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Abstract

This work is a study of the interannual variability of Alaskan Coastal Water (ACW) supplied into the Arctic Ocean during the
summer season. Based on hydrological data obtained during ten Chinese National Arctic Research Expeditions conducted in
the summer from 1999 to 2019, the expansion of area, volume, thickness, and heat content of ACW in the southern Chukchi
Sea and northern Bering Sea have been calculated for the first time, demonstrating the presence of substantial interannual
variability. From 1999 to 2019, in general, each of the fundamental parameters showed two stages, namely 1999-2008 and
2010-2019, with the latter being at a higher value than the former. We repeatedly surveyed meridional hydrographic/velocity
sections in the vicinity of the Bering Strait to verify that the changes in the water mass flowing into the strait are the main

factors affecting water parameters in both the northern Bering Strait and the southern Chukchi Sea.
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Abstract

This work is a study of the interannual variability of Alaskan Coastal Water (ACW)
supplied into the Arctic Ocean during the summer season. Based on hydrological data
obtained during ten Chinese National Arctic Research Expeditions conducted in the
summer from 1999 to 2019, the expansion of area, volume, thickness, and heat content
of ACW in the southern Chukchi Sea and northern Bering Sea have been calculated for
the first time, demonstrating the presence of substantial interannual variability. From
1999 to 2019, in general, each of the fundamental parameters showed two stages,
namely 1999-2008 and 2010-2019, with the latter being at a higher value than the
former. We repeatedly surveyed meridional hydrographic/velocity sections in the
vicinity of the Bering Strait to verify that the changes in the water mass flowing into the
strait are the main factors affecting water parameters in both the northern Bering Strait
and the southern Chukchi Sea.

Plain Language Summary

The Bering Strait is the sole connection between the Pacific and Arctic Oceans.
Alaskan Coastal Water (ACW) is one of the main ocean currents that merge into the
Arctic Ocean through the Bering Strait from the Pacific Ocean. Its basic characteristics
such as temperature and salinity directly affect the freshwater content and heat budget
of the Arctic. Based on the Chinese National Arctic Research Expeditions, it is found
that near the Chukchi Sea, the characteristics of the interannual variation of ACW from
2010 to 2019 are significantly different from that from 1999 to 2008. Further research
shows that this is closely related to the flow into the Bering Strait.

1 Introduction

The seasonally ice-covered Bering and Chukchi Sea shelves are among the
largest continental shelves in the world (Grebmeier et al., 2006). The Bering Strait
Complex (Anadyr Strait, Shpanberg Strait, and Bering Strait) in the northern Bering
Sea and southern Chukchi Sea is the sole connection between the Pacific and Arctic
Oceans. The flow through the Bering Strait is the only oceanic input from the Pacific
into the Arctic Ocean (AO) (Woodgate, 2018).

Pacific water inflow through this complex is an important source of heat,
freshwater, nutrients and Pacific fauna into the AO (Woodgate & Aagaard, 2005;
Woodgate et al., 2005; Grebmeier et al., 2006), specifically in the lower layers of the
AO, including in the layer of summer Pacific water. Pacific waters, supplied through
the Bering Strait, form one third of the incoming water volume responsible for the AO
fresh water balance, and are a powerful heat source, which can influence the thickness
and distribution of the sea ice cover (Woodgate & Aagaard, 2005; Makhotina &
Dmitrenkob, 2011). In summertime, the warm water input melts pack ice (Weingartner
et al., 2005) accounting for the greatest interannual variability in Arctic freshwater
input (Johanna et al., 2017). Pacific water also contributes to the stratification of the
water column over large areas of the western Arctic, helping to maintain the upper
halocline (Anderson et al., 2013; Johanna et al., 2017).
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In order to reach the central Arctic Ocean, Pacific water must first cross the
wide and shallow Chukchi Sea (Johanna et al., 2017). There are three main flow
pathways by which this occurs, dictated largely by the topography of the shelf
(Weingartner et al., 2005): the Alaskan Coastal Water (ACW) on the east, the Bering
Shelf Water (BSW) in the central area, and the Anadyr Water (AW) on the west
(Grebmeier et al., 2006; Yamashita et al., 2019).

In this paper, we mainly study the warmer, less saline, low-nutrient ACW, also
known as the Eastern Chukchi Summer Water (ECSW), which flows northward along
the coast of Alaska toward Barrow Canyon and is referred to as the Alaskan Coastal
Current (ACC) in the warm months of the year (Lin et al., 2019). Alaskan coastal water
originates along the coast over the inner shelf in the eastern Bering Sea; it develops
annually from the input of river water and melting ice from western Alaskan rivers and
its temperature increases rapidly through the spring and summer from about 0 to 10 C°
(Eisner et al., 2013). This current is believed to provide ~0.1 Sv of flow, ~1/3 of the
heat and 1/4 of the freshwater fluxes through the strait (Woodgate & Aagaard, 2005;
Woodgate, 2018).

