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Abstract

This study analyses climatic changes in the Chukchi Sea and the Beaufort Sea based on numerical modeling using a
regional ice-ocean model. Numerical experiments were carried out for the period 2000—2019. NCEP/NCAR reanalysis
data were used to determine the ocean and sea ice surface fluxes. The temperature, salinity, and transport of Pacific waters
entering the Arctic Ocean were specified as boundary conditions in the Bering Strait. Three types of boundary values were
used for the experiments: a) monthly average climate data averaged over the period 1990—2004; b) monthly average climate
data averaged over the period 2003—2015; c¢) average monthly measurement data since 2016 to 2019. The sensitivity of the
model to the variability of the transport and temperature of the incoming Pacific waters was studied, and the effect on the
ocean heat content, the volume and sea ice extent were analyzed.

Numerical experiments simulate the transport of warm Pacific water across the Chukchi shelf in the north direction
and onto the Beaufort Sea shelf, the process of warm water sinking on the continental slope in the autumn-winter period.
In recent years, at the points on the boundary of the shelf and deep-water areas, the amplitude of seasonal temperature
fluctuations in the surface layer increases and the temperature rises significantly at a depth of 100 m.

The simulation results demonstrate an increase in the ocean heat content and decrease in the ice volume in the Beau-
fort and Chukchi Seas, caused by an increase in atmospheric temperature. We also showed that the increase in temperature
and transport of the Pacific water, which began after 2003, contributed to an additional increase in the ocean heat content
of both seas, a reduction in the ice cover area, and a delay in the ice formation in the Chukchi Sea.

Keywords: climate change, numerical modeling, sea ice, Arctic Ocean, ocean-ice numerical model, Chukchi Sea, Beaufort
Sea, Bering Strait
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AHHOTaIMS

Ha ocHOBe YMCJIEHHOTO MOAEIUPOBAHUS C UCTTOIb30BaHNEM PETMOHAIBLHON MO OKeaHa U MOPCKOTO JIbIa MC-
CIIEAYIOTCSI KIIMMaTUIecKue u3aMeHeHust B YykoTckom Mope 1 Mope bodopra. YnciieHHbIe 5KCITEpPUMEHTBI IIPOBOAIINCH
1m1st BpemeHHoro nepuona 2000—2019 rr. lanHble peaHanu3a atMocdepsi NCEP/NCAR wucrnosib30Banuch st omnpe-
JeJICHNS TIOTOKOB Ha MTOBEPXHOCTH OKeaHa M MOPCKOTrO Jibaa. TemIepaTypa, COIEHOCTh M PACXOI TUXOOKCAHCKUX BOI,
noctymnaomux B CeBepHbIii JIeTOBUTBIN OKeaH, 3a1aBajlMCh B BUIE TPAHUYHBIX YCIOBUI Ha beprHroBom nponuse. st
MPOBEIECHMS KCIIEPUMEHTOB MCITOIb30BAIMCH TP TUIIA TPAHUYHBIX 3HAYCHHUI: CPEIHEMECIYHBIC KIIMMATUIECKIE TaH-
Hble, XapakTepHble 111 1990—2004 u 2003—2015 rr.; cpeaHeMecsTyHble JTaHHbIE U3MepeHuit B mepuon 2016—2019 rr. c-
CllenoBaaach YyBCTBUTEILHOCTD MOIE/IM K M3MEHUYMBOCTH PACXOIA U TEMITEPATYPhI TIOCTYIAIOIINX TUXOOKEAHCKHX BO/I,
AHATM3UPOBAIOCH BIIMSTHIE Ha TEIJIOCOIEePKaHUEe BEPXHETO CJI0sI MOpPsT, 00BhEM U pacrpele/ieHre JIeI0BOTO TTOKPOBa.

