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Over the past few decades, the areal extent of the Arctic sea ice cover has decreased.
During the winter of 2017, negative sea ice concentration anomalies occurred mainly in
the Chukchi Sea and adjacent seas. The properties of Pacific water through the Bering
Strait have changed in recent years. To highlight the role of the Pacific inflow during
the 2017 Arctic sea ice retreat, we used mooring measurements and conductivity–
temperature–depth (CTD) data to quantify the effect of inflow on sea ice in the Chukchi
shelf. In September 2017, the temperature of the Pacific inflow was relatively high
compared with the multi-year average, especially in the shelf north of 69◦N where the
temperature anomaly was generally greater than 1◦C. The average heat content of each
CTD station in September 2017 ranged from 0.77 to 1.58 GJ m−2, where each station
was 0.25 GJ m−2 higher than the multi-year average. In the central shelf of the Chukchi
Sea, the temperature of the 25–40 m layer increased after late May, and decreased
after mid-September. The Pacific inflow could have provided a large amount of heat
to the Chukchi shelf, the accumulated convective heat transported to the surface from
September to October was approximately 1.68 × 1018 J and it impacted the sea ice
growth conditions.

Keywords: Pacific inflow, heat transport, mooring, Chukchi sea shelf, sea ice reduction

INTRODUCTION

The Arctic Ocean has been warming over the past few decades (Zhang, 2005; Polyakova et al.,
2006). The Arctic Sea ice cover is also changing, where the sea ice extent in September has
decreased since 1979 at a rate of 9% per decade (Serreze et al., 2007b), and the overall mean winter
sea ice thickness decreased by 1.75 m in the central Arctic between 1980 and 2008 (Kwok and
Rothrock, 2009). Within the Arctic Ocean, one of the main areas undergoing sea ice reduction
is the western Arctic. The sea ice extent in Chukchi Sea was low from October to December
in 2017, and the sea ice extent in December was the lowest since 1978, according to the Sea
Ice Index Version 3 monthly products from National Snow and Data Center1. Throughout May,

1https://nsidc.org/data/g02135
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the flow has remained northward and the sea ice retreat occurred
in patterns consistent with the known Chukchi flow pathways
via Herald Valley, the Central Channel, and Barrow Canyon
(Weingartner et al., 1998; Woodgate et al., 2005a). The area with
anomalous sea ice reduction corresponds to the area where the
warm Pacific Summer Water is observed immediately beneath
the surface mixed layer (20–60 m; Coachman et al., 1975;
Shimada et al., 2006).

Pacific water enters the Chukchi Sea through the Bering Strait
and it is highly variable over time scales of days to years, as well
as exhibiting significant seasonal variability when entering the
Arctic Ocean (Woodgate et al., 2005b, 2006). The mean annual
transport of the inflow measured in the Bering Strait is about
0.6–0.8 Sv (Coachman and Aagaard, 1981, 1988; Roach et al.,
1995), but recently it has increased to more than 1 Sv (Woodgate
et al., 2012). The annual mean transport of Pacific water into
the Arctic underwent a long-term increase from 1990 to 2015,
thereby increasing the heat flux into the Arctic (Woodgate,
2018). The input heat flux from the Bering Strait comprising 2–
4 W m−2 makes a significant contribution to the Arctic annual
mean net surface heat fluxes, and it is sufficiently large to be a
significant trigger of Arctic sea ice retreat (Serreze et al., 2007a).
Evidence indicates that increasing heat is entering the Arctic
Ocean through the Bering Strait and the interannual change in
the annual mean heat flux (change of 3 × 1020 J) is sufficient
to melt 106 km of 1-m-thick ice (Woodgate et al., 2006). This
anomalous heat flux retards sea ice formation during winter and
causes an imbalance between the ice growth during the winter
and ice melt during the summer, thereby further accelerating sea
ice reductions (Shimada et al., 2006). The poleward transport
of Pacific water provides an important source of oceanic heat
into the Chukchi Sea during the summer (Steele et al., 2004;
Woodgate et al., 2010), which influences the seasonal melt-back
of sea ice (Spall, 2007). In addition, the increase in the water
temperature means that the warm season is longer, which is
conducive to the melting of sea ice (Woodgate et al., 2006;
Woodgate, 2018).

