is on the left of each panel.

Fig. 11. As in Fig. 9 but for transects 4–12 (a, b), 5–12 (c, d), and 4–13 (e, f). Panels a, b, e, and f are on the southern side of Hanna Shoal, and panels c and d are on the southeastern side.
Fig. 1 shows transect locations. Hanna Shoal is on the left of each panel. Note the temperature scale differs from that of Figs. 9 and 10.

T. Weingartner et al. Deep-Sea Research Part II 144 (2017) 6–20

15



(Fig. 9c) were at the distal end of the section, whereas on 2–13 the
warmest water was adjacent to the Shoal. We argue later that these
warm signals are likely a mixture of the waters from the western and
northeastern sides of the Shoal.

Third, surface waters over the outer parts of sections 3–12 and 3–13
were also warm and fresh, suggesting that these were either meltwaters
that had warmed by solar radiation or were derived from the Alaska
Coastal Current emanating from Barrow Canyon. Corlett and Pickart
(2017) reported the presence of coastal waters flowing westward in the
Chukchi Slope Current. Here we show that the coastal waters can, at
least occasionally, be transported from the Chukchi Slope Current onto
the shelf northeast of Hanna Shoal and thence continue westward on
the shelf and/or southward over the Shoal. Fig. 12 shows the sea sur-
face temperature (SST) color-coded trajectories for 6 of the 13 total
drifters between 12 August 2012 (when they were deployed in the
Alaskan Coastal Current near Icy Cape) and 30 September, along with
the winds for the same time period. Upon deployment, the winds were
southerly and the drifters moved rapidly through Barrow Canyon. At
the mouth of the canyon, all but one eventually moved westward in the
slope current. Six of the drifters (those shown in Fig. 12) crossed back
onto the shelf northeast of Hanna Shoal after the winds became
northeasterly on ~ 31 August, while the remaining six continued
westward along the slope. SSTs decreased from ~ 10 °C at deployment
to 2–3 °C by mid-September on the shelf north and east of Hanna Shoal.
For those drifters that continued farther south, the SST decreased to
~<0 °C by month’s end. The cooling was most likely due to mixing
between the coastal water and MW along the drifter path and, begin-
ning mid-September, due to heat loss to the atmosphere.

The final noteworthy difference among the COMIDA CTD sections is
that the slopes of the subsurface isopycnals differ around the Shoal. On

the south side of the Shoal the isopycnal slopes were nearly flat in-
dicating very little baroclinicity. On the north side and below the
pycnocline, the isopycnals on sections 1–12, 3–12, 1–13, 2–13, and
3–13 slope downward away from the Shoal. The largest slopes were
below the pycnocline along sections 3–12 and 3–13, both on the
northeast side of Hanna Shoal. As shown below these slopes imply a
baroclinic velocity field that likely plays an important role in the cir-
culation north of Hanna Shoal.

3.4. The north side of Hanna Shoal

In this section we seek to understand the source of the warm surface
waters on the north side of the Shoal, specifically along sections 2–12
and 2–13. Recall that these waters are cooler than those on either the
northwest or northeast sides of the Shoal. We first consider the possi-
bility that these waters simply resulted from the cooling of warm waters
from the Central Channel flowing around the northwest side of the
Shoal across sections 1–12 and 1–13. We examine this possibility by
computing the horizontal heat flux divergence of the warm water band
over the upper 15 m and over a horizontal width of 30 km (essentially
the width of the warm water flowing from the Central Channel) and
assume only vertical heat exchanges occur, to either the ice or to the
water column below 15 m. The calculation uses the velocity averages
given previously and also assumes the warm water at the outer end of
Section 2–12 entirely captured the remnants of the warm waters
flowing through Section 1–12. In 2012, the heat flux calculations imply
a heat loss to the ice of ~ 20 W m−2, for an ice melt rate of
0.6 cm day−1. The advective time scale between sections 1–12 and
2–12 is ~ 10 days, which would result in the addition of 6 cm of
meltwater to the upper 15 m. Assuming a sea ice salinity of 5; this
meltwater flux would reduce the salinity by 0.1 between the two sec-
tions, which is far less than the observed salinity decrease of ~ 0.8.
Moreover, the additional ice melt influx required to satisfy the salinity
change implies an atmospheric heating rate of ~ 185 W m−2. For a
surface ice albedo of 0.6, the required solar radiative influx amounts to
~ 300 W m−2. These values seem unrealistically high even in the ab-
sence of the dense fog present in the area at the time. For example, on a
monthly basis, Maykut (1986) estimates that the net radiation balance
in mid-summer is ~ 100 W m−2. The same calculation for the 2013
data yields a similar conclusion, e.g., the solar radiative influx is much
greater than feasible. We conclude the salinity imbalance implies an
advective contribution of meltwater from elsewhere, most likely from
the northeast side of the Shoal.

