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Abstract: The interannual features of the salinity in the Chukchi Sea during the ice-free period of
a year are investigated on the base of Soil Moisture Active Passive (SMAP) satellite measurements
and GLORYS12v1 reanalysis data. Analysis of salinity measurements revealed two types of Bering
Summer Waters (BSW) propagation: “western” and “eastern”. The first is characterized by the
penetration of Pacific waters into the northwest part of the sea, as well as the propagation of BSW to
180°W and 72.5°N. During the “eastern” type, salty waters are pressed to the eastern part of the shelf.
Their area decreases and the northern boundary of the BSW area shifts to 174-176°W. Areas with low
salinity, ~29 psu, are observed in the western part of the sea. Our study reveals that the formation of
these types is affected not only by the inflow of Pacific waters through the Bering Strait but also by
the East Siberian Current (ESC). Both factors are related and lead to correlated changes in the salinity
of the Chukchi Sea waters. ESC carries Arctic freshwaters from west to east and leads to a decrease
in salinity in the western part of the sea. At the same time, southward ESC caused the blockage of
the northward currents in the Bering Strait and a decrease in the influx of saline Pacific waters in the
southern part of the Chukchi Sea. The intensification of ESC occurred in 1994, 2002, 2012, and 2016,
when the volume transport of ESC increased by approximately 0.2 Sv, while the influx through the
Bering Strait decreased. As a result, in the years with intense ESC, the spatial structure of the salinity
of the Chukchi Sea changed significantly and the shelf-averaged salinity decreased by 0.3-0.5 psu.

Keywords: Chukchi Sea; Bering Strait; East Siberian Current; Pacific waters; water masses; seasonal
and interannual variability; Arctic Ocean; salinity distribution; salt transport

1. Introduction

The shallow Chukchi Sea is a gateway for the Pacific waters entering the Arctic Ocean.
These waters play an important role in the formation of the freshwater balance of Beaufort
Gyre [1], salinity distribution, and the formation of halocline in the eastern Arctic [2]. The
transport of salt, heat and nutrients associated with the Pacific waters has a significant
impact on the thermohaline structure [3,4], marine ecosystems [5], and melting of sea
ice [4,6] in the Chukchi Sea. The average annual volume transport through the Bering Strait
is estimated at 0.8 Sv [3,7].

Most of the modern studies are based on the mooring measurements, in the eastern
part of the Chukchi Sea [8-11]. The inflowing Pacific Summer Waters consist of several
water masses, particularly cold and salty Bering Summer Waters (BSW) and warm, and
fresh Alaskan Coastal Waters (ACW), primarily formed from continental runoff into the
Gulf of Alaska [5,8]. As a rule, BSW is below ACW [12,13]. Generally, it is believed that
Pacific waters progress poleward across the Chukchi shelf by the western pathway through
Herald Canyon [12], the Central Channel pathway [14], and the Alaskan Coast [10,11,15].

At the same time, due to the relatively low number of measurements, the water
masses distribution and related salinity patterns in the western part of the Chukchi Sea
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remain poorly studied. However, several studies [12,16-18] point to the existence of strong
interannual variability of these characteristics. For example, Alaskan waters penetrated
into the western part of the sea in 2008 and 2009 [16] but were absent in 2004 [12]. Pisareva
et al. [16] discovered an unusual configuration of waters in September 2009 based on in situ
measurements. The ACW occupied the western part of the Bering Strait in the form of an
along-bottom current. Then, ACW headed northwards to the Herald Canyon. At the same
time, BSW occupied the eastern part of the Bering Strait. This configuration was caused
by strong northeasterly winds leading to Ekman transport of ACW to the western part of
the strait. Based on modeling data, Kinney et al. [17] consider that part of Pacific waters
moves into the East Siberian Sea through the Long Strait. An increase in BSW by 30%
compared to 2008 was detected in the Herald Canyon in 2014 [16]. The analysis of in situ
measurements in 2003 and 2007 by Vanin [18] demonstrated the significant impact of Arctic
atmospheric circulation on the thermohaline structure of this region. Cyclonic atmospheric
circulation is favorable for the eastward transport of relatively cold and fresh masses
from the Arctic. Conversely, anticyclonic atmospheric circulation leads to rapid heating
of the surface layer, ice melting, and upwelling in the coastal zone under the influence of
southern and southeastern winds [18-20]. However, much of the research listed is based
on short-term in situ measurements. Many questions regarding the long-term variability of
salinity and the propagation of water masses in the western part of the Chukchi Sea remain
poorly understood.

In a number of recent publications, it has been noted that the Arctic circulation also
significantly affects the flow of Pacific waters through the Bering Strait [21,22]. Under
certain atmospheric conditions, a quasi-permanent flow is formed along the coast of the
Laptev and East Siberian Seas during the ice-free period, moving eastward [23-26]. This
flow carries freshwaters from the Lena River runoff into the Chukchi Sea [26,27]. In some
years, the flow can reach the Bering Strait [23] and lead to a significant decrease in the
influx of Pacific waters to the Chukchi Sea [28].

