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Based on the CTD data from 58 stations in the Bering Sea and the Chukchi Sea in the
summer of 2019, the values of mixed layer depth (MLD) were obtained by using the
density difference threshold method. It was concluded that the MLD can be estimated
more accurately by using a criterion of 0.125 kg/m3 in this region. The average MLD in the
Bering Sea basin was larger than that in the Bering Sea shelf, and both of them were
smaller than that in the Bering Sea slope. The MLD increased northward in both the
Chukchi Sea shelf and the Chukchi Sea slope. The farther northward, the greater the
difference between the MLD calculated from temperature (MLDt) and the MLD calculated
from density (MLDd). The water masses and their interaction played an important role in
the variation of MLD in the northern Bering Sea shelf and Chukchi Sea. The MLD was large
due to the vertically homogeneous Anadyr Water in the northwestern Bering Sea shelf.
The horizontal advection of Bering Sea Anadyr Water and Alaska Coastal Water in the
Bering Sea shelf led to shallower MLD in the central northern Bering Sea shelf. The
westward advection of the Alaska Coastal Water caused shallow mixed layers (MLs) in
some regions of the Chukchi Sea shelf in the summer of 2019. The observed large MLD at
BL01 station near the Aleutian Island was caused by an anticyclonic eddy. The northward
increase in the MLD in the Chukchi Sea was related to the low-salinity seawater from sea
ice melting in summer. The spatial variation of MLD was also closely related to the surface
momentum flux and the sea surface buoyancy flux. Stratification plays an even more
important role in determining the variation of MLD. The ML in 2019 was shallower and
warmer than those in previous years, especially in the Bering Sea shelf and Chukchi Sea
where sea ice volume, thickness, and coverage were significantly larger than the Bering
Sea basin, which was related to the small sea ice volume in winter and spring of 2019
compared to previous years.

Keywords: mixed layer depth, in situ observation, Bering Sea, Chukchi Sea, momentum flux, eddy, stratification
in.org April 2022 | Volume 9 | Article 8628571

https://www.frontiersin.org/articles/10.3389/fmars.2022.862857/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.862857/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.862857/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.862857/full
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:jicai_zhang@163.com
mailto:liqun@pric.org.cn
https://doi.org/10.3389/fmars.2022.862857
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.862857
https://www.frontiersin.org/journals/marine-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.862857&domain=pdf&date_stamp=2022-04-28


Jiao et al. Variability of Mixed Layer Depth
1 INTRODUCTION

The exploration of the upper ocean mixed layer depth (MLD) in
the Bering Sea and the Chukchi Sea is very beneficial because the
ML strongly influenced the northward heat and freshwater
transport through the Bering Strait, which had increased from
0.7 Sv in 2001 to 1.2 Sv in 2014 (Woodgate, 2018; Woodgate and
Peralta-Ferriz, 2021). The onset of marine heatwaves (Schlegel
et al., 2021), air-sea heat fluxes (Sirevaag et al., 2011),
characteristics of water masses (Timmermans et al., 2014), and
melting/freezing of sea ice (Mizobata and Shimada, 2012) are also
highly sensitive to the variations of MLD. Direct observations and
further understanding of the ML are of great significance for
reducing the deviations of global model simulation results
(D'Asaro, 2014), since the MLD derived from the ocean model
still has large deviations from observations.

The variation of MLD in the Bering Sea and the Chukchi Sea
is complicated due to the influence of circulation, surface
buoyancy flux, eddies (Gaube et al., 2019), wind (Hu and
Wang, 2010), and sea ice (Peralta-Ferriz and Woodgate, 2015).
The major currents in the Bering Sea include the Bering Slope
Current (BSC) along the Bering Sea slope (BSp), the Alaskan
Coastal Current along the western coast of Alaska, the Anadyr
Frontiers in Marine Science | www.frontiersin.org 2
Current, and the Aleutian North Slope Current (Danielson et al.,
2014; Gong and Pickart, 2015; Stabeno et al., 2018). A sketch is
shown in Figure 1. The hydrological characteristics in the Bering
Sea are influenced by the Pacific Ocean due to water exchange,
such as the major inflow through the Near Strait and outflow
through the Kamchatka Strait (Woodgate, 2018). Strong eddy
activities and mixing have been observed along BSp due to the
instability of BSC (Mizobata et al., 2006). The sea ice in the
Bering Sea and Chukchi Sea showed a trend of later freezing and
earlier melting over the period from 1979 to 2018 (Ji et al., 2021),
which might change the temporal variation of the ML
(Rosenblum, E. 2018). As a result, the MLD varies drastically
in time and space. The mean MLD was approximately 15–20 m
in August and approximately 80–160 m in February and March
according to 6,198 Argo profiles in BSb over the period from
2001 to 2017 (Johnson and Stabeno, 2017).