Ccoutka mig uutupoBanus: dxwuna /1. D., lonybesa E.H. ViccnenoBaHne KIMMAaTUUECKUX M3MeHeHMIT B UyKoTckKoMm Mope
u Mope bodopra Ha OcHOBe YKMCIEHHOTO MoaeaupoBaHus // DyHaaMeHTaIbHAs U NpuUKiIagHas ruagpodusuka. 2022. T. 15,
Ne 2. C. 60—75. doi: 10.48612/fpg/zkvg-71uu-xk44
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B 4uciaeHHBIX 3KCIIepUMEHTaX MOAEIUPYETCSI MEPEHOC TeMJIbIX TUXOOKEAHCKUX BOI 4yepe3 YYKOTCKUiA 1ienbd
B CEBEPHOM HallpaBjieHUM U Ha 1enbd Mopsi bodopra, mpoiecc nepeHoca TEIUIbIX BOA CKJIOHOBOIW KOHBEKIMEH
B OCEHHEe-3UMHUI repuoa. B mocieqHue roapl pacyera B TOUKaX Ha TpaHUILle 1Ieab(GOBOU U NTyOOKOBOIHOM obacTeit
TMPOUCXONUT YBEJIMUEHUE aMIUTUTYIbI CE30HHBIX KOJIeOaHU i TeMIIepaTypbl TOBEPXHOCTHOTO CJIOSI U 3HAYUTEbHOE 110~
BBIIIICHUE TeMrepaTypbl Ha riryouHe 100 M. Pe3yabraThl pacueToB 1eMOHCTPUPYIOT YBEJIMUYEHUE TEILIOCOAECPKAHUS BOT
U cokpaiieHue oobema Jibaa B Mope bodopra u Hykorckom Mope, BbI3BaHHOE TOBBIIIIEHUEM TeMIIepaTypbl aTMoche-
phl. [Toka3aHo, 4TO MOBBILLIEHNE TEMIIEpaTyphl U pacxojia TUX0O0KeaHCKMUX BoJ, HauaBieecs rmocie 2003 roga, criocob-
CTBOBAJIO JIOTIOJIHUTEILHOMY TOBBIIIEHUIO TEIJIOCOAEPKaHUs BOA 000MX MOpEii, COKpallleH!IO TIIOMIAAN JeI0BOTO
MOKPOBA U 3aIepKKe CPOKOB (pOpMUpOBaHMS Jibaa B HyKOTCKOM Mope.

Kiouesbie ciioBa: K1uMaTHuecKre MU3MEHEHUsI, YUCJIEHHOE MOJIeIMpOBaHKe, MOpcKoii Jien, CeBepHblit JIemoBUTHII OKe-
aH, perMoHaIbHasl MOJIEb OKeaHa M MOPCKOro Jibaa, Yykorckoe mope, Mope bodopTta, bepuHros npoius

1. Introduction

One of the main physical mechanisms that shape the state of the hydrological regime of the Arctic Ocean
is its interaction with the waters of the Atlantic and Pacific oceans [1]. Pacific waters enter the Arctic Ocean
through the relatively narrow (~85 km) and shallow (~50 m) Bering Strait due to the level difference between
the oceans [2—4]. Pacific waters are one of the sources of heat, fresh water [5], and nutrients [6] for the Arctic
Ocean.

Passing through the shelf of the Chukchi Sea as a surface current, Pacific waters warm up in summer and
are also transformed due to exchange with the atmosphere and mixing processes with shelf waters. Spreading
further north, they sink because they have higher salinity than ocean surface water. Then they are propagated by
the system of currents in the deep part of the basin in a layer of 50—150 m [7], giving off heat to adjacent layers
and contributing to an increase in the temperature of the surface layer. Cold Winter Pacific waters maintain the
state of a cold Arctic halocline [8].

Observation data show that the transfer of Pacific waters to the deep part of the Arctic basin is carried out
by currents. The trajectory of the currents is influenced by ice conditions, wind impact, and bottom topography
[9]. It follows from [10] that the anticyclonic gyre of the Beaufort Sea and the generation of mesoscale eddies
in the areas of submarine canyons weaken the cyclonic boundary current and contribute to the movement of
Pacific waters into the inner halocline of the Canadian Basin. Mesoscale eddies on the continental slope of the
Beaufort Sea [11, 12] play a significant role in this. In addition, the work [13] showed that where Pacific waters
are on the surface, Ekman convergence can lead to water subduction and subsequent transfer in the Beaufort
Gyre. A detailed discussion of a possible mechanism for the transport of Pacific waters to the deep Arctic is
included in the work [14].