There are two lines of evidence to support this contention. The first
follows from the θ/S diagrams compiled from Sections 1, 2 and 3 from
each year (Fig. 13) over the upper 30 m of the water column. Included
in this figure are the average θ/S values in the upper 15 m encom-
passing the warm waters along each section. Clearly the surface water
properties along Section 2–12 could be obtained by cooling and mixing
of the surface waters from the eastern and western sides of the Shoal. In
2013, the warm band along Section 2–13 was ~ 0.3 °C cooler than that
on the northeast side of the Shoal, and the salinities were identical at ~
28.7. In contrast the salinity on the northwest side of the Shoal was, at
~ 30.8, much greater.

The second line of evidence follows from the baroclinic geostrophic
tendencies along sections 3–12, 2–13, and 3–13 (Fig. 14). (Baroclinicity
along Section 2–12 is weak and variable and, thus, not shown). In 2012,
the baroclinic tendency was northwestward along Section 3–12, and,
over the outer half of the section, averaged ~ 5 cm s−1 in the upper
20 m. Along the 40 m isobath, the tendency was southeastward at ~
5 cm s−1. These values are in good agreement with currents measured
by the moorings deployed during occupation of the section. During the
first three days after deployment, the currents in the upper 20 m were
west-northwest currents at 6 and 13 cm s−1 over the 50 and 56 m
isobaths, respectively. There was similar agreement between the com-
puted and measured velocity shears as well. The velocity difference

Fig. 12. The trajectories of 6 satellite-tracked drifters (1-m drogue depth) deployed off-
shore of Icy Cape on 12 August 2012. One of the trajectories is color-coded according to
measured SST. The various symbols along each trajectory are at 7-day intervals with the
dates given on the wind vector time series (bottom plot). The 20, 40, 50, 100 and 1000 m
isobaths are labelled. Green triangles signify the deployment position and red stars the
last good transmission from each drifter. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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over the 25 m between 20 and 45 m depth at the two moorings were ~
10 cm s−1 compared to ~ 6 cm s−1 based on the thermal wind esti-
mates. The mooring deployed on the 40 m isobath recorded 3 cm s−1

toward the west-southwest.
In 2013, the geostrophic computations yielded results similar to

those of 2012 between the 40 and 60 m isobaths. The calculations also
indicate that the baroclinic tendency increased to ~ 10 cm s−1 over the
deeper part of the section. The moored measurements averaged over
the upper 25 m of the water column during the transit of this section in
2013 section were ~ 5 cm s−1 to the southwest over the 40 m isobath
and ~ 10 cm s−1 northwestward on the 50 m isobath (the ADCP
moored on the 56 m isobath died a month earlier). The baroclinic
contribution was weaker along Section 2–13 (north of Hanna Shoal)
although still westward. In summary our results suggest that there was
zonal convergence, at least along the 50 m isobath and over the upper
portion of the water column, north of Hanna Shoal in August of both
2012 and 2013.

4. Discussion

Our analyses clearly highlight the importance of sea ice, meltwaters,
and dense water to the hydrographic structure of the northeastern

Chukchi Sea, particularly in the Hanna Shoal region. Meltwater was
absent in 2011, consistent with early ice retreat and the absence of ice
over the Shoal in August. The heavy and persistent ice concentrations
over Hanna Shoal in 2012 and 2013 resulted in a ~ 15 m thick cap of
dilute meltwater sitting above much denser winter water over most of
the shelf north of ~ 71.5°N. As a consequence the shelf stratification
was substantially greater in 2012 and 2013 than in 2011. A front ex-
tending from the southwest side of Hanna Shoal (along ~ 71.5°N)
eastward to Barrow Canyon separated the meltwater region from BSSW
to the south. The meltwater pool north of the front supported sub-
stantially more mesoscale and sub-mesoscale surface layer density
variations than the waters south of the front. In the absence of melt-
water in 2011, we presume that surface density variability was com-
paratively small during that summer.

