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ABSTRACT

Recent measurements and modeling indicate that roughly half of the Pacific-origin water exiting the

Chukchi Sea shelf through Barrow Canyon forms a westward-flowing current known as the Chukchi Slope

Current (CSC), yet the trajectory and fate of this current is presently unknown. In this study, through the

combined use of shipboard velocity data and information from five profiling floats deployed as quasi-

Lagrangian particles, we delve further into the trajectory and the fate of the CSC. During the period of

observation, from early September to early October 2018, the CSC progressed far to the north into the

Chukchi Borderland. The northward excursion is believed to result from the current negotiating Hanna

Canyon on the Chukchi slope, consistent with potential vorticity dynamics. The volume transport of the CSC,

calculated using a set of shipboard transects, decreased from approximately 2 Sv (1 Sv [ 106m3 s21) to near

zero over a period of 4 days. This variation can be explained by a concomitant change in the wind stress

curl over the Chukchi shelf from positive to negative. After turning northward, the CSC was disrupted

and four of the five floats veered offshore, with one of the floats permanently leaving the current. It is

hypothesized that the observed disruption was due to an anticyclonic eddy interacting with the CSC,

which has been observed previously. These results demonstrate that, at times, the CSC can get entrained

into the Beaufort Gyre.

1. Introduction

Pacific waters enter the westernArctic Ocean through

Bering Strait, supplying nutrients, carbon, heat, and

freshwater (Lowry et al. 2015) to the Chukchi Sea and

ultimately the interior basin. It is now well established

that these waters progress through the Chukchi Sea via

three main pathways: a western branch flowing into

Herald Canyon, a central branch flowing between

Herald and Hanna Shoals, and an eastern branch sit-

uated adjacent to the Alaskan coast that feeds Barrow

Canyon (Weingartner et al. 2005) (Fig. 1). Some por-

tion of the western and central branches are believed to

turn east before entering the Canada Basin, augment-

ing the flow through and out of Barrow Canyon (Gong

and Pickart 2015; Pickart et al. 2016).

Different seasonal water masses are found in the

Chukchi Sea. In winter and early spring much of the

shelf contains newly ventilated winter water (WW) near

the freezing point (Pickart et al. 2016; Pacini et al. 2019).

This water is subsequently warmed via mixing and solar

heating, becoming what is known as remnant winter

water (RWW) (Gong and Pickart 2015). Later in the

summer season two types of water enter the Chukchi

Sea from the south. The warmest of these is Alaskan

Coastal Water (ACW), which originates from runoff

into the Gulf of Alaska and flows northward in the

Alaskan Coastal Current (ACC) (Paquette and Bourke

1974). The second summer water mass is Bering Summer

Water (BSW), which is a mixture of Anadyr Water and

central Bering Shelf Water (Coachman et al. 1975).

Finally, a combination of sea ice meltwater and river

runoff (referred to as MWR) provides freshwater to the

surface layer. How and where these water masses exit theCorresponding author: Samuel Boury, samuel.boury@ens-lyon.fr
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Chukchi Sea into the Canada Basin is a subject of

ongoing study.

Recent attention has been placed on Barrow Canyon

and the fate of the water draining through the canyon.

Originally it was thought that most of the water turned

eastward, forming the Beaufort shelfbreak jet (Pickart

2004). Mooring data from the shelfbreak jet, however,

revealed that the volume flux of the jet is substantially less

than the transport through Bering Strait (Nikolopoulos

et al. 2009). This discrepancy has been reconciled with the

recent discovery of the Chukchi Slope Current (CSC).

Using shipboard acoustic Doppler current profiler

(ADCP) data from 46 transects collected between 2002

and 2014, Corlett and Pickart (2017) provided evidence

of awestward-flowing current over the continental slope of

theChukchi Sea transporting 0.50Sv (1Sv[ 106m3 s21) of

PacificWater. They demonstrated that the CSC closes the

mass budget of the Chukchi shelf inflows and outflows.

The hydrographic data revealed that, during the summer

and early fall, the CSC advects mainly RWW. However,

the relative presence of the different Pacific water masses

in the current varies from month to month.

The year-round presence of the CSC was recently

confirmed by Li et al. (2019) using data from a mooring

array deployed 100km to the west of Barrow Canyon

from 2013 to 2014. Li et al. (2019) calculated a mean

Pacific Water transport of 0.57 Sv, in line with the ship-

board estimate from Corlett and Pickart (2017). The

seasonality and mesoscale spatial and temporal vari-

ability of the CSC was also investigated by Li et al.

(2019). They determined that the current is surface in-

tensified in summer and fall with a larger transport, and

middepth intensified in winter and spring, as it moves

shoreward, with a smaller transport. On shorter time

scales the CSC was found to vary in concert with the

Chukchi shelfbreak jet, which is located farther inshore

and typically flows eastward. The dominant mode of

variability was associated with two ‘‘extreme states,’’

one in which the CSC is strong and the shelfbreak jet is

reversed (flowing to the west), and the other in which the

CSC is weak and the shelfbreak jet flows strongly to

the east. Using reanalysis wind data and a simple model,

Li et al. (2019) demonstrated that these two states are

dictated by the wind stress curl over the Chukchi shelf.

In the first state, the wind stress curl over the shelf is

positive, which leads to a drop in sea surface height on

the shelf; this in turn drives westward flow at the edge of

the shelf via geostrophic set up. In the second extreme

FIG. 1. Schematic representation of the general circulation in the Chukchi Sea, adapted from Corlett and Pickart

(2017). The ultimate destination of the SlopeCurrent is currently unknown, hence the reason for the questionmark.