The heat transported by the waters coming through the Bering Strait has the most significant effect on the
seasonal melting of sea ice in the Chukchi Sea area [15, 16]. The work [17] showed that the date of retreat of the
ice cover in the Chukchi Sea correlates by 80 % with the influx of heat into the Bering Strait from April to June.
The volume of Pacific water entering the Arctic through the Bering Strait is 0.8—1.2 Sv (1 Sv = 10° m?3/s) with
a heat content of 12 TW. [18]. The works [18, 19] showed, based on the analysis of observational data that in
recent decades, the water transport increased by ~0.01 Sv/year from 1990 to 2019, which had an impact on the
thermohaline structure of the Chukchi Sea and contributed to the intensification of sea ice melting [17]. The
work [20] shows that in one of the main structures of the Arctic Basin, the Beaufort Gyre, over the past three
decades (1987—2017), the heat content (relative to the freezing point) of the halocline has almost doubled. The
warming of the halocline is associated by the authors of the work with anomalous solar heating of surface waters
in the north of the Chukchi Sea, where the absorption of solar heat in summer increased five times [20], mainly
due to the disappearance of the ice cover. Estimates of the solar heat accumulated by surface waters and the rate
of sinking of these waters are consistent with the observed warming of the halocline. The authors of the paper
ask whether a possible further increase in heat absorption on the shelf of the Chukchi Sea will affect the increase
in heat content and the rate of growth and melting of ice in the Beaufort Sea.

In this paper, based on a three-dimensional numerical model of the ocean and sea ice, we study the sensi-
tivity of the oceanic and ice characteristics of the Chukchi and Beaufort Seas to an increase in temperature and
intensity of the inflow of Pacific waters. The process of heat transfer, which is formed in the bottom layers of the
Chukchi shelf, along the continental slope is modeled. The temporal variability of ice volume and heat content
in the Beaufort and Chukchi Seas is analyzed as a response to changes in the characteristics of Pacific waters in
the Bering Strait.
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2. Materials and methods
2.1. Numerical model

The numerical ocean-ice model SIBCIOM (Siberian Coupled Ice-Ocean Model) developed at ICMMG
SB RAS was used for the study. The oceanic part is presented in detail in [21, 22]. The equations representing
the laws of conservation of heat, salt, and momentum are written in an orthogonal curvilinear coordinate system
and a physical z-vertical coordinate system using the Boussinesq and hydrostatic approximations. Numerical
algorithms involve the use of explicit and semi-implicit schemes. The numerical scheme for the transfer opera-
tors is based on the third-order scheme QUICKEST [23] and its multidimensional implementation COSMIC
[24]. When carrying out numerical experiments, the diffusion coefficients in the heat and salt transfer equations
were equal to zero, which left only scheme diffusion in the model.

Some physical processes that are not described within the framework of the grid resolution of the model are
included as parameterizations, in particular, the parametrizations of vertical convective and turbulent mixing
[25] and slope convection [26] are used.

The elastic-viscous-plastic model of sea ice CICE-3 is used as an ice block [27].

For numerical experiments, the area of the Arctic Ocean and the northern and equatorial parts of the At-
lantic Ocean are considered, starting from 20° S. For the numerical approximation of the equations, a tripolar
grid is used [28]. The nodes of the numerical grid in the Arctic Ocean are at a distance of 10—25 km. The vertical
subdivision consists of 38 horizontal levels with a concentration near the surface, where the resolution is 2.5 m.
The most significant straits within the Canadian archipelago are included in the modeling area. The minimum
depth of the shelf zone is set to 12.5 m.

On the “solid” lateral boundaries, the no-slip conditions for the velocity and the conditions for the absence
of heat and salt fluxes were set. The “liquid” boundary included: 1) the Bering Strait with a given transport rate
of the barotropic current and values of temperature and salinity; 2) river inflow areas, where the flow rate, zero
salinity and temperature, equal to the temperature of the adjacent oceanic area were also set; 3) the southern
boundary at 20° S, where water outflow was set, summarized water transport through the Bering Strait and riv-
erine influx. The conditions at this boundary allow free advection outside the simulated area when the velocity
is directed out of the area. If the velocity at the boundary is directed towards the region, then the climatic dis-
tribution data were used.

2.2. Experimental design. Boundary conditions in the Bering Strait

NCEP/NCAR reanalysis data [29], including surface air temperature, humidity, sea level pressure, precip-
itation intensity, downstream longwave and shortwave radiation fluxes, and wind speed in the surface layer, are
used to form ocean and sea ice surface fluxes. The results for 2000 from previous calculations carried out since
1948 [30] were used as the initial distribution for oceanic and ice fields.

