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A B S T R A C T   

The flow of Pacific-origin water across the Chukchi Sea shelf impacts the regional ecosystem in profound ways, 
yet the two current branches on the eastern shelf that carry the water from Bering Strait to Barrow Canyon – the 
Alaskan Coastal Current (ACC) and Central Channel (CC) Branch – have not been clearly distinguished or 
quantified. In this study we use an extensive collection of repeat hydrographic sections occupied at three lo
cations on the Chukchi shelf, together with data from a climatology of shipboard velocity data, to accomplish 
this. The data were collected predominantly between 2010 and 2020 during the warm months of the year as part 
of the Distributed Biological Observatory and Arctic Observing Network. The mean sections show that mass is 
balanced for both currents at the three locations: Bering Strait, Point Hope, and Barrow Canyon. The overall 
mean ACC transport is 0.34 ± 0.04 Sv, and that of the CC Branch is 0.86 ± 0.11 Sv. The dominant hydrographic 
variability at Bering Strait is seasonal, but this becomes less evident to the north. At Barrow Canyon, the 
dominant hydrographic signal is associated with year-to-year variations in sea-ice melt. Farther south there is 
pronounced mesoscale variability: an empirical orthogonal function analysis at Bering Strait and Point Hope 
reveals a distinct ACC mode and CC Branch mode in hydrography and baroclinic transport, where the former is 
wind-driven. Finally, the northward evolution in properties of the two currents is investigated. The poleward 
increase in salinity of the ACC can be explained by lateral mixing alone, but solar heating together with wind 
mixing play a large role in the temperature evolution. This same atmospheric forcing also impacts the northward 
evolution of the CC Branch.  
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1. Introduction 

Pacific-origin water follows several pathways across the Chukchi 
shelf from Bering Strait to the deep interior basin, impacting the regional 
ecosystem in profound ways. In the summer months the warm water 
contributes to ice melt and provides freshwater that increases the 
stratification in the upper water column. This in turn helps trap phyto
plankton near the surface, resulting in large blooms on the Chukchi shelf 
(Anderson et al., 2021). The Pacific-origin summer water is also a major 
contributor to the Beaufort Gyre freshwater reservoir (Proshutinsky 
et al., 2019). During the cold months of the year, ice formation in the 
northern Bering and Chukchi Seas results in brine-driven convective 
overturning and the formation of near-freezing water. When the over
turning reaches the bottom, it stirs nutrients from the sediments into the 
water column (Cooper et al., 1997; Lowry et al., 2018; Pacini et al., 
2019). The resulting high-nutrient winter water subsequently fuels early 
season primary production on the Chukchi shelf (Lowry et al., 2015). 
The winter water also ventilates the cold halocline in the Canada Basin 
(Aagaard et al., 1981), which helps prohibit the underlying warm 
Atlantic water from mixing upwards to the surface, in which case it 
would cause significant ice melt. 

The three main flow branches of Pacific-origin water on the Chukchi 
shelf are the western pathway that flows through Herald Canyon, the 
middle pathway that flows through Central Channel, and the eastern 
pathway adjacent to the Alaskan coast (Fig. 1). The latter is referred to as 
the Alaskan Coastal Current during the summer months (Paquette and 
Bourke, 1974; Weingartner et al., 1999) as it advects warm, fresh con
tinental runoff to the north. The division in transport between these 
three branches, as well as the precise fate of each pathway, remain 
uncertain. For instance, the portion of the western branch flowing into 
the East Siberian Sea through Long Strait versus that flowing northward 

through Herald Canyon has yet to be quantified. Woodgate et al. (2005) 
estimated 0.1–0.3 Sv for each pathway, but that was based on only a 
single mooring in Long Strait and at the mouth of Herald Canyon. A 
synoptic shipboard survey of Herald Canyon revealed that some of the 
canyon outflow turns eastward on the north side of Herald Shoal, while 
the remaining part forms the Chukchi Shelfbreak Jet (Fig. 1) (Pickart 
et al., 2010). 

The middle branch, after passing through Central Channel, is 
thought to split into filaments. Some of the flow turns eastward imme
diately after exiting the channel, while the remaining portion divides 
again as it encounters Hanna Shoal (Fig. 1). The general eastward pro
gression of the filamented middle branch is supported by shipboard 
hydrographic and velocity measurements (Weingartner et al., 2005; 
Pickart et al., 2016; Pacini et al., 2019; Lin et al., 2019), mooring data 
(Fang et al., 2020; Tian et al., 2021; Stabeno and McCabe, 2023), and 
drifter data (Stabeno and McCabe, 2023). However, it remains uncertain 
if all of the flow in the middle branch ultimately exits the Chukchi shelf 
through Barrow Canyon. For instance, there is evidence of northward 
outflow through Hanna Canyon (Spall et al., 2018). The Alaskan Coastal 
Current is readily identified by its hydrographic properties north of 
Bering Strait, but the transport of this branch of Pacific-origin water has 
also not been well quantified observationally. This is partly due to the 
frequent upwelling-favorable northerly winds in the region which can 
hinder or reverse the flow (Danielson et al., 2017; Lin et al., 2019) and 
cause some of the water to spread into the interior Chukchi shelf (e.g., 
Danielson et al., 2017; Pisareva et al., 2019; Li et al., 2021). 

Among the many moorings deployed over the years on the eastern 
Chukchi shelf, three long-term arrays in particular have enabled esti
mates of the net poleward transport of Pacific-origin water (see Fig. 1 for 
the mooring locations). The first is the Bering Strait array which has 
been deployed in various configurations since 1990 and is now part of 

Fig. 1. Schematic circulation of the Chukchi Sea with place names (after Corlett & Pickart, 2017). The red stars denote the mooring locations comprising the three 
arrays discussed in the Introduction: Bering Strait; Icy Cape; mouth of Barrow Canyon. The bottom topography (in meters) is from ETOPO-2. 
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the Arctic Observing Network (Woodgate, 2018). The second is the 
Ecosystems & Fisheries-Oceanography Coordinated Investigations 
(EcoFOCI) array, deployed in 2010, which consists of three moorings 
situated seaward of Icy Cape (Stabeno and McCabe, 2023). The third 
such array is the Japan Agency for Marine-Earth Science and Technol
ogy (JAMSTEC) array at the mouth of Barrow Canyon which has been 
deployed since 2000 (Itoh et al., 2013). Generally speaking, the north
ward volume transports of Pacific-origin water estimated using these 
long-term timeseries tell a consistent story. 

Over the approximately three decades that the Bering Strait array has 
been in the water, the annual mean volume transport (across the entire 
strait) has increased by roughly 25% and is now 1 ± 0.05 Sv (Woodgate, 
2018). Seasonally, the largest transport, 1.45 ± 0.14 Sv, occurs in June. 
Based on the three EcoFOCI moorings deployed offshore of Icy Cape 
(centered near 71◦N), the annual mean northward transport is 0.43 Sv, 
with a peak monthly mean value of 0.75 Sv in July (Stabeno and 
McCabe, 2023). The annual mean northward transport at the mouth of 
Barrow canyon is estimated to be 0.44 Sv (Itoh et al., 2013), which is 
nearly identical to the value at the Icy Cape line. While the maximum 
monthly transport at the canyon mouth also occurs in July, its value is 
estimated to be somewhat larger, 1.06 Sv, than that calculated at the Icy 
Cape line. Taken together, these long-term timeseries imply that, aver
aged over the year, roughly 45% of the total Bering Strait inflow pro
gresses northward on the eastern part of the Chukchi shelf (i.e., east of 
the US/Russian Convention Line) and flows through Barrow Canyon. In 
the summer months this percentage is higher, although more uncertain 
(52–73%). 

The mooring data, however, are unable to resolve the middle flow 
branch and the Alaskan Coastal Current (the eastern-most mooring in 
Bering Strait is situated in the coastal branch so it does provide infor
mation about the flow, but does not resolve it). Furthermore, the hy
drographic sensors on the moorings are largely confined to the deep part 
of the water column. Hence, basic questions remain regarding the di
vision of volume transport between these two Pacific-origin flow 
branches, the evolution of water masses along the two routes, and the 
variability of the properties and flow on timescales from days to seasons. 
In this study we use an extensive collection of repeat hydrographic 
sections occupied at three locations on the Chukchi shelf, together with 
data from a climatology of shipboard velocity measurements, to address 
some of these questions. This has allowed us, for the first time, to 
distinguish and quantify the two flow branches on the eastern Chukchi 
shelf that carry Pacific-origin water from Bering Strait to Barrow 
Canyon. 

2. Data and methods 

2.1. Hydrographic data from the Distributed Biological Observatory and 
Arctic Observing Network 

The Distributed Biological Observatory (DBO) is a community-based 
program to document and understand changes to the Pacific Arctic 
ecosystem as a result of the changing climate. A set of key biological 
hotspots were identified, extending from the northern Bering Sea to the 
Beaufort Sea, which have been sampled repeatedly by international 
researchers since 2010 (Moore and Grebmeier, 2018). Most of the 
measurements have been done by ships of opportunity. The idea is that 
all of the research vessels entering the Pacific Arctic travel through 
Bering Strait and hence pass close to many of the DBO locations. 
Therefore, depending on time, interest, and resources, the ships can stop 
at one or more of the locations and collect measurements of the water 
column and benthos. The measurements range from conductivity- 
temperature-depth (CTD) casts to a full suite of biological and chemi
cal sampling via water collection, net tows, and bottom grabs/cores. The 
aim is to make the data available to the public as soon as possible, and, in 
this way, build a climate record of ecosystem health and the underlying 
factors influencing it. 