The dashed yellow rectangle shows the location of the ADCP measurements shown in Fig. 2.
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state the curl is negative, and the associated increase in

sea surface height on the shelf intensifies the shelfbreak

jet and weakens the CSC.

While both Corlett and Pickart (2017) and Li et al.

(2019) argued that the CSC emanates from Barrow

Canyon, they did not have direct evidence of this.

However, surface drifter data suggest that this is the case

(Stabeno et al. 2018). In addition, results from two re-

cent model studies support the notion that the current

forms from the outflow from the canyon. First, Spall

et al. (2018) demonstrated that the majority of the vol-

ume flux leaving the Chukchi shelf occurs in Barrow

Canyon via nonlinear advection. This outflow subse-

quently divides, with a portion forming the eastward-

flowing Beaufort shelfbreak jet and the majority of it

forming the westward-flowing CSC. Themodel CSCwas

found to transport around 0.5 Sv, consistent with in situ

measurements (Corlett and Pickart 2017; Li et al. 2019).

This result is in contrast to the off-shelf subduction

mechanism proposed by Timmermans et al. (2017).

Second, the model results of Watanabe et al. (2017) also

showed evidence of the CSC, which was responsible

for a plume of Pacific Water extending along the slope

toward the Northwind Ridge.

The observational study of Corlett and Pickart (2017)

revealed a second region of westward flow at the sea-

ward edge of their mean transect across the Chukchi

slope, which they interpreted to be the southern edge of

the BeaufortGyre. Themodel study of Spall et al. (2018)

showed a similar distinction between the CSC and the

gyre. This interpretation was supported by different

model runs that isolated the two circulation features. At

this point, however, it is unclear what the fate of the CSC

is and how the water masses within the current are

modified upon leaving the shelf. Does the CSC remain a

distinct feature on the continental slope? The surface

drifter results of Stabeno et al. (2018) suggest that this

may be the case. Does the CSC ultimately get entrained

in the Beaufort Gyre?What is the fate of the heat carried

by the current? These questions motivate further inves-

tigation of the current and its downstream evolution.

In this paper we present the results of a study of the

CSC using five profiling floats configured to be quasi-

Lagrangian particles following the current. This is the

first observational effort to address the fate of the

PacificWater as it advects westward away from Barrow

Canyon. Section 2 describes the data sources and

methods used, namely, the shipboard velocity and hy-

drographic data in addition to the array of profiling

floats. In section 3 we first describe the basic state of the

CSC as it was observed in September 2018, mapping

the current and its properties along the western part of

the Chukchi shelfbreak to the Northwind Ridge. This is

followed by an analysis of the profiling float data

showing the course of the current, including two in-

stances in which the CSC was abruptly altered. Our

conclusions are drawn in section 4.

2. Data sources and methods

The in situ data presented in this study were col-

lected during the Stratified Ocean Dynamics of the

Arctic (SODA) cruise on the R/V Sikuliaq from 1 to

30 September 2018 (SKQ201819S). Additional data

from the HLY1801 cruise on the USCGC Healy from

4 to 24 August 2018 are included.

a. Shipboard ADCP

Shipboard ADCP measurements of the current

were obtained for nine transects across the Chukchi

shelfbreak/slope during SKQ201819S. The data were

acquired using theUniversity ofHawaii DataAcquisition

System (UHDAS) and processed using the Common

Ocean Data Access System (CODAS). We use the data

from the 300-kHz instrument, sampling at 1.1Hz, which

had reliable coverage in the upper 80m of the water

column. The accuracy is estimated to be 62 cms21. An

additional ADCP transect across the shelfbreak/slope

was obtained from HLY1801, using a 150-kHz instru-

ment. The reader is referred to Lin et al. (2019) for in-

formation regarding the collection and processing of

those data. Bathymetry along the transects was obtained

by the echosounders on the two vessels.

b. ALTO floats

Five ALTO floats from MRV systems were deployed

on 6 September while occupying a transect across the

CSC. The deployment details are presented in Table 1.

TABLE 1. ALTO float deployment information.

Name Float ID Latitude (N) Longitude (W) Release time Ocean depth

A 11012 73812.9710 159844.2810 0136 UTC 6 Sep 1001m

B 11014 73811.7100 159848.9810 0155 UTC 6 Sep 482m

C 11015 73810.3650 159853.4310 0214 UTC 6 Sep 386m

D 11016 73809.0910 159857.7800 0232 UTC 6 Sep 338m

E 11018 73807.8080 160802.4550 0241 UTC 6 Sep 293m
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All of the floats were equipped with Sea-Bird Electronics

(SBE 41) conductivity–temperature–depth (CTD) sen-

sors, providing hydrographic profiles throughout their

rise and fall. ALTO sensor accuracies are 60.0028C for

temperature, 60.01 psu for corrected salinity, and

62.4dbar for pressure. Their records were transmitted

with UTC time and position via Iridium satellite. The

floats were configured to profile down and up to depths of

80–100m in order to stay in the core of the surface-

intensified CSC. Each profile took roughly 2h to com-

plete, of which 1hwas spent at the surface for operational

reasons, 25min was spent on descent and ascent, and

approximately 10min was spent at the deepest descent

depth. It took a few profiles to achieve the target depth of

around 80m, with the initial dives being as deep as 250m,

then closing in on the desired maximum depth over a few

(3–5) profiles. The deployment of the floats was con-

ducted in two steps. First, a transect across the current

was carried out by the ship starting from the 100m iso-

bath and extending to the 2500-m isobath. This provided

information on the lateral and vertical structure of the

CSC. Based on this information, the floats were then

deployed across the current on a return transect a few

hours later (transect 4 in Fig. 2).