In this paper, the assessment of the contribution of the indicated changes in the heat input through the Ber-
ing Strait to the change in the state of waters and sea ice in the Chukchi and Beaufort Seas is based on numerical
experiments performed for the period 2000—2019. using three types of boundary values. Figure 1 shows the used
values of near-bottom and sea surface temperatures and volume transport in the Bering Strait. The conducted
numerical experiments are presented in Table 1.

In the first experiment, further BS-20 (Bering Strait, 20 century), the Bering Strait climatology recom-
mended in [31] for regional Arctic Ocean modeling was used as boundary conditions in the Bering Strait for
the entire simulation period 2000—2019. Monthly values of water volume transport, near-bottom tempera-
ture and salinity, averaged over the time period 1990—2004, were obtained [31] from the processing of mea-
surements at a depth of 45 m approximately 35 km north of the Bering Strait. The work [31] notes that the
results of measurements in the surface layer are available in small quantities, and the available data indicate
that the flow is homogeneous in winter. In summer, it was assumed that in the surface layer the temperature
is higher than the bottom one by 1—2 °C. In the numerical experiment, the incoming flow was homogeneous.
On the graph (Fig. 1), the values of water temperature and volume transport from this array are represented
by a black line.

In [18], in connection with the changed characteristics of the waters entering through the Bering Strait, it
was recommended to use new boundary conditions in numerical experiments simulating the period 2003—2015.
The Bering Strait inflow rate in the new data was higher by 0.23 Sv, the average annual temperature was higher
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Table 1
Numerical experiments information
Experiment code Boundary conditions in the Bering Strait Initial conditions Simulation period
BS-20 Climate data 1990—2004 [31] i f:g‘;ﬁ;’fggggb 0l 20002019
BS-21 22%(())?1_—22%(139:?111“%8:; ilijtz [[31]8]]7 and isetlgjll;esdfgrc ;382;[30] 20002019

by 0.35 °C, the maximum deviation in the new data reached 5 °C. This array was used in the second experiment,
then BS-21 (Bering Strait, 21 century) as the boundary conditions for the simulation period 2004—2019. For
the period 2000—2003 the boundary conditions in experiment BS-21 were identical to experiment BS-20. On
the graph (Fig. 1), data on near-bottom and sea surface temperatures and volume transport from this array are
represented by a blue line.

The recommended values of oceanic characteristics in the Bering Strait [31, 18] are the averaging of
measurement data over a long period of time and they do not reflect short-term fluctuations in the state of
incoming Pacific waters. Analyzing daily observational data [32] in the Bering Strait, we prepared monthly
average values of sea surface temperature, which reflected the processes of anomalous warming of the waters
of the northern Pacific Ocean in 2016—2019, known as marine heat waves [33]. These surface temperature
data with new measurements of near-bottom temperature and the Bering Strait volume transport [19], were
used as boundary conditions for the third BS-obs numerical experiment. On the graph (Fig. 1), these data are
represented by lines of red and yellow shades. These data generally exceed the climatic values used in BS-20
and BS-21.

3. Results
3. 1. Results of numerical simulation. Climatic boundary conditions in the Bering Strait

As a result of numerical experiments based on the ice-ocean model, the fields of oceanic and ice character-
istics are obtained. Two numerical experiments BS-20 and BS-21, which differ in the monthly average values of
the characteristics of the Pacific waters, were carried out in the same period 2000—2019. The current field of the
upper layer of the ocean, obtained as a result of these numerical experiments (Fig. 2), shows the transfer of water
from the Bering Strait to the shelf of the Chukchi Sea. Propagating further into the deep part of the ocean, they
are included in the water circulation system of a predominantly anticyclonic type, which has been characteristic
of the present period since the early 2000s.

The average monthly values of the calculated fields make it possible to reveal the seasonal and interannual
variability of the region’s waters. Figure 3 shows the average monthly temperature fields at the selected horizons
of 10, 50, and 100 m in certain periods of 2012—2013. Based on the presented distribution, it is possible to trace
the transfer of warm waters formed on the shelf of the Chukchi Sea in summer to deep-water areas, in particu-
lar, to the Beaufort Sea.