Modern satellite salinity measurements give the possibility of investigating the spatial
variability of the haline structure of the Arctic Ocean. Particularly, information from these
satellites has been used to study the propagation of river plumes [24,29-31], as well as
to track the salinity variability of the Bering Sea [32,33]. The latest mission Soil Moisture
Active Passive (SMAP) makes it possible to obtain salinity data with a higher spatial
resolution and accuracy [32,34]. Validation of these salinity measurements in the Arctic
regions has shown good agreement between SMAP satellite products and in situ data
(RMSE < 1 psu) [33-35]. In addition to information obtained from the salinity satellite,
we also used data from the modern GLORYS12v1 reanalysis. This allows for a relatively
accurate description of the vertical distribution and hydrological characteristics of water
masses [36,37]. In this study, we use satellite measurements to investigate the interannual
changes in the salinity in the Chukchi Sea during an ice-free period. Further, we use
GLORYS12v1 data to investigate the causes of interannual changes in the salinity and its
impact on the water masses distribution on the shelf.

This paper is structured as follows. Section 2 details the data used from satellite
observations, ocean reanalysis and calculating methodology. Section 3 presents the main
results. Section 3.1 focuses on the features of the salinity spatial distribution in the Chukchi
Sea. Section 3.2 describes the propagation of the main types of Pacific waters and the
variability of its extent in the shelf. Section 3.3 displays the results of current analysis in
the western part of the sea and demonstrates the influence of the East Siberian Current on
the distribution of water masses. Section 4 discusses the outcomes of this work as well as
possible errors. Finally, Section 5 summarizes the conclusions of this study:.

2. Materials and Methods
2.1. SMAP Data

We used monthly and 8-day running averaged surface salinity maps obtained from
measurements of the SMAP instrument for 2015-2020 to study the interannual variability.
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The product SMAP sea surface salinity (555) V4.0 was downloaded from http://remss.
com/missions/smap/salinity/ accessed on 3 April 2021. The major change in version 4.0
from version 3.0 is an improved land correction, which allows for SMAP salinity retrievals
closer to the coast [38]. The dataset has a 0.25° spatial resolution and has been available
since July 2015. The estimated SMAP accuracy is approximately 0.5 psu [38]. However,
at high latitudes (above 65°N) the accuracy of SSS measurements decreases due to lower
sea temperature. Fournier et al. [34] show that in the Arctic Ocean RMSD (root-mean—
square deviation), bias, correlation coefficients between SMAP data and in situ salinity
measurements are 1.20 psu, —0.16 psu, and 0.93, respectively. Fournier et al. [34] consider
that SMAP Remote Sensing Systems (RSS) had a lower RMSD relative to in situ than other
SMAP and SMOS products.

2.2. GLORYS12v1 Data

Monthly mean fields of velocity, temperature, and salinity were analyzed using GLO-
RYS12v1 reanalysis data product GLOBAL_REANALYSIS_PHY_001_030 for the period
from 1993 to 2019 accessed on 8 December 2021.This reanalysis configuration is based on
the global operational system 1/12° Mercator Océan [37] using the NEMO3.1 ocean and
sea-ice general circulation model with 50 vertical levels and available horizons up to 5900
m. Copernicus Marine Environment Monitoring Service (CMEMS) data from along-track
altimetry sea level anomaly (SLA), satellite sea surface temperature (SST), and sea ice
concentration are assimilated together with in situ vertical profiles of temperature and
salinity (T/S) from the Coriolis Ocean Dataset for Reanalysis (CORA) database [39]. The
advantage of the new product compared to previous versions is the possibility to analyze
ocean dynamics with a higher resolution. For the global ocean, the average difference
between observations does not exceed 0.2 psu and 0.4 °C for salinity and temperature,
respectively (37). However, the difference can increase in the Arctic (reaches 2.4 psu) [40].
Moreover, in the study [41], in situ measurements in the Barents Sea were compared with
reanalysis data, which showed a difference between these data in the form of temperature
field anomalies of only approximately 0.7 °C.

2.3. Water Masses Definition and Calculation Process

This study investigates the interannual variability of the dominant water masses of
the Chukchi Sea: BSW and ACW. Definitions of these water masses based on temperature
and salinity parameters were taken from [12]. BSW is defined as waters with temperature
ranging from —1 to 3 °C and salinity from 30 to 33.3 psu, and ACW as waters with
temperature ranging from 3 to 5 °C and salinity from 30.5 to 33.3 psu. As noted by Linders
et al. [12], these boundaries should be considered approximate, but they are sufficient for
our goals and agree with previous studies of the region, e.g., [16,42].