The ALTO floats were thus used in a novel way, as

quasi-Lagrangian particles in the current. Since the

current is surface-intensified at this time of year, it is

expected that they would reasonably follow the current

in spite of their up and down motion. As a result, local

temperature and salinity measurements were transmit-

ted as a function of depth at different positions of the

current, and the different profiles across the current are

expected to be correlated.

c. Fast CTD

The Scripps Institution of Oceanography Fast CTD

(FCTD; see, e.g., Pinkel et al. 2012) was deployed to

collect high-resolution conductivity and temperature

measurements along several transects. The FCTD pro-

files at 5m s21 up and down from the end of a 32-ft-long

boom deployed from the starboard quarter. A Sea-Bird

Electronics (SBE 39) CTD sensor on a streamlined drop

body samples at 16Hz with an accuracy of 60.0028C
for temperature, 60.0003 Sm21 for conductivity, and

61m for depth. At a typical steaming speed of 3–4 kt

(1 kt ’ 0.51ms21), profiles down to 300-m depth were

spaced 400m along the ship motion direction.

d. Ancillary data

To assess the impact of wind forcing on the CSC

during our study period, we use the European Center

for Medium-Range Weather Forecasts (ECMWF)

FIG. 2. Overview of the southwest portion of the Canada Basin. The orange line segments

show the shipboard transects. The arrows represent the depth-averaged flow over the upper

80m, colored from blue to red depending on whether the flow is heading west (blue, associated

with the CSC) or east (red, associated with the shelfbreak jet). The different currents in the

region are the shelfbreak jet, the Chukchi Slope Current, and the southern edge of the Beaufort

Gyre. Transects fromupstream todownstream (in the sense of theCSC) are numbered from0 to

8. The green circles indicate the estimated limits of the CSC for the different transects (see text).
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ERA-Interim reanalysis 10-m wind product (Berrisford

et al. 2009; Dee et al. 2011). The horizontal resolution is

0.758 3 0.758, and the temporal resolution is 6h. These

data were used to compute 6-hourly maps of the wind

stress curl.

We also use the daily gridded surface geostrophic

velocity data for the domain encompassing the float

trajectories, provided by Copernicus Marine and

Environment Monitoring Service (CMEMS; http://

marine.copernicus.eu/). This product is gridded from

multiple altimeter missions, which are all homoge-

nized to the reference mission Jason-2. The hori-

zontal resolution is 0.258.
Information is used from two previous field programs

that addressed aspects of the CSC. The first is the year-

long mooring array mentioned in the introduction (see

Li et al. 2019). This consisted of five moorings deployed

from October 2013 to September 2014, spanning the

outer shelf to upper slope near 1578W. This provided

a year-long view of both the CSC and the Chukchi

Shelfbreak Jet. A description of the array, including

the instrumentation, data processing, and accuracy of

the measurements, can be found in Li et al. (2019). The

second field program was carried out in September 2002

aboard the Healy. It included a shipboard survey of a

middepth anticyclone of PacificWW that was embedded

on the seaward side of the CSC. The eddy was first

identified using expendable bathythermographs (XBTs),

then it was mapped at high-resolution using expend-

able CTDs. The survey took roughly a day to com-

plete and included shipboard ADCP measurements,

thus providing a three-dimensional view of the eddy

interacting with the CSC. The reader is referred to

Scott et al. (2019) for details.

3. Results

a. Vertical transects

During the two cruises, nine transects were occupied

across the continental slope of the Chukchi Sea, pro-

viding the opportunity to map the CSC (Fig. 2). Eight of

the transects were done on SKQ201819S, which are

numbered 1 to 8 progressing downstream, with transect

4+ corresponding to a repeat of transect 4 during which

the ALTO floats were deployed. Transect 0 was occu-

pied on HLY1801 roughly two weeks before the first

SKQ201819S section. Information regarding the tran-

sects is presented in Table 2. The chronological order of

the SKQ201819S sections is as follows: 6, 8, 7, 5, 4 and 4+

(i.e., back and forth), 3, 2, and 1.

Figure 2 displays the velocity vectors averaged over

the top 80m, where the flow directed away from Barrow

Canyon is colored blue, and the flow directed toward the

canyon is colored red. The latter condition occurs on the

shoreward ends of sections 1, 2, 3, 4, and 6. All of these

sections extend onto the outer shelf, indicating that the

eastward flow is associated with the Chukchi shelfbreak

jet. Farther offshore the flow is consistently directed

away from the canyon, associated with the CSC. The

vertical sections of cross-track velocity from the ship-

board ADCP confirm this interpretation. A typical ex-

ample is shown in Fig. 3, showing the vertical section

of cross-track velocity for transect 4+. It reveals the

bottom-intensified eastward flow of the shelfbreak jet,

TABLE 2. Records of the different transects. Transect 4+ corresponds to the ALTO deployments.

Transect Cruise FCTD Time End points

0 HLY1801 No 0575 UTC 19 Aug (72.848N, 157.18W)

to 1412 UTC 19 Aug (72.348N, 158.28W)

1 SKQ201819S Yes 1530 UTC 7 Sep (72.868N, 158.18W)

to 0000 UTC 8 Sep (72.468N, 158.88W)

2 SKQ201819S Yes 2250 UTC 6 Sep (73.128N, 169.28W)

to 0824 UTC 7 Sep (72.618N, 159.98W)

3 SKQ201819S Yes 1230 UTC 6 Sep (72.898N, 161.08W)

to 2233 UTC 6 Sep (73.128N, 159.28W)

4 SKQ201819S No 1716 UTC 5 Sep (72.998N, 160.68W)

to 1955 UTC 5 Sep (73.528N, 158.68W)

4+ SKQ201819S No 2219 UTC 5 Sep (73.528N, 158.68W)

to 1230 UTC 4 Sep (72.898N, 161.08W)