Certain DBO sites have been occupied more frequently than others. 
In this study we use the CTD data from the DBO3 line, which stems from 
Pt. Hope to the southwest, and the DBO5 line across Barrow Canyon 
(Fig. 2a). These two locations have the most occupations of the DBO 
sites, hence providing a sizable collection of repeat vertical sections. In 
addition, we consider occupations of the Bering Strait section. While this 
is not formally a DBO location, as mentioned above it is part of the Arctic 
Observing Network (AON; Fig. 2a). Not all of the vertical sections used 
in the study were done during the DBO time period; there were occu
pations of the Bering Strait line as early as 2000 and occupations of the 
DBO3 line as early as 2002. Accordingly, the time period of our study is 
2000–2020, during which there were 32 occupations of the Bering Strait 
line (hereafter referred to as the BS line), 55 occupations of the DBO3 
line, and 45 occupations of the DBO5 line. Two of the DBO3 occupations 
were done using a glider, while the remaining sections were shipboard 
occupations. Supplementary Table 1 lists the pertinent information for 
all of the sections. 

The distribution of occupations by year and month is shown in 
Fig. 2b and 2c, respectively. Not surprisingly, most of the sections were 
done during July-September. The increase in the number of occupations 
coinciding with the start of the DBO program (2010) is evident. All of the 
sections were occupied using a Sea-Bird 911 + CTD with dual temper
ature and conductivity sensors, except for the two glider crossings which 
used a Sea-Bird Pumped Glider Payload CTD, and the three sections 
occupied by the R/V Annika Marie which used a Sea-Bird 19 + CTD. The 
calibration, data processing, and QA/QC were carried out according to 
each institution’s procedures. Laboratory calibrations were generally 
done prior to and following each field season. The accuracy of the 
temperature measurements is +/-0.001 ◦C. For the temperature ranges 
observed on the Chukchi shelf, CTD temperature and conductivity sen
sors produce salinity data with an initial accuracy of +/-0.004 (practical 
salinity) with a maximum anticipated drift of +/- 0.05 for a one-year 
deployment according to the manufacturer. This is not a problem in 
light of the large range in salinity (23–34.5) encountered on the Chukchi 
shelf in the collective dataset. For this reason, calibration of the con
ductivity sensors using in-situ salinity bottle data was generally not 
done. 

At each location a standard line was defined (Fig. 2a), and for each 
given section the stations were projected onto this line. Following this 
we used Laplacian-Spline interpolation to construct vertical sections of 
potential temperature (referenced to the surface, hereafter referred to as 
temperature), practical salinity (hereafter referred to as salinity), and 
potential density (referenced to the surface, hereafter referred to as 
density). During the gridding process some additional quality control 
was performed. This included removing erroneous near-surface values, 
interpolating over density inversions, and omitting near-repeat stations. 
The horizontal/vertical grid spacing of the gridded sections is 2.5 km / 
2.5 m for BS, 10 km / 2.5 m for DBO3, and 2.5 km / 5 m for DBO5. Not all 
of the sections had complete coverage, and regions of missing data were 
filled in with NaNs. The bathymetry along the three standard lines was 
obtained using sound speed-corrected echosounder data from a ship, 
also projected onto the line. 

2.2. Shipboard velocity data 

We use velocity data from a recently compiled climatology of ship
board acoustic Doppler current profiler (SADCP) measurements for the 
Chukchi Sea, known as ChukSA (Bahr et al., 2023). The climatology 
contains data from 52 cruises over the time period 2002–2021. The 
space/time coverage of ChukSA is shown in Fig. 3. As with the hydro
graphic data, most of the measurements were collected during the 
months July-September. The profile data were subject to rigorous 
quality control, which included transducer calibration and orientation 
checks followed by subsequent adjustments, as well as visual profile 
editing. Standard SADCP issues included isolated cases of CTD package 
interference with the acoustic beams as well as apparently good velocity 
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Fig. 2. (a) Occupations of the hydrographic sections at the three sites. The standard lines are shown (black lines), and the two Bering Strait moorings used in the 
study are labeled. The bathymetry (in meters) is from IBCAO v3. The blue line indicates the US/Russian convention line. (b) Temporal distribution of the occupations 
by year and (c) by month, distinguished by non-upwelling (red) and upwelling (blue) conditions (see Section 2.6 for delineation of upwelling status). 

R.S. Pickart et al.                                                                                                                                                                                                                               



Progress in Oceanography 219 (2023) 103169

5

estimates from depths below the bottom when operating in shallow 
water. The ChukSA climatology includes data from ice capable vessels 
whose smooth hulls can exacerbate bubble issues. This tends to occur 
during rough conditions in ice-infested waters, which leads to “under
way bias” – a typically surface-trapped erroneous increase in velocity in 
the direction of the ship’s motion. Bad data can also occur when parts of 
broken ice floes get pushed under the hull which interferes with, or even 
fully blocks, the acoustic beams. After the quality control was finished 
for each dataset in the climatology, the barotropic tidal signal was 
removed from the velocity profiles using the Oregon State University 
tidal model (https://volkov.oce.orst.edu/tides; Padman and Erofeeva, 
2004). The overall estimated velocity error is taken to be 2 cm/s (Pickart 
et al., 2016). 

The ChukSA velocity data were used to construct vertical sections of 
mean absolute geostrophic velocity as follows. A swath of SADCP data 
corresponding to the BS line (10 km swath), the DBO3 line (10 km 
swath), and the DBO5 line (6 km swath) was extracted, and mean ver
tical sections of alongstream velocity were constructed in analogous 
fashion to the hydrographic sections, with a grid spacing of 2.5 km / 5 m 
for DBO3 and DBO5, and 5 km / 5 m for BS. These sections were then 
used to reference the mean thermal wind sections (after interpolating 
the velocity sections to the same grid as the hydrographic fields) 
following the method described in Pickart et al. (2016). Transport cal
culations were done using the mean gridded absolute geostrophic ve
locity sections, and uncertainty estimates were based on the 
conservative assumption of uncorrelated errors across the section. 

2.3. Historical hydrographic data 

To construct a mean lateral map of near-surface density over the 
Chukchi shelf, we use the historical hydrographic dataset invoked by Lin 
et al. (2021). This is a combination of multiple data sources, the two 
predominant ones being the Unified Database for Arctic and Subarctic 
Hydrography (UDASH) covering the period 1980–2015 (Behrendt et al., 
2018), and the World Ocean Database 2018 (WOD18) spanning 
1849–2020. To enhance the data coverage, we included a composite 
dataset of hydrographic observations in the Chukchi Sea spanning 
1922–2019 (Danielson et al., 2020), along with recent shipboard mea
surements from the Arctic Data Center that have not yet been added to 
the datasets above. We consider the time period of July-September 

1970–2020. The near-surface level is taken to be the average over the 
top 10 m of the water column, since many of the profiles did not have 
values shallower than 5 m. 

2.4. Wind data 

We use the ERA5 10-m reanalysis wind data from the European 
Centre for Medium-Range Weather Forecasts (ECMWF, Hersbach et al., 
2018). The spatial resolution of this product is 1/4◦ and the time reso
lution is 1 h. Past studies have shown good agreement between the ERA5 
winds on the northeast Chukchi shelf and those measured at the mete
orological station in Utqiaġvik, AK (e.g., Lin et al., 2021). 

2.5. Ice concentration data 

To help in the interpretation of some of the results, we use satellite 
ice concentration data from the Advanced Microwave Scanning Radi
ometer for EOS (AMSR-E) for the years prior to 2012, and the Advanced 
Microwave Scanning Radiometer 2 (AMSR2) for 2012 onward. Both of 
these are daily products provided by the Remote Sensing of Sea Ice 
Research Group at the University of Bremen, with a spatial resolution of 
3.125 km in the domain of interest. 

2.6. Determining upwelling vs. non-upwelling conditions 

The flow in Bering Strait and across the Chukchi shelf is sensitive to 
both local winds as well as remote winds over the Bering shelf (Dan
ielson et al., 2014). Under enhanced local northeasterly winds, the flow 
in Barrow Canyon reverses to the south and upwelling commences (e.g., 
Mountain et al., 1976; Danielson et al., 2017; Weingartner et al., 2017; 
Pisareva et al., 2019; Lin et al., 2019). The same is true for Bering Strait 
when the northerly winds intensify (e.g., Aagaard et al., 1985; Pisareva 
et al., 2015; Woodgate, 2018). Not surprisingly, a good number of the 
DBO and BS occupations occurred under wind-forced conditions when 
upwelling was active (Fig. 2). The present study focuses on the non- 
upwelling state of the circulation, or what might be termed the back
ground state. As such, it was necessary to devise a method for identifying 
the upwelling realizations in order to remove them from our collection 
of sections. 