Formulas to calculate water transport (F) and salinity transport (F;) are defined as:

F=V xs, (1)

Fs=pxSyxF ()

where F and F; is presented in Sv (10° m3/s) and kg/s respectively, V is the average
flow velocity in the section (m/s), and s is the cross-sectional area (m?). Sy, is the average
salinity in the section. The density (o) of seawater was calculated using the TEOS-10
equation of state for seawater (kg/ m3). In particular, we use a Gibbs-SeaWater (GSW)
Oceanographic Toolbox [43]. Depth-averaged values are defined as follows. The analysis
data are interpolated on a grid with a depth step of 1 m. Then, the average of this grid (in
section/area) is calculated. Visualization was performed using the standard Matlab code:

/7S v

“contourfm”, “imagesc”, “plot”, etc.
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3. Results
3.1. Interannual Variability of Salinity in the Chukchi Sea

Figure 1a shows a bathymetry map with a study area in the Arctic Ocean. The SMAP
data are unavailable for most of the area during winter due to the significant amount of
ice in the Chukchi Sea. Therefore, this study investigated the variability of salinity during
the ice-free period from July to October. Figure 1b shows the mean map of surface salinity
based on SMAP satellite data. It is clearly seen that high-salinity areas (up to 32-33 psu) are
located in the southern part of the Chukchi Sea shelf, which is influenced by salty Pacific
waters. As the latitude increases, salinity values decrease due to the mixing of Pacific and
Arctic waters. In the eastern part of the Chukchi Sea: from the Bering Strait to near the coast
of Alaska, there are areas with low-salinity values (~30-31 psu). The decrease in salinity in
this area primarily occurs due to the propagation of ACW from the Bering Sea [44]. The
greatest drop in salinity (below 24 psu) was observed in the north and associated with
ice-melting processes. Figure 1c illustrates the standard deviation map for the salinity of the
Chukchi Sea. It can be seen that significant variations in salinity occur 73°N, where values
exceed 5 psu. At the same time, substantial variability in the surface salinity distribution is
also observed in the western part of the sea—near the coast of the Chukchi Peninsula with
comparable standard deviation values.
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Figure 1. (a) Study area on the bathymetry map. (b) Averaged Sea surface salinity (SSS) and
(c) Standard deviation (STD) of sea surface salinity for July-October 2015-2020 based on SMAP data.

Significant interannual variability in the distribution of surface salinity in the Chukchi
Sea is observed in Figure 2. We suggest considering two different types based on SSS
distribution: “western” and “eastern”. In 2015 and 2020, an elongated area with salinity
values of 32-33 psu was observed from the western part of the Bering Strait to 70°N until
south of Wrangel Island, defining the “western” type. During the “eastern” type in 2016—
2018, the area with high salinity shifted to the east. At the same time, low-salinity areas,
with values up to 29-30 psu, are located in the coastal part of the Chukchi Peninsula.

The difference between salinity fields is more clearly visible in Figure 3. It shows maps
of anomalies in the mean salinity for each year from the mean salinity field for the entire
observation period. The most remarkable feature is the increased anomaly values in 2015.
In the central part, values rarely reach 1 psu, while in the western and northern edge of the
sea, it ranges from 2 to 3 psu. In 2016, the distribution of anomalies became the opposite: the
northern sea part and the waters near the Chukchi coast are covered by negative anomalies
(over —3 psu). There are pronounced negative anomalies in the western part of the sea that
can be traced in 2017 and 2018, although they are not as widespread as in 2016. In 2019,
both positive and negative anomalies were observed. At the same time, the maximum of
negative anomalies are located in 170-173°W, which is southeast of the observed increased
anomalies along the coast (174-179°W). Thus, we can conclude that, in 2019, both features
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of eastern and western types appeared. There is a pronounced “eastern” type with negative
salinity regions to the west of the Bering Strait. Increased salinity anomalies are detected
south of Wrangel Island, which is remarkable for the “western” type. In 2020, increased
salinity anomalies are observed: values ranging from 1.5 to 2.7 psu. They were found at a
distance of 100 km from the western coast of Chukchi. The gradual decrease in positive
anomalies occurs from the western part of the sea to the northeast.

2017

-
175" w 170°w 165 W 175'W 170°w 165 W
2018 2019 2020 729

Salinity, psu

65°N 65°N 65"

175w 170 W 165 W 175w 170'w 165 W 175w 170 W 165 W
Figure 2. Sea surface salinity (55S) maps averaged for July—October 2015-2020 based on SMAP data

(areas of reduced salinity near to the Chukchi coast are highlighted by black curves).

