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Abstract we investigated the transport of Arctic shelf water and its impacts on the downstream
hydrographic structures in the Amerasian Basin by combining data collected in the summer of 2016 from
two international cruises in the Pacific sector. The East Siberian Sea (ESS), in which cold shelf water with
salinity of 31.0-32.8 is produced, was identified to be a major source of the near-freezing temperature
water for the Makarov Basin. This relatively low-salinity shelf water was transported into the Chukchi
Abyssal Plain and occupied the subsurface layer (30-60 m), which led to the formation of a subsurface
oceanic front stretching along the Chukchi Plateau and northern side of the Mendeleev Ridge. The
offshore transport of waters from the ESS caused an intrusion of the Atlantic Water onto the shelf and
promoted the formation of the diapycnally mixed Lower Halocline Water (D-LHW) at the bottom of the
outer shelf. Our findings indicate that the source of the D-LHW in the Arctic Pacific sector might extend
from the Chukchi Plateau to as far as the Makarov Basin. We hypothesize that advection of waters from
the ESS into the Makarov Basin promotes development of the subsurface halocline in the Makarov Basin.
The volume transport of surface waters (salinity less than 30) on the ESS shelf was estimated to be about
0.6 Sv (10° m® s™*) eastward to the Canada Basin in 2016, consistent with the cyclonic Arctic circulation
regime in 2016.

Plain Language Summary The East Siberian Sea (ESS) is an important freshwater reservoir
of the Arctic Ocean, but the water transport across the ESS remains poorly understood because there

are few observations. In 2016, two hydrographic cruises were conducted in the ESS and nearby basins to
reveal how water masses in the ESS affects ocean temperature and salinity downstream. We found that
the ESS is the source of up to three different water masses that are found in the adjacent Makarov Basin.
These water masses occupy a total thickness of about 100 m in the water column. We found that low-
salinity waters on the shelf of the ESS flowed toward the Chukchi Abyssal Plain, carrying a large amount
of freshwater from the continental shelf of Russia into the Makarov Basin. We estimated that the volume
of freshwater provided by the ESS is similar to the flow through the Bering Strait, indicating an important
role of the ESS in the Arctic freshwater budget.

1. Introduction

The East Siberian Sea (ESS; Figure 1) covers an area of 9.36 X 10° km” (Timokhov, 1994). Its average depth
is about 54 m, its maximum depth is 915 m, and its total volume is about 49,000 km? (Timokhov, 1994).
The positive buoyancy input provided by river discharge drives an eastward-flowing low-salinity current
called the Siberian Coastal Current (Chapman & Lentz, 1994; Miinchow et al., 1999). The direction and
along-coast extent of the coastal current are also influenced by surface wind stress, which determines the
freshwater transport along the continental shelf of Russia (Osadchiev et al., 2020; Savel'eva et al., 2008;
Weingartner et al., 1999).

The main factors affecting the properties of water masses in the ESS include river runoff, sea ice melting
and refreezing, solar radiation, and inputs of the Atlantic-origin and Pacific-origin waters. In summer, a
warm and fresh surface mixed layer of ~20-30 m thick is formed on the shelf; this is called the mixed
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Figure 1. Locations of hydrographic stations in the summer of 2016. Black dots and crosses denote the Conductivity,
Temperature, Depth (CTD) and XCTD stations of the Russia cruise (La-77); black triangles and squares denote the
CTD and XCTD stations of the China cruise (CHINARE-7). Eastern section and western section stands for the western
and eastern meridional hydrographic sections, respectively. Black contours denote 200- and 2,000-m isobaths; steel
blue shadow denotes the sea ice extent on September 8, 2016. Gray arrows denote the Siberian Coastal Current from
Weingartner et al. (1999).

layer water (MLW) (Baumann et al., 2018; Jackson et al., 2010; Morison et al., 1998). The MLW is mainly
composed of meltwater and river runoff, leading to wide variations in temperature and salinity (Carmack
et al., 2016; Polyakov et al., 2018). In winter, vertical mixing on the ESS shelf is strengthened by the cooling
and brine injection from ice growth, resulting in a well-mixed layer with the temperature decreasing nearly
to the freezing point (<—1.5°C) from surface to bottom (Bauch et al., 2012; Jones & Anderson, 1986). Even
in the following summer, the remnant winter water beneath the thermocline can still maintain its original
features of near-freezing temperature, low potential vorticity and relatively high salinity (Bauch et al., 2005;
Gong & Pickart, 2016; Pickart et al., 2005).