5 SKQ201819S No 0936 UTC 5 Sep (73.548N, 159.98W)

to 1648 UTC 5 Sep (72.998N, 160.68W)

6 SKQ201819S No 0000 UTC 4 Sep (72.958N, 161.68W)

to 1312 UTC 4 Sep (73.968N, 160.18W)

7 SKQ201819S No 2316 UTC 4 Sep (73.558N, 162.48W)

to 0936 UTC 5 Sep (73.548N, 159.98W)

8 SKQ201819S No 1912 UTC 4 Sep (73.968N, 160.18W)

to 2316 UTC 4 Sep (73.558N, 162.48W)
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and, offshore of this, the surface-intensified westward

flow of the CSC. This is the cannonical situation for this

time of year, as demonstrated by previous shipboard

measurements (Corlett and Pickart 2017) and mooring

data (Li et al. 2019).

Toquantify the transport of theCSC in the SKQ201819S

transects, we implemented the following objective

approach (the HLY1801 section was not considered

since it was nonsynoptic with the rest of the dataset).

Using the ADCP data in the top 20m (since the CSC is

surface intensified in this season), we identified the

core of the CSC and took the width of the current to be

where the velocity dropped to 20% of the peak value.

We have marked the lateral boundaries of the CSC

based on this criterion, in Fig. 2 with green circles, and

in Fig. 3 using dashed lines. The westward flow off-

shore of the CSC is likely the southern edge of the

Beaufort Gyre (see Corlett and Pickart 2017; Spall

et al. 2018). On two of the nine transects the 20%

condition was not met on the seaward side of the CSC

(i.e., the flow remained fairly strong until the edge of

the section). In these two instances (sections 2 and 3)

the edge of the CSC was taken to be the offshore end

of the transect.

The along-slope volume flux of the CSC for the nth

transect is given by

F(n) 5

ðxR
xL

ðz580m

z50m

u
(n)
c,? dx dz, (1)

where u
(n)
c,? is the CSC velocity orthogonal to the con-

sidered transect, and xL and xR the left and right

bounds of the CSC as previously defined. The inte-

gration area is therefore delimited horizontally by the

bounds marked on Fig. 2 for each transect, and ver-

tically from the surface to 80m. Each of the ADCP

sections was extrapolated to the sea surface using an

objective Laplacian–Spline scheme (e.g., Pickart and

Smethie 1998). The CSC of course extends deeper

than 80m (see Corlett and Pickart 2017; Li et al. 2019),

but we are limited here by the range of the 300-kHz

ADCP. To account for this we used the data from

the year-long array of five moorings described in

section 2d, which was located 25 km to the east of

transect 0. These data indicate that, for the month

of September, integrating to 80m accounts for 72% of

the CSC transport. As such, we scaled-up our esti-

mates by a factor of 1/0.72 5 1.39. The resulting CSC

transports for the SKQ201819S transects are given in

Table 3 and shown in Fig. 4 (top). The measured

volume flux systematically decreased from 1.95 Sv

(transect 6) to 0 (transect 1) over the course of the

experiment with an average value of 1.036 0.20 Sv for

the 9 transects. The mean is substantially larger than

the year-long mean value reported by Li et al. (2019)

(0.57 Sv) and the summertime mean value given by

Corlett and Pickart (2017) (0.50 Sv). The latter of

these two values, however, represents the Pacific

Water component of the current, that is, excluding the

FIG. 3. Vertical section of cross-track velocity for transect 4+. Positive velocity is north-

westward (away from Barrow Canyon). The dashed lines indicate the lateral bounds of the

Chukchi Slope Current, determined using the procedure described in the text. The labels

denote the Chukchi Slope Current (CSC) and Chukchi shelfbreak jet (SBJ). The letters on

top, from A through E, indicate the float deployment locations.

TABLE 3. Volume transport for the different transects.

Transect

Volume

transport (Sv)

Laterally integrated surface

geostrophic velocity (3 104m2 s21)

1 1.947 1.651

2 1.683 1.152

3 1.022 0.978

4 1.336 0.945

4+ 1.003 0.687

5 1.259 0.833

6 0.508 0.362

7 0.496 0.351

8 0.009 0.027
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meltwater and riverine contributions that are mainly

present in the upper layer. While we have no way of

extracting the Pacific Water contribution, we note

that the full transport of the CSC for the month of

September 2014 reported by Li et al. (2019) was

0.99 Sv, which is in line with the mean value reported

here for the September 2018 survey.

Why is there such a large range of transport values in

the SKQ201819S dataset? We argue that this is due to

the variable wind forcing during the survey. As noted

in the introduction, Li et al. (2019) demonstrated that

the strength of the CSC is strongly modulated by the

wind stress curl on the Chukchi shelf via geostrophic set

up. When the wind stress curl is positive, the corre-

sponding drop in sea surface height (leading to a sea

surface gradient across the Chukchi slope) results in a

stronger CSC. When the wind stress curl is negative on

the shelf the opposite happens and the CSC weakens

or reverses. To assess this effect in our dataset, we

constructed a time series of average wind stress curl over

the same region of the shelf considered by Li et al.

(2019), presented in Fig. 4 (bottom). Our study reveals

that there was a prolonged period of positive wind stress

curl during the first part of the SKQ201819S survey,

followed by a prolonged period of negative wind stress

curl during the later part of the survey. The results in

Fig. 4 reveal that there is a general consistency between

the wind stress curl and the CSC transport in line with

the previous results of Li et al. (2019). That is, the

current tends to be strong during periods of positive curl,

and weak (or reversed) during periods of negative curl.