2016 2017
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Figure 3. Salinity anomalies maps averaged for July-October 2015-2020 based on SMAP data
(averaged for July-October of each year—averaged for July-October of all years).
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The SMAP data contain relatively accurate salinity information but have the disadvan-
tage of a limited time series. The GLORYS12v1 reanalysis data for 1993-2019 complement
our study. According to satellite data and GLORYS12v1 reanalysis data, two different types
of salinity distribution were observed. The “western” type was observed, for example, in
2011, 2014, and 2015 (Figure 4a), when waters with salinity above 31 psu occupied the area
from the Bering Strait to nearly 72°N throughout the Chukchi Sea. Areas of low salinity
are presented only in the Kotzebue Sound and at higher latitudes, where the influence of
ice melting is intensified. Examples of the “eastern” type are noted in 2002, 2012, and 2016
(Figure 4b). In this case, saline waters are shifted eastward, and the maximum salinity
does not exceed 31 psu. In the interval from the 180°W meridian and the 31 psu isoha-
line location, a layer more than 190 km long of low-salinity waters (from 18 to 30 psu)
is observed.

N

175" W 170" w 165 W 175w 170" W 165 W 175" W 170" W 165 W
(a)

2002 2012

N N N N w
(o)) ~ [e3) © o
Salinity, psu

N
(&)

.s | - ? -
175" W 170" W 165 W 175w 170" W 165 W 175" W 170" w 165 W
(b)

Figure 4. (a) Salinity maps at a depth of 0.5 m averaged for July—October for the “western” type;
(b) the same, but for the “eastern” type based on GLORYS12v1 reanalysis data. Arrows indicate the
movement of Pacific-origin water with high salinity.

Figure 5 shows the average salinity of the Chukchi Sea. The variability of the mean
salinity is generally consistent across different products. In 2016 and 2017, the difference
between SMAP and GLORYS12v1 data did not exceed 0.1 psu. The variability dynamics
follow a similar pattern over the entire available time range from 2015 to 2019. For example,
in 2015, an increased salinity was noticeable in all data, while in 2016, its value decreased.
Note that reanalysis data are available at a depth of 0.5 m, while SMAP is available at the
sea surface. As can be seen, the features discussed above directly affect the overall salinity
of the sea. During the “western” type in 2011 and 2015, the maximum of average salinity
is traced both in the depth of 0.5 m and in the depth-averaged variability. In 2002, 2012,
and 2016, a decrease of ~1.5 psu and ~0.5 psu was detected at a depth of 0.5 m and in the
depth-averaged variability, respectively.
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Figure 5. Variability of salinity at a depth of 0.5 m (red curve), depth-averaged salinity (blue curve),
and SSS based on SMAP data (black curve), averaged for the period from July to October in the area
163-179°W and 67-72°N. Points indicate “western” (yellow) and “eastern” (green) types based on
GLORYS12v1 salinity data. In years without markings, it was not possible to clearly distinguish the
predominant type (for details, see the discussion).

3.2. Interannual Variability of the Water Masses Propagation

Figure 6 shows maps of the maximum depth of the relatively cold and saline BSW
distribution from July to October based on GLORYS12v1 reanalysis data. These maps
illustrate the characteristic areas of BSW propagation in the Chukchi Sea. Similar to the
salinity maps, two distinct types of water mass distribution were observed: the “western”
type in 1997 and 2015 (Figure 6a,b) and the “eastern” type in 2012 and 2016 (Figure 6¢,d).
For the “western” type in 2015, the BSW penetrated northward to 73-75°N and occupied
the Long Strait at 180°W. BSW occupied almost the entire water column down to 30 m or
deeper on the northwestern shelf. In contrast, the 2012 map illustrates that BSW distribution
in the western part of the Chukchi Sea was limited to ~174°W. At the same time, a decrease
in the penetration of BSW to the north was observed in both 2012 and 2016. For example,
in 2016, BSW did not occupy areas north of 72.5°N. However, these waters were present in
the Long Strait (up to 25 m) and reached 180°W, but were located farther from the Chukchi
Peninsula coast than in 1997 and 2015, when it occupied the entire western coastal area and
covered Wrangel Island. Finally, for the “western” type, the most notable difference is the
absence of BSW in the central part of the sea. On the other hand, for the “eastern” type,
BSW occupied an area in the central part near 68°N 170°W.