Under the mixed layer in the Makarov Basin, there is an Arctic halocline layer about 100-200 m thick,
with strong stratification and temperature below —1.0°C (Figure 2b). Waters in the Arctic halocline can be
divided into three subtypes according to different salinity (S) ranges that are the results of different sources
or formation processes. From shallow to deep waters, these layers are: transitional halocline water (THW,
29.5 < S < 32.8), upper halocline water (UHW, 32.8 < S < 34.0), and lower halocline water (LHW, S > 34.0)
(Anderson, et al., 2013; Bauch et al., 2014; Morison et al., 1998; Shimada et al., 2001). The THW, which has
the same salinity range as the summer Bering Sea Water but is colder, mainly lies beneath the mixed layer
as the shallowest part of the halocline (Morison et al., 1998). The UHW is formed by advective processes
from the Arctic shelf (Anderson et al., 2017; Jones & Anderson, 1986; Steele & Boyd, 1998). Note that in the
Canada Basin there also exists a part of the halocline called the UHW (Shimada et al., 2005), which origi-
nates from winter modification of the Pacific-origin water in the Chukchi Sea. In general, the UHW in the
Makarov Basin is much more stratified than that in the Canada Basin.

The LHW is formed in the Barents Sea and Nansen Basin by winter modification of the Atlantic Water
and is characterized by a sharp bend in the 6-S curve at salinity range of 34.0-34.5 (Figure 2c) (Alkire
et al., 2017; Kikuchi et al., 2004; Rudels et al., 2004). In addition, a relatively warm halocline water type,
which is called diapycnally mixed LHW (D-LHW), can be formed by the mixing of the Atlantic Water and
shelf water along the Chukchi and Beaufort slopes (Itoh et al., 2007; Woodgate et al., 2005). The formation
of the D-LHW is related to the upwelling of the Atlantic Water from the continental slope to the shelf,
which is a response to the regionally wind-induced surface Ekman transport (Lin et al., 2019; Meneghello
et al., 2018; Nikolopoulos et al., 2009; Pickart et al., 2011).
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Figure 2. (a) and (b) show the typical 6 (gray line) and S (black line) profiles, with water masses labeled, on the outer shelf and in the southern Makarov basin,
respectively. (c) and (d) show the 6-S diagrams in western section and eastern section, respectively. The major water masses are delineated by the black lines.
Light gray, gray, and dark gray colors used for dots denote 6 and S profiles collected from different stations (corresponding to colored triangles in Figures 3a

and 3b).

The upper Arctic Ocean is strongly influenced by the transport and modification of water masses from the
ESS (Aksenov et al., 2011). First, the transport direction of shelf waters reflects the state of the transpolar
drift in the Arctic Ocean. An eastward transport of shelf waters generally indicates that the axis of the
Transpolar Drift Current changes from the Eurasian Basin toward the side of the Canada Basin (Bauch
et al., 2011; Dmitrenko et al., 2005; Morison et al., 2012; Steele et al., 2004). Accompanied by the axis mov-
ing eastward, the cold halocline layer in the Eurasian Basin begins to weaken or even disappear completely
(Johnson & Polyakov, 2001; Schlosser et al., 2002; Steele & Boyd, 1998). If the axis of the transpolar drift
turns back along the Lomonosov Ridge, the cold halocline appears to recover in the Eurasian Basin (Bjork
et al., 2002; Boyd et al., 2002). Second, the ESS is currently an important source for the Arctic halocline wa-
ter. Early studies suggested that waters in the ESS provided little input to the halocline due to the low salin-
ity and large cover of sea ice (Aagaard et al., 1981; Chapman & Lentz, 1994). However, the salinity of shelf
waters has increased in recent decades (Dmitrenko et al., 2008; Williams & Carmack, 2015), and parts of the
waters close to the slope are now dense enough to supply the Arctic halocline in the Makarov Basin (Alkire
et al., 2019; Anderson et al., 2013; Bauch et al., 2016). Anderson et al. (2017) confirmed that the region
around the New Siberian Islands could produce a kind of halocline water with salinity higher than 33.0.
In addition, a relatively fresh and cold shelf water (32 < S < 32.5, 6 < —1.5°C) was observed in the western
Chukchi Sea (Kawaguchi et al., 2015; Linders et al., 2017; McLaughlin et al., 1996; Zhao et al., 2015). This
water mass is also hypothesized to originate in the ESS (Jones et al., 2008; McLaughlin et al., 2004; Nishino
et al., 2008, 2013).
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Based on these previous studies, we expect the wide shelf of the ESS will contain various water masses with
large differences in properties. However, the distribution and transport of these waters are still not fully
understood. In this study, we used hydrographic data collected during the joint Russia-China cruise (La-77
cruise), which was conducted by R/V Akademik M.A. Lavrentiev from 19 August to 20 September in 2016,
to explore the transport of shelf water in the ESS. We also used hydrographic data collected by R/V Xuelong
over the same period. The structure of the paper is as follows. We describe the hydrographic data in Sec-
tion 2. In Section 3, we classify and present all the existing water masses across the shelf in the ESS. In Sec-
tion 4, we focus on the distribution and transport of shelf waters from the shelf to the Amerasian Basin. In
Section 5, we investigate the relationship between shelf water transport and the formation of the halocline
in the Amerasian Basin. We summarize our main conclusions and discuss their significance in Section 6.