A characteristic signature of coastal upwelling along the eastern 

Fig. 3. The ChukSA climatology of shipboard ADCP data. (left) Spatial coverage. (right) Temporal coverage by year and month.  
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boundary of the Chukchi Sea is the presence of anomalously salty water 
banked up against the slope (e.g., Pickart et al., 2019). Accordingly, at 
each site we defined a polygon at the eastern end of the transect, where 
the bottom slope is steepest, that extended 10 m above the bottom 
(Supplementary Fig. 1). For each occupation we then computed the 
average salinity within the polygon and took the difference between that 
value and the mean of all the transects at the site, referred to as Sanom. 
When Sanom exceeded a certain value, the section was deemed to be 
under the influence of upwelling. For DBO5 the criterion was taken to be 
Sanom > 0, for DBO3 Sanom > 0.1, and for BS Sanom > 0.5. These values 
were determined by inspection of the hydrographic signals at each 
location, which were quite obvious, and the results were insensitive to 
small changes in the values. The different criteria reflect differences in 
the near-bottom lateral salinity gradients at each site. Supplementary 
Fig. 1 shows the mean vertical sections of salinity for the non-upwelling 
state vs upwelling state at BS. In the latter, not only is salty water 
banked-up along the bottom, but the near-surface freshwater layer ex
tends farther offshore. This is the expected signature of the secondary 
circulation during upwelling. Overall, 37% of the sections were occu
pied during upwelling conditions. The number of realizations that 
sampled the background state was 21(out of 32), 34 (out of 55), and 28 
(out of 45) for BS, DBO3, and DBO5, respectively (Fig. 2b). This subset of 
sections is used throughout the present study except where indicated. 
Future work will investigate the upwelling realizations. 

It was also necessary to distinguish the upwelling vs. non-upwelling 
states associated with the ChukSA velocity data. To do this we relied on 
mooring data near each of the standard lines (see Supplementary Fig. 2 
and Supplementary Table 2): for BS, mooring A4; for DBO3, mooring 
MC6; and for DBO5, mooring BC2. At each site, the alongstream direc
tion was taken to be the angle of the mean flow vector (depth-averaged 
flow at BS and DBO5, and near-bottom flow at DBO3 since the MC6 
mooring had only a single point current meter). Based on this, it was 
determined that, for DBO3 and DBO5, upwelling conditions corre
sponded to negative alongstream velocities, whereas for BS, upwelling 
corresponded to alongstream velocities < 25 cm/s (or negative). The 
reason for the different criterion at BS is that it takes stronger winds to 
reverse the flow there due to the large northward velocities associated 
with the narrow constriction of the strait. 

As noted in Section 2.2, we extracted a swath of the ChukSA velocity 
data corresponding to the three standard lines (see Supplementary 
Fig. 2). For DBO5, upwelling was identified when the alongstream 
SADCP velocity was negative within the coastal region (within 30 km of 
the eastern end of the section), where we also included data collected 
within ± 24 hrs on the offshore part of the section. The same procedure 
was done for DBO3, where the coastal region was defined as within 60 
km from the eastern end of the section. For BS, the entire section was 
taken to be in the coastal region which was considered upwelling 
influenced when the alongstream SADCP velocity was < 25 cm/s. 
Supplementary Fig. 2 shows the space/time ChukSA coverage for the 
upwelling and non-upwelling conditions at the three sites. In this study 
we used the mean non-upwelling SADCP sections to reference the mean 
non-upwelling thermal wind sections, following the procedure outlined 
in Section 2.2. 

2.7. Defining the Alaskan Coastal current hydrographic front 

In order to characterize the water being transported by the Alaskan 
Coastal Current, we devised an objective procedure for determining the 
Alaskan Coastal Water density front for each realization at the three 
different sites. For each section, the near-surface lateral density 
gradient, ∂ρs/∂x, was calculated, and the density corresponding to the 
maximum value of ∂ρs/∂x was taken as the center isopycnal of the front. 
An example is shown in Supplementary Fig. 3, applied to the July 2003 
occupation of the BS line. A pronounced maximum in ∂ρs/∂x (computed 
at 2.5 m depth) is evident near x = 28 km, which corresponds to a 
density of 23.86 kg/m3. This isopycnal was then identified as the center 

of the front for this realization, and the Alaskan Coastal Water taken to 
be the water inshore of this front (Supplementary Fig. 3). In some cases 
there was more than one peak in ∂ρs/∂x, or a slightly deeper depth had to 
be chosen to compute the density gradient, or there was a detached lens 
of Alaskan Coastal Water offshore. Such instances were easy to nego
tiate, and, for nearly all of the realizations, it was immediately obvious 
where the front was. 

2.8. Empirical orthogonal function analysis 

To investigate the mesoscale to seasonal variability at the three sites, 
we carry out an empirical orthogonal function (EOF) analysis. This is 
possible because all of the sections at each site are on an identical grid. 
The eigenfunctions (spatial patterns) and eigenvalues are computed for 
the co-variance matrix of a given variable (temperature, salinity, and 
density). To better interpret the physical meaning of the modes, we 
compute “minimum” and “maximum” states. This is done by multiplying 
plus/minus a given percent of the principal component (PC) timeseries 
by the spatial structure of the mode, then adding this to the mean ver
tical section. The percent chosen typically corresponds to one standard 
deviation (we note when this is not the case). 

2.9. One-dimensional mixing model 

To help investigate the modification of the water progressing 
northward across the Chukchi shelf, we use the one-dimensional mixing 
model of Price et al. (1986), hereafter referred to as the PWP model. The 
model is applied in an advective framework following both the Alaskan 
Coastal Current and Central Channel pathway. For initial conditions we 
use hydrographic profiles from Bering Strait. The profiles are forced by 
the surface heat flux and windstress from ERA5 along the pathways. This 
method was successfully used to isolate the impact of air-sea forcing on 
the along-pathway transformation of water masses in the Nordic Seas 
boundary current system (see the methods section of Huang et al. 2023). 

3. Results 

3.1. Mean background state 

Following previous studies, we consider two different types of 
Pacific-origin summer water and two different types of Pacific-origin 
winter water (e.g., Li et al., 2019): Alaskan Coastal Water (ACW) orig
inating from runoff from the Alaskan land mass; Bering Summer Water 
(BSW) which is a combination or mixture of Anadyr water and central 
Bering shelf water (Coachman et al., 1975; Danielson et al. 2020); Newly 
Ventilated Winter Water (NVWW), which is formed via brine-driven 
convective overturning during the winter and early spring; and 
Remnant Winter Water (RWW) which is NVWW that has been warmed 
via solar heating and/or mixing with summer waters (Gong and Pickart, 
2016). Other water types found on the Chukchi shelf include sea-ice melt 
water and meteoric water, which we do not distinguish and consider as a 
single classification referred to as MWM, and Atlantic Water (AW) which 
resides near the bottom at the mouth of Barrow Canyon and can occa
sionally be advected onto the northern Chukchi shelf via upwelling (e.g., 
Ladd et al., 2016; Hirano et al., 2016; Pisareva et al., 2019; Li et al., 
2022). 

The definitions of the water masses are listed in Table 1 and shown 
graphically in Fig. 4, which shows the percent occurrence in tempera
ture/salinity (θ/S) space of the different water masses for all of the non- 
upwelling realizations. We split the presentation into BS + DBO3 
(Fig. 4a) and DBO5 (Fig. 4b), since the DBO5 line is so far to the north 
(Fig. 2a). At the southern two transects the dominant water type is BSW 
with very little RWW and no NVWW. By contrast, the most commonly 
occurring water types at DBO5 are the two winter waters, RWW and 
NVWW. As discussed in Pickart et al. (2019), during late summer the 
Pacific-origin winter water is still draining from Barrow Canyon, having 
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taken the longer Central Channel pathway which brings the water 
around the northern side of Hanna Shoal (Fig. 1; see also Pickart et al., 
2016; Shroyer and Pickart, 2019). Another marked difference between 
the two panels is in regard to the MWM, which is relatively warm at BS 
and DBO3 and relatively cold at DBO5. This likely reflects sea-ice melt; 
since melt-back occurs later on the northern Chukchi shelf, the melt 
water will be colder there during summer. Finally, there is a very small 
amount of AW present at the DBO5 line. This is found at the bottom of 
the section. 

It is important to note that these water mass boundaries are meant 
only as guidelines for general context. For example, there is every reason 
to believe that the boundaries change somewhat from year to year 
(Coachman et al., 1975). Indeed, when using our objective approach in 
Section 2.6 to define the hydrographic front of the Alaskan Coastal 
Current, in some realizations the water within the current was outside 
the θ/S range used in previous studies for ACW (e.g., Pickart et al., 
2019). As such, we adjusted our ACW definition accordingly. We also 
note that these water mass classifications do not necessarily correspond 
to mode waters, although seasonally certain classes will contain volu
metrically more water (see below). Nonetheless, it is useful to consider 
such classifications; for example, the ACW typically resides in the 
Alaskan Coastal Current, while in summer the Central Channel pathway 
advects mainly BSW. 