Despite the fact that ACW traditionally occupies areas east of BSW and is rarely found
in the western part of the shelf, a noticeable difference in the areas of propagation can
also be observed for them (Figure 7). In Figure 6a,b in 1997 and 2015, the distribution of
ACW is detected throughout the shelf up to 72.5°N. ACW reaches depths of more than
50 m in the extensive central part of the sea. However, it should be noted that, according
to ship observations, ACW can be found in the Herald Canyon and the Long Strait quite
rarely [11]. There is information that ACW occupied the entire thickness from the surface to
the bottom. Also, ACW is simultaneously detected as separate lenses approximately 10 km
long at depths from 20 to 30 m [45]. Studying such lenses in detail based on reanalysis data
is problematic. However, the main large-scale features coincide with the results obtained
from in situ measurements (see, for example, Figure 8 from [45]).
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Figure 6. Distribution of maximum depths of BSW averaged for July—-October (a) 1997,
(b) 2015, (c) 2012, and (d) 2016 based on the GLORYS12v1 reanalysis data for (a,b) “western” and
(c,d) “eastern” types. The color indicates the maximum depth occupied by the indicated type of
water masses.
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Figure 7. Distribution of maximum depths of ACW averaged for July-October (a) 1997, (b) 2015,

(c) 2012, and (d) 2016 based on the GLORYS12v1 reanalysis data for (a,b) “western” and (c,d) “eastern”
types. The color indicates the maximum depth occupied by the indicated type of water masses.
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From Figure 7, it can be seen that in years with an “eastern” type, the extent of ACW
in the Chukchi Sea is significantly lower than in years with a “western” type. During years
with an “eastern” type (Figure 7c,d), there is a significant reduction in the penetration
depth of the ACW. At the same time, the boundary of ACW propagation shifts to the east,
reaching up to 174-176°W. In particular, in 2012, an even greater displacement of ACW
to the east was observed up to 172°W. At a latitude of 67.6°N, the displacement reaches
167°W. ACW occupying depths of more than 35-50 m are observed closer to the Alaska
Peninsula and are almost absent in the western part of the sea. At the same time, there is a
noticeable decrease in the propagation to the ~71°N.

3.3. Interannual Variability Features of Chukchi Sea Dynamics and Its Influence on
Salinity Transport

As can be seen from Figures 2—4, at least two main factors in the Chukchi Sea can cause
the differences mentioned above in the water masses propagation. Water flow through the
Bering Strait determines the amount of warm and salty water in the western part of the sea
and fresher in the eastern part. On the other hand, the propagation of Arctic-origin waters
along the coast of Siberia and then along the Chukchi Peninsula determines the volume of
fresh and cold water. The salinity maps (Figures 2—4) show that low-salinity areas are well
visible in the western part of the sea. In years when the average salinity is reduced both in
the depth-averaged variability and on the surface, the eastward transport of Arctic waters
may be one of the main reasons for the salinity decrease (Figure 5). This transfer causes a
BSW and ACW displacement, which appears in a clearly visible “eastern” type. Although
these two factors may be related, incoming waters from the East Siberian Sea may block
water exchange through the Bering Strait [28].

Let us consider changes in the circulation structure for the “eastern” 2012 and “west-
ern” 2015 types according to GLORYS12v1 data (Figure 8). In 2012, the East Siberian
Current is clearly identified. The module of eastward surface currents near the coast
of Chukchi reaches 0.2-0.3 m/s in some places. ESC is observed in the form of notice-
able southern velocities to the east and south of Wrangel Island with magnitudes up to
0.15m/s. Velocities in the eastern part of the Bering Strait are directed northward and reach
values above 0.4 m/s. However, in the western part, there is a significant weakening of the
current and a change in direction towards the south. In 2015, high northward velocities
were noticeable across the width of the Bering Strait. The pronounced ESC is absent. On
the contrary, there is an increase in northward velocities of Pacific waters originating from
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the strait. Currents near Wrangel Island are insignificant (with values less than 0.05 m/s),
highlighting the difference in circulation between the two types.

These differences are most noticeable on velocity anomalies maps at a depth of 0.5 m
in the western part of the Chukchi Sea (Annual mean minus 1993-2019 mean) (Figure 9).
The main feature is the presence of a coastal southeastward current anomaly in 2002, 2012,
and 2016 (Figure 9b). The velocity anomaly values reach 0.1 m/s and noticeably differ in
the location. For example, in 2012, the width of the area with anomalies above 0.05 m/s
was twice as large as in other years. The opposite type was observed in 1999 and 2014-2015,
as shown in Figure 9a. During these periods, velocity anomalies directed northwestward
were observed in the coastal area of Chukchi Peninsula, indicating a weakening of the
ESC. At the same time, anomalies in the Bering Strait are directed northward, indicating
an intensification of Pacific flow. These results are consistent with the conclusions of
our previous work [28], where on the base of satellite altimetry measurements showed
that the ESC and the flow of Pacific waters through the Bering Strait are in anti-phase at
monthly scales.
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Figure 9. Anomalies of currents velocity maps at a depth of 0.5 m averaged for the period from July
to October for (a) 1999, 2014, and 2015 and (b) 2002, 2012, and 2016.