Global MLD climatology (de Boyer Montégut et al., 2004;
Schmidtko et al., 2013; Holte et al., 2017) was coarse, and it was
hard to recognize the variation of the ML in the Bering Sea and
Chukchi Sea. A 30-year dataset (from 1979 to 2012) indicated
ML shoaling in the Arctic, coincident with ML freshening and
stratification intensifying (Peralta-Ferriz and Woodgate, 2015).
Johnson and Stabeno (2017) found that the temperature of the
FIGURE 1 | The distribution of 58 observation stations and patterns of major circulations in the study area. The asterisks, dots, circles, crosses, triangles, and
squares represent the BL, BS, BR, R, BT, and M sections, respectively. The color denotes the mean sea surface temperature during the expedition. The arrows
were the wind during the expedition. The black solid lines denote 2000-m isobaths. ACC, Alaskan Coastal Current; SCC, Siberian Coastal Current; KC, Kamchatka
Current; BSC, Bering Slope Current; ANSC, Aleutian North Slope Current; AS, Alaskan Stream; NPC, North Pacific Current; KS, Kamchatka Strait; NS, Near Strait
(Danielson et al., 2014; Gong and Pickart, 2015; Stabeno et al., 2018).
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ML exhibited significant variation in the Bering Sea basin, e.g.,
warm periods in 2004–2005 and 2015–2016, and the salinity of
the ML decreased from 2001 to 2016. In the Bering Sea shelf,
stratification breakdown of the upper ocean exhibited a trend
toward later in the fall from 1995 to 2008 (Ladd and Stabeno,
2012). Under the condition that the sea ice extent in the summer
of 2019 in the Arctic showed a continuous decrease compared to
previous years (Figure S1 in Supplementary Material I), it was
important to clarify whether these trends in the ML occurred in
2019. In this study, the spatial variations of MLD in the Bering
Sea and the Chukchi Sea were analyzed based on the field
observational data sampled during the summer of 2019. The
interannual change compared to previous years was explored
and underlying dominant processes, including anticyclonic
eddies, wind, stratification, and sea ice melt water, were analyzed.

This work is organized as follows. Section 2 introduces the
data and methods. The results of the analysis are given in Section
3. The processes related to the variation of MLD are discussed in
Section 4. Section 5 presents the summary and conclusions.
2 DATA AND METHODS

2.1 Data
2.1.1 In Situ Observations
The primary dataset analyzed in this work was the in situ
observational temperature, salinity, and pressure datasets
(Table 1). They were used to calculate the MLD, which were
obtained during the 10th Chinese National Arctic Research
Expedition from August 10 to September 30, 2019. As shown
in Figure 1, 58 stations were distributed in the BL, BR, BS, R, BT,
and M sections. The longitude, latitude, and time of each station
can be found in Table S1 in the Supplementary Material II.
Detailed information of the instruments can be found in Table
S2 and Table S3 in the Supplementary Material III and IV. The
CTD observations from the Chinese National Arctic Research
Expeditions in 1999, 2003, 2010, 2012, 2014, and 2017 were also
used to explore the inter-annual variations of MLD.