2. Hydrographic Data

The sea ice in the Arctic Pacific Sector between 150°E and 170°E retreated to a record low in September 2016
(Figure 1). During this period, two oceanographic expeditions were conducted simultaneously in the ESS
and around the Chukchi Plateau.

The first expedition was carried out by Russian vessel R/V Akademik M.A. Lavrentyev in the ESS and Chuk-
chi Sea from 24 August to 16 September, with hydrographic profiles made along two sections extending
across the shelf into the Makarov Basin, and one section along the coastline (Figure 1). A total of 57 tem-
perature-salinity profiles were collected. Of these, 45 profiles were obtained using an SBE-911 plus Con-
ductivity, Temperature, Depth (CTD) sensor with temperature and salinity accuracies of 0.001°C and 0.003,
respectively, and 12 profiles were obtained using expendable CTD (XCTD) profilers with temperature and
salinity accuracies of 0.02°C and 0.04, respectively. The CTD casts were calibrated and processed according
to standard Sea-Bird processing procedures.

The second expedition was carried out by the Chinese icebreaker R/V Xuelong in the Chukchi Plateau dur-
ing the same period. A total 72 temperature-salinity profiles were collected to the north of the Bering Strait
using the same type of instrument as on the Russian expedition, that is, the SBE-911 plus CTD sensor. The
temperature and salinity accuracies are also 0.001°C and 0.003, respectively.

We used daily sea-level pressure (SLP) and 10-m winds from the ECMWF reanalysis product (ERA-5), which
has a 0.25° x 0.25° grid spacing (Hersbach et al., 2018). Sea ice velocities were obtained from the Polar Path-
finder daily 25-km EASE-grid sea ice motion vectors (Tschudi et al., 2019), provided by the National Snow
and Ice Data Center of the United States (available at https://nsidc.org/data/nsidc-0116). Surface absolute
geostrophic velocities were derived from absolute dynamic topography, which is a multi-mission altimeter
product from the Copernicus Marine Environment Monitoring Service (https://marine.copernicus.eu/).

3. Water Masses in the East Siberian Sea and Makarov Basin

Temperature and salinity transects for the two meridional sections, the western section (WS) and the east-
ern section (ES), with locations shown in Figure 1, are given in Figure 3. Following previous studies (An-
derson, et al., 2017; Morison et al., 1998; Steele & Boyd, 1998; Woodgate et al., 2005), we define four distinct
water masses to study the hydrographic properties in this area, including the mixed layer water (MLW), East
Siberian cold shelf water (ESCW), Arctic halocline waters, and Atlantic Water (AW). We further categorize
these water masses into several subtypes (Table 1).

3.1. Mixed Layer Water (MLW)

Figures 3c and 3d show a remarkable salinity difference (up to 3.0) between the Siberian Coastal Water
(SCW) and MLW on the mid-shelf, which formed oceanic fronts at 73.5°N in section ES and at 74.0°N in sec-
tion WS, respectively. We found that the front extended nearly along the 30-m isobath (Figure 4a), suggest-
ing a west-to-east water transport of the SCW along the coast. In the western Chukchi Sea (180°-170°W),
only a small amount of the SCW was found, with slightly modified salinity (28.0 < S < 30.0).
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Figure 3. (a) and (b) show the potential temperature along the eastern section (ES) and western section (WS), respectively; black, gray, and light gray triangles
denote the station locations in Figures 2c and 2d. (c) and (d) show the salinity along the ES and WS, respectively. The bold white contours denote the salinity
value of 28.0. Note that the exponential coordinate is used for the y-axis to highlight the hydrographic structure in the upper layer.

Table 1
Water Mass Classification in the ESS

At the same time, the freshwater tongue of the SCW extended from the estuarine area toward the north-
eastern ESS, suggesting an offshore transport of the SCW via the outer shelf to the north of Wrangel Island
rather than to the Long Strait in September 2016. This is consistent with the surface current in the ESS
derived from the absolute dynamic height during the period of the expedition (24 August to 16 September)
(Figure 4c). The axis of the eastward flow, with the maximum speed exceeding 15 cm/s, was found along the
isohalines between 26.0 and 28.0, while the eastward component of the flow in the Long Strait (180°) was
only about 2-3 cm/s, almost an order of magnitude smaller than the flow across the section ES (~168°E).