The increase in annual mean transport is reflected in correspondingly
significant increases in the annually integrated fluxes of heat and fresh water. In the
present study, we estimate the interannual variability of the ACW in relation to area
expansion, volume, thickness, and heat content. The analysis has been made for the first
time based on summer data obtained from repeated sections set up in the southern
Chukchi Sea and northern Bering Sea (66°N-75°N) in the 1999-2019 period.
Additionally, in order to explain the characteristics of the interannual variation of ACW
entering the Arctic Ocean, we analyzed the volume and heat fluxes from the zonal
section of the southern Bering Strait (172°W-167°W).

2 Data and methods
2.1 Data

2.1.1 The conductivity-temperature-depth (CTD) Data

From 1999 t02019, ten repeated zonal hydrographic/velocity sections were set
up in the vicinity of the southern Chukchi Sea and northern Bering Sea during ten
Arctic research expeditions conducted by China. These cruises occurred in the summer,
and even though the timing of each cruise varied among years, it can be considered
quasi-synchronous. We labeled these transects as R and the bottom depth in the study
area was 50 m. The latitude range of these sections was about 66°-75°N, while the
longitude range was 170°-172°W. Additionally, several meridional transects were also
set up during the expeditions at the south end of the Bering strait and across the
northern Bering Sea shelf, and they were labelled either BS, NB or BN. The depth of
every station was also less than 50 m, the latitude range of the sections was
approximately 64.2°-64.6°N, and the longitude range was 167°-171.7°W (Wang et al.,
2020).
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These two repeated sections both have a distance of less than 1° between
stations. Exact locations of the stations are shown in Figure 1.
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Figure 1. Distribution of R sections (left) and BS/NB/BN sections (right) collected by
the first nine Chinese National Arctic Research Expeditions.

2.1.2 HYCOM Reanalysis Data

To analyze the volume and heat fluxes and to apply arithmetic corrections (see
section 2.2), we used reanalysis data from the Hybrid Coordinate Ocean Model
(HYCOM). This model includes daily in-situ temperature, sea water salinity, eastward
and northward sea water velocity with a uniform 0.08 degree lat/lon grid between
80.48°S and 80.48°N interpolated to 40 standard z-levels. (Li et al., 2019)

2.1.3 Water mass identification

In the Chukchi Sea, water masses that originate from the Pacific Ocean in the
summer are characterized by temperature (T) and salinity (S) (Nishino et al., 2016).
According to Danielson et al., the ACW temperature is not significantly different in the
two areas of the southern Chukchi Sea and northern Bering Sea, and the ACW salinity
in the northern Bering Sea is within a smaller value. During the midsummer period of
2012 and 2013, the salinity range was roughly 20-32 psu (Danielson et al., 2017). The
combined T/S diagram from data collected during the research expeditions illustrates
the typical summer conditions in the southern Chukchi Sea and northern Bering Sea
(Figure 2) (Gong & Pickart, 2015). To analyze the CTD data, we used ACW definitions
presented in previous studies and that are consistent with our data. However, the precise
definition of each water mass should not be considered invariable because water
properties can change considerably from one year to the next, and, to some extent, from
season to season (Gong & Pickart, 2015). In this paper, ACW is characterized by
potential temperatures >5C° and by salinities <31.8 psu (Grebmeier et al., 2006; Gong
& Pickart, 2015; Nishino et al., 2016; Danielson et al., 2017).
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Figure 2. Temperature-Salinity plot of water masses in the southern Chukchi Sea and

northern Bering Sea (The area in the red box is the ACW water mass defined in this
paper, with T>5°Cand S<31.8psu)

2.2 Methods

2.2.1 Calibration of CTD data

It was anticipated that, due to the large difference in the time of CTD
deployment during each expedition, calculations of heat flux, volume flux and heat
content from datasets would be inaccurate. In order to solve this problem, CTD data
were calibrated according to the HYCOM reanalysis data, and were corrected for the
time difference. As far as the R sections are concerned, the data from each expedition
were all calibrated to August 31 (Table 1), while the data from the BS/NB/BN sections
were all calibrated to July 26 (Table 2).

Firstly, the grid point data closest to the latitude and longitude of each CTD
station were identified in the HYCOM reanalysis data, then the closest depth was
located. The average depth near the Bering Strait (that is, near the R and BS sections)
was 55m, and the available levels in the HY COM reanalysis data were only 0, 2, 4, 6, 8,
10, 12, 15, 20, 25, 30, 35, 40, 45 and 50m. Finally, the corresponding two days in the
HYCOM reanalysis data were subtracted to calculate the difference, and this difference
was used to correct the CTD data.