This result is corroborated by considering the gridded

absolute geostrophic velocity product from altimetry

described in section 2d. Since the CSC is surface-

intensified at this time of year, the daily satellite-

derived velocity data contains a signal of the current.

As such, for each of the SKQ201819S transects in Fig. 2

we computed the width-integrated surface current nor-

mal to the transect between the endpoints of the CSC

determined above (green curve in Fig. 4, top). This

quantity reveals the same trend as is found for the

ADCP-derived transports (black curve in Fig. 4, top),

providing compelling support for the role of the wind

stress curl in dictating the transport of the CSC during

the shipboard survey.

b. Float data

Figure 5 presents the trajectories of the ALTO floats

after they were deployed on 6 September on transect 4+

within the CSC (Fig. 2). The initial deployment positions

of the floats slightly favored the inshore side of the

current, due to the fact that the current had seemingly

shifted a bit offshore subsequent to the occupation of

transect 4 that was used to determine the launch posi-

tions. The deployment transect is indicated as line (i) in

Fig. 5. The floats transmitted their first data a few hours

after deployment. Their trajectory can be divided into

three main phases: an initial very coherent motion,

FIG. 4. (top) Volume transport of the CSC using the SKQ201819S shipboard ADCP data (black symbols) and

laterally integrated cross-track surface velocity over the width of the CSC using the altimetry product (green

symbols). (bottom) Wind stress curl every 6 h averaged over the northeast Chukchi shelf (see text). The time of

occupation of the SKQ201819S transects are shaded gray and numbered along the top.
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followed by a disruption, and finally a reappearance of a

coherent behavior.

1) BEFORE NORTHWIND RIDGE: INITIAL

COHERENT MOTION

Traveling along the continental slope the floats stayed

together in a very coherent fashion. Shortly after de-

ployment, the floats encountered Hanna Canyon near

1618W. Previous studies have shown that the behavior

of a current impinging upon a canyon depends on both

the canyon topography and the stratification of the wa-

ter column (e.g., Klinck 1996; Hickey 1997; Williams

et al. 2006). The pertinent parameter is the ratio of the

width of the canyonW and the internal Rossby radius of

deformation, R 5 NH/f, where N is the buoyancy fre-

quency, H is the water depth, and f is the Coriolis pa-

rameter. If this ratio is larger than 2, then the canyon is

considered dynamically wide and the incident current

will feel the entire canyon. The width of Hanna Canyon

is approximately 100 km. We used the mooring data of

FIG. 5. Trajectories of the five ALTO floats (A–E) superimposed onto the ADCP data and

ship transects, indicating the path of the CSC. Sections (i) to (v) are relevant delimitations for

the different parts of the float trajectories (see explanation throughout the text). The bottom-

left inset shows an enlarged view of the ALTO float trajectories from 748 to 758N. The size of

the dots represents the instantaneous velocities of the floats (see the legend).
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Li et al. (2019), described in section 2d, to estimate R,

and found it to be 15–20km. Hence, Hanna Canyon is

dynamically wide. As such, a current encountering the

canyon should not simply follow the isobaths around the

canyon, but instead get partially diverted into the can-

yon and progress across isobaths to its downstream flank

(Hyun 2004). As discussed in Hyun (2004), when the

current encounters the downstream flank, the water

column compresses, and, in order to conserve poten-

tial vorticity, this induces a negative relative vorticity

that causes the current to divert back offshore into

deeper water.

This scenario is consistent with the behavior of the

CSC in Fig. 5. When the floats first encounter Hanna

Canyon they flow into deeper water; that is, they are

unable to stay on an isobath, and subsequently cross to

the other side of the canyon. As this happens, they

progress into shallower water until about 1628W(Fig. 5),

at which point they turn anticyclonically into deeper

water again. This northward excursion appears to be

critical to the fate of the CSC; we return to this in the

discussion section. It is worth noting as well that the

wind stress curl was weak throughout this time period,

implying that wind did not play a role in this change in

the float trajectories.

On 10 September, roughly four days after their release,

the floats passed the Northwind Ridge. Importantly, the

floats were shoreward enough that they did not feel the

topography of the ridge. That is, the floats continued to

flow into deeper water after exiting Hanna Canyon as

they flowed past line (ii) in Fig. 5. During the first four

days, the fastest floats were A and B, originally deployed

around the 1000- and the 500-m isobaths, respectively.

Floats D and E, deployed farther onshore, were the

slowest. This difference between the float velocities re-

veals the structure of the current, stronger offshore

around the 1000m isobath. As they were advected by the

CSC, the floats did not stay in the same cross-shelf con-

figuration and their trajectories crossed each other. This

means that, due to the complexities of the CSC structure

interacting with the vertical profiling action of the floats,

two different floats can pass through the same location at

different times. Float E had the least coherent motion,

crossing twice over the other trajectories while still re-

maining in the current. Before leaving the edge of the

Canada Basin and crossing line (ii) at the end of the

fourth day, the fastest floats had migrated onshore and

the slowest offshore. All floats went through line (ii)

within a few hours’ time difference, which indicates a very

coherent CSC during this time window.

Figure 6 (left) presents the temperature profiles of

all five floats during their passage along the edge of

the Canada Basin. The first profile is taken at the

deployment location [line (i) in Fig. 5]. The first 100h of

each dataset roughly correspond to the trajectory before

the floats leave the Canada Basin, that is, prior to

passing inshore of the Northwind Ridge [748060N, line

(ii) in Fig. 5]. All of the time series have a very coherent

structure with cold water at the surface, above a layer of

warm water up to 5.58C between 20 and 40m. After 50 h

the three floats at the outer edge of the current—A, C,

and D—show the appearance of cold water, centered

around 30m (Fig. 6). This happened when the floats

reached 1628W and started heading north into deeper

water instead of going west.