Absolute salinity Depth

Water mass Subtype 6(°C) Salinity (g/kg) (m)
Mixed Layer Water (MLW) Siberian Coastal Water (SCW) 1.0-4.0 <28.0 <28.13 0-25
MLW in the basin —1.5-0.0 28.0-29.5 28.13-29.64 0-25
MLW on the shelf —1.0-3.0 28.0-31.0 28.13-31.15 0-45
East Siberian Cold Shelf Water (ESCW) Fresh ESCW (ESCW)) -1.7-0.7 31.0-32.8 31.15-32.96 15-65
Salty ESCW (ESCW;) —-1.7-1.2 32.8-34.0 32.96-34.16 40-100
Arctic Halocline Waters Transitional Halocline Water (THW) —1.70-1.40  29.5-32.8 29.64-32.96 20-65
Upper Halocline Water (UHW) —1.65-1.20  32.8-34.0 32.96-34.16 40-100
Lower Halocline Water (LHW) —1.35-1.15 34.0-34.5 34.16-34.66 50-150
Diapycnally mixed Lower Halocline Water (D-LHW) —1.15-0.50  33.6-34.5 33.76-34.66 80-150
Atlantic Water (AW) only the top half of AW —0.50-1.16 34.60-34.87 34.77-35.04 150-350

Abbreviation: ESS, East Siberian Sea.
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Figure 4. Distribution of (a) salinity and (b) temperature of the Mixed Layer Water. (c) Mean surface velocities derived from the absolute dynamic height. Blue
arrow denotes the overall transport of surface waters.

From the coast to the shelf edge (200-m depth) along 168°E, the volume flux of the surface-layer water with
a mean thickness of 30 m was estimated to be 0.6 Sv (1 Sv = 10° m?/s). Taking the mean depth of the ESS
(~54 m) into account, the total volume flux from the ESS toward the Chukchi Plateau might reach the same
level as that via the Bering Strait. More importantly, during our survey the waters on the shelf of the ESS
were much fresher than those in the Pacific inflow, thereby making a more important contribution to the
freshwater content in the Amerasian Basin.

3.2. East Siberian Cold Shelf Water (ESCW)

Although the MLW warms up during the summer, the waters beneath the MLW can still maintain the low
temperature (6 < —1°C) gained during convection in winter (Figures 2a, 3a and 3b); therefore, it is called
cold shelf water or remnant winter water (Gong & Pickart, 2016; Okkonen et al., 2019). In the summer of
2016, the East Siberian cold shelf water (ESCW) was found on the mid and outer shelves, occupying a layer
in the depth range about 40-100 m (Figure 5). The salinity of the ESCW varied significantly between sec-
tions ES and WS, with the salinity range of 32.5-34.0 in section WS and 31.0-33.5 in section ES (Figures 3c
and 3d).

In these two regions, the water temperatures are nearly same, but their salinity differences (about 1.0-1.5)
cause significant density differences in the ESCW. Once the ESCW is transported into the deep basin, ESCW
with different densities will enter different isopycnal layers. To track their transformations, we separate the

(b)

300 1
40014 ws
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MLW on the shelf MLW in the basin
THW

MLW in the basin

THW

ESCW;

ES

600 1
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Figure 5. Water masses along (a) western section and (b) eastern section.
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ESCW into different water mass sub-types. We use the salinity 32.8 as a criterion to classify the ESCW into
two sub-types: fresh ESCW (ESCWj, S < 32.8) and salty ESCW (ESCW;,, S > 32.8). We chose a threshold
of S = 32.8 because the salinity of the summer Bering Sea water is generally less than 32.8 (Gong & Pick-
art, 2016; Morison et al., 1998), while the winter Bering Sea water and UHW are larger than 32.8 (Shroyer
& Pickart, 2018; Steele et al., 2004; Woodgate et al., 2005). With this separation, the source of the ESCW;
is found mainly in the western ESS close to the outer shelf where the supply of Atlantic-origin water is
sufficient in winter (Alkire et al., 2019; Anderson et al., 2013, 2017). In this study, we mainly focus on the
formation and distribution of ESCW}.

3.3. Atlantic Water (AW)

In the section WS, the maximum temperature of the AW was about 1.10°C, while in the section ES located
150 km downstream, the maximum temperature decreased to about 0.83°C (Figures 2c and 2d). If we as-
sume the mean velocity of the AW along the slope is 0.05 m/s (Woodgate et al., 2005), the maximum upward
heat flux from the core of the AW to the halocline (~200 m depth) would be about 60 W/m? We propose that
this significant heat flux is related to vigorous tidal mixing between the upwelled AW and the cold waters
above the continental slope (Rippeth et al., 2015).

3.4. Arctic Halocline Water

Three halocline water types, discriminated by their salinities, were observed on the slope and in the Makarov
Basin during the expeditions. From shallow to deep waters, we can see the THW (29.5 < S < 32.8), UHW
(32.8 < S < 34.0) and LHW (34.0 < S < 34.5) in Figure 5. The LHW was slightly modified with about 0.5°C
warming after entering the ESS from the Eurasian Basin due to the upward mixing of the Atlantic Water
along its transport path (Dmitrenko et al., 2011; Rudels, 2015). The D-LHW was found on the bottom of the
outer shelf and slope. Its vertical structure in 8 and S are shown in Figure 2.