Table 1. Calibration date for each expedition in the R sections

Expedition(time) Original date Calibrate date
1th(1999) August 3 August 31
2th(2003) July 30 August 31
3th(2008) August 1 August 31
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4th(2010) July 20 August 31
5th(2012) September 8 August 31
6th(2014) July 31 August 31
7th(2016) September 4 August 31

Num1l: September 10 August 31
8th(2017)

Num1-12: September 22

9th(2018) September 7 August 31

Table 2. Calibration date for each expedition in the BS/NB/BN sections

Expedition(time) Original date Calibrate date
2th(2003) July 28 July 26
4th(2010) July 19 July 26
5th(2012) July 17 July 26
7th(2016) September 8 July 26
8th(2017) September 24 July 26
9th(2018) September 8 July 26
10"(2019) August 29 July 26

2.2.2 Ocean Heat Content (OHC)

In this study, the heat content for each station in the R sections was defined as
the integrated ocean heat content from a depth of 50 m to sea surface, and it was
calculated using the following formula:

0
OHC = [47°R?p(T,S)C,T cos 4/ 259200¢h

-50

where R is the radius of the earth, T is the in situ temperature, S is sea water
salinity, p(T, S) is the density of seawater, varying with temperature (T) and salinity (S)

atdepth h, C, is the specific heat of seawater, ? s the latitude of each station (Ishii &
Kimoto, 2009; Wang et al., 2013).

In addition, CTD temperature and salinity data were interpolated before
calculating the heat content, with 0-50 m per meter and 66°N-73°N every 0.1°.

2.2.3 Thickness, area and volume

The ACW depth at each CTD site was calculated individually at each station
based on the corrected and interpolated data. The average ACW depth at each site was
considered as the final thickness value. Because the longitude range between any two
stations in the entire R section for each cruise was less than 1° (and data reliability of
stations less than 1° apart is very high after interpolation), the longitude range was
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uniformly set as 1° when calculating the ACW distribution area. The longitude distance
of 1° on latitude A was calculated based on the formula, 111*cos(A). Since the interval
length of a 1° latitude is the same all over the world, the latitude range was converted
into km based on the 111km/1° ratio. Because the Earth is not a perfect sphere, the area
was calculated by averaging the latitude range at the upper and lower latitudes as "long"
and taking the latitude range as "wide". Volume was obtained by multiplying thickness
by area, both derived from of the above calculations.

2.2.4 Flux of water masses

We used temperature and salinity CTD data (after calibration) and velocity
reanalysis data from the HYCOM to examine the volume flux (V) and heat flux (H)
flowing over the northern Bering Sea shelf from 1999 to 2018. Since the number of
stations and the longitudinal ranges were different each year, we interpolated the data
before calculating the fluxes, with 0-50 m per meter and 172°W-167°W every 0.5°. The
volume and heat fluxes (with northward positive direction) (Wang et al., 2020) were
calculated using the following equations:

\% :ZA “Vii

H :Zcp‘A P Vi o T

where A; is the area of i grid, vy is the meridional component of the i grid
current in n station, Cy, is the constant pressure specific heat of sea water, the measuring

unitis J-kg™-C™, p, isthe density of sea water and T; is the temperature.

3 Results

The interannual variations in terms of distribution area, thickness, volume and
heat content were divided into two distinct groups: one for years 1999 to 2008
presenting a low level, and the other for years 2010 to 2019, with a relatively high
value.

Based on the obtained data on interannual variability, the largest distribution
area of ACW in the southern Chukchi Sea and northern Bering Sea was observed in
2019 exceeding the value of 2017 (when the ACW volume was maximal) by 0.39x10*
km? (Figure 3). The minimal values for area and volume were observed both in 1999
and 2008. In 2008 volume was slightly smaller than in 1999, while the distribution area
was slightly smaller in 1999 than in 2008. The overall variation in volume and area was
entirely consistent from 1999 to 2016, while the trend of interannual change from 2016
to 2019 was highly inconsistent. Based on the data for interannual change in thickness
observed in ACW from 2016 to 2019, it is possible to conclude that this variation in
thickness determined the opposite trend variation seen for volume and area during this
time period.
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Figure 3. Interannual variability of distribution area (black), thickness (pink), volume
(blue), and heat content (red) of ACW in the southern Chukchi Sea and northern Bering
Sea.

Data reveal that the average heat content of ACW in the southern Chukchi Sea
and northern Bering Sea in the 1999-2019 period was 4.74 x 10™J. It is worth noting
that, although the overall change in heat content from 1999 to 2008 remained at a
relatively low level, the heat content in 2003 increased significantly. Consistent with
the ACW area and volume, the ACW heat content in 1999 and 2008 was remarkably
below the climatological data recorded between 1999 and 2020 (Liu et al., 2012). In
general, the time sequence for ACW parameters from 2008 to 2014 shows a statistically
significant positive trend (heat content is 1.98 x 10*° J/yr), and in 2014 the heat content
reached the maximal value (8.75 x 10 J). From 2014 to 2019, the values decreased
though a slight increase was observed between 2016 and 2017. Compared with the
rising trend seen in the 2008-2014 period, the 2014-2019 trend decreased slowly and
remained overall above the climatic average.