The continued loss of sea ice will make the Arctic Ocean
increasingly accessible for human activities. Thus, a better
understanding of the evolution of the sea ice cover on seasonal
time scales is needed. The Bering Strait heat transport is
implicated in the seasonal melt back of sea ice in the Chukchi
Sea region. Previous studies suggest that this oceanic heat
transport involves variability in the water temperature and that
the volume transport in the strait is driven by atmospheric
circulation patterns, but the predictability of sea ice advance in
the Chukchi Sea is limited by the largely unpredictable nature
of the summer atmospheric circulation patterns over the Arctic
Ocean (Serreze et al., 2016, 2019). To identify the impacts of
Pacific water on Arctic sea ice, the present study investigated
the effect of the Pacific inflow on sea ice reductions during
the freezing period in 2017 by quantifying the heat transport
from the Pacific inflow based on hydrological section data and
mooring data in the Chukchi Sea. In this study, we confirmed the
warming of the Pacific inflow and demonstrated the remarkable
impact of the Pacific inflow heat supply on the sea ice on the
continental shelf.

MATERIALS AND METHODS

Hydrography
During the 8th Chinese National Arctic Research Expedition
(CHINARE) in September 2017, a meridional hydrographic
section (R section) comprising eight stations was occupied in the
central Chukchi Sea Shelf (Figure 1). The R section was set along
the Pacific inflow to obtain a more intuitive understanding of
Pacific water intrusion on the Chukchi Sea shelf. Temperature
and salinity data were obtained from a SBE 911 plus CTD
system, where the accuracies of the estimated data were within
0.001◦C for temperature and 0.0003 S m−1 for conductivity
(available from the National Arctic and Antarctic Data Center2).
The downcast data from the CTD were processed according to
the manufacturer’s instructions and then averaged into 1-m bins,
which were used for subsequent calculations and plotting.

A year-round oceanographic mooring was deployed in the
Chukchi Sea shelf (168◦56.67′W, 69◦33.18′N) from September
2016 at Sta. M8 where the depth is 53 m (Figure 1). The mooring
system comprised a SBE37-SM CTD at 25 m, two RBR solo T
temperature loggers at 35 m and 40 m, and an upward-looking
300-kHz Acoustic Doppler Current Profiler (ADCP) at a depth
of 43.5 m. An echo blank zone of 4.18 m was present in front of
the ADCP and the velocity measurements started from 39 m with
2 m intervals between the layers. All instruments were corrected
and tested before deployment.

In addition to the CTD data collected during CHINARE
cruises, we utilized publicly available oceanographic data,
including CTD data from the World Ocean Atlas 2018
(WOA18) produced by the National Oceanic and Atmospheric
Administration (NOAA) (available from the National
Oceanographic Data Center3; Locarnini et al., 2018; Zweng
et al., 2018), to obtain the long-term characteristics of the
temperature and salinity in the study area.

Sea Ice Concentration (SIC)
The Advanced Microwave Scanning Radiometer 2 (AMSR2)
ASI-SIC product utilizes the vertically polarized brightness
temperature (Tb) measured in the 89 GHz channel and at a spatial
resolution of 6.25 km (Spreen et al., 2008). AMSR2 ASI-SIC
was downloaded from the Institute of Environmental Physics,
University of Bremen, Germany4. Sea ice extent time series were
calculated in 200 km × 200 km boxes around the mooring site
mentioned above.

The Met Office Hadley Centre’s sea ice and sea surface
temperature data set (HadISST1)5 provides SIC on a 1◦ latitude–
longitude grid from 1870 to date (Rayner et al., 2003). This
dataset was downloaded to calculate the long-term monthly
average SIC from 1981 to 2010. After interpolation processing,
the SIC anomalies were obtained from October to December in
2017 by subtracting the corresponding multi-year monthly SIC
data from the AMSR2 ASI-SIC data.

2https://www.chinare.org.cn/en/
3https://www.nodc.noaa.gov
4https://seaice.uni-bremen.de/start/data-archive/
5https://www.metoffice.gov.uk/hadobs/hadisst/
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FIGURE 1 | Bathymetry, mooring and CTD stations in the Chukchi Sea during 2017.

Methods
The heat content is affected by both the temperature and salinity,
and it represents the changing energy of seawater and the heat
balance. In this study, the heat content of the water column was
defined as:

Qhc =

∫
ρCp (T − T0) dz, (1)

where ρ is the density of seawater, Cp = 4,096 J kg−1◦C−1 is
the specific heat capacity of seawater at constant pressure, T is
the in situ temperature, where T0 = –1.9◦C, and Qhc is the heat
content contained by a 1-m2 water column representative of the
energy balance of the upper ocean with the unit of J m−2.