Figure 7 shows a temperature–salinity (TS) plot from

the five floats at different locations. In Fig. 7a float

profiles are taken at the deployment location [line (i) in

Fig. 5]. As noted in the introduction, upon deployment

the floats initially profiled as deep as 250m, and these

deeper data are included in Fig. 7a. It reveals that the

CSC was advecting MWR at the surface, ACW and

BSW below this in the core of the current (20–40-m

depth), and RWW deeper than 100m. Notably, Corlett

and Pickart (2017) saw very little ACW in their vertical

sections, whereas our results demonstrate that, at times,

the CSC can advect a large amount of this warm water

westward. This is contrary to the common notion that

the ACC mostly feeds the Beaufort shelfbreak jet. It

also provides further evidence that the CSC emanates

from the outflow from Barrow Canyon (see also Spall

et al. 2018; Li et al. 2019). Since the floats profiled to

deeper depths at the start of their mission, they mea-

sured the presence of Atlantic Water (AW) in Fig. 7a.

Both Corlett and Pickart (2017) and Li et al. (2019)

found that the CSC advected AW at depth; the reason

for this remains unexplored. At line (ii) the CSCwas still

advecting ACW (Fig. 7b), but one also sees the presence

ofMWRbetween 08 and218C in the salinity range 28–30.

This is the same cold water mentioned above measured

by the offshore floats A, C, and D starting around 50h.

The water likely originated from the interior of the

Canada Basin resulting from local ice melt.

2) AFTER NORTHWIND RIDGE: POSSIBLE

DISRUPTION BY AN EDDY

After passing the Northwind Ridge, the floats pro-

ceeded northwest following the bathymetry until around

13 September when they were nearly arrested on the

edge of the Northwind Abyssal Plain, around 748200N
[line (iii) in Fig. 5]. Starting from the east, the floats

peeled off one after the other and followed more intri-

cate trajectories; during this time only float B remained

relatively close to following an isobath. This is also the

time that the warm water signature disappeared in

the float profiles (Fig. 6, dashed line), even showing the
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presence of WW (very cold water with temperature

around 21.88C, purple color) below 40m for floats C

and E. As shown in Fig. 6, this transition to cold water

occurred very abruptly, over a period of 2 to 10h. This

state persisted for approximately four days until floats

A, C, and E, veered back into shallower water and

started to follow the bathymetry again. By contrast, float

D permanently left the region and proceeded into the

Northwind Abyssal Plain. During this period, the float

velocities dropped from 1 to 0.1–0.2m s21, which is

nearly an order of magnitude smaller, as shown in the

inset of Fig. 5. Such a large decrease in velocity, together

with the wandering motion experienced by the floats,

show that the current was strongly perturbed.

The region of altered behavior, between 748200 and
758N, is depicted with TS plots in Fig. 7. In Fig. 7c,

measured in this region, one sees a pronounced differ-

ence in the TS characteristics of the current. The water

FIG. 6. (left) Depth–time plot of temperature (color) and density (white contours; kgm23) for each of the five

ALTOfloats, from top to bottom:A, B, C,D, andE. The selected isopycnals are 21, 22, 23, 24, and 25 kgm23. (right)

Averaged temperatureT over the top 10m (blue) and from 20 to 40m (red). The thick vertical white lines in the left

column and purple lines in the right column indicate select locations discussed in the text: the first line (solid) shows

when the floats are beyond the Northwind Ridge and corresponds to label (ii) in Fig. 5; the second line (dashed)

shows when the floats were disrupted, corresponding to label (iii); the third line (dashed–dotted) shows when the

floats became well-behaved again, corresponding to label (iv); and the fourth line (dotted) shows when the co-

herence of the current is lost, marked as line (v).
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FIG. 7. Temperature–salinity (TS) plots of the five floats (a) at the deployment location on the Chukchi conti-

nental slope, from 250-m-deep profiles [location (i) in Fig. 5]; (b) at 748060N, just after leaving the CanadaBasin and

passing inshore of the Northwind Ridge [location (ii) in Fig. 5], from 80-m depth profiles; (c) at 728200N, where the

CSC was disrupted [location (iii) in Fig. 5]; and (d) at 758N, where the floats became well-behaved again [location

(iv) in Fig. 5]. The thick lines show boundaries betweenwatermasses and are taken fromCorlett and Pickart (2017).

The watermass abbreviations areMWR5 sea ice meltwater/river runoff; ACW5Alaskan CoastalWater; BSW5
Bering SummerWater; WW5 newly ventilated winter water; RWW5 remnant winter water; and AW5Atlantic

Water. A ‘‘ghost profile’’ in (c) and (d) (float B, before the disruption of the CSC) shows the original TS structure of

the CSC. Blue dashed line indicates the freezing line.
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compositionmeasured by the floats is nowmainlyMWR

with RWW and some BSW, indicative of strong mixing

and influx of cold water into the CSC. A standard fea-

ture of Fig. 7c is the absence of the relatively warm

ACW peak, these waters having undergone substantial

change in properties due to mixing processes, as can be

seen in comparison to the ghost float B taken from

Fig. 7b. When the floats enter the main part of the cur-

rent again, this hydrographic structure is still present,

although some of the cold, fresh MWR measured up-

stream reappears (cf. Figs. 7b–d). Vertically averaged

temperature signals in Fig. 6 (right) show a pronounced

cold signature at the beginning of the perturbed period,

with a drop of about 38C in the core of the CSC (from

20 to 40m depth, in red). Table 4 presents the densities

and temperatures averaged in the vertical from 20- to

40-m depth for the 5 floats from deployment to line (iii),

and from line (iii) to line (iv), and for floats A, B, and E

from line (iv) to (v), as their profiles show clear signature

of the CSC. These three regions—corresponding to the

well-established CSC, the period of disruption, and the

re-established CSC, respectively—have no significant

variation in the mean density, but there is a drop in

the mean temperature, from 1.258 to 0.168C, during the
perturbed state. When the current reestablishes, the