The mean non-upwelling vertical sections of hydrographic properties 
and absolute geostrophic velocity for the three lines are shown in Fig. 5. 
At each location there is a warm, fresh wedge of water on the eastern end 
of the section, which is the signature of the ACW. This wedge is notably 
less warm and fresh at DBO5. Another unique aspect of DBO5 is that the 
isopycnals of the ACW do not outcrop as they do at the two southern 
locations; rather, there is a fresh surface layer across the entire DBO5 
transect. The nature of this feature is addressed below in Section 3.3. The 

coldest and saltiest water resides at depth on the western ends of each 
section. As noted above, in Barrow Canyon this is Pacific-origin winter 
water, while at the two southern transects it is relatively cold and salty 
BSW. At all three sites the pycnocline is shallower than 20 m on the 
western end of the section, and the isopycnals slope downward into 
deeper depths progressing towards the eastern end of the section. The 
mean absolute geostrophic velocities are northward and surface- 
intensified at each transect, with the strongest flow at BS. 

3.1.1. Volume transports 
At each of the transects there is enhanced northward flow on the 

eastern side (Fig. 5g-i). This is the kinematic signature of the Alaskan 
Coastal Current (hereafter referred to as the ACC). Seaward of this, a 
second region of enhanced flow corresponds to the Central Channel 
branch (hereafter referred to as the CC Branch). We chose the region of 
minimum flow in the upper layer as the division between these two 
branches. The offshore edge of the CC Branch was chosen as follows: at 
BS this was taken to be the western end of the section (i.e., Little Dio
mede Island); at DBO3 this was chosen to exclude the region of enhanced 
northward flow at the western edge of the section (which is assumed to 
have originated from the Russian side of Bering Strait); and for DBO5 
this was taken to be where the northward flow approaches zero. 
Remarkably, based on these straightforward choices, the volume 
transports of each branch are statistically the same at all three locations 
– i.e., mass is balanced. To our knowledge this is the first time that the 
ACC and CC Branch have been unambiguously resolved and their 
transports quantified. The individual transport values are listed in 
Table 2. Averaged over the three locations, the transport of the ACC is 
0.34 ± 0.04 Sv and that of the CC Branch is 0.86 ± 0.11 Sv, totaling 1.20 
± 0.13 Sv. Keep in mind that these values correspond predominantly to 
the months of July-September (see Fig. 2c). 

Table 1 
Temperature-salinity definitions of the water masses considered in the study.  

Alaskan Coastal Water (ACW) T > 3 ◦C, S = 29.5–31.5 

Bering Summer Water (BSW) T = 0–3 ◦C, S = 30–33.64, and T > 3 ◦C, S = 31.5–33.64 
Remnant Winter Water (RWW) T = −1.6–0 ◦C, S = 31.5–33.64, and T = −1.6 – −1.26 ◦C 

S > 33.64 
Newly Ventilated Winter Water (NVWW) T < −1.6 ◦C, S > 31.5 
Melt Water / Meteoric Water (MWM) T < 0 ◦C, S = 30–31.5, T < 3 ◦C and S = 29.5–30, and S < 29.5 
Atlantic Water (AW) T > −1.26 ◦C, S > 33.64  

Fig. 4. Percent occurrence temperature/salinity diagram for (a) the non-upwelling BS + DBO3 sections, and (b) the non-upwelling DBO5 sections. The color in
dicates the percent occurrence within a given bin of 0.1 ◦C in temperature by 0.01 in salinity. Contours are density (kg m−3). The water mass boundaries are indicated 
by the thick black lines. ACW = Alaskan Coastal Water; BSW = Bering Summer Water; RWW = Remnant Winter Water; NVWW = Newly Ventilated Winter Water; 
MWM = sea-ice melt water / meteoric water; AW = Atlantic Water. 
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It is of interest to compare the transports calculated here to the 
transport through Bering Strait calculated using the AON mooring data. 
Since the majority of our transect data were collected after 2010, we use 
the mooring data from 2010 to 2021 (Woodgate et al., 2015; Woodgate, 
2018; Woodgate and Peralta-Ferriz, 2021). We multiplied the depth- 

mean velocity at mooring A3 (see Fig. 2a) by the cross-sectional area 
of the strait (the US side plus the Russian side), excluding the area of the 
ACC, to get the full transport minus the ACC. To get the ACC contribu
tion, we multiplied the depth-mean velocity at mooring A4 by the esti
mated cross-sectional area of the ACC according to Fig. 5g (0.58 km2). 

Fig. 5. Mean non-upwelling vertical sections at the three sites. The top row is temperature, the middle row is salinity, and the bottom row is absolute geostrophic 
velocity. The thick black lines delineate the Alaskan Coastal Current (ACC) and Central Channel (CC) flow branches. The left column is BS, the middle column is 
DBO3, and the right column is DBO5. The contours are the mean isopycnals (kg m−3). The bottom topography is from sound speed-corrected shipboard 
echosounder data. 
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The monthly mean timeseries of the total transport and that of the ACC 
are shown in Fig. 6. The full transport peaks near 1.6 Sv during May- 
July, while the ACC transport peaks near 0.4 Sv in July. 

We note that the mooring values include both the non-upwelling and 
upwelling periods. Hence, to do a fair comparison, we computed the 
mean absolute geostrophic velocity section at BS using all of the hy
drographic realizations together with all of the SADCP data, then 
computed the volume transport across the full BS section as well as that 
of the ACC (using the same division point as in Fig. 5g to delineate the 
ACC). The resulting transports are marked by the large open stars in 
Fig. 6. Since the majority of the BS hydrographic sections were occupied 
in the months of July, August, and September, we subsequently 
computed the mean mooring value for these three months, weighted by 
the number of hydrographic realizations in each month. These trans
ports are marked in Fig. 6 by the large filled stars. Comparing these to 
the open stars, one sees that the ACC transports are very similar 
(indistinguishable within the error bars); this is to be expected because 
the ACC resides on the US side of the strait. By contrast, our full 

transport (1.08 ± 0.04 Sv) is less than the value using the moorings 
(1.44 ± 0.11 Sv), which is also expected since we do not measure the 
transport through the Russian side of the strait. Our result implies that, 
during the months of July-September, approximately 75% of the Bering 
Strait inflow passes through the US side of the strait. This is near the high 
end of the summertime range deduced from the three long-term mooring 
arrays on the Chukchi shelf (see the Introduction). 

3.2. Seasonality 

We now investigate the seasonality of the water being advected by 
the ACC and CC Branch at the three sites. As explained in Section 2.6, we 
define the ACC water mass as that inshore of the central isopycnal of the 
ACC hydrographic front. For the CC Branch it is not obvious how to 
identify an analogous front, so we use geographical limits. For BS and 
DBO5 we use the same bounds as indicated in Fig. 5g and 5i, respec
tively. For DBO3, the offshore extent for the CC Branch water mass is 
taken to be slightly more inshore than what was used for the transport, 
40 km versus 20 km. The reason for this is that, as noted above, the 
offshore part of this line appears to be influenced by water from the 
Russian side of Bering Strait, in particular, the Anadyr Water. This is 
consistent with the high levels of water column productivity and benthic 
biomass measured in this region (Grebmeier et al., 2015; 2018). In
spection of the DBO3 sections indicated that a distinct water mass is 
often found there (which occasionally can be present to a small degree in 
the CC flow path), and we wanted to avoid aliasing this hydrographic 
signature into the CC water mass. Investigation of the Anadyr-like water 
at DBO3 will be the subject of future study. 

For each realization at each site, we averaged the water properties 
shoreward of the ACC front and those within the CC Branch as defined 

Table 2 
Volume transport (Sv) of the different flow branches calculated from the mean 
absolute geostrophic velocity sections at the three sites for non-upwelling con
ditions. The uncertainty at each site is from the estimated measurement error, 
and the uncertainty in the overall mean also reflects the spread in values at each 
site.   

ACC CC Total 

BS 0.34 ± 0.01 0.87 ± 0.03 1.21 ± 0.04 
DBO3 0.37 ± 0.03 0.81 ± 0.08 1.18 ± 0.10 
DBO5 0.32 ± 0.02 0.88 ± 0.06 1.20 ± 0.08 
Overall Mean 0.34 ± 0.04 0.86 ± 0.11 1.20 ± 0.13  

Fig. 6. Comparison of transports from this study to that calculated using the Bering Strait moorings (see the legend). The small blue and red filled squares are the 
monthly mean values for the full transport and the ACC portion, respectively, from the moorings. The large filled stars are the corresponding weighted mean values 
for Jul-Sep as described in the text. The large open stars are the mean values calculated in this study for the US portion of the strait (blue) and the ACC (red). Standard 
errors are included. 
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above. Occasionally some of the ACC water extended into the 
geographical domain of the CC Branch, including a few instances where 
there was a detached lens of the water located well offshore of the ACC. 
These regions were excluded when computing the CC Branch averages. 
Fig. 7 shows the ACC water mass characteristics at BS as a function of 
year day. While there is significant scatter, a clear seasonal pattern is 
evident: the ACC is warmest, freshest, and lightest in late summer. While 
there are not enough ChukSA velocity data to construct absolute 
geostrophic velocity sections for each realization, we can compute the 
baroclinic velocity (relative to the bottom) for each section. This reveals 
that, in addition to being warmest and freshest, the baroclinic flow of the 
ACC is strongest in September (keeping in mind that the strongest full 
transport of the ACC occurs in July according to the Bering Strait 
mooring data; see Fig. 6). 