The accumulated heat transport of intrusion was estimated as:

H = ρCp (T − T0) (Z2 − Z1)Dvt, (2)

where Z2 is the maximum depth of strengthened convection
during the ice freezing season, Z1 is the upmost boundary of
intrusion, D is the typical zonal width, v is current speed, and t
is the period when the intrusion has an impact in the study area.

Assuming the complete transfer of heat, the upper bound may
be calculated for the decrease in winter ice growth as:

1hice = H/ρiceLice, (3)

where the sea ice density ρice = 900 kg m−3 and the sea ice latent
heat of fusion Lice = 3× 105 J kg−1 (Steele et al., 2008).

RESULTS

Overview of Sea Ice State
In the Western Arctic, SIC anomaly images from October to
December in 2017 showed that the sea ice reduction occurred
mainly in the marginal seas of the Alaskan and Russian
continental shelves (Figure 2). Less sea ice was present in the
Chukchi Sea, Beaufort Sea, and East Siberian Sea in October.
A negative SIC anomaly occurred mainly in the Chukchi Sea
during November. The SIC was anomalously small from the
northern Bering Sea shelf to the Chukchi Sea in December. The
area of anomalous sea ice reduction corresponded to the known
Pacific inflow pathways, and the overlapping sea ice reduction
and Pacific intrusion distribution domains suggest a causal link
to the Pacific inflow through the Bering Strait. The SIC anomaly
patterns suggest that the water pathways through the Bering Strait
are acting as a conduit for heat entering into the Chukchi Sea.

Hydrological Characteristics of the
Chukchi Shelf
The strongest flow of Pacific water entering the Chukchi Sea
occurs during the summer months (Woodgate et al., 2012).
Several distinct water masses comprise the Chukchi Sea water
during the summer and we used the definitions of these
water masses given in previous studies (Coachman et al., 1975;
Weingartner et al., 1998). In summer, the western side of Bering
Strait typically contains cold and salty Anadyr Water (AW),
which has origins that extend to the Gulf of Anadyr in the
northwest Bering Sea (Coachman et al., 1975). The Alaska Coastal
Current brings in the seasonally warm and fresh ACW (T > 3◦C,
30 < S < 32.4 psu) from the southeastern Bering Sea shelf
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FIGURE 2 | Sea ice concentration anomalies during the freezing season (October–December) in 2017.

along the coast of Alaska (Pisareva et al., 2015). The Bering Shelf
Water has properties intermediate between those of the AW and
ACW, and it mixes with AW to form Bering Sea Water (BSW,
0 < T < 3◦C, 32 < S < 33.1 psu) north of the Strait (Coachman
et al., 1975; Pisareva et al., 2015).

High-resolution vertical sections of the hydrographic
properties allowed us to resolve the different water masses in
the Chukchi Sea (Figure 3). In order to capture the vertical
distribution of the Pacific inflow in the Chukchi Sea Shelf, we
analyzed the R section using temperature and salinity data
(Figures 3A,B). The distributions of temperature and salinity in
the R section to the south of 70◦N had a two-layered structure,
where the upper layer was characterized as warmer and fresher
than the lower layer. The high-temperature water in the upper
layer was not evenly distributed over the entire section, especially
in the vicinity of the mooring, where the temperature was
particularly high, reaching a maximum of 6.5◦C in the core
at about 28 m. The distribution of salinity in the upper layer
corresponded to that of the temperature, and it was relatively low
at 68–70◦N with a minimum of 31.2 psu. Most of the water to
the south of 70◦N belonged to the warm ACW, which provided
a large amount of heat that became available to the surface when
surface convection was initiated at the beginning of the freezing
season. The BSW was present deeper than 20 m near 68◦N.
The water at 70–72◦N underwent vertical mixing and it was
characterized by high temperature (3.7–5.7◦C) and high salinity
(generally > 32.4 psu).