2.1.2 Supplementary Datasets
In order to supplement the inadequacy of field observation data,
remote sensing and reanalysis datasets were also employed to
investigate the influence factors of the MLD variability. The
Bering Sea level was obtained from the Copernicus Marine
Service and it was used to identify eddies. The wind speed and
momentum flux were extracted to estimate their influence on
deepening MLD and they were derived from the Version 2
Frontiers in Marine Science | www.frontiersin.org 3
CCMP Wind Vector Analysis Product offered by the Remote
Sensing Systems (Wentz et al., 2015). The CCMP dataset was
evaluated by in situ wind measurements obtained from the
shipboard automatic meteorological station (AWS) and the
results was in Supplementary Material V. The sea surface heat
flux and water flux were obtained from the National Centers for
Environmental Prediction (NCEP) Climate Forecast System
Version 2 (CFSv2) (Saha et al., 2011). The significant wave
height was obtained from the Copernicus Marine Service. The
bathymetric dataset used in plotting the CTD profiles and
isobaths were extracted from ETOPO1 (NOAA National
Geophysical Data Center, 2009). The subsets for August and
September from the World Ocean Atlas 2018 (Boyer et al., 2018)
were compared with the in situ observations in 2019 to explore
the changes in temperature, salinity, and MLD. The sea ice
volume and thickness were used to estimate the influence of
melt water on MLD, and they were extracted from the output of
the PIOMAS model from Polar Science Center in University of
Washington (Zhang and Rothrock, 2003).

2.2 The Criterion for the MLD
Several methods have been developed to estimate the MLD,
including the difference threshold (Kara et al., 2000; Kara et al.,
2003; de Boyer Montégut et al., 2004), gradient threshold (Lukas
and Lindstrom, 1991), curvature method (Lorbacher et al., 2006),
split and merge method (Thomson and Fine, 2003), and hybrid
method (Holte and Talley, 2009). After quantitative comparison,
in this study the widely adopted threshold method (de Boyer
Montégut et al., 2004; Peralta-Ferriz and Woodgate, 2015) was
selected. The criterion was critical, as the small vertical
fluctuations of the temperature and density within the ML
brought confusion when calculating the MLD. A group of
criteria was tested, and the results were shown in
Supplementary Material VI. The adopted optimal criterion
for the MLDd was Ds = 0.125 kg/m3, and the reference depth
was 5 m. The suitable criterion for the temperature difference
method was 0.5°C. Visual examination confirmed that the
criteria successfully identify the variations of MLD. To
distinguish the role of temperature and salinity in the spatial
variation of MLD, the MLDd (MLD estimated from the density
profiles) and the MLDt (MLD from the temperature profiles)
were both calculated, and in the following, MLD specifically
referred to MLDd.

2.3 Stratification Index
For the stratification index (SI) due to temperature (salinity), the
density profile p is calculated using the temperature (salinity)
TABLE 1 | Description of multiple observations during the expedition.

Variables Instruments Model Vertical Resolution (m) Sampling interval (s)

Current velocity ADCP Teledyne RDI WHSentinel 300 kHz 2 1
Temperature, salinity, pressure CTD SBE 911 Plus 1 1/24
Wind speed Automatic Weather Stations XZC6-1 —— 60
Temperature
Humidity
April 2022 | Volu
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profile and a vertically averaged salinity (temperature), as
Equation (1) shows.

Vq = −

Z 0

−h
r(q,�S) − 〈 r 〉ð Þ gzdz (1)

〈 r 〉 = −
1
h

Z 0

−h
rdz (2)

where Vq represents the stratification index due to temperature,
r(q,�S) is the density profile derived from the temperature profile
and a vertically averaged salinity, and �S is the vertically averaged
salinity. h is the value of MLD here.
3 RESULTS

3.1 Water Mass Characteristics
The MLD was closely related to the distribution and interaction
of water masses. There were several water masses in the Bering
Frontiers in Marine Science | www.frontiersin.org 4
Sea and Chukchi Sea, including three in the northern BSs:
Anadyr Water (AW), Alaskan Coastal Water (ACW), and
Bering Shelf Water. As shown in Figure 2, the average
temperature of the cold and salt AW (S > 32.5, T < 4°C) was
approximately 2°C and the average salinity was about 32.6. The
average temperature of ACW was about 9°C with the salinity
significantly lower than that of AW (Figure 2). The water mass
below the surface was termed the cold intermediate layer (CIL) in
BSb. The core temperature (the lowest temperature in the vertical
section of potential temperature) of CIL was approximately
3°C (Figure 2).