We suggest that the enhanced variability in the meltwater region in
2012 and 2013 may be a result of two distinct causes. The first is due to
instability of the MW/BSSW front (Lu et al., 2015), which is expected to
enhance the variance at the longer length scales and subsequently,
through forward cascade (McWilliams, 2008), to smaller length scales.
The second may arise as a consequence of the ice floe size distribution,
which changes seasonally. Winter floes tend to be large and con-
solidated, whereas in summer, floe consolidation decreases, and floe

Fig. 13. Scatterplots of potential temperature versus salinity over the upper 30 m of the water column for Sections 1, 2, and 3 in 2012 (left) and 2013 (right). Only stations along the first
65 km of the transect are included. Note the scales change between 2012 and 2013. The black slanted line denotes the freezing point curve. The larger symbols outlined in yellow depict
the mean values along each section in the upper 15 m. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. Baroclinic, geostrophic velocity field for transects a) 3–12, b) 2–13, and c) 3–13. The corresponding temperature and salinity sections are shown in Figs. 9e, f; 10b, d; and 10 e, f,
respectively. Positive velocities are north-northwestward and negative values are south-southeastward.
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areas and thicknesses span a broader range (Perovich and Jones, 2014).
Spatial heterogeneity in the ice thickness distribution implies variations
on similar spatial scales in the ice-ocean drag and melt rates. In August
of 2012 and 2013, Hanna Shoal was covered by consolidated and
grounded ice spanning 10 s of km2, as well as regions containing
smaller, unconsolidated floes interspersed with leads. The buoyant
meltwater plumes formed should vary in size accordingly, thus con-
tribute to the surface density variance wavenumber spectrum. Different
plume sizes are subject to different dynamical constraints; those within
the mesoscale range are subject to rotation while ageostrophic dy-
namics are important over the sub-mesoscale portion of the spectrum
(Yankovsky and Yashayaev, 2014).

What caused the differences in Hanna Shoal summer ice conditions
across the 2011 – 2013 period? While we cannot provide a definitive
answer, we offer several possibilities. First we note that the northward
heat transport through Bering Strait was substantially greater in 2011
than in 2012 and 2013 (Woodgate et al., 2012, 2015), which suggests
that the ocean heat flux to the ice was greater in 2011. Indeed, the 2011
heat flux through Bering Strait was as large as that in 2007, when ice
retreat across the Chukchi Sea shelf was also unusually early (Woodgate
et al., 2010). Persistent northeasterly winds observed in summer 2011
favors the westward drift of ice (Spall, 2007). These winds would also
force a westward drift (Pisareva et al., 2015) of newly exposed surface
waters heated by solar radiation and an ever-increasing fetch over
which waves would be generated. Both factors would enhance ice-edge
retreat. We have also examined solar radiation differences amongst
these summers and find that this variable alone cannot account for the
differences among years. For example, NARR incoming solar radiation
estimates from Bering Strait and the southern and northeastern Chukchi
shelf indicate that the mean daily June and July values in 2012 ex-
ceeded that of the other years by ~ 40 W m−2, and yet ice concentra-
tions were quite high that summer.

While northeasterly winds in the early part of summer 2011 may
have played a role in ice retreat, the heavy ice concentrations over
Hanna Shoal in 2012 and 2013 do not appear to be related to the
August winds. In August 2012, mean winds were southerly at 1 m s−1,
whereas in 2013, the mean August winds were northeasterly at 2 m s−1

(Fig. 2c–f). Additionally ice conditions on Hanna Shoal do not corre-
spond to ice concentrations in the Arctic basin. According to the NIC,
the heavy ice concentrations in summer 2012 occurred when the arctic-
wide sea ice extent was the third lowest over the 1979–2013 period,
with only the summers of 2007 and 2011 having lower ice concentra-
tions. Indeed, in 2012, the entire Beaufort Sea shelf and slope were ice-
free while Hanna Shoal was covered by thick ice at high concentrations.

Another factor affecting Hanna Shoal summer ice conditions may be
processes that occurred the previous winter. In both August 2012 and
2013 thick ice was grounded atop Hanna Shoal. According to A.
Mahoney [pers. comm.], grounding was evident over Hanna Shoal in
late winter of both years. Eicken and Mahoney (2015) maintain that the
source of this grounded ice is westward-drifting, heavily deformed ice
from the eastern Beaufort and/or from a heavily-ridged ice arch that
often protrudes north of Pt. Barrow. Ice keels must be ~ 20 m in order
to ground on the shallower portions of the Shoal. Sufficiently thick and
deformed ice does not typically occur in the Beaufort Sea until January,
at the earliest [H. Eicken, per. comm.]. Once firmly grounded ice is
established over Hanna Shoal, additional ice, even if thin, may collide
and adhere on the windward side of the grounding zone. In this sce-
nario the initial grounding subsequently promotes consolidation and
additional ice deformation, which leads to heavy concentrations of
thick ice that persist through summer.