Another way to address the seasonality at BS is via an EOF calcula
tion (see Section 2.7). We performed the analysis separately on the 
temperature, salinity, and density sections. The EOF mode 1, which 
explained between 50 and 70% of the variance for the three variables, 
reflects the seasonal variation. The vertical structure and PC timeseries 
for temperature and salinity are shown in Fig. 8a-d. These are scaled so 
that the contours in Fig. 8a and 8c denote the maximum dimensional 
amplitude of the mode for temperature and salinity, respectively. This 
reveals that seasonal warming occurs across the entire section. Perhaps 
unexpectedly, the maximum warming occurs outside the core of the ACC 
in the lower part of the water column, extending to the middle of the 
section. By contrast, the freshening occurs mainly on the eastern side of 

the section and is surface-intensified, with the maximum signal within 
the ACC. To visualize the impact of this modal structure, we multiplied 
plus/minus one standard deviation of the PC timeseries by the spatial 
structure and added it back into the mean (Fig. 8e-h). This clearly shows 
the nature and extent of the seasonal change in the ACC from early-July 
to mid-September (we note that the basic hydrographic vertical struc
ture remains similar to the mean vertical structure; Fig. 5a, 5d). While 
these trends are not surprising, Figs. 7 and 8 represent the first full water 
column quantification of this. Averaged over the region inshore of the 
frontal isopycnal of the ACC, the amplitude of the seasonal change is 
3.6 ◦C in temperature and 2.6 in salinity. 

Farther to the north, the seasonality is less pronounced. At DBO3 
there is no discernable seasonal signal in salinity for either the ACC or 
the CC Branch, and, at DBO5, this is true for both salinity and temper
ature. In these cases, the variability in water properties is mainly 
dominated by other processes – this is investigated below in Sections 3.3 
and 3.4. Fig. 9 shows the variation in temperature at BS and DBO3 for 
the two flow branches (again, it is the average for each realization at 
each site). While there is significant scatter in each case, a seasonal 
signal is evident. As was true for the ACC in BS, the temperature of the 
CC Branch in BS peaks in September (compare Fig. 9a,b). While the 
temperatures are considerably colder in the CC Branch, the amplitude of 
the warming is comparable as seen in the EOF vertical structure of 
Fig. 8a. Farther north at DBO3 the warmest temperatures for both the 
ACC and CC Branch are generally found in August, compared to 
September for BS. This is likely due to the fact that, staring in early- 

Fig. 7. Properties of the ACC at Bering Strait as a function of year day. The circles are averages inshore of the frontal isopycnal for each occupation (see text).  
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Fig. 8. EOF mode 1 (EOF1) for Bering Strait. (a) Vertical structure for temperature, where the contours represent the maximum dimensional amplitude of the mode. 
(b) Principal component (PC1) timeseries for temperature as a function of year day. (c) Same as (a) for salinity. (d) Same as (b) for salinity. The percent variance 
explained by each mode is indicated. (e) Minimum and (f) maximum states of EOF 1 for temperature. (g) Same as (e) for salinity. (h) Same as (f) for salinity. The 
contours are density (kg m−3). The bottom topography is from sound speed-corrected shipboard echosounder data. 
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September, the air-sea heat flux changes sign in the Chukchi Sea such 
that the atmosphere begins to cool the ocean, with the flux being 
considerably larger north of Bering Strait (Fig. 17, which is discussed in 
more detail below in Section 3.5). 

3.3. Dominant variability at DBO5 

As noted above, there was no identifiable seasonal signal in tem
perature or salinity at DBO5 for either the ACC or the CC Branch. We 
now describe the dominant variability in hydrographic properties at this 
location and investigate the underlying causes. Applying the same EOF 
calculation that was done above to the BS sections, except now to the 
DBO5 sections, reveals a dominant salinity mode that corresponds to 
freshening of the upper layer of the water column across the entire 
section, enhanced on the western side (Fig. 10)1. The mode explains 
approximately 45% of the variance. The PC1 timeseries is presented as 
realization #, which is simply the section number in the order in which it 
was processed (i.e., not a physically meaningful order). The comparable 
density mode (38% of the variance) has a nearly identical vertical 
structure and PC timeseries (not shown). What is the nature of this 
mode? We suspect that it is due to ice melt on the northern Chukchi 
shelf. To demonstrate this, we used the satellite ice concentration data to 
compute the net change in concentration at each grid point over the 10 
days prior to the time of each occupation (the result is not sensitive to 
the exact choice of days). Positive values represent ice gain, while 
negative values indicate ice loss. Following this, we made a composite 
average for all of the realizations whose PC values in Fig. 10b were>0.5 
times the standard deviation (5 occupations), and another one for all the 
realizations whose PC values were less than −0.5 times the standard 
deviation (8 occupations). 

In the former case, which corresponds to the presence of the fresh 
layer across the DBO5 section, there was considerable ice loss over the 
northeast Chukchi shelf during the preceding 10 days – up to 20% in the 
vicinity of Barrow Canyon (Fig. 11a). By contrast, in the latter case there 
was essentially no change in ice concentration throughout the region 

(Fig. 11b). These differences can be understood by compositing the 
mean ice concentration over the 10-day period for the two cases. When 
the fresh layer is present, the ice concentration is approximately 10% in 
the vicinity of Barrow Canyon and up to 25% northwest of the canyon 
(Fig. 11c), suggesting that plenty of melt water should be present. When 
the fresh layer is absent or reduced, the entire area corresponds to open 
water – i.e., melt-back had already occurred over the northeast shelf 
(Fig. 11d) implying a diminished presence of newly formed melt water. 

To shed light on the different timing of melt back, we calculated the 
mean 2-m air temperature over the northeast Chukchi shelf during the 
months of July-September for all of the ± 0.5 standard deviation re
alizations of PC1. In addition, we calculated the heat flux through Bering 
Strait for the months of June-August for these realizations. The idea is 
that instances of earlier meltback would correspond to greater oceanic 
heat flux into the Chukchi Sea and/or warmer regional air temperatures 
(for a diagnosis of summer surface and lateral heat fluxes in the Chukchi 
Sea, see Lu et al., 2020). For the earlier melt-back cases, the heat flux 
through Bering Strait was 26.3 ± 2.8 TW and the mean air temperature 
was 2.5 ± 0.4 ◦C, while for the later melt-back cases these values were 
15.6 ± 2.5 TW and 1.5 ± 0.1 ◦C, respectively. Hence, both factors likely 
contributed to the change in melt-back and hence the presence/absence 
of the fresh layer across Barrow Canyon revealed by the EOF. 

While the dominant signal in salinity (and density) at DBO5 appears 
to be related to variations in ice melt on the northeast Chukchi shelf, the 
dominant temperature variability is not associated with this process. In 
particular, the PC1 timeseries for temperature is not correlated with that 
for salinity, and the EOF1 vertical structure for temperature is qualita
tively different than that for salinity. This is not to say that there is no 
temperature signal related to the ice melt. Such a signal is evident by 
constructing composite average vertical sections corresponding to the 
two groupings of occupations used above for the satellite ice concen
tration composites (i.e., based on the salinity PC1 timeseries). In the 
positive composite, the fresh surface layer is associated with signifi
cantly colder temperatures: averaged over the top 15 m of the water 
column and across the section, the temperature is colder by 2.6 ±

0.76 ◦C than in the negative composite (the salinity is fresher by 1.9 ±
0.37). Such colder water is expected where there is actively melting ice. 
The dominant temperature variability at DBO5, captured by the EOF1 
temperature mode (55% variance explained), is associated with warm
ing throughout the section, with a maximum signal in the ACC. At this 

Fig. 9. Average temperatures of the ACC and CC Branch at Bering Strait and DBO3 as a function of year day. Note that panel (a) is the same as the top panel in Fig. 7.  

1 The August 2013c section had an anomalously fresh layer at the surface 
which dominated the original EOF mode 1, so this realization was removed 
from the collection of sections and the EOF was recalculated. 
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Fig. 10. Salinity EOF mode 1 for DBO5. (a) Vertical structure, where the contours represent the maximum dimensional amplitude of the mode. The percent variance 
explained by the mode is indicated. The bottom topography is from sound speed-corrected shipboard echosounder data. (b) Principal component timeseries plotted 
by section number (see text). (c) Minimum and maximum states of the EOF. The contours are density (kg m−3). 
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point we are unable to ascribe a cause for this variation, although, based 
on the ERA5 data, we can say that it is not related to regional variations 
in the wind. 

3.4. Mesoscale variability at DBO3 and Bering Strait 

As documented earlier in Section 3.2, there is a seasonal signal in 
temperature and salinity at BS for both the ACC and CC Branch, captured 
by EOF1 (Fig. 8). Performing the same EOF calculation on the set of 
DBO3 sections2, it is found that EOF1 for temperature also reflects the 
seasonal signal (as demonstrated above using the water mass approach 
in Fig. 9c,d). However, the dominant EOF for salinity (and density) does 
not reflect seasonality and is also not related to the ice melt signature 
present at DBO5. We now investigate the nature of the non-seasonal 
variation in salinity at DBO3 and BS, beginning with the former. 