In summer, the water mass in the Chukchi Sea shelf was a
product of the mixing of Bering Sea Water, ACW, and Meltwater
(Corlett and Pickart, 2017; Pisareva, 2018). Fundamentally, the
farther north, the colder and fresher the water mass was (blue
circle in Figure 2). The cold water mass in the intermediate layer
was Winter Water and the deep water was Atlantic Water on the
north of the Chukchi Sea slope (Figure 2). Vertical sections of
potential temperature and salinity can be found in
Supplementary Material VII (Figure S4, Figures S6–S8).
A

B

FIGURE 2 | T-S diagram shows distinct water masses in the Bering Sea and Chukchi Sea based on CTD observations. (A) The color represents depth. (B) The color
represents different areas. AW, Anadyr Water; ACW, Alaska Coastal Water; BDW, Bering Sea Deep Water; BSW, Bering Sea Shelf Water; CIL, Cold Intermediate
Layer; WW, Winter Water; ATW, Atlantic Water. The blue circle represents the water masses in the Chukchi Sea except ACW.
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3.2 Characteristics of MLD in the
Bering Sea
In general, the mean MLD in BSb was 17 m (with standard
deviation being 1.5 m), greater than 13 m (with standard
deviation being 4.2 m) on the BSs. The mean MLD in BSp was
28 m (with standard deviation of 3.3 m), significantly greater
than BSb and Bss. The BL section was representative of the main
circulation and water masses during the expedition period in
both the BSb and BSs. Stations BL01–BL06 were located in BSb,
and the MLDs at these stations were all greater than 15 m
(Figure 3A). The maximum value of MLD at these stations
reached 30 m, which was observed at station BL01 near Aleutian
Islands. This deep ML was caused by an anticyclonic eddy and
will be discussed in Section 3.5.1. In contrast, at stations BL11–
BL14 in the west of BSs, the MLD was shallower than 15 m. In
addition, the minimum MLD at BL section was 6 m, which was
observed at station BL14 on the northwestern BSs. The MLD at
station BL07 located in BSp was 25 m. Both of the MLD at
stations BL01 and BL07 were markedly larger than other stations
in BSb and BSs.

The stations BR00–BR03 were located in BSp. The maximum
MLD reached 30 m at station BR03 (Figure 3B). The average
MLD at stations BR04–BR09 was 14 m in BSs, which was much
smaller than the 23 m in BSp. Stations BR10 and BR11 were in
the northeastern BSs, and isohalines and isotherms were almost
vertical there. Correspondingly, the MLD at stations BR10 and
BR11 were greater than those at other BR stations on BSs.

The western BS section was under the influence of AW in the
northwestern Bering Sea shelf, and the eastern BS section was
under the influence of ACW in the northeastern Bering Sea shelf.
Frontiers in Marine Science | www.frontiersin.org 5
Therefore, the BS section represented the MLD under the
influence of the advection of these two water masses. As the
water column at BS01–BS03 was well mixed, the MLDs were
larger than 35 m (Figure 3C). The MLD in the northeast was
much smaller and was in the range of 6–13 m. The MLD at
stations BS04 and BS05 was small, because the interaction of the
light ACW and dense AW stratified the upper ocean there.

3.3 Characteristics of MLD in the
Chukchi Sea
In general, the MLD in CSs had an overall trend of deepening
from south to north (Figure 3D, F). The MLD increased from 5
m in the southern CSs to 10 m in the northern CSs, which
covered a distance of about 880 km (Figure 3D). The MLD at
Section R was in the range of 4–12 m. The MLD at R06 was
shallower than the other stations along Section R (Figure 3D). A
northward increase was also observed in the BT section. The
maximum MLD was 20 m at station BT15. The MLD at stations
BT13–BT16 was greater than 15 m and was also greater than the
MLD in CSs (Figure 3F).

Though Sections M and BT were at the same latitude and
close to each other, the MLD at Section M was in the range of 5–
10 m, much shallower than that at Section BT (Figure 3E). The
water mass along Section M was colder and fresher than that
along Section BT. It seemed that Section BT was more easily
influenced by the warm and salt water through the Bering Sea
shelf, while Section M was more influenced by the sea ice
melt water.