Top panel in Figure 3 shows the average monthly temperature fields obtained for September 2012. The
waters heated during the summer period are concentrated in the upper 50-m layer on the shelf of the Chukchi
Sea, the maximum values are concentrated in the surface layer and the area where the Alaska current passes.
Autumn-winter cooling of the surface layer (figure for December 2012, 10 m) is accompanied by intense mixing
and heat transfer to the bottom layer of the shelf zone. The temperature distribution at depths of 50 and 100 m
for December 2012 shows an expansion of the area occupied by positive values and heat propagation along the
continental slope due to slope convection, the parameterization of which is included in the oceanic model [24].
Further propagation of the warm signal at depths of 100—150 m is due to water circulation. In the temperature
field at a depth of 100 m for April 2013, Figure 3 shows a trend toward heat transfer to the Beaufort Sea. The
situation in 2012—2013, shown in Fig. 2 is not an isolated case. The spreading of warm waters along the conti-
nental slope is also shown in the vertical section (Fig. 4).
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Fig. 1. Volume transport (@), bottom (b) and surface (¢) temperature in the Bering
Strait used in numerical simulations. The graph is based on data published in works
[31, 18, 19, 32]

Figure 5, a shows graphs of seasonal temperature variability in the surface and near-bottom layers at
one of the points in the area where heat is transferred from the shelf regions to the deep-water part. The
graphs highlight the maximum values in the surface layer in the summer of 2007 and 2012, which corre-
sponds to the minimum values of Arctic ice extent recorded based on observational data. The change in
temperature in the near-bottom layer confirms the above conclusion about the heat transfer in the au-
tumn-winter period from the adjacent regions. In the last calculation period timeseries show an increase in
the amplitude of seasonal fluctuations in the temperature of the surface layer and a significant increase in
temperature at a depth of 100 m.

To analyze the contribution of Pacific waters to the temperature increase in the intermediate layer of the
deep part of the Chukchi Sea and the Beaufort Sea, we compared the results of BS-21 with the results of the
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Bering
Strait

Fig. 2. 10-meter surface layer summer velocity obtained as a result of numerical experi-
ments

10 m 50 m 100 m

September 2012

December 2012

April 2013

Fig. 3. Model temperature (°C) at the depths of 10 m, 50 m, and 100 m of the Chukchi and Beaufort Seas for September,
December 2012, and April 2013. Result of the experiment BS-21
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Fig. 5. Change in surface temperature (red line) and temperature in 100 m (blue line) at the
point indicated by a black asterisk on the inset @ — in the BS-21 experiment, b — in the BS-20

experiment

BS-20 numerical experiment, where values from the previously recommended climatology, acceptable until
2003, were used in the Bering Strait [31]. The seasonal course and interannual temperature variability at the
previously identified point are shown in Fig. 5, b. A comparison of graphs for two experiments showed that
in the BS-21 experiment, taking into account the new climatology, the water temperature values are higher
than in the BS-20 experiment. Moreover, compared to the variability in the surface layer, the temperature
change at a selected point at a depth of 100 m was more sensitive to changes in hydrological characteristics

in the Bering Strait.
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the Chukchi Sea (b) based on the results of experiments BS-20, BS-21. The red line corresponds to
the results of the BS-21 experiment, the blue line — BS-20

An assessment of the change in the heat content of water per unit area in the Beaufort and Chukchi Seas
over the simulated period was carried out based on vertical integration over depth in the upper 150-meter layer
of the potential temperature deviation from the freezing point

min(A(x,y),150)

o o, (T Ty ) 0

0
Here ¢, = 3996 J / (kg K) — specific heat of sea water, p = 1025 kg/m? — average density of sea water,
T — water temperature, T, — freezing point, determined taking into account the salinity of sea water.
Timeseries of heat content for the BS-20 and BS-21 experiments (Fig. 6) show that in addition to the heat
input to the ocean due to summer heating and the reduction in the thickness and area of sea ice, the effect
of a more intense input of Pacific waters leads to an increase in heat content in the Chukchi Sea and the
Beaufort Sea.

The difference in heat content between experiments increased with time, in 2004 it was 107 J/km? and
by 2019 reached the value 108 J/km?2. In the Chukchi Sea, seasonal fluctuations in heat content were more
pronounced and appeared already in the first years of the calculation. In summer, the heat content values in
the BS-21 experiment increased by an average of 1.2 - 108 J/km? compared to the BS-20 investigation. The
proximity to the Bering Strait contributes to early ice melting, later freezing, as a result of which the number
of ice-free days increases and solar radiation is absorbed, which in turn further increases the heat content in
summer. In winter, the heat content drops sharply, there is no trend in heat accumulation, which is typical
for the Beaufort Sea. In the last three years of calculation, an increase in both summer and winter values is
noticeable.