Fig 12 a-d shows the vertical structure and PC timeseries for first two 
EOF salinity modes at DBO3, which explain 27.5% and 23.5% of the 
variance, respectively. Mode 1 contains a broad region of negative 
amplitudes in the upper half of the water column with a small area of 

positive values near the coast (Fig. 12a), while mode 2 has a wedge of 
large negative values where the ACW is found on the inshore part of the 
section (Fig. 12c). In both cases the amplitudes are small on the western 
half of the line. Adding plus/minus one standard deviation back into the 
mean reveals how the two modes differ in their effect on the salinity field 
(Fig. 12e-h). Mode 1 corresponds to an offshore shift of lower salinity 
water resulting in a larger lateral salinity gradient in the central part of 
the section where the CC Branch resides (Fig. 12e,f). Note, however, that 
the minimum value of salinity near the eastern boundary remains 
approximately the same in the two states. By contrast, mode 2 is asso
ciated with strong freshening near the coast where the ACC is located 
(Fig. 12g,h). These results imply that mode 1 reflects changes in the CC 
Branch while mode 2 reflects changes in the ACC. Are there corre
sponding differences in the circulation? While we have no means to 
compute absolute geostrophic velocities associated with the different 
states, we can address the baroclinic flow. 

To do this we computed the density EOF modes, which have nearly 
the same vertical structure and PC timeseries as the salinity modes. After 
adding plus/minus one standard deviation back into the mean for each 
mode, we computed the relative geostrophic velocity referenced to the 
bottom. The results are shown in Fig. 13. One sees that mode 1 corre
sponds to strengthening/weakening of the CC Branch, while the strength 
of the ACC remains approximately the same (it undergoes a small lateral 
shift, Fig. 13a,b). Conversely, in mode 2 the ACC strengthens/weakens 

Fig. 11. Composite average ice maps corresponding to the two extremes of DBO5 EOF1 for salinity (see text for details). The top row is the net change in ice 
concentration over the 10-day period preceding the occupations of the sections, and the bottom row is the average ice concentration over that period. The left-hand 
column is for cases when the surface fresh layer is enhanced, and the right-hand column is for cases when the surface fresh layer is diminished. The bathymetry (in 
meters) is from IBCAOv3. The 100-m bathymetric contour is highlighted black. The magenta line is the DBO5 section. 

2 The two realizations in September 2012 had anomalously fresh water pre
sent at the western end of the section that dominated the EOFs. As such, these 
realizations were removed and the EOF calculations re-done. 
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Fig. 12. Salinity EOF modes 1 and 2 for DBO3. (a,c) Vertical structure, where the contours represent the maximum dimensional amplitude of the mode. The percent 
variance explained by the mode is indicated. (b,d) Principal component timeseries. (e,f) Minimum and maximum states of mode 1. (g,h) Minimum and maximum 
states of mode 2. The bottom topography is from sound speed-corrected shipboard echosounder data. 
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significantly while the strength of the CC Branch changes by compara
tively little (there is a lateral shift in the strongest flow, Fig. 13c,d). The 
corresponding volume transports bear this out. In mode 1 the CC Branch 
baroclinic transport approximately doubles while that of the ACC re
mains the same, and for mode 2 the ACC transport more than doubles 
while the CC Branch transport is nearly the same. We thus conclude that 
mode 1 reflects variability of the CC Branch, while mode 2 reflects 
variability in the ACC. 

Regarding Bering Strait, recall that the dominant EOF for salinity is 
the seasonal signal. However, the next two modes (not shown) are 
analogous to the two EOF salinity modes for DBO3 described above: 
mode 2 is the ACC mode (23.4% variance explained) and mode 3 is the 
CC Branch mode (12.1% variance explained). Although only a relatively 
small amount variance is explained by the latter, this result implies that 
the same physical processes impacting the two flow branches are 
operating at both locations. The next question is, what are these 
processes? 

As explained in Section 2.5, we removed the upwelling realizations 
from our set of sections at each site. However, the ACC mode identified 
here still appears to be wind-driven, albeit associated with weaker winds 
that are unable to initiate upwelling. We demonstrate this by con
structing composite average maps of the 10-m wind field for the 
different extremes. At DBO3 we used the realizations whose PC values 
exceeded ± 0.5 times the standard deviation, and at BS we used the 
realizations exceeding ± 0.25 times the standard deviation (in order to 
increase the number of realizations there). Then, for each case, we 
computed the mean wind field over the two-day period preceding the 
occupation of the section (results are not sensitive to this exact choice). 
Finally, composite averages were made for the strong and weak ACC 

cases at each site. 
This revealed an obvious connection between the wind field and the 

strength of the ACC (Fig. 14). At DBO3, the ACC is relatively strong 
when the winds are light, while the ACC is comparatively weak when the 
winds are out of the north and oppose the current (Fig. 14a,b). At BS, the 
ACC is relatively strong when the winds are out of the south, while the 
ACC is comparatively weak when the winds are light (Fig. 14c,d). We 
note that the specific wind conditions for the strong and weak ACC at the 
two sites are different because the times of the occupations at each 
location did not coincide. The salient point is that, outside of upwelling 
periods, the ACC varies as one would expect in response to moderately 
small variations in the wind. As such, the ACC mode identified here can 
be considered a mesoscale wind-driven mode. (We note that remote 
winds could also be playing a role via coastal shelf wave propagation; 
Danielson et al., 2014; 2020) At this point it remains unclear what the 
nature of the CC Branch mode is, as similarly constructed wind com
posites are inconclusive. This remains a topic of ongoing study. 

3.5. Northward evolution in the properties of the flow branches 

We now investigate how the water masses of the ACC and CC Branch 
change between Bering Strait and Barrow Canyon. First, at the three 
locations we computed the percentage of time that each water mass in 
Table 2 was present at every grid point across the section. We excluded 
the edges of the sections where there were fewer occupations because 
this skewed the percentages (whereas the mean quantities are not 
affected by a few missing occupations). The results are shown in Fig. 15. 
At BS the inshore part of the ACC is a mixture of MWM and ACW, 

where the former is mostly confined to the upper 20 m. This makes 

Fig. 13. Minimum and maximum states of the baroclinic velocity (color, cm s−1) associated with density EOF modes 1 and 2 for DBO3 (contours, kg m−3). The thick 
black lines delineate the Alaskan Coastal Current (ACC) and Central Channel Branch. The volume transports for each case are indicated. The bottom topography is 
from sound speed-corrected shipboard echosounder data. 
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sense in that this is where the signature of continental runoff should be 
greatest. Seaward of the ACC there is a sharp transition to BSW which 
dominates the entire water column for the remainder of the section. By 
the location of DBO3, the MWM signature is all but gone and the ACC is 
now comprised mostly of ACW with a small amount of BSW. As was the 
case at BS, the CC Branch advects mostly BSW. 

At the latitude of Barrow Canyon, the water mass situation has 
changed considerably. There is again a sizable presence of MWM in the 
upper layer, but now the percentage is greater seaward of the ACC. In 
line with the DBO5 salinity EOF results presented above, this is the 
signature of ice melt (i.e., cold MWM, see also Fig. 4b). A second big 
difference is that there is a sizable ACW presence across the upper part of 
the CC Branch. This is likely related to the fact that the isopycnals of the 
ACC no longer outcrop at this latitude, allowing for isopycnal spreading 
of this water mass. Finally, at DBO5 there is a significant presence of 
RWW and NVWW. This was shown in θ/S space in Fig. 4b; here we see 
that the deepest part of the CC Branch is dominated by these two cold 
water masses (Fig. 15, bottom row). The fact that they are concentrated 
on the western flank of Barrow Canyon is consistent with the notion, 
discussed earlier, that they have reached DBO5 via the long CC Branch 
pathway that flows around Hanna Shoal and drains into the west side of 
the canyon. Using a smaller collection of DBO5 sections, Pickart et al. 
(2019) found that most of the NVWW passed through Barrow Canyon 

during the month of August. Here we find that this coldest vintage of 
winter water is also sometimes present in July (only a single September 
occupation measured it). 

3.5.1. Alaskan Coastal current 
We now take a more detailed look at the northward evolution of the 

water advected by the ACC. As was done above in Section 3.2 to address 
the seasonality, we consider the average properties inshore of the ACC 
hydrographic front. Before doing this, however, we removed the 
extreme instances of mesoscale variability associated with ACC mode 
identified in the previous section – in particular, the realizations cor
responding to the six most positive and six most negative PC values for 
the ACC mode at DBO3 and the five most positive and five most negative 
PC values for the ACC mode at BS (we removed fewer BS realizations 
because there were fewer BS sections overall). Supplementary Fig. 4 
shows the effect that removing these extreme cases has on the ACW 
properties at DBO3 plotted in θ/S space3. The realizations in question 
include the freshest and coldest values, which, when excluded, 

Fig. 14. Composite average maps of wind velocity (vectors) and speed (color) corresponding to the two extremes of the ACC mode for (a, b) DBO3 and (c, d) BS (see 
text for details). The magenta lines are the BS and DBO3 sections. The number of occupations that went into the composites are 8, 9, 7, 6 for panels a, b, c, d, 
respectively. 