The water properties of the Chukchi Sea are predominantly determined by the
water mass entering through the Bering Strait (Woodgate et al., 2005; Woodgate,
2018). In order to analyze interannual variability (Figure 3), we have considered the
peculiarities of volume and heat transport of ACW through the Bering Strait to the
Chukchi Sea shelf. In this section, we used the CTD temperature and salinity data (after
calibration) and velocity reanalysis data from the HYCOM to examine the volume flux
(V) and heat flux (H) flowing over the northern Bering Sea shelf from 1999 to 2018.
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The longitude range of the repeated hydrographic/velocity sections was 167°-171.7°W
(that was for the BN section, NB section and BS section). Since no similar section was
available for the southern Bering Strait area in 1999, we used the temperature and
salinity data from the HYCOM reanalysis data to supplement the missing data.
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Figure 4. Interannual variability of volume transport (black) and heat flux (red) of
ACW in the southern Bering Sea.

It was possible to conclude that the heat flow through the Bering Strait varies to
a greater degree, compared to the water flow, and therefore, that it has a greater
influence on ACW variability in the southern Chukchi Sea and northern Bering Sea. By
comparing Figure 3 and Figure 4, it is visible that the general heat flux trend of the BS
section in the southern Bering Strait is consistent with the general heat content trend of
the R section in the southern Chukchi Sea and northern Bering Sea, although the range
of change is slightly different in several time periods. For example, the rise in heat flux
seen from 2010 to 2012 is significant than that seen from 2008 to 2010, while the
increase in heat content seen from 2008 to 2010 is significant than that seen from 2010
to 2012. Overall, there is no doubt that the increase in heat flow through the Bering
Strait leads to the interannual variability of the ACW in the southern Chukchi Sea and
northern Bering Sea. Similarly, the change in volume transport through the Bering
Strait can partially explain the interannual change in the ACW volume of the R
sections. In addition, from 2008 to 2014 there was a continuous upward trend for
volume transport through the Bering Strait, while there was a slight downward trend in
the ACW volume between 2010 and 2012. Regardless of the volume or heat fluxes of
the BS sections, the downward trend observed in the 2003-2008 period is more obvious
than the upward trend seen between 1999 and 2003. Regardless of the ACW volume or
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heat content at R sections, the downward trend observed from 2003 to 2008 is almost
the same as the upward trend seen from 1999 to 2003.

4 Conclusions and Discussion

In summary, the expansion of area, volume, thickness, and heat content of
ACW in the southern Chukchi Sea and northern Bering Sea have been calculated for
the first time for the 1999-2019 period; the estimates demonstrate the presence of a
significant interannual variability. All the analyzed parameters show that ACW in the
southern Chukchi Sea and northern Bering Sea from 2010 to 2019 is significantly
strengthened than in the 1999-2008 period. From 2017 to 2019, the ACW entering the
Acrctic has gradually become shallower and now shows a clear trend of northward
expansion. In the 1999-2019 period, the innerannual variation of ACW characteristics
was mainly determined by the heat and volume fluxes flowing through the Bering
Strait. The significant interannual variability of distribution area, volume, and heat
content observed in ACW in recent years influences the formation and variability of the
thermohaline structure of the entire Arctic Ocean. We emphasize again that, although
the volume and heat transport through the Bering Strait plays a major role in
determining ACW parameters in the Arctic Ocean, wind force and input from rivers
may also be important.

The results indicate that the peculiarities of ACW volume and heat transport
through the Bering Strait to the Chukchi Sea shelf can explain the interannual
variability of the characteristics of ACW, which flows into the Arctic Ocean during the
summer season. However, other processes may also contribute to this variability. For
example, wind strength and direction are important and direct factors influencing the
velocity and flow of water masses; episodic wind-driven upwelling occurs along the
northwestern Alaskan coast, displacing the easternmost branch of the Chukchi
circulation seaward and weakening or reversing the flow that normally takes place
along the coast (Woodgate et al., 2005). In addition, fresh water injection from Alaska’s
inland rivers also directly affects the inherent properties of ACW (Eisner et al., 2013).

Data Availability Statement

The CTD data in the southern Chukchi Sea and northern Bering Sea during ten Arctic
research expeditions conducted by China are available at
https://www.chinare.org.cn/data. The Hybrid Coordinate Ocean Model (HYCOM) data
used to analyze the volume and heat fluxes and to apply arithmetic corrections were
collected from https://www.hycom.org/dataserver/gofs-3pt0.
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