temperature slightly rises from 0.168 to 0.358C. This
variation supports the idea that a cold water mass of

about the same density influenced the CSC between

locations (iii) and (iv). Furthermore, the TS plots in

Fig. 7 indicate that the upper layer of the stratification

remained unchanged, which is confirmed by the nearly

constant average temperature in the top 10m (in blue

in Fig. 6, right). As a result, the water column sees a

supply of cold water from the surroundings, pointing

toward a horizontal exchange process rather than ver-

tical mixing for which the vertically averaged temper-

ature would have remain unchanged.

What was the reason for this sudden offshore excur-

sion of the floats and change in hydrographic character?

Examination of the wind field during this time indicates

that the wind stress curl over the Chukchi shelf was

positive. Such forcing would tend to cause the CSC to

proceed farther shoreward; hence this cannot explain

the offshore excursion. We postulate that an anticy-

clonic eddy impinged upon the CSC from offshore,

perturbing the CSC and mixing the water within the

current with surrounding water masses. We note that

middepth-intensified anticyclonic eddies are very common

in this region (Manley and Hunkins 1985; Plueddemann

et al. 1998; Pickart et al. 2005;Mathis et al. 2007; Zhao et al.

2016; Fine et al. 2018). Two examples of interactions of

these features with the offshore side of the CSC are shown

in Fig. 8. Figures 8a and 8b show along-slope velocity and

temperature measurements made in August 2004 (Scott

et al. 2019) in the area near transect 8 in our study (see

section 2d for a description of the data). The presence of a

cold core eddy, with a core temperature near 21.88C, in-
teracting with the CSC is clearly seen. Anomalously cold

water in such a feature mixing with the CSC could help

explain the sudden drop in temperature recorded by the

floats near line (iii) (Fig. 6). Figures 8c and 8d show along-

slope velocity and temperature from a shipboard CTD

section occupied inAugust 2017, roughly corresponding to

transect 5 in the present survey. In this section, a warm-

core anticyclone is centered near 80-m water depth. In

both cases, the familiar widening of the isopycnals is as-

sociated with the azimuthal flow of the eddy, and in both

instances the onshore side of the eddy is essentiallymerged

with the offshore side of the CSC. One can envision a float

getting entrained and mixed into the eddy, and subse-

quently getting deflected offshore. Such a scenario is con-

sistent with the fact that, after section (iii), the floats peeled

off in sequence—starting from the east: D, E, C, A,

B—and the offshore-most ALTO float underwent the

largest excursion, while the onshore-most float remained

unperturbed. We note that cold core anticyclones are far

more common than warm core anticyclones (Zhao et al.

2014), so it is more likely for the CSC to be impacted by a

cold core feature in the manner seen in our data.

3) FARTHER NORTH: RESURRECTIONOF THECSC

After wandering for four days, three of the floats—A,

C, and E—came back into the restored CSC, joined five

days later by a fourth one, B, while the outer-most float,

D, was permanently expelled from the current. The re-

connection of the four floats implies that the CSC was

reestablished for several days beyond 758N [line (iv) in

Fig. 5]. These four floats headed north, generally fol-

lowing the bathymetry at 1658W, but slower than before

the disruption of the CSC due to the presumed inter-

action with an eddy. Furthermore, the warm tempera-

ture signal for the returning floats was not as strong as

before the interruption. As shown in Fig. 6, the warm

water signature went up to 38 instead of 58C. In addition,

TABLE 4. Densities and temperatures averaged in the vertical

between 0 and 80m from the profiles in Fig. 6 in the different re-

gions. The last line concerns only floats A, B, and E.

Region (see Figs. 5

and 6)

Mean density r

(3 103 kgm23)

Mean temperature

T (8C)

From (i) to (iii) (in the

CSC)

1.0240 1.251

From (iii) to (iv) (eddy

disruption)

1.0235 0.162

From (iv) to (v) (back

in the CSC)

1.0236 0.346
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occurrences of warm water were less continuous as we

can identify some smoothly varying features and some

strongly intermittent patches within the current (espe-

cially for float C). We note that the decrease in velocity,

along with the change in temperature of the current

from warm to cold, could also be explainable by a

temporal or spatial change in the CSC rather than a

consequence of the eddy encounter. Since the floats

spent roughly 4–5 days seaward of the main flow of the

CSC, it could be that during this intervening period the

current slowed and cooled due to other reasons. For

example, the wind stress curl on the Chukchi shelf

transitioned from positive to negative as the floats were

rejoining the current, which would tend to weaken

the CSC.

On 24 September the two leading floats C and E

took different paths: C started to progress into the

Northwind Abyssal Plain to the east before going back

to the west; E progressed northward more in line with

the bathymetry toward the Chuckhi Plateau. Later

on, floats A and B did a short excursion into the

Northwind Abyssal Plain as well. Overall, these float

trajectories suggest that at least part of the water in

the CSC is able to get entrained into the edge of the

Beaufort Gyre in this general vicinity. We identified

the corresponding location [line (v)] in Fig. 5 as the

end of a coherent and localized CSC current, around

758300N, which can be seen as transition to a more

widespread outflow toward the Northwind Abyssal

Plain and the Chukchi Plateau. Around 10October we

lost track of the floats likely because of ice coverage in

this region. Interestingly, warm water was still mea-

sured in the last few profiles.