3 The second realization in September 2012, which was not included in the 
DBO3 salinity/density EOF calculation due to the presence of anomalously 
fresh water at the western end of the section, also had anomalously fresh water 
in the ACC. Hence this realization was removed as well. 
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significantly reduce the scatter. For the ACC at DBO5 we removed the 
five most positive/negative PC values of the EOF mode associated with 
ice melt, which reduced the scatter at this location. We also excluded the 
October and November realizations at DBO5 due to strong air-sea 
forcing and ice formation at that time of year. 

The resulting water mass properties of the ACC at the three different 
locations on the Chukchi shelf are documented in Fig. 16a. The small 
squares are the individual realizations, and the solid stars are the means 
of these values with the standard error indicated. These results suggest 
that, as the ACC progresses from BS to DBO3, it becomes saltier with 
little change in temperature. Then, from DBO3 to DBO5, the salinity 
increases further (although by a smaller amount) and the water becomes 
significantly colder. However, while the realizations at each line are 

distributed fairly evenly over the summer months (supplementary 
Fig. 5), in order to track the water more accurately as it progresses 
northward, we need to account for the travel time of the ACC between 
the sites. To do this we estimated the path distances and used the mean 
northward velocity at the three sites from Fig. 5g-i. In particular, from 
BS to DBO3 we used a weighted average between the two sites with 

more weight given to the velocity at DBO3, since Bering Strait is a local 
constriction resulting in strong flow there. We used a similar weighed 
average for DBO3 and DBO5, with more weight given to DBO3 since 
Barrow Canyon is also a local constriction with strong flow. Supple
mentary Fig. 5 shows a Hovmöller plot of the data coverage (prior to 
early September) which includes the resulting path trajectory of the ACC 
starting in early July. On the plot we’ve marked three clusters of sections 
that were chosen in order to follow the current. The means of these three 
clusters are included in Fig. 16a as the open symbols. Qualitatively they 
tell the same story: from BS to DBO3 the biggest change is in salinity (the 
ACC gets saltier), and from DBO3 to DBO5 the biggest change is in 
temperature (the ACC gets colder). From hereon we use the values 
following the flow. 

What dictates this evolution in properties? One obvious factor to 
consider is lateral mixing, which we assessed via the following simple 
calculation. Using the set of occupations at BS and DBO3, excluding the 
extreme ACC mode realizations, we constructed mean vertical sections 
of T, S, and density. Next, we defined a shoulder region immediately 
offshore of the ACC bounded by the ACC frontal isopycnal onshore and a 

Fig. 15. Water mass percentage sections at (top row) Bering Strait, (second row) DBO3, (third and fourth row) DBO5. MWM = sea-ice melt water / meteoric water; 
ACW = Alaskan Coastal Water; BSW = Bering Summer Water; RWW = Remnant Winter Water; NVWW = Newly Ventilated Winter Water. Contours are the mean 
density (kg m−3). The thick black lines delineate the Alaskan Coastal Current (ACC) and Central Channel Branch. The bottom topography is from sound speed- 
corrected shipboard echosounder data. 
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Fig. 16. Properties of the (a) ACC and (b) CC Branch as the currents progress northward across the Chukchi shelf. The different colors are associated with the three 
locations (see legend). The small solid squares are the values associated with the individual sections, and the large solid stars are the means for each location along 
with the standard errors. The open stars are the means accounting for the advective offsets between the locations (see text). 

R.S. Pickart et al.                                                                                                                                                                                                                               



Progress in Oceanography 219 (2023) 103169

20

second isopycnal offshore such that the cross-stream width of the 
shoulder was approximately the same as the ACC (results are not sen
sitive to this exact choice). To estimate the effect of lateral mixing, we 
took the average between the mean ACC value and mean shoulder value 
at BS as the predicted ACC value at DBO3 (ignoring any effect from the 
inner part of Kotzebue Sound, which is taken to be negligible). This 
successfully explained the observed salinification from BS to DBO3 but 
predicted a drop in temperature of −0.9 ◦C versus the small observed 
increase of 0.5 ◦C (see Table 3). The analogous calculation from DBO3 to 
DBO5 again showed reasonably good agreement with respect to the 
salinification, but predicted a drop in temperature of only −0.9 ◦C versus 
the observed drop of −2.3 ◦C. This suggests that, to first order, lateral 
mixing can explain the evolution in salinity of the ACC but not the 
temperature. 

For the period corresponding to most of our observations, 
2010–2020, the path of the ACC was predominantly ice-free during the 
months of July and August. As such, summertime solar heating would be 
expected to warm the ACC as it progresses northward during these two 
months. We used the ERA5 reanalysis data to compute the climatolog
ical 2010–2020 mean daily open-water heat flux in the Chukchi Sea for 
the months of July-October. This consisted of the turbulent heat flux 
(sensible and latent) and the radiative heat flux (long wave and short 
wave). The bi-weekly means are shown in Fig. 17, which indicate that 
the ocean gains heat during July and most of August and loses heat in 
September and October. Acting alone, this would increase the temper
ature of the surface ACC water as it advects from BS to DBO5 (see the 
ACC trajectory in Fig. 17, where the water reaches DBO5 at the end of 
August). However, wind mixing will distribute this heat to depth. 

To investigate this process and estimate the resulting change in ACC 
temperature, we used the 1-dimensional PWP mixing model described in 
Section 2.8. For the initial condition we used the mean hydrographic 
profile at the center of the ACC from the July cluster of sections at BS 
(see supplementary Fig. 5). We then subjected this profile to the local 
air-sea heat flux and wind stress as it progressed northward at the above- 
calculated ACC advective speed, leaving Bering Strait on 1 July (see 
Fig. 17). We used the 3-hourly ERA5 timeseries where the diurnal 
fluctuations in radiative forcing were smoothed out (which did not 
impact the results). We do not consider the surface freshwater fluxes 
since they are small and do not change the outcome (this was verified by 
including them in the initial set of calculations). The climatological 
mean daily heat flux and wind stress for 2010–2020 following the ACC 
northward are shown in Fig. 18a,c. The x-axis is time where the green 
dashed line indicates when the water passes the DBO3 line. For roughly 
two weeks after leaving Bering Strait the net air-sea heating is between 
−150 and −200 W m−2 (negative values correspond to ocean heating), 
decreasing steadily thereafter (Fig. 18a). Note that the turbulent heat 
loss has a larger impact as the summer progresses. The wind stress 

fluctuates around zero until early August, after which the winds are 
prevalently out of the northeast with larger values of (negative) wind 
stress (Fig. 18c). 

Realizing that the surface forcing varies from year-to-year, we ran 
the PWP model for each year spanning 2010–2020 using the forcing for 
the corresponding year. We then considered the ensemble mean impact 
on the ACC temperature. For each run, the mixed layer is taken to be 5 m 
initially, and, as the water moves northward, the heating is confined to 
that depth until the first wind event mixes the signal deeper. Subsequent 
heating and vertical mixing can result in stacked mixed layers of 
different temperature. Recall that we have excluded the upwelling re
alizations from our study (it is during such wind events that the heat is 
mixed downwards). As such, our data reflect the re-stratified state of the 
ACC, i.e., the integrated impact of solar heating together with wind 
mixing. Therefore, in order to compare the PWP results to the data, we 
computed the vertically averaged temperature at each model time step 
from the surface to the depth of the deepest previous mixed layer (which 
on average was 16 ± 3 m by the end of the run). Since our observational 
averages often include water close to the bottom (depending on the 
penetration depth of the ACC frontal isopycnal), we also calculated the 
model average temperature over the full water column (40 m) at each 
time step. 

The ensemble means of these two averages are shown in Fig. 18e, 
plotted as the change in temperature from the initial time. In the first 
case the net increase in temperature of the ACC from BS to DBO3 is 3.4 
± 0.3 ◦C, and in the second case it is 1.5 ± 0.1 ◦C (see also Table 4). The 
most reasonable comparison to the data is likely somewhere in between. 
As presented above, excluding the effect of lateral mixing (which the 
PWP model cannot address), our observations imply an increase in 
temperature of 1.4 ± 0.6 ◦C (i.e., 0.5 ◦C + 0.9 ◦C; Table 3). In light of the 
different factors involved in implementing the model and manipulating 
the data, as well as the observational uncertainty, this agreement is 
encouraging. It suggests that the observed evolution in ACC temperature 
from BS to DBO3 can be explained by a combination of lateral mixing 
together with solar heating and vertical wind mixing. 

The same cannot be said for the evolution in ACC temperature from 
DBO3 to DBO5, as the temperature of the current dropped by −2.3 ±
0.6 ◦C according to the observations (open symbols in Fig. 18a; see also 
Table 3). The ensemble of PWP simulations imply that the temperature 
should increase by between 0.9 ± 0.1 ◦C and 1.9 ± 0.5 ◦C (Table 4), or, 
when taking lateral mixing into account, between 0.0 ± 0.1 ◦C and 1.0 
± 0.5 ◦C. We suspect that this discrepancy is due to the presence of the 
cold melt water in the northern Chukchi Sea. As noted above, the iso
pycnals in the ACC no longer outcrop at DBO5 (as they do at BS and 
DBO3). For instance, note the 24.5 kg m−3 isopycnal in Fig. 5. Using the 
historical hydrographic dataset (Section 2.9), we computed the clima
tological mean surface potential density for the period July-September. 
This revealed that, north of Cape Lisburne, the 24.5 kg m−3 isopycnal 
diverges from the coast, i.e., the isopycnal outcrops far seaward of the 
ACC. Hence, for most of its path from DBO3 to DBO5, the ACC can mix 
isopycnally with cold water. This is even more effective than the (dia
pycnal) lateral mixing to the south and would act to significantly cool 
the current. Note, however, that since the density is mostly dictated by 
salinity, such isopycnal mixing will have minimal impact on the salinity 
of the ACC. 