4. Distribution and Transport of ESCW
4.1. Distribution of ESCW in the ESS

It is difficult to distinguish the cold shelf water and halocline water on the 8-S diagrams (Figures 2c and 2d)
due to their similar temperature-salinity relationship with temperature near freezing point and salinity less
than 34.0. Nishino et al. (2008) suggest using the potential vorticity (PV) to distinguish these two water
masses because the cold shelf water generally showed a low PV due to cooling-driven convection in winter.
In this study, the PV was calculated using the method in Katsura (2018). Briefly, when applying the hydro-

static approximation and ignoring the relative vorticity, the PV is simplified as gf %, where g is the gravity

constant, f is the Coriolis parameter, p is pressure, and o, is potential density.

In the stations XCTDO01, LA22, and XCTDO03 along the section ES (Figure 6a), the cold shelf waters with
salinity between 31.0 and 32.8 all showed a minimum PV lower than 2.0 x 10~ m™" s™" (Figures 6b and 6c).
These widely spread waters were ESCW}, as described in Section 3.2. In contrast, in stations LA25, LA27,
and LA28, the water with the same salinity range showed a much higher PV and was only distributed on the
slope and further north. These waters were THW.

Bottom hydrographic conditions between sections WS and ES were distinctly different. The dominant bot-
tom water mass in section WS was the ESCW, (32.8 < S < 34.0), with only a small volume of ESCWy
(31.0 < S < 32.8) in the shallow mid-shelf less than 50-m depth (Figure 7a). However, in section ES, the ES-
CW;became dominant with a horizontal extent of nearly 400 km, from the mid-shelf (~73°N) to the slope
(~77°N) (Figure 7b), while the ESCW;, lay beneath the ESCW,with higher PV and smaller thickness than in
the section WS, suggesting an advection of water from section WS.
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Figure 6. (a) Station locations along the continental shelf and slope. (b) PV profiles on the shelf and slope of the East
Siberian Sea. (c) PV-salinity plots of the stations in (a).

4.2. Production of ESCW;

During summer in the ESS, freshwater input by sea ice melt and river runoff causes significant salinity
decrease in the MLW. However, observations show that even in September the salinity of MLW around
the mid shelf can still maintain around 30.0-30.5 (Figures 3c and 3d). Comparing with the mean salinity
~32.0 of ESCWj, a salinity increase of 2.0 is sufficient for the MLW to be transformed into ESCW,during the
subsequent winter. This relationship provides us an opportunity to identify the possible source of ESCWy
in the ESS.

During winter, lateral water exchange on the continental shelf weakens significantly because river runoff is
negligible. Thus, we assume that all the increase in the water column'’s salinity is caused by brine injection
as sea ice freezes. Taking the surface mixed layer thickness as 27.5 m and the salinity of new sea ice as 6.0
based on the observations in 2016, we can infer that the needed sea ice growth to produce the ESCW; is
about 1.75 m. The mean thickness of the first-year sea ice in the ESS has been about 1.5 m (Kwok, 2018),
and the total production of sea ice should be larger if taking into account the ridging and rafting processes.
This means that the condition to produce ESCW,can be achieved simply by the annual growth of sea ice on
the mid-shelf, which offers an explanation for the wide distribution of ESCW, there. As a comparison, the
ESCW; with higher salinity was mainly found on the outer shelf close to the New Siberian Islands where
coastal polynyas could provide sufficient supply of brine injection during wintertime.

(a) (b) LA21  LA22 LA23 LA24 LA25 LA26 LA27
20 \ L., BN . y 32
28 4
g
40 2 3
S o
; 20 s
= =
@ 601 16 .
o =
12 3
80 s 3.
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100 ‘ : ‘ : — : . ‘ - . : : 0
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Figure 7. PV along sections (a) western section and (b) eastern section. PV contour of 4.0 X 10~ m™'s™" (thin line with yellow numbers), and salinity contours
of 31.0, 32.8 and 34.0 (thick line) are shown.
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Ocean Data View

31
Salinity

Figure 8. (a) Potential temperature, (b) salinity, and (c) depth on the isopycnal of o, = 25.0 kg/m’. The thin black
lines denote the 100- and 2,000-m isobaths, respectively. (c) Station locations for data used in (d). (d) 6-S diagram of
Conductivity, Temperature, Depth observations from (c).

4.3. Transport of ESCW;Into the Amerasian Basin

To reveal the transport of shelf waters in the ESS, we chose ESCW,(8 < —1°C, 31 < S < 32.8) as a represent-
ative water mass sub-type to track. The ESCW, is isolated from the surface forcing by the seasonal pycno-
cline so that it can be easily traced by its temperature-salinity relationship. The density of ESCW/is similar
to the Pacific Summer Water, and they both occupied a subsurface layer of 40-100-m depth. However, the
temperature of ESCW;is near-freezing, which is distinct from the Pacific Summer Water with a temperature
maximum (—0.5-0.5°C) in the Canada Basin (Steele et al., 2004; Timmermans et al., 2014).