4. Summary and discussion

We have presented results from a field study investi-

gating the evolution and fate of the Chukchi Slope

FIG. 8. (top) Vertical sections from an occupation near transect 8 in September 2004 showing a cold core eddy (Scott et al. 2019) and

(bottom) near transect 5 in August 2017 showing a warm core eddy. (a),(c) Absolute geostrophic velocity (color) overlain by potential

density (contours; kgm23). Positive velocity is northwestward (away fromBarrowCanyon). The labels denote the Chukchi Slope Current

(CSC) and the anticyclonic eddy. CTD station locations are marked along the top. (b),(d) Potential temperature (color) overlain by

potential density (contours).
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Current (CSC). A novel method was employed using

profiling ALTO floats as quasi-Lagrangian particles

deployed across the current. In addition to this, velocity

data were collected along a set of transects using the

shipboard ADCP. The transect data showed good

agreement with earlier measurements of the CSC during

this time of year, revealing a strong surface intensified

current flowing westward along the continental slope.

The corresponding volume flux estimates ranged from

near zero to nearly 2 Sv. This wide range can be ex-

plained by the variation in wind forcing during the

cruise: the first part of the survey was characterized by

positive wind stress curl on the Chukchi shelf, which is

conducive for a strong CSC, while the latter part of the

survey was characterized by negative wind stress curl on

the shelf, which weakens or reverses the CSC.

The float trajectories were characterized into three

basic regimes. Initially the floats traveled rapidly in the

CSC, turning sharply to the north as they negotiated

Hanna Canyon. This path is consistent with the ship-

board ADCP transect data. The next phase occurred

sometime after the floats had passed the Northwind

Ridge, when they abruptly slowed, peeled off sequen-

tially, and four of them veered offshore (only the

shoreward-most float continued to follow an isobath).

We argue that this interruption was likely caused by the

CSC interacting with a cold-core, anticyclonic eddy at

the offshore edge of the current. While not identified in

our dataset, such eddies are common in this region, and

are known to come in contact with the CSC. This pre-

sumed encounter with the eddy permanently expelled

the offshore-most float from the CSC, but the three

other floats eventually rejoined the CSC and proceeded

northward again. During the final phase, the floats

started to diverge and take more chaotic trajectories,

entering the western side of the Northwind Abyssal

Plain. It is likely that the floats were becoming entrained

into the edge of the Beaufort Gyre at this point.

The water mass structure measured by the floats also

varied along their pathways. During the initial phase,

the CSC was advecting a range of Pacific summer and

winter waters, including the very warm and relatively

fresh Alaskan Coastal Water (ACW) in the depth range

20–40m. This supports the notion that the CSC origi-

nates from the outflow from Barrow Canyon, which has

been argued in previous studies. During the eddy en-

counter the ACW signature disappeared. This provides

supporting evidence that the floats were pulled out of

the core of the CSC by the anticyclone. After the three

floats rejoined the CSC, the ACW signature did not

reappear. Instead, the water mass occupying this depth

range was predominantly Bering SummerWater (BSW).

It is not clear if the floats simplymeasured a different part

of the CSC upon rejoining the current, or if lateral mixing

during the eddy encounter converted the ACW to BSW.

In any case, the CSC continued to advect warm water to

the north until the current eventually subducted under

the ice.

Our results have provided new observational insights

regarding the fate of the CSC. The previous study of

Corlett and Pickart (2017) showed that the current

typically resides on the upper continental slope (median

isobath of 238m), consistent with the surface drifter

results of Stabeno et al. (2018). Notably, the orientation

of the isobaths on the upper Chukchi slope (shallower

than about 300m) are oriented more zonally to the west

of the Northwind Ridge than those of the deep slope

(deeper than about 400m). This suggests that when the

CSC is located over relatively shallow depths it might

continue westward toward the East Siberian Sea, while

in those cases when it is situated in deeper water it

will flow more northward into the Chukchi Borderland.

The results of Corlett and Pickart (2017) suggest that the

former scenario might be more common, although the

divergence of the isobaths could lead to a bifurcation of

the current.

The float trajectories presented here suggest that

there is another aspect of the topography that could

play a critical role in the fate of the CSC: in particular,

Hanna Canyon. Consistent with the numerical study of

Hyun (2004), as the CSC encountered the dynamically

wide canyon it flowed across isobaths to the far side of

the canyon, before turning anticyclonically to the north.

This abrupt turn was likely due to the current trying to

conserve its potential vorticity when experiencing layer

compression as it flowed up the far side of the canyon. A

nearly identical northward excursion of the CSC on the

western flank of Hanna Canyon was reported by Scott

et al. (2019). While other factors such as wind (Li et al.

2019) and instabilities (Corlett and Pickart 2017) un-

doubtedly influence the path of the CSC, the evidence

presented here in conjunction with the previous obser-

vations of Scott et al. (2019) implicate the topography of

the canyon as a major factor. This is supported by the

fact that when the ALTO floats turned offshore, the

wind stress curl on the Chukchi shelf was in fact con-

ducive to drive an onshore excursion of the CSC.

It is intriguing to think that a local bathymetric feature

such as Hanna Canyon could help dictate the down-

stream path of the CSC, and in turn influence the fate of

most of the Pacific-origin water entering the Arctic

Ocean. If the CSC were to remain on the upper Chukchi

slope it would flow toward the Eurasian Arctic. By

contrast, if it gets diverted to the north—the fate

suggested by the float data presented here—it would

be more apt to get entrained in the Beaufort Gyre,
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trapping the water in the Amerasian Arctic. Further

work will be necessary to better determine the likeli-

hood of these different scenarios, as well as the role of

CSC–eddy interaction in altering the current and the

water masses it advects.
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