There is indirect support for this hypothesis based on the mean
January through April winds and ice drift derived from moored ADCP
and IPS data (Fig. 15). Fig. 15b, d, and f show the mean winds and sea
level pressure over the northern Bering and Chukchi Seas from January
through April of 2011, 2012, and 2013. In 2011, the mean winds were
weak (< 1 m s−1) and southerly. In contrast, the mean winds in 2012

were north-northeasterly at 2–3 m s−1, and in 2013 they were north-
easterly at 3–5 m s−1. These differences are reflected in the mean
monthly ice velocity and variance ellipses for January through April of
each year (Fig. 15a, c, and e). In the winter of 2011, the ice drift was
northeastward in accordance with mean currents in these areas
(Weingartner et al., 2005). Although the drift east and north of Hanna
Shoal may have been different, the mean winds were clearly unfavor-
able for ice advection from the Beaufort Sea. In contrast the ice drift in
the winter of 2012 was southwesterly at ~ 5 cm s−1 at all sites and in
2013 the drift was westerly at ~ 5–10 cm s−1. Although the interannual
differences in drifts corroborate this hypothesis, the results based on the
mean keel depths using only the upper 25% of the ice keel distributions
are less supportive. In each year the largest of these means occurred in
March and April and there was generally little spatial variability
amongst sites. In 2011 and 2013 the values were 14.5 m and in 2012
they were 21 m. On this basis, it appears that 2012 was more favorable
for ice grounding on the Shoal than in the other years.

Our measurements indicate that in all three years the densest winter
water surrounded the Shoal. The source of this dense water is somewhat
uncertain, however. One conceivable source is local formation over the
Shoal during the preceding winter, as polynyas can form in the lee of
grounded ice (Mahoney et al., 2012). Alternatively, brine repulsion
from leads over the shallow Shoal would enhance local dense water
formation. Under either circumstance, the dense water would be
trapped to the Shoal and, in the absence of additional forcing, circulate
anticyclonically around the Shoal (Spall, 2013). However, the summer
synoptic shipboard measurements of Pickart et al. (2016) and the an-
nually averaged measurements from moorings in 2011 (Weingartner
et al., 2017) along the south side of the Shoal suggest a mean flow of ~
2 cm s−1 to the southeast, which would transport the dense water to-
ward Barrow Canyon. On the northwest side of the Shoal, the mean
annual flow is northeastward at ~ 5 cm s−1 (unpublished data). Al-
though the vertically-averaged flow on the northeast side of the Shoal is
not significantly different from zero (Weingartner et al., 2017), the
mean bottom flow is southward at ~ 2 cm s−1 (unpublished data) The
smaller of these values implies an advective time scale of 75 days for
the movement of bottom waters from the west to the east side of the
Shoal. If all of this dense water resulted solely from local ice formation
processes, this time scale implies that the dense water surrounding the
Shoal should have been absent by August assuming freezing ends in
mid-May as suggested by climatology (Maykut, 1986). The presence of
dense water well into September suggests another advective source that
transports dense waters toward the Shoal from either the Central
Channel and/or Herald Valley (Pickart et al., 2010). Regardless of the
source, there were considerable interannual differences in dense water
salinities with the saltiest (~ 33) water observed in 2012 and the least
salty (~ 32.5) in 2011. These differences may affect the vertical stra-
tification in the following summer and perhaps the strength of the
baroclinic flow on the northeast side of the Shoal.

5. Conclusion

Hydrographic data from the northeastern Chukchi shelf collected in
August and September of 2011–2013 showed large interannual varia-
tions in the hydrographic properties surrounding Hanna Shoal. These
differences primarily relate to the salinities of the bottom waters and to
the presence or absence of surface meltwaters. The latter is tied to
processes that govern summer ice retreat and, as hypothesized here, to
the previous winter’s history of ice advection, which may control
grounding on the Shoal. We also found a northwestward baroclinic flow
on the northeast side of the Shoal, which opposed the model-predicted
clockwise barotropic motion around the northwest side of the Shoal.
These opposing flow tendencies suggest zonal flow convergence on the
north side of the Shoal, which implies that the vertically-integrated
meridional pressure gradient must vanish or otherwise adjust to these
opposing tendencies. If convergence is a persistent feature of the
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circulation here then the region north of Hanna Shoal may be a site of
enhanced cross-shelf transport.
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