The density of ESCW, mainly lay in the potential density range of 24.0-26.0 kg/m?® (Figure 2d). We use
the median value of 25.0 kg/m® as an example. From the temperature and salinity distributions along the
reference isopycnal (Figures 8a and 8b), we find that ESCW,was transported from the central ESS toward
the Chukchi Plateau and penetrated into the subsurface layer of the Chukchi Abyssal Plain. This pattern
confirmed the speculation of Nishino et al. (2013) and Alkire et al. (2019) that the ESS is a source of the
near-freezing halocline water in the Makarov Basin.

After entering the basin, the ESCW; occupied the layer of 40-70-m depth (Figure 8c). It encountered the
Pacific Summer Water (6 > —0.5°C, S > 31.12), which was distributed in the northern Chukchi Plateau,
forming a subsurface oceanic front stretching along the Chukchi Plateau, Chukchi Abyssal Plain and north-
ern side of the Mendeleev Ridge. Apparent interleaving between the ESCWyand Pacific Summer Water was
observed (Figure 8d), which was previously used as a tracer to infer converging water masses by Rudels
et al. (2000), denoting the position of the subsurface front.

In the summer of 2016, the center of the Beaufort High moved from its usual location in the southern Can-
ada Basin to the Chukchi Sea. At the same time, the SLP in the central Arctic was relatively low, promoting
a cyclonic atmospheric circulation in the Eurasian Basin (Figure 9a). As a result, the overall southwesterly
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Figure 9. (a) Mean sea-level pressure and (b) mean wind stress curl in the Pacific sector of the Arctic Ocean from 1
July to September 15, 2016. The center of Beaufort High is marked by the dashed white circle, and its climatological
mean position is marked by the dashed black circle. The gray lines denote the 200- and 2,000-m isobaths, respectively.
Arrows in (a) represent the mean 10-m wind field, and those in (b) represent the Ekman transport. The daily
meteorological parameters used here are from the ERA-5 reanalysis data. The calculation of Ekman transport refers to
Gomez-Gesteira et al. (2006).

wind field induced a negative wind stress curl on the shelves of the Pacific sector (69°-76°N, Figure 9b), and
a surface Ekman transport toward the Chukchi Plateau. This transport promoted the accumulation of river
runoff along the inner shelf and, eventually, intensified the buoyancy-forced eastward transport in the ESS.
When arriving at the Long Strait, the shelf waters from the ESS encountered the Pacific inflow, and then
turned northward along with the western boundary of the Pacific inflow.

5. Impacts on the Arctic Halocline
5.1. A Source for the Cold Halocline Waters in the Makarov Basin

On the outer shelf of section ES, the seasonal thermocline had a staircase-like structure, with each layer
being about 10-15 m thick (Figure 10). The 6-S diagram shows that the water properties in each layer were
almost same as those of the ESCW to the south, indicating that the observed staircase-like structure was
formed by an intrusion of ESCW during the time when it was transported northward.

This phenomenon provides an insight to how the ESCW contributes to the Arctic halocline in the Makarov
Basin. In summer, the staircase-like structure resulting from advection cannot be maintained on the shal-
low inner shelf due to wind-induced mixing. However, when an intrusion occurs in the subsurface of the
outer shelf and continental slope where vertical mixing was significantly reduced by the cover of melt
water, the staircase-like structure can be transformed gradually to form an original cold halocline with sa-
linities of about 30.0-33.0. In this way, the advection of ESCW eventually feeds the THW and UHW in the
Makarov Basin, as shown in Figure 11. This process of halocline formation is different from those in the
Pacific sector of the Arctic Ocean, for example, the regional freshening by ice melt (Kikuchi et al., 2004), or
the intrusion of Pacific-origin waters in the Canada Basin (Steele & Boyd, 1998).

5.2. Production of D-LHW in the ESS

The D-LHW was observed at stations LA23, LA24 and XCTDO3 in section ES, characterized by the presence
of 6-S points along the diapycnal mixing line between ESCW, and AW (Figure 12a, along the mixing line
between 33.5 and 34.5), indicating that its formation was related to the mixture of the two water masses. As
the result, the D-LHW (—1.1-0.5°C) was about 0.5°C warmer than the LHW nearby due to the increased
component of AW.