3.2. Analysis of the heat flux entering the Bering Strait in numerical experiments

The values of temperature and volume transport water discharge used in numerical experiments make it
possible to determine the heat flux entering through the Bering Strait Fj
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Fy=p-c, vp-(T=T,). Q)

In addition to the notation for formula (1), here we use the notation v; (m?3/s) volume transport through
the strait. Fig. 7 shows graphs of time variability of monthly heat flux values in the period 2016—2019 for three
experiments. Time averaging over 4 years showed that when using Bering Strait climatology [18] in experiment
BS-21, the heat flux arrived on average more by 1.7 - 1020 J /year than in the BS-20 experiment (Fig. 7).

A similar calculation showed that for the experiment BS-obs, on average, the increase in heat flux through
the Bering Strait will be 1.257 - 102° J/year compared to BS-21 (Fig. 7). To assess the possible effect of the heat
received during the year on the ice cover, we consider the relation

szice'S'h'Q (3)
where Q= 1.25-10%°}], p,., = 918 kg/m? — sea ice density ¢ = 332 kJ/kg — specific heat of melting ice, S — ice
cover area, h — ice thickness. Assuming an ice thickness of one meter, we got the ice cover area S = 4.1 - 10°
km?Z. For comparison, in 1996 the ice cover in the Arctic was ~ 8 - 10° km?2, and in the anomalously warm year
2012 — ~ 3 - 10° km? [34]. Consequently, the additional heat that entered the Arctic Ocean through the Bering

Strait in 2016—2019 is capable of melting a 1 m thick ice cover, commensurate with 1/7 of its area in the Arctic
Ocean within the boundaries of 2012.

3.3. Impact of changes in the Bering Strait on ice cover.
Comparison of the results of experiments BS-20 and BS-21

The change in the heat content of the waters is reflected in the state of the ice cover in the region under
consideration. Numerical simulation results reflect a downward trend in the average annual sea ice volume for
the Beaufort Sea and for the Chukchi Sea throughout the entire period 2004—2019 in the results of both exper-
iments BS-20 and BS-21 (Fig. 8). A slight reduction in ice volume was obtained in BS-21 compared to BS-20.
The relative difference in ice volume values for BS-21 compared to BS-20 was up to 4 % for the Beaufort Sea.
In the Chukchi Sea, the differences were more noticeable, and this value reaches 12 % in 2017.

Differences in the position of the ice edge, determined by 25% ice concentration for BS-20 and BS-21, are
shown in fig. 9 for the five months of 2019. The presented fields show less ice coverage for BS-21. The main
changes were in the Chukchi Sea and in that part of the Beaufort Sea that borders the Chukchi Sea. It is here
that the waters of the Bering Strait have a greater influence on the ice cover. It should be noted that despite the
obtained response in the state of the ice cover in the BS-21 experiment, the results of the model fields did not
result in a delay in the formation of the ice cover in the Bering Strait and the adjacent water area of the Chukchi
Sea, known from observational data [34].

3.4. Boundary conditions in the Bering Strait in 2016—2019. Experiment BS -obs

Previous experiments used monthly climatology in the Bering Strait. It was obtained above that the ad-
ditional heat flux calculated based on the difference in climatic conditions and average monthly values for

19
14 =10 | : T BS-20 — climate 1990-2004

BS-21 — climate 2003-2015
12 - ry = = = BS-obs— data 2016-2019

J/month

2016 2017 2018 2019 2020

Fig. 7. Change in heat flux entering through the Bering Strait in the BS-20, BS-21, and BS-obs experiments
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2016—2019 can melt a significant amount of ice. It is obvious that not all of the heat supplied will be used to melt
the ice. The purpose of the Bs-obs numerical experiment was to study the sensitivity of model to the inflow of
anomalously warm water through the Bering Strait for several years, which are taken into account in the model
in the form of values of oceanological characteristics obtained from observational data [19, 32].