Compared with the section from the WOA18 multi-year
average data, we found that the characteristics of the water on
the Chukchi Shelf changed significantly (Figures 3C,D). The
temperature distribution was similar, but the temperature of the
section in 2017 was generally higher compared with the multi-
year average temperature. Except for the area in the vicinity of
66◦N and 68◦N south of 72◦N with a depth more than 30 m,
the water temperature in the section was generally above 3◦C,
and higher than the multi-year average. In 2017, the temperature
anomaly in the northern part of the section was relatively large.
The temperature anomalies in most areas north of 69◦N were
generally more than 1◦C, and the maximum occurred in the
bottom layer near 71◦N, where it reached 5◦C. The salinity
distribution in 2017 also changed significantly, with the 32-psu
isohaline outcropping between 67–68 and 70–72◦N where the
positive salinity anomaly was relatively large. The larger positive
salinity anomaly occurred in the upper layer north of 70◦N in

2017, and the maximum value of about 2 psu was found in the
surface at 71–72◦N. Large negative salinity anomalies mainly
occurred at depths of 20–40 m between 66.5 and 68.5◦N (about –
0.4 psu) and of 5–30 m between 68 and 70◦N (about –0.3 psu). In
terms of the water mass properties, the temperature, range, and
thickness of the ACW all increased.

The heat contents at most stations were also greater than the
corresponding multi-year average value (Figure 4). The average
increase in the heat content of the Chukchi shelf was about 0.25
GJ m−2 for every station. The heat content anomaly was more
prominent in the north part of the section and the heat content
of the station at 72◦N deviated from the average multi-year value
by about 0.6 GJ m−2. At the end of summer, some of this heat
may have been transferred to the sea ice pack by relative advection
between the upper ocean and ice. Assuming the complete transfer
of heat, the upper bound calculated for the decrease in winter
ice growth was 93.84 cm during 2017 relative to the multi-year
average, which was a significant fraction of the average sea ice
thickness in this part of the Arctic Ocean. If the relative ocean–
ice advection was low, another possibility was that the heat was
simply lost to a gradually cooling atmosphere before any ice
formed (Steele et al., 2008), which implied a delay in winter ice
growth, and a longer period with open water was conducive to
the accumulation of ocean heat.

Intrusion of Pacific Water on the Shelf
CTD data obtained for the R section showed the vertical
distribution of the Pacific water in the Chukchi Sea Shelf.
Furthermore, we examined the temperature and salinity data
time series recorded at fixed depths by the mooring M8 to
determine the duration of the heat supplied by the warm Pacific
water during the warm season (Figure 5). The temperatures in
the 25-, 35-, and 40-m layers began warming in May (Figure 5A),
and they underwent a substantial increase of 2◦C in early June,
which marked the onset of the warm season and the appearance
of water with temperatures above 0◦C. The sea ice extent
decreased dramatically during this period and the area became
ice-free in the vicinity of the mooring after mid-June (Figure 5B).
The temperatures reached 3◦C by the end of June, indicating the
intrusion of the warm ACW. The water on the shelf gradually
warmed with fluctuations until late August to early September,
and the temperature of the 25-m layer was generally higher than
that of the lower layers, where it reached a maximum value of
7.44◦C in early September. The temperatures of the 35- and 40-m
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FIGURE 3 | Temperature (A) and salinity (B) sections in September 2017, and the temperature (C) and salinity (D) anomalies. The locations of the sections are
shown in Figure 1. Inverted triangles at the top of each figure indicate the locations of stations.

FIGURE 4 | Heat content (in GJ m−2) obtained for the R section using data from the in situ CTD stations and the WOA18 dataset during September 2017.

layers were similar from June to early August, thereby indicating
the homogeneous property of the water between the two layers,
and the maximum temperatures of 6.56 and 6.26◦C occurred
in late August, respectively. The temperature of the 25-m layer
decreased continuously from mid-September, whereas the lower
layers remained warm until early October (Figure 5A), which
implied that the warm Pacific intrusion was still ongoing. The
temperatures of the three layers then became similar in mid-
October and decreased at a similar rate, thereby indicating that
the water was mixed by convection, which was verified by the
corresponding increase in salinity at 25 m during October. The
heat transport was attributed to vertical mixing and continuous
sensible heat could have been supplied to suppress the formation
of sea ice. In November, the warm signal of the ACW disappeared
at all of the observed depths, and this warm intrusion was
persistent and continued to supply heat for more than 4 months.
The temperatures then dropped to less than 0◦C by the end of
the month and the impact of Pacific water intrusion then faded
away in December.