In section ES, D-LHW was distributed on top of AW from the outer shelf to the slope, occupying a near-bot-
tom layer between 90 and 150-m depth (Figures 13a, 13c and 13e). However, D-LHW was absent in the
section WS (Figures 13b, 13d and 13f). Why did the D-LHW occur only in section ES? Lin et al. (2019) point-
ed out that a positive wind stress curl would cause surface divergence in the Beaufort Sea, which would
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Figure 10. (a) Salinity and (b) potential temperature profiles at the stations on the outer shelf of the East Siberian Sea
(ESS). (c) 6-S diagram of the Conductivity, Temperature, Depth profiles in the ESS. (d) Locations of the three profiles in
(a—c). Water masses in each sublayer of the staircase-like structure with similar properties are circled by solid, dashed,
and short-dashed lines, respectively.

promote the formation of D-LHW by inducing AW to upwell and mix with the Pacific-origin water above.
During the survey in 2016, the wind stress curl was positive along the shelves of WS and ES (Figure 14a).
However, the D-LHW was only formed in section ES where the wind stress curl was also negative to the
north of the shelf. The upper boundary of AW (taking —0.5°C as the reference) on the slope is as shallow as

% Heat Winter-Spring ___ , Wind Early Summer

-

Figure 11. A sketch showing how the offshore advection and overlying of cold shelf waters contribute to upper halocline formation.
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Figure 12. Scatter plots of the Conductivity, Temperature, Depth (CTD) data in the (a) eastern section and (b) western
section. Black contours denote 50-, 100-, 200-, 500-, and 2,000-m isobaths; red, pink, and yellow dots denote stations
LA23, XCTDO03, and LA24, respectively.

150 m (Figure 13a), which is the general depth of AW in the Beaufort Sea under a positive wind stress curl
(Lin et al., 2019). Therefore, we argue that because of the shallow distribution of AW in the Makarov Basin,
the wind stress curl is not a major factor in D-LHW formation.

As well as AW, production of D-LHW also requires a cold and relatively fresh water mass with which the
AW can mix. Along the slope of the Beaufort and Chukchi seas, Pacific Winter Water with salinities of
33.0-33.3 can provide such a source (Lin et al., 2019; Pickart et al., 2005). However, in the ESS, LHW occu-
pied the bottom of the outer shelf in section WS (Figure 5a), which isolated ESCW, from being mixed with
lower AW. As a comparison, the D-LHW was formed along the bottom of section ES where the LHW had
disappeared from the shelf (Figure 5b).

Before the surveys, wind in the ESS had been persistently southerly for about two weeks, leading to a rapid
ice retreat from the east side of the ESS shelf (Figure 14b). At the same time, a cyclonic circulation on the
shelf was forced by a combination of buoyancy forcing and Ekman transport, leading to the transport of
shelf waters from the shelf into the basin as presented in Section 4.3. This dynamical pattern suggests that
the offshore transport of ESCW was a major reason for the D-LHW formation on the outer shelf and slope of
the ESS in 2016. During this process, there are two conditions favoring offshore transport. First, the offshore
transport of ESCW caused an intrusion of AW along the slope bottom to break down the isolation of LHW.
Second, the transport provided sufficient cold and fresh waters (i.e., the ESCW) for intruded AW to be mixed
with on the outer shelf. Eventually, strong diapycnal mixing of the AW and ESCW, which was also enhanced
by the tides around the shelf break (Rippeth et al., 2015), formed the D-LHW on the bottom. The upward
mixing of AW also caused a rapid heat loss with the maximum value exceeding 60 W/m?, increasing heat
content on the bottom of the outer shelf.

6. Summary and Discussion

This study presents the property and distribution of East Siberian cold shelf water (ESCW) during two hy-
drographic cruises in the Pacific sector of the Arctic in summer 2016. Beneath the surface mixed layer, the
ESCW had a wide salinity range from 30.0 to 34.0 with temperature below —1°C. We found that the relative-
ly fresh form of ESCW, that is, ESCW(31.0 < S < 32.8), occupied a layer in the depth range 30-70 m with
a meridional width of nearly 400 km on the shelf. The necessary condition for ESCW; to be produced was
sea ice growth of 1.75 m, which is consistent with annual production of first-year sea ice in the ESS. This
explains the wide distribution of ESCW,on the mid-shelf. In contrast, the saltier ESCW, (32.8 < S < 34.0),
whose production requires additional brine injection from coastal polynyas, was mainly distributed in the
western ESS close to the New Siberian Islands (Anderson et al., 2017).
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Figure 13. (a) and (b) show the potential temperature along the outer shelf and continental slope of eastern section (ES) and western section (WS),
respectively. (¢) and (d) show the salinity along sections ES and WS, respectively. (e) and (f) show the Brunt-Vaisala frequency along sections ES and WS,
respectively. Temperature contours of —0.5 and —1.0°C (white line) are shown; the location of D-LHW is marked by black rectangle.

The ESCW; was transported northeastward to the Chukchi Plateau in the summer of 2016. After entering
the Chukchi Abyssal Plain, it occupied the subsurface layer of depths of 30-60 m. The easternmost part of
ESCW;/penetrated the Chukchi Plateau until it encountered the Pacific Summer Water to form a subsurface
oceanic front, which stretched along the Chukchi Plateau and northern side of the Mendeleev Ridge.