In the measurement data of 2016—2019 [19, 32] the temperature of incoming waters was generally higher
than in the climate data used in BS-20 and BS-21 (Fig. 1). The exception was 2016: when the temperature in
the Bering Strait from May to September was below climatic values, and only by November-December began to
exceed them, the excess was 4—5 °C. During 2017—2019 the tendency to exceed the climatic values of tempera-
ture was preserved. A comparison of the results of numerical experiments BS-21 and BS-obs for the Chukchi
Sea showed that the change in the average annual ice volume for BS-obs and BS-21 was less pronounced than
when comparing BS-21 with BS-20 and did not exceed 5 %. In certain periods, the difference increases, so in
December 2016 the difference was 10 %, in December 2017—20 %, in December 2018—10 %, and in December
2019—12 %. The difference in the heat content of the seas in the BS-obs experiment was about 1 % compared
to the BS-21 experiment.

Comparison of the spatial distribution of the obtained fields of ice concentration as shown in Figs. 10
demonstrates that in December 2017, in the BS-obs experiment, the area of the Bering Strait and the shallow
part of the Chukchi Sea remained ice-free. This differs the obtained distribution from the BS-21 experiment
and is more consistent with the observational data [34].

4. Discussion

Our previous numerical studies analyzed the variability of the circulation of water masses, the thermoha-
line structure of the waters and the ice cover of the Arctic Ocean as a response to changes in the state of the
atmosphere. In works [30, 35, 36], the variability of the trajectory of Atlantic and Pacific’s waters entering the
Arctic Ocean, caused by variations in atmospheric dynamics, was studied, and the influence of Pacific and
Atlantic waters on the distribution and thickness of Arctic ice was shown. In this study, the emphasis is on the
analysis of the sensitivity of the numerical model to an increase in the volume transport and temperature of
the Pacific waters entering the shelf of the Chukchi Sea, known from the analysis of observational data [31,
18, 32, 19].

Two numerical experiments carried out using climatic data in the Bering Strait, typical for 1990—2004 and
2003—2015 simulate the seasonal and interannual variability of oceanic and ice fields. The modeling results
show that the system of surface currents contributes to the transfer of warm Pacific waters through the Chukchi
Sea shelf in a northerly direction and to the Beaufort Sea shelf. Heat transfer to the continental slope occurs in
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Fig. 9. Ice cover for several months of 2019 obtained from the BS-20 and BS-21 experiments. The
distribution of ice cover for the results of the BS-20 experiment is shown in white. The red line shows
the ice cover boundary for the results of the BS-21 experiment

the autumn-winter period along submarine canyons from adjacent regions and is reproduced within the grid
resolution of the model and the parameterizations used, in particular, the parameterization of slope convection.
This transfer is consistent with [10], from which it follows that the anticyclonic gyre of the Beaufort Sea and
the generation of mesoscale eddies in the areas of submarine canyons weaken the cyclonic boundary current
and contribute the movement of Pacific waters into the inner halocline of the Canadian Basin. In recent years,
at the points located at the boundary of the shelf and deep-water areas, there is an increase in the amplitude of
seasonal fluctuations in the temperature of the surface layer and a significant increase in temperature at a depth
of 100 m. This process is typical for both experiments; however, at a depth of 100 m, the consequences of water
temperature increase in the Bering Strait are pronounced.

In [20], the increase in heat content in the Beaufort Sea is attributed by the authors to anomalous
solar heating of surface waters in the north of the Chukchi Sea due to the disappearance of the ice cover.
Our results are consistent with this study. Changes in the heat content of the Chukchi Sea in numerical

0 01 02 03 04 05 05 07 08 0 01 02 03 04 05 06 07 08

Fig. 10. Ice cover concentration for December 2017 obtained from the experiments BS-21 (left), BS-obs (center).
Ice boundary for December 2017 according to NSIDC satellite observations [34] (right)
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experiments show significant seasonal variations with an average amplitude 4 - 108 J/km? in the experiment
with the Bering Strait climatology over period 1990—2004 [31] and 5.2 - 108 J/km? in the experiment used
the boundary conditions data over period 2003—2015. The sensitivity of the heat content of waters to an
increase in the incoming heat flux in the Bering Strait manifests itself in the first years of the calculation
and is most pronounced in the summer season. In the last three years of calculation, the numerical model
shows an increase in both summer and winter heat content values. In contrast to the Chukchi Sea, the
change in the heat content of the upper 150 m layer of the Beaufort Sea shows a general upward trend since
2007. The consequences of an increase in the heat flux in the Bering Strait are manifested gradually with
a pronounced cumulative effect both in the summer and winter seasons. The difference in heat content by
2019 reaches 108 J/km?.