The above maps (Figures 6 and 7) show that the displacement of BSW and ACW
occurred during the same periods as the increase in eastern current anomalies near the
coast of Chukchi Peninsula, which were clearly observed in 2002, 2012, and 2016. Therefore,
the intensification of the ESC serves as an indicator of the reduction in Pacific-origin waters
area in the western Chukchi Sea. To evaluate the seasonal and spatial variability of the flow
of Pacific waters and ESC, we consider sections along 66°N (Figure 10a) and along 180°W
in the Long Strait region (Figure 10b). In agreement with earlier studies [3,7], a maximum
of meridional velocities is noted in the Bering Strait from May to August-September,
when they exceed 0.5 m/s. At the beginning of the year, there is a decrease in velocity
maximum of 0.3-0.4 m/s. There is a decrease in the current velocities down to 0.2 m/s in the
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western part of the strait in the region of 168.5-169.5°W from the end of August to the end
of November.

169.5

Long,’W

Meridional Velocity, m/s

0.04

0.02

Zonal Velocity, m/s

Figure 10. Seasonal depth-averaged variability from 1993 to 2019 of the (a) meridional currents
velocity in the zonal section, along 66°N, (positive values indicate northward direction) and (b) zonal
currents velocity in the meridional section along 180°W (positive values indicate eastward direction).
The black square indicates the area of reduced velocities in the Bering Strait due to the impact of
the ESC.

For the ESC section (Figure 10b), maximum western velocities from 0.02 to 0.06 m/s
are noted in the winter—spring period. An increase in the zonal component of current
velocities in the eastern direction is observed in the ice-free period (from July to October)
with values up to 0.04 m/s. This indicates the intensification of water mass transport from
the East Siberian Sea to the Chukchi Sea, as well as the increase in the ESC. From September
to November, in the Bering Strait, there is a narrow area near 168°45'W-169°30'W (Black
square in Figure 10a) with reduced or even zero velocities. This is likely caused by ESC,
which increases between July and November. Apparently, ESC affects transport through
the strait with a lag time of approximately 1-2 months. However, significant interannual
differences in the seasonal cycle of water transport are noted.

Figure 11 shows the seasonal variability of current velocity anomalies for the Bering
Strait and the ESC in 2015 and 2016 when opposing types were observed: “western” and
“eastern”, respectively. The key differences between the sections are mainly noticeable
during the ice-free period. In July-August 2015, northern velocity anomalies were detected
in the Bering Strait (Figure 11a). The values reached 0.2 m/s. In September and November,
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a decrease in meridional flow is observed. During this time, westward anomalies with
values above 0.07 m/s (Figure 11b) are present along the section from mid-June to the
end of August. These northern anomalies in the Bering Strait and westward anomalies
of the ESC suggest the penetration of Pacific waters into the northwestern part of the
Chukchi Sea. Later, in November 2015 (Figure 11b), the sign of the anomaly changed, and
values from —0.1 to —0.8 m/s were detected throughout the section. This event occurred
simultaneously with southern anomalies in the Bering Strait, highlighting the interrelation
of the two currents. The main difference in the Bering Strait in 2016 (Figure 11c) was the
presence of southern (negative) velocity anomalies, which lasted from June to September
and exceeded —0.2 m/s. At the same time, (Figure 11d), most of the ESC section anomalies
had positive values from 0.05 to 0.1 m/s from July to September, indicating an increase
in eastern transport. Comparing Figures 11c and 11d, we demonstrate evidence of the
relationship between the sections’ variabilities. As velocity anomalies increase in the ESC
section, a decrease in velocity anomalies can be observed in the Bering Strait. A change in
the sign of the anomalies in October was notable and was probably due to a sharp change
in the direction and strength of the wind. In August-September, north winds prevailed with
a module of no more than 3 m/s south of 72°N. On the contrary, in October a southeast
wind direction above 6 m/s was detected (not shown). Note that in 2016, as well as in
2015, there was consistency between the anomaly signs in the two sections for most of the
ice-free period.
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Figure 11. Seasonal depth-averaged variability of the (a,c) meridional currents velocity anoma-
lies in the section along 66°N (positive values indicate northward direction) and (b,d) zonal cur-
rents velocity anomalies in the section along 180°W (positive values indicate eastward direction) in
(a,b) 2015 and (c,d) 2016.