The MLD and MLDt had little difference in the southern
Bering Sea, while the MLDt was generally larger than the MLD in
A B

D E F

C

FIGURE 3 | The MLD from temperature and density. (A–F) represent the BL, BR, BS, R, M, and BT sections, respectively. The magenta dashed lines represent the
MLDt calculated from the temperature, and the blue solid lines represent the MLD calculated from the density. Notice that the y-axis was reversed.
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the northern BSs and the Chukchi Sea (Figure 3). The MLD and
MLDt had little difference at stations BL02–BL05, but the
difference approached 4 m at station BL06 (Figure 3A). It
should be noted that the MLDt (14 m) was much larger than
the MLD (6 m) at station BL14. The average difference dMLD

(MLD minus MLDt) was 0.51 m in the southern Bering Sea
(including BL01–BL06, BR00), while the dMLD was −3.25 m in
the northern BSs and the Chukchi Sea. The largest dMLD was less
than 4 m in the southern Bering Sea, while the largest difference
between MLDt and MLD was greater than 11 m in the
Chukchi Sea.

3.4 The Spatial Variation
The spatial variation of MLD was closely related to the water
masses. The larger vertical density gradient and shallower MLD
at stations BS04 and BS05 were related to the westward advection
of the warm and fresh ACW. The northward increase in the
MLD in the Chukchi Sea was accompanied by a high meridional
gradient of salinity and temperature. This was the result of the
advection of low-salinity water generated from the melting of sea
ice in summer in the Chukchi Sea. Around station R06, the warm
and fresh ACW, with shallower MLD, was diverted onto the
western CSs due to Ekman transport under the influence
of anomalously strong northerly winds (Pisareva et al., 2015).
Frontiers in Marine Science | www.frontiersin.org 6
The same situation has been observed in September 2004
(Pisareva, 2018), 2008 (Linders et al., 2017), 2009 (Pisareva
et al., 2015), and 2012 (Pisareva, 2018). The shallower MLD at
station M was also related to the deviation of ACW.

Although the MLD increased in CSp as that in BSp, there was
a difference between them. Remarkably, from the ocean basin
towards the continental shelf, the isotherm and isohaline tended
to be parallel to the continental slope in the Chukchi Sea, while
they tended to be perpendicular to the continental slope in the
Bering Sea. The MLD variation in CSp was related to the low-
salinity water generated from the melting of sea ice in summer
and topographical constraints. However, in BSp the isotherm,
isohaline, and MLD were mainly affected by BSC.

3.5 Stratification
The stratification index (SI) was calculated over the whole depth
of the ML. The value of SI was O (1,000 J/m2) in BSb and the
southern BSs, including BL01–BL13, as shown in Figures 4A, B.
In BSb, eastern BSs, and western BSs, the SI was dominant by
salinity. This was different from the research of Ladd and
Stabeno (2012), which concluded that temperature and salinity
both influence the stratification of the Eastern Bering Sea shelf
with their relative importance varying spatially and temporally.
This was because their measurements were influenced by ACW
A B

D E F

C

FIGURE 4 | The left axis represents the stratification index. Red indicates the proportion of stratification due to temperature. Green was the proportion due to
salinity. The right axis represents the percentage of the contribution of the temperature. The blue dashed line represents the proportion of the contribution of the
temperature to the stratification at different stations.(A–F) represent BL, BR, BS, R, M, BT section, respectively.
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with high temperature and low salinity. In the northeastern BSs,
due to the high salinity of AW, the SI was significantly larger
(Figure 4C). In the northwestern BSs and the Chukchi Sea, the SI
was smaller (Figures 4C–F). The SI showed a trend of northward
decreasing and was dominated by salinity. The contribution of
the temperature to stratification was too weak and could be
ignored for our observations. Therefore, it was reasonable to
assume that the characteristics of the ML were dominated by the
low-salinity water generated from the melting of sea ice in the
Chukchi Sea and the northern BSs in the summer of 2019. In
addition, the farther north, the greater the difference between the
MLDt and MLD was in the Chukchi Sea, and salinity played a
more important role in determining the MLD. This was
consistent with the research of Johnson et al. (2012), which
showed that the seasonal variation of the ML in the Arctic was
dominated by salinity.