The general nature of the change in the water heat content and the sea ice volume in the study area in two
experiments with the Bering Strait climatology shows that the changes occurring are caused by the Arctic at-
mosphere state. Nevertheless, as a result of the work it is shown that the Pacific waters entering the Arctic basin
through the Bering Strait, and in 2003—2015 increased their temperature and volume transport compared to
the period of 1990—2004, contribute to an increase in the heat content of the upper layer, as well as a reduction
of the ice extent and volume in the Beaufort and Chukchi Seas. The main changes in ice concentration occur
in the Chukchi Sea and in that part of the Beaufort Sea that borders the Chukchi Sea. It is here that the waters
of the Bering Strait have a greater influence on the ice cover. The influence of changes in the characteristic
of Pacific waters on the melting of sea ice in the Chukchi Sea is confirmed in the works [15—17] based on the
analysis of observational data.

During the summer period 2016—2019 the northeastern part of the Pacific Ocean was characterized by an
extremely warm state of the ocean, which led to the formation of an additional heat flux entering the Arctic
Ocean through the Bering Strait and exceeding climatic values by an average of 1.25 - 1020 J /year. Potentially,
such a heat flux can melt a 1 m thick ice cover, commensurate with 1/7 of its area in the Arctic Ocean within the
boundaries of 2012. According to estimates based on the analysis of observational data [19], the average annual
heat flux through the Bering Strait is 3 — 6 - 102° J /year, which turns out to be comparable to the solar radiation
flux in the Chukchi Sea and is capable of melting 1 — 2 - 1020 km? of ice 1 m thick.

In our numerical experiment, carried out with these boundary data, the addition of an additional heat
flux led to a later formation of ice in December and a reduction in the December volume of ice cover in the
Chukchi Sea.

The disadvantage of the conducted research is the relatively coarse resolution of the numerical grid, which
does not allow to simulate mesoscale eddies. The Rossby deformation radius in the Arctic varies depending on
the region and reaches a maximum value of 15 km in the central part of the Canadian Basin [37]. On the conti-
nental slope of the Chukchi Sea, it varies from 5 to 8 km. This means that for a full-scale numerical simulation,
it is necessary to use a finer grid resolution. For example, it was shown in [12] that mesoscale eddies on the con-
tinental slope of the Chukchi Sea are formed on a numerical grid of 2.5 km. It is assumed that on a finer grid,
the response of the model to changing conditions in the Bering Strait will be greater, and the impact on the sea
ice will increase due to more intense currents and heat transfer over longer distances.

5. Conclusion

Climatic changes in the Chukchi Sea and the Beaufort Sea were studied on the basis of numerical modeling
using the SibCIOM regional ocean and sea ice model. Numerical experiments were carried out for the period
2000—2019 using the NCEP/NCAR reanalysis data that determine the fluxes on the surface of the ocean and
sea ice, and the boundary conditions that specify the temperature, salinity, and volume transport of Pacific wa-
ters entering the Arctic Ocean through the Bering Strait. The influence of changes in the characteristics of the
Pacific waters on the state of the ice cover and the heat content of the seas was studied based on a comparison
of the results of three numerical experiments.

For their implementation in the Bering Strait, the following values of temperature, salinity, and water trans-
port were set [31, 18, 19, 32]: a) monthly average climatic data over the period 1990—2004; b) monthly average
climate data over the period 2003—2015; ¢) monthly average measurement data for the period 2016—2019.
Climate data for the Bering Strait 2004—2015 differ from climate data for 1990—2004 increased values of water
volume transport and temperature.

Based on the results of numerical experiments, we showed a general trend toward an increase in the heat
content of waters and a decrease in the volume of ice in the Beaufort Sea and the Chukchi Sea in the period
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from 2003—2019. This is primarily due to the state of the atmosphere in the Arctic region, but our results also
show that the increase in temperature and volume transport of Pacific waters, which began after 2003, led to an
additional increase in the heat content of the waters of both seas, a reduction in the area of sea ice and a delay
in the timing of its formation in winter.
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