Figure 12a presents estimates of interannual variability of meridional transport in the
Bering Strait (blue dashed line) as well as coastal zonal transport of the ESC. The average
transport was 0.77 Sv and 0.04 Sv in the Bering Strait and ESC, respectively. The transport
of the ESC (orange dashed line) rarely exceeds 0.1 Sv (Figure 12a). These findings are
consistent with studies that reported transport values ranging from 0.1 Sv [23] to 0.3 Sv [16].
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Maximum of ESC zonal transport was observed in 1994, 1997, 2001-2003, 2005, 2008, 2012,
2016, and 2018. Among these years, 1994, 2012, and 2016 stood out, with transport to the
east increasing by more than 1.5 times relative to other periods. Thus, transport exceeds
0.15 Sv, indicating an intensification of the ESC. During the same years, a weakening of
transport in the Bering Strait was detected. For example, in 1994, ESC transport increased
by 0.13 Sv (relatively average), while transport in the strait sharply decreased by 0.11 Sv.
Similarly 2012, ESC transport increased by 0.2 Sv, while in the strait it was reduced by
0.25 Sv. The minimum of zonal transport was observed in 1995-1996, 1998-1999, 2006—
2007, 2011, and 2014-2015, when it reversed to the west with values up to 0.12 Sv. In
the same years, northward transport in the Bering Strait increased up to 0.9 Sv and, by
0.13 Sy, relatively of mean value. These results show that changes in the transport of the
sections occur in comparable values, which are in accordance with the overall balance of
sea transport.
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Figure 12. (a) Interannual variability of transport through the Bering Strait in the section along
66°N and the ESC averaged for July—-October in the section along 180°W and (b) the scatter diagram
between transport in the Bering Strait in the section along 66°N and ESC in the section along 180°W.

Thus, as ESC transport increased (decreased) along the west coast of the Chukchi
Peninsula, northward transport in the Bering Strait decreased (increased). The correlation
coefficient (K) between variabilities is —0.68 (Figure 12b). The results show that the variabil-
ity of the ESC is one of the most significant factors in the variability of water transport in
the Bering Strait during the ice-free period. This conclusion is consistent with the findings
of a recent study [28] obtained from altimetry data.

The graph of interannual variability of salinity transport in the meridional and zonal
sections is shown in Figure 13. The transport of salinity is directly related to the volume
transport of water, so the features of interannual variability correspond to the results
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obtained from the analysis of the volume transport of water. Periods of intensification of
the ESC from 3 to 8.3 x 103 kg/s are noted, with a simultaneous decrease in transport
through the Bering Strait to 17 x 10% kg/s. Thus, both factors are related and lead to a
correlated change in the salinity of the waters of the Chukchi Sea. The ESC transports
Arctic freshwaters from west to east, resulting in decreased salinity in the western part
of the sea. Simultaneously, there is a decrease in the influx of salty Pacific waters in the
southern part of the Chukchi Sea.
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Figure 13. Interannual variability of salinity transport through the Bering Strait (in blue) and ESC in
the meridional section at 180° W (in orange) averaged for July—October.

4. Discussion

This study investigates the variability of salinity in the Chukchi Sea during the ice-free
period from July to October. High-salinity areas are located in the southern part of the shelf,
influenced by salty Pacific waters, while low-salinity areas are presented in the coastal part
of the Chukchi Peninsula. Significant internal variability in the distribution of SSS based on
SMAP data is observed. There are two types of SSS distribution: “western” and “eastern”.

According to the GLORYS12v1 reanalysis data, two types were distinguished in the
structure of Pacific-origin waters in the Chukchi Sea. The “western” is characterized by
the propagation of BSW almost throughout the shelf, particularly in the northwest part of
the Chukchi Sea (up to 180°W and 72.5°N) and penetration into Long Strait and Herald
Canyon. The “eastern” differs in reduced propagation both to the north and to the west. A
notable indicator is the westward shift of the BSW boundary to 177°W and in some years,
even to 175°W (1994, 2012).

The analysis of current velocity anomalies maps showed an increase in the western
velocities near the Chukchi coast during the “western” type. Conversely, the eastern
anomalies increased during the “eastern” type. The seasonal analysis results for the period
from 1993 to 2019 showed that the eastern flow intensifies from July to October, but has
significant variations in different years. Interannual anomalies reach 0.06 and 0.1 m/s in the
western and eastern directions, respectively. In agreement with recent studies [21,22,28],
the interannual dynamics of the Pacific water flow are determined by the sea level field to
the north of the Chukchi waters and are related to the East Siberian Sea dynamics.

Features of salinity variability are associated with the impact of the ESC, the intensifi-
cation of which is driven by wind circulation on the Russian Arctic shelf and the resulting
propagation of fresh masses [19,24]. The overall dynamics of these processes determine the
density gradients to the north of the Chukchi Sea, forming the sea level field [21,22]. When
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the ESC enters the Chukchi Sea, it may change direction from southeast to north and mix
with Pacific-origin waters, moving away from the coast [23].