3.6 The Inter-Annual Variation
Peralta-Ferriz and Woodgate (2015) found that the overall ML
gradually became shallower from 1978 to 2012 by studying the
seasonal and inter-annual changes of MLD in the Arctic region,
including the northern Chukchi Sea in winter. However, MLD in
the Bering Sea and summer Chukchi sea was not presented in
their study. According to our observations, the MLD in 2019 was
shallower, and the temperature of the ML was higher than the
mean temperature of the other five (1999, 2003, 2010, 2012, and
2014) years along the BL section in the Bering Sea (Figures 5A,
B). The mean MLD was 17 m (standard deviation being 5 m) in
2019, while the mean MLD was 23 m (with standard deviation
being 5 m) for previous years mentioned above. The shoaling of
the ML was more evident in the Bering Sea basin than that in the
Bering Sea shelf. It should be noted that, although warmer ML
was found along the whole BL section (Figure 5B), the shallower
MLD does not occur in BSp and the continental slope north of
Aleutian Island (BL01) (Figure 5A). This shallower MLD was
accompanied by the warming of 7the surface layer and CIL. The
minimum temperature of the CIL water mass in BSb showed an
increasing trend: 0.54°C, 0.94°C, 0.82°C, 0.69°C, 1.99°C, and
2.50°C for 1999, 2003, 2010, 2012, 2014, and 2019, respectively.
The ML was saltier in 2019, which led to denser ML in the Bering
Sea shelf (Figures 5C, D). On the contrary, the ML was fresher in
the Bering Sea basin in 2019, which led to lighter ML
(Figures 5C, D).

The MLD in 2019 was shallower than the mean MLD of 1999,
2003, 2010, 2012, 2014, and 2017 along the R section in the
Chukchi Sea (Figure 5E). The mean MLD was 8 m (standard
deviation being 2 m) in 2019, while the mean MLD was 19 m
(with standard deviation being 5 m) for previous years
mentioned above. This was accompanied by the warming of
the ML (Figure 5F). The ML showed a trend of cold and
freshening northward along the R section in all these years,
including 2019. The warming and freshening around 69°–70°N
may be caused by the westward advection of ACW, and the ML
showed a deepening there. The warming, freshening, and
shoaling of the ML around“69°–70°N”indicated by our
observations were not identified by WOA2018. Salinity
Frontiers in Marine Science | www.frontiersin.org 7
dominated the spatial fluctuation of the density for most of the
year (Figures 5G, H).
4 DISCUSSION

4.1 Circulation and Anticyclonic Eddy
As mentioned in Section 3.2, the large MLD at BL01 in the
northern continental slope of the Aleutian Islands was related to
the anticyclonic eddy along the Aleutian Islands, as shown in
Figure 6A. The maximum speed radius of the eddy next to BL01
was derived from SSH datasets according to the method
developed by Dong et al. (2009) and Nencioli et al. (2010). The
amplitude, maximum speed radius, and effective radius of the
eddy were 0.30 m, 49 km, and 83 km, respectively. The distance
between the eddy center and BL01 was 40 km, which indicated
that the station was influenced by the eddy, especially by the
dynamics adjacent to the eddy periphery (Figure 6B). Pumping
exerts its impact on the upper layer inside the eddy, while
multiple processes, including advection and submesoscales, are
involved outside the eddy periphery (Wang et al., 2018). Hence,
the large MLD at BL01 was caused by this anticyclonic eddy
through the downwelling effect. This coincides with the
conclusion that anticyclones deepen the MLD in the research
of Gaube et al. (2019). The MLD at BL01 was 30 m, significantly
larger than that at BL02, which was 19 m (Figure 3A). The
upper-ocean current velocity at BL01 was approximately 0.2 m/s,
while it was less than 0.1 m/s in BSb according to the ADCP
observations. There was enhanced shear at the base of the ML at
BL01 (Figure 6C). Under the interaction of ocean currents and
the Aleutian Islands, the eddies near the Aleutian Islands were
relatively active, which result in deep MLD.