3.5.2. Central Channel Branch 
To address the northward evolution of the water advected by the CC 

Branch, we consider the average properties within the geographical 
limits of the current, as was done above in Section 3.2 for the season
ality. The results are shown in Fig. 16b, where the small squares are the 
individual realizations and solid stars are the means of these values with 
the standard error (we did not remove the extreme values of the CC 
Branch EOF modes at BS and DBO3, since this did not impact the scatter 
of values as it did for the ACC, and we kept the October and November 
realizations at DBO5 because of the longer travel time for the CC Branch 

Table 3 
Observed change in properties of the ACC and CC Branch as the water flows 
northward across the Chukchi shelf. The predicted changes for the ACC due to 
lateral mixing are also shown (lateral mixing for the CC Branch is not consid
ered, see text).  

ACC 
Observations 

Temperature change Salinity change 

Bering Strait to DBO3 0.5 ± 0.6 ◦C 0.64 ± 0.13 
DBO3 to DBO5 −2.3 ± 0.6 ◦C 0.21 ± 0.20  

CC Branch 
Observations 

Temperature change Salinity change 

Bering Strait to DBO3 1.1±0.3 ◦C 0.15±0.05 
DBO3 to DBO5 −3.9±0.3 ◦C −0.40±0.07  

ACC 
Lateral mixing 

Predicted temperature change Predicted salinity change 

Bering Strait to DBO3 −0.90 ◦C  0.57 
DBO3 to DBO5 −0.90 ◦C  0.34  
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to reach Barrow Canyon). This suggests that there is little change in 
either temperature or salinity of the CC Branch between BS and DBO3. 
As with the ACC, we did another calculation accounting for the travel 
time of the CC Branch between the two sites. Again, we identified two 
clusters of sections (Supplementary Fig. 6) and computed the means (the 
open symbols in Fig. 16b). In this case, there is a still only a small change 
in salinity, but now the temperature increases between the two sites by 
1.1 ± 0.3 ◦C (Table 3). From hereon we use the values following the 
flow. We note that lateral mixing would not be expected to change the 
properties of the CC Branch by much over this distance, since the current 
mixes with warmer/fresher water onshore and colder/saltier water 
offshore (whereas the ACC only mixes with colder/saltier water 
offshore). 

The PWP calculation was done for the CC Branch trajectory in 
Fig. 17. This is the longest route that brings the water around the north 
side of Hanna Shoal before draining into Barrow Canyon (although the 
first part of the trajectory from BS to DBO3 is common to all of the CC 
Branch pathways). For the initial condition we computed an average BS 
section using the cluster of realizations from early July to early August 
(Supplementary Fig. 6), choosing a profile in the middle of the current. 
The calculation was initiated on July 15 (there were more realizations 
since the extreme EOF cases were not removed). The surface forcing 
following the water is shown in Fig. 18b,d. One sees that the net heat 
flux changed sign near the beginning of September, and there was 
sizable negative wind stress (northeasterly wind) north of DBO3. 
Accordingly, the two ensemble means of the PWP simulations (averaged 
to the deepest mixed layer depth (mean of 25 ± 4 m) and averaged to the 
bottom (55 m)), show that the temperature change of the CC Branch 
plateaus north of DBO3 and decreases thereafter (Fig. 18f). The pre
dicted increase in temperature from BS to DBO3 is between 1.9 ± 0.2 ◦C 
and 0.9 ± 0.1 ◦C (Table 4), compared to the observed increase of 1.1 ±
0.3 ◦C (Table 3). Again, this agreement is encouraging. 

From DBO3 to DBO5, the PWP model predicts that the temperature 
of the CC Branch should decrease between −1.1 ± 0.4 ◦C and −0.4 ±
0.2 ◦C. As seen in Supplementary Fig. 6, the appropriate cluster of sec
tions to use at DBO5 is centered in mid-October, which gives an 
observed temperature decrease of −3.9 ± 0.3 ◦C (Table 3, although it 
should be kept in mind that there are only five DBO5 occupations during 
this time period). As was the case with the ACC, there is a large 

discrepancy between the observed decrease in temperature and that 
implied by air-sea heat flux plus wind mixing over this distance. It 
should be noted that all five of the October/November DBO5 sections 
contained some amount of RWW in the deep part of the CC Branch, 
which means that a portion of this water mass was still draining from the 
canyon via the long pathway around Hanna Shoal when the sections 
were occupied. This is at odds with the assumption of the advective 
calculation which follows the water (there was no RWW present at BS or 
DBO3). However, removing this deep RWW signal makes only a small 
difference. We surmise that the discrepancy is again due to presence of 
cold melt water on the northern part of the Chukchi shelf. This further 
highlights the importance of the seasonal ice melt on the properties of 
the two Pacific water flow branches as they progress towards the Arctic 
basin. 

4. Summary 

In this study we have used a unique set of shipboard hydrographic 
sections occupied by the scientific community as part of the Distributed 
Biological Observatory and Arctic Observing Network, together with a 
new climatology of shipboard ADCP data. The majority of the data were 
collected from 2010 to 2020 during the warm months of the year. Time 
periods of wind-driven upwelling were excluded from the study. This 
has allowed us, for the first time, to distinguish the two Pacific water 
flow branches in the eastern Chukchi Sea – the Alaskan Coastal Current 
(ACC) and Central Channel (CC) Branch. In the mean, mass was 
balanced for both currents at the three sampled locations: Bering Strait, 
seaward of Pt. Hope (DBO3), and in Barrow Canyon (DBO5). For the 
ACC, a seasonal signal was evident at Bering Strait where the current 
was warmest and freshest in September with a maximum in baroclinic 
transport, whereas the CC Branch displayed seasonality only in tem
perature. North of Bering Strait a seasonal signal was harder to discern, 
and in Barrow Canyon the dominant variability is consistent with yearly 
changes in sea ice melt in the northern Chukchi Sea shelf. 

Mesoscale variability was evident at both Bering Strait and the DBO3 
line. An EOF analysis revealed an ACC mode and a CC Branch mode. In 
the former, which is associated with moderate changes in the wind, the 
ACC varies between a colder, fresher state with enhanced baroclinic 
transport, and a relatively warmer, saltier state with diminished 

Fig. 17. 2010–2020 mean net heat flux (W/m2) from ERA5 for (a) July 1–15, (b) July 16–31, (c) August 1–15, (d) August 16–31, (e) September 1–15, (f) September 
16–30, and (g) October 1–15. Negative flux means the ocean is gaining heat. The red curves mark the pathways of the ACC and CC Branch, with the thicker sections 
representing the location of the water leaving Bering Strait on 1 July for the ACC and 15 July for the CC Branch. 
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baroclinic transport. The CC Branch mode is associated with increased/ 
decreased baroclinic transport, with the core of the current located 
farther offshore in the former state. We were unable to identify an un
derlying cause of this mode, although it does not appear to be wind- 
driven. The change in hydrographic properties of both currents were 
investigated in an advective framework following the flow. The north
ward increase in salinity of the ACC can be explained by lateral mixing 
alone, but solar heating together with wind mixing play a large role in 
the temperature evolution. This same atmospheric forcing also impacts 
the CC Branch. However, the large observed decrease in temperature of 
both currents between Pt. Hope and Barrow Canyon appears to be due to 
the influence of sea-ice melt water on the northern Chukchi shelf. This 

notion warrants further investigation, especially in light of the ongoing 
changes in seasonal ice cover due to the warming climate. 
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Fig. 18. (a, b) Timeseries of air-sea heat flux; (c, d) wind stress; and (e, f) PWP simulated temperature change along the pathway of the ACC (left panels) and CC 
Branch (right panels). The temperature change is relative to the initial temperature at Bering Strait. The solid line and shading represent mean and standard error, 
respectively. The green dashed line indicates the time when the water arrives at the DBO3 line, and the plots end at the DBO5 line. 

Table 4 
Results from the PWP simulations.  

ACC PWP  Temperature change averaged from the surface to deepest MLD Temperature change averaged from the surface to Bottom 

Bering Strait to DBO3 3.4 ± 0.3 ◦C 1.5 ± 0.1 ◦C 
DBO3 to DBO5 1.9 ± 0.5 ◦C 0.9 ± 0.1 ◦C  

CC PWP  Temperature change averaged from the surface to deepest MLD Temperature change averaged from the surface to Bottom 

Bering Strait to DBO3 1.9 ±0.2 ◦C 0.9±0.1 ◦C 
DBO3 to DBO5 −1.1±0.4 ◦C −0.4±0.2 ◦C  
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