The warm Pacific intrusion provided a large amount of heat
to the Chukchi shelf and this continuous heat input could
have significantly impacted sea ice formation during the winter.
The typically warm Alaskan Coastal Current generally has a
homogeneous velocity throughout the Bering Strait in the east
and it intensifies seasonally to 10–20 km wide (Woodgate et al.,
2015). During the observation period, the records obtained from
the mooring in the 25- to 40-m layer showed that the intrusion
was basically northward with a mean velocity of 0.04 m s−1. It
was assumed that the typical zonal width of the warm Pacific
intrusion was 20 km, and the average temperatures of the 25-
to 40-m layer were the typical temperatures. By focusing on the
time period from September to October when surface cooling and
convection were relatively active, the accumulated heat transport
was estimated for the intrusion as 1.68× 1018 J, and the reduction
in the sea ice volume due to this heat was calculated as 6.23 km3 if
the heat was entrained to the surface through strong convection.
Thus, the sensible heat from the Pacific water intrusion could
have significantly reduced the production of sea ice during

Frontiers in Marine Science | www.frontiersin.org 5 May 2021 | Volume 8 | Article 650909

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-650909 May 19, 2021 Time: 15:16 # 6

Wang et al. Ice Reduction Due to Oceanic Heat

FIGURE 5 | Time series for (A) temperature ( 25-, 35-, and 40-m layers) and salinity (25-m layer), (B) sea ice extent calculated in 200 × 200 km boxes around the
mooring site.

2017 and effectively contributed to the interannual variability to
a certain extent.

Previous research suggested that there was a strong correlation
(0.67) between ice advance in the Chukchi Sea and the July
to September Bering Strait inflow according to long time
series data obtained from a mooring 35 km north of the
Bering Strait (Serreze et al., 2016). It has been shown that
the properties of the Pacific inflow gradually changed after it
entered the Chukchi Sea through the Bering Strait, especially in
the summertime when the open water was readily influenced
by the external environment. The in situ data used in the
present study depicted the variations in temperature in the
central and southern Chukchi Sea more directly, and captured
the earlier changes in the Pacific water when freezing period
began in order to estimate the influence of heat flux on
sea ice formation on a much more accurate temporal scale.
We detected significant warming of the Pacific inflow during
the summer in 2017 and, more importantly, we found that
the effect of the Pacific inflow heat supply from October to
December on sea ice formation was significant during the
freezing period in 2017.

CONCLUSION

The inflow into the Arctic Ocean through the Bering Strait is
relatively small compared with that through the Fram Strait, but
the heat provided by the Pacific inflow cannot be underestimated.
In the winter of 2017, negative SIC anomalies occurred mainly
in the Arctic marginal seas where Pacific water exists. The
temperature and heat content of the Pacific inflow were relatively
high in September 2017 compared with the multi-year average,
especially in the northern part of the section. The increased
warming of the south central shelf was sufficient to reduce
ice growth in the following winter by as much as 0.94 m.
In this study, direct measurements showed that Pacific water

intrusion into the Chukchi shelf region could supply sufficient
sensible heat to effectively reduce the local sea ice. In the central
shelf of Chukchi Sea, the temperature at 25–40 m started to
increase in late May. The decrease in the temperature of the
25-m layer occurred in mid-September, while warming was
still present below. During this period, the convective mixing
of the seawater could have brought heat to the upper layer.
In mid-October, the seawater in the 25–40 m layer tended
to be homogeneous. If all of the heat transport comprising
1.68 × 1018 J carried by the Pacific water intrusion into
25–40 m layer was transferred to the surface layer, it could
have reduced the production of sea ice by a maximum of
6.23 km3.

Interplays between heat transport, volume transport, and
the atmospheric circulation patterns in the western Arctic
were discussed in previous studies (Danielson et al., 2014;
Peralta-Ferriz and Woodgate, 2017; Serreze et al., 2019). The
oceanic heat transport through the Bering Strait is a highly
variable and complex phenomenon, which involves variability
in the water temperature and volume transport through the
Bering Strait. The latter is probably associated with constantly
changing atmospheric circulation patterns. In order to predict
the ice conditions in the Chukchi Sea, more timely acquisition
of inflow data for the Bering Strait and the combination of
external forcing from both the ocean and atmosphere should
be considered. The results obtained in the present study
may provide the foundations for predicting the ice conditions
in the Chukchi Sea from an oceanic perspective, and more
complex prediction models will be investigated in a follow-
on study.
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