4.2 Momentum Flux and Buoyancy Flux
The relationship between MLD and buoyancy flux as well as
momentum flux was explored through correlation and linear
regression analysis. The momentum flux and average buoyancy
flux caused by sea surface net heat flux and freshwater flux from
July 1 to September 8 are shown in Figure 7. The MLD had a
positive correlation with the momentum flux, and the correlation
coefficient was 0.60 at 99% significant test level. The kinetic
energy input into the ocean due to the large wind speed
enhanced the sea surface turbulent mixing. Although this
pattern can be found at most stations, it was not always valid,
e.g., the larger MLD at BS01, BS02, and BS03 was related to the
vertical homogeneous Anadyr Water there (as indicated in
Figure S4C in Supplementary Material VII). Anadyr Water
was cold and vertically homogeneous. As mentioned in Section
4.1, the deepening of the ML at station BL01 resulted from the
anticyclonic eddy. The correlation coefficient between MLD and
buoyancy flux was −0.30 at 98% significant test level.

The MLDs at BR02 and BR03 (in the central Bering Sea) were
significantly large under the combined effect of the buoyancy flux
and the momentum flux. Though not as significant as BR02 and
BR03, the MLDs at BT13, BT14, BT15, and BT26 were still larger
than other stations nearby in the Chukchi Sea. As momentum
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FIGURE 5 | The inter-annual variation of MLD, temperature, salinity, and density of the mixed layer from the Chinese National Arctic Research Expeditions and the
climatological MLD from the WOA along the BL [(A–D)] and R [(E–G), and (H)] sections. The gray line was the mean MLD from the data of 1999, 2003, 2010, 2012,
and 2014. The shaded area was the standard deviation.
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A B

C

FIGURE 6 | (A) The vectors represent the surface geostrophic flow anomaly. The color denotes the vertical relative vorticity (normalized by the local planetary
vorticity f) at the sea surface. The yellow solid lines denote the 2000-m isobaths. The red rectangle is the location of subplot (B). (B) The anticyclonic eddy next to
station BL01 [the red rectangle in subplot (A)]. The contours denote the sea surface height from satellite observations. The red plus sign, blue solid line, cyan dotted
line, and purple solid line are the center, max speed shape, effective contour shape, and track of the eddy. The upward-pointing triangle and downward-pointing
triangle are the center of the eddy on June 1 and September 30, respectively. (C) The vertical distribution of the current direction and vertical current shear at BL01
from ADCP.
FIGURE 7 | The buoyancy flux, momentum flux, and MLD of all stations. The buoyancy flux and momentum were averaged from July 1 to September 8. The order
of stations is the same as in Table S1 in the Supplementary Material II.
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flux played a more important role than buoyancy flux, the small
momentum flux led to small MLD, such as R02 and R03
(southern Chukchi Sea). This convinced the modeling work by
Hordoir et al. (2022) that wind led to the spatial variation of
MLD in ice-free conditions in the Arctic.

However, multiple linear regression showed that the
combined effect of momentum flux and buoyancy flux only
explained 12% of the variance of MLD, and 11% of the variance
of MLD was attributed to momentum flux (p = 0.01). So, there
were more important factors to be explored, such as stratification
to be discussed in the next section.

4.3 Effect of Stratification
Controlling effects of stratification on MLD were estimated
through the approach proposed by Peralta-Ferriz and
Woodgate (2015) in the study on pan-Arctic surface mixed
layer properties. In their study, to investigate reasonable
relationships between MLD and stratification, an empirical
expression was proposed as follows:

MLD = C
Wa

Drb
(3)

with the exponents a b, and constant C (in S.I. units) to be
estimated from multiple regression of observational data. W was
wind magnitude (m/s). Dr (kg/m3) was the stratification for each
cast and it was quantified as the difference between the average
density of a 20-m-thick layer below the ML and the average
ML density.

Based on observational data in 2019, the detailed fit results are
shown in Table 2. Besides the combined effect of wind and
stratification, the wind-only and stratification-only exercises
were also conducted by assuming b or a to be zero.