Related to the offshore transport of ESCW, we found that the diapycnally mixed Lower Halocline Water
(D-LHW) was formed by a mixture of ESCW and Atlantic Water (AW) at the bottom of the outer shelf in
the ESS. The source of D-LHW in the Arctic Pacific sector can be extended from the Chukchi Plateau to as
far as the Makarov Basin.

Rudels et al. (2004) pointed out that the lower half of the halocline (with salinities of 33.5-34.5) in the
Nansen Basin was distinct from that in the Canada Basin. The former showed a cold state with temperature
near freezing (i.e., the LHW), whereas the latter showed a warm state with temperature increasing with
depth. It is well known that the upward mixing of AW leads to the modification of the lower halocline
(Alkire et al., 2017; Bauch et al., 2016; Dmitrenko et al., 2011); however, where the modification takes place
remains unclear. Our observations show that the eastern slope of the ESS (~169°E) was the westernmost
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160°

Figure 15. Schematic diagram of water transport in the East Siberian Sea.
Gray lines denote the atmospheric circulation under a weakened Beaufort
High (H) and a dominant Arctic Low (L). Black contours denote 30-, 50-,

200-, and 2,000-m isobaths, respectively; black arrows denote the pathway

Figure 14. (a) Mean wind stress curl from 19 August to September 3, 2016. Black arrows are the 10-m wind field; Black
contours denote the sea-level pressure (hpa); red stars denote the locations where the D-LHW was observed. (b) Sea ice
motion during the same period. Steel blue shadow denotes the sea ice extent; black contours denote 30-, 50-, 200-, and
2,000-m isobaths, respectively.

site where the warm lower halocline (i.e., the D-LHW) was found and no cold lower halocline (i.e., the
LHW) was found to exist to the east of the Mendeleev Ridge. This suggests that the transition zone between
the “cold” and “warm” lower haloclines was probably located in the ESS, and the ESS and Mendeleev Ridge
were important regions for halocline transformation. Note that in some years the LHW could be transport-
ed into the Chukchi Abyssal Plain by crossing the Mendeleev Ridge (Woodgate et al., 2005), leading to the
major transformation region being in the western Chukchi Plateau. More observations are required to better
understand the mechanisms controlling the distributions of the two haloclines.

In the subsurface of the Makarov Basin, a near-freezing temperature water type (S: 31.5-32.8, 6: ~—1.5°C)
has been observed since 2008 (Nishino et al., 2013). Based on the chemical evidence that the NO (a
semi-conservative chemical parameter defined as NO = (9 X NO;7) + O,) of the water is lower than that
of the Pacific-origin water in the Canada Basin, Nishino et al. (2008) and Alkire et al. (2019) suggested that
the near-freezing temperature water was formed in the ESS. Our surveys in the ESS and Makarov Basin in
2016 provide evidence to support this speculation that the ESS was a major source of the near-freezing tem-
perature water for the Makarov Basin. In addition, we found that the advection of ESCW during wintertime
would contribute to feeding the cold halocline (30.0-33.0) in the subsurface of the Makarov Basin.

In summer 2016 during our cruises reported here, Arctic cyclone activity was high and sea level pressure
in the central Arctic was relatively low (Yamagami et al., 2017), which enhanced the cyclonic component
of the atmospheric circulation. Under such a situation, we observed an
overall west-to-east transport of shelf waters across the ESS and subse-
quently into the Amerasian Basin, indicating an eastward movement of
the Transpolar Drift toward the Mendeleev Ridge (Figure 15). Our 1-year
observations show that the zonal volume flux of the surface low-salinity
water (<30 m) in the ESS was about 0.6 Sv under this cyclonic atmos-
pheric condition. There exist two opposite speculated patterns of water
transport across the ESS: the west-to-east transport under a cyclonic at-
mospheric condition and the east-to-west transport under an anticyclonic
condition (I. Dmitrenko et al., 2005; I. A. Dmitrenko et al., 2008; Pro-
shutinsky et al., 2015). Here, we reveal a preliminary flux estimate for
the cyclonic condition based on one-year observations, which highlights
the role of the ESS in the freshwater budgets of both the Amerasian and
Eurasian basins. More observations are required to further evaluate the
different influences of water transport on freshwater budget between the
two atmospheric conditions.

Although the freshwater content in the Beaufort Gyre showed an appar-
ent increase from 2015 to 2016 (Proshutinsky et al., 2019), we cannot

of summer Bering waters from Corlett and Pickart (2017). conclude that the transport of shelf waters from the ESS was related to
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this change in the freshwater content. The balance of fresh water in the Amerasian Basin is also strongly
controlled by the anticyclonic Beaufort Gyre (Charette et al., 2020; Zhong et al., 2019), which is beyond the
scope of this study. Lateral exchange between the Transpolar Drift and Beaufort Gyre probably accounts for
part of the freshwater balance along the Mendeleev Ridge.
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nodo.4507584. ERAS data are available at the Copernicus Climate Change Service (C3S) Climate Data Store:
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