The “western” type is observed in the absence of ESC. In this case, the Arctic circulation
and wind forcing favor the penetration of Pacific waters into the western part of the Chukchi
Sea. For instance, in 2015, a “northern” type of river plume propagation was observed,
caused by eastern winds, which led to the outflow of freshwaters into the central part of
the Arctic Basin [24]. This is consistent with the “western” type noted in the Chukchi Sea
during this study. We also conclude that the intensification of the ESC is the primary cause
of the formation of the “eastern” type. In this case, the type of propagation of freshwater
masses from the Laptev and East Siberian Seas is “eastern”, according to our previous
work [24]. It is characterized by western winds over the shelf part of the Arctic Basin [26,31].
Thus, intensified ESC displacement BSW away to Alaska, leading to the “eastern” type.
Moreover, ESC affects salt transport in the region. Finally, estimates were made for salinity
and water transport of the Bering Strait and ESC. The zonal transport to the west in 1995-
1996, 1998-1999, 2006—2007, 2011, and 2014-2015 was over 0.1 Sv, and to the east in 1994,
1997, 2001-2003, 2005, 2008, 2012, 2016, and 2018, with the presence of the ESC, it reached
0.24 Sv. These results are in agreement with and complement earlier studies based on in
situ measurements [16,23]. The changes in relation to the averaged transports in the two
sections are comparable. In 2012, the increase in ESC transport was 0.2 Sv relative to the
average. In the same year, the decrease in the Bering Strait transport was 0.25 Sv, which
highlights the link between their variability. In the end, the correlation coefficient between
the transport of the ESC and the transport in the Bering Strait was 0.68. This demonstrates
the significant influence of Arctic waters on the Pacific-origin water mass transport to the
Chukchi Sea.

It should be noted that the volume content is influenced by water input in the months
prior to the ice-free period. Also, the hydrographic properties can be smoothed out by the
monthly average, which can potentially cause the disappearance of BSW in the eastern
Chukchi Sea. Also, the water in these areas can be already mixed. Additionally, climatic
trends can affect the identification of the water masses as well as unaccounted water types:
remnant winter water (WW) and newly ventilated winter water (NVWW). However, these
waters are not dominant in the ice-free period and are often observed in the deep-sea part
of the sea. The distribution features of ACW and BSW make it possible to distinguish one
or another type in most years.

As seen in Figures 2—4, the reanalysis tends to overestimate the values of surface
salinity. In addition, it was previously found that GLORYS12v1 demonstrates the smallest
salinity gradients compared to other available products [41]. The reanalysis data perform
well in the remote zone from the coast but miss much realistic variability near the coastal
region and sea ice edge due to a lack of in situ measurements [32].

Ice melting can cause areas of reduced salinity, unrelated to ESC [46]. Therefore, in
Figure 5, we did not remark on the type in some years due to the high sea ice concentration
(>40%) in the western part of the sea in July. Thus, variability in ice conditions may
contribute to the haline characteristics of the shelf. However, most of the ice-melting areas
in the ice-free period are located north of the ESC [47]. In recent decades, there was a high
sea ice concentration north of 72.5°N even in July. Thus, sea ice influence on the interannual
differences in salinity distribution type in this work is relatively small.

5. Conclusions

(1) Based on SMAP satellite and GLORYS12v1 reanalysis datasets, features of interannual
variability of salinity in the Chukchi Sea have been identified. The “western” type
is characterized by the penetration of salty waters into the northwestern part of
the sea and far into the north covering vast areas in the shelf. The “eastern” type
shows a decrease in the area covered by salty waters and freshening of the area
near the Chukchi coast. The analysis of calculated maximum depths of BSW and
ACW also revealed differences between the two types. During the “western” type, the
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propagation of BSW is observed up to 180°W and 72.5°N, with widespread penetration
into the Long Strait and Herald Canyon. The main feature of the “eastern” type is the
displacement of the western boundary of the BSW area to 174-176°W. Interannual
variations in ACW also follow these patterns. Displacement is most noticeable at
depths of 5-10 m, where the displacement occurs from ~177°W to 174-175°W.

(2) There are two main factors that affect the formation of type. Firstly, the inflow of Pacific
waters through the Bering Strait. Secondly, the inflow of Arctic-origin waters, which
increases during the intensification of the East Siberian Current (ESC). An increase
in the average seasonal anomalies of the ESC velocity was detected during the same
years when an eastern type was observed with values above 0.1 m/s. On the other
hand, opposite anomalies were observed during the western type. The zonal transport
of the ESC has varied significantly during 19932019, with maxima observed in 1994,
2012, and 2016 up to 0.24 Sv (by 0.2 Sv relative to the average). In the same years,
the weakening of transport down to 0.52 Sv (by 0.25 Sv relative to the average) in the
Bering Strait was observed. This result is consistent with the transport balance of the
Chukchi Sea. The minimum of ESC transport was detected in 1995-1996, 1998-1999,
2006-2007, 2011, and 2014-2015, when it reversed to the west. Therefore, ESC salinity
transport intensification reaches up to 3-8.3 x 10° kg/s at the same years as water
transport due to their similar variability.

A link between these two factors has been confirmed: as the ESC becomes stronger,
the transport of water and salinity decreases in the Bering Strait (K = 0.68). The variability
of the ESC is a significant factor in the variability of water and salinity transport in the
Bering Strait during the ice-free period. Thus, a strong ESC causes the “western” type,
while its absence is the reason for the “eastern” type.
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