In both combined and wind-only exercises, a was ~0.5. In
both combined and stratification-only exercise, b was ~0.5, larger
than the results from Pollard et al. (1973) (b ~0.25) and
Manucharyan (2010) (b ~ 0.33). This suggested that MLD in
this region was more dependent on stratification. The estimated
value of a and b here were similar to those estimated by Peralta-
Ferriz andWoodgate (2015) in the pan-Arctic. This indicated the
relationship between MLD and stratification in the Bering Sea
and Chukchi Sea had similar patterns with that in the pan-Arctic.
The combined effect of wind and stratification explained 57% of
the variance of MLD, much larger than the combined effect of
momentum flux and buoyancy flux in Section 4.2. This was
smaller than the mean value (67%) from the pan-Arctic sample
in the study of Peralta-Ferriz and Woodgate (2015). This
indicated that there were other factors needed to be considered
Frontiers in Marine Science | www.frontiersin.org 10
in this marginal sea. The stratification explained 40% of the
variance of MLD, much larger than wind (14%), and this
suggested that in order to understand the variation of MLD in
this region, it was necessary to focus on investigating processes
affecting upper ocean stratification, i.e., sea ice melt water in the
next section.

4.4 Sea Ice Melt Water
The less sea ice volume resulted in less melt water in summer
(Figure 8), which led to the saltier and shallower ML in 2019
than previous years. As the mean wind speed did not change
significantly in 2019 compared to previous years (Figure S9 in
Supplementary Material VIII), it was not related to the
shallower of the ML. It should be noted that the salinity of the
water in BSs was larger than the climatology (Figure 5C), while it
was not in CSs (Figure 5G). This may be linked to the inflow of
freshwater due to the increasing net glacial ablation in the Gulf of
Alaska watershed (Danielson et al., 2020). The surface warming
in the Chukchi Sea was related to the regional air-sea heat flux
and Arctic amplification (Danielson et al., 2020). Recent trends
to earlier ice melt and increasing heat flux through the Bering
Strait have also impacted the Chukchi Sea (Woodgate, 2018).
The warming of CIL may be related to the air temperature
warming in the previous winter and the processes in the Bering
Sea (Overland et al., 2012).
5 CONCLUSION

The MLD in BSb was deeper than that in BSs, but both were
shallower than that in BSp. In CSs, the MLD deepened from
south to north. Water masses, eddies, sea ice melting, wind, and
air-sea heat flux influenced the spatial variation of MLD in the
Bering Sea and Chukchi Sea. The MLD in the northwestern BSs
was large due to the existence of AW. The horizontal advection
of ACW and AW led to a shallow ML in the northern BSs. The
shallow MLD at station R06 was related to the westward
extending of ACW in the Chukchi Sea. The spread of the
water mass from sea ice melting and terrain constraints led to
the northward increase of the MLD in CSs and CSp.

The correlation coefficient between the momentum flux and
the MLD was 0.60, larger than that between the buoyancy flux
and the MLD, which was −0.30. The combined effect of the
momentum and buoyancy flux led to local extrema, such as BR03
in the Bering Sea, and BT26 and R03 in the Chukchi Sea.
However, they only explained 12% of the variance of MLD.
Compared to the momentum flux and buoyancy flux, the
TABLE 2 | The multiple regression results for equation (3) based on observational data in 2019.

Exercises a (95% confidence) b (95% confidence) C (95% confidence) Contribution to variance p-value

Wind and stratification 0.58 ± 0.25 0.47 ± 0.13 4.26 ± 1.58 57% 1.16e-10
Wind only 0.53 ± 0.36 —— 5.12 ± 1.89 14% 0.0042
Stratification only —— 0.45 ± 0.15 11.85 ± 1.12 40% 1.17e-07
April 2022 | Volume 9 | Articl
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stratification was more important in determining MLD, and it
explained 40% of the variance of MLD.

The ML in 2019 was shallower and warmer than those in
previous years in the BSb, BSs, and CSs. This shallower and
warmer ML was linked to the increase in heat flux and decrease
in freshwater flux from sea ice melting under the background of
Arctic amplification and increasing net glacial ablation.

Due to the temporal limitation of in situ observation, the data
provided a glimpse of the statement of the oceans in summer.
Sub-mesoscale and small-scale processes, which may influence
MLD, were hardly recognized even with satellite observations.
High-resolution and continuous in situ observations will be
beneficial to exploring their effects on MLD in the future.
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