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Atmospheric climatological characteristics of the Barents Sea were analyzed in the model
output of AMIP5 models for the present climate and climate projections under RCP4.5 and
RCP8.5 scenarios for different periods of the 21st century. The results reveal strong changes in
the mean surface air temperature amounting to more than 2 degrees during the 21st century.
In line with this the frequency and duration of heat waves is increasing with the number and
duration of the cold waves decreasing in course of the time period analyzed. Mean wind speed
demonstrates upward changes under both RCP4.5 and RCPS8.5 scenarios and these changes are
accompanied by the upward change in the extreme wind speed over the Barents Sea at least for
the first half of the century. The results are discussed in the context of potential changes in the
atmospheric moisture transports which might be intensified during 21st century. KEYWORDS:
Barents Sea; climate change; CMIP5 projections; surface temperature growth; marine ecology.
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1. Introduction

The largest air temperature growth over the globe
of 3°C [Zhanyg, observed in the Arctic is re-
gionally inhomogeneous [Overland et al., . A
positive trend in precipitation is observed in the
Arctic [Kattsov and Walsh, m Pavelsky and
Smith, [2006]. Another important change is the
ice-cover decline: during the satellite era summer
sea-ice area was reduced by 50% [Vihma,
Onarheim et al., , being 2.6 times faster than
the yearly mean [Shalina et al., . Since 1979
the sea ice-covered area in the Arctic is shrinking
with the mean rate of 3% per year.

Enlarged open water area causes an increase
of near-surface air temperature, thus eliminating
meridional temperature gradient and zonal wind
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speed and contributing to the so-called “warm
Arctic—cold Eurasia” pattern [Petoukhov et al.,
Wegmann et al., . This pattern is asso-
ciated with the prolonged cold episodes over Eura-
sia in response to the warming over the Barents—
Kara Sea (BKS) region. Another effect of sea-ice
reduction is associated with surface albedo which
is very different for seawater and ice [Vihma et
al., Serreze et al., among others). At-
mospheric response to sea-ice variability may also
affect the stratosphere, particularly resulting in
weakening of the polar vortex [Cohen, Over-
land et al., Yang, .

Another effect is associated with wind waves and
their impact on the upper ocean layer [ Young and
Babanin, . Under climate change character-
istics of heat and gas exchange between the at-
mosphere and the ocean may change due to in-
creased evaporation forced by wave breaking [An-

dreas, 2008 Myslenkov et al., 2018F Veron et al.,
2008] [2011]. Notably wave-associated processes

also affect the production of marine aerosol [de
Leeuw, [2011] and impact on the ocean surface
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Table 1. The Spatial Resolution of the Ocean and Atmospheric Components of Climate Models in

Degrees Along the Longitude x Latitude.

MPI-ESM-MR HadGEM2-ES CCSM4
ocean atmosphere ocean atmosphere ocean atmosphere
0.45 x 0.45° 1.875 x 1.875° 1x0.83° 1.875 x 1.25° 0.9375 x 0.5625° 1.25 x 0.9375°

albedo [Frouin et al.,[2001]. All these factors may
seriously change atmospheric moisture transports
and associated weather conditions over European
continent.

Various specific processes observed in the warm-
ing Arctic need to be correctly extrapolated under
changing climate conditions. For example, the pre-
dominance of southern (northern) winds in winter
(summer) claimed by Kislov and Matveeva [2020)
to be driven by the monsoon-like circulation is ex-
pected to change in the 21st century with the land-
sea temperature gradient. Current and projected
opening of the sea surfaces and warming in win-

ter may lead to increase or decrease of number of
polar low occurrence [Zahn and von Storch,
Landgren et al., .

In this study, we focus on the changes in the at-
mospheric conditions diagnosed for the present cli-
mate and projected by CMIP5 ensemble under two
different climate scenarios (RCP4.5 and RCP8.5)
in the experiments of Climate Models Intercompar-
ison Project 5 [CMIP5, Taylor et al., 2012]. The
detailed regional assessment of the Barents Sea cli-
mate system has never been performed before and
is crucial for understanding and analysis of the fu-
ture changes in this region and associated changes
in the moisture transports.

2. Data

We used data from the three numerical cli-
mate models from CMIP5 ensemble, specifi-
cally MPI-ESM-MR [Giorgetta et al., ,
HadGEM2-ES [Collins et al., and CCSMA4
[Gent et al., 2011]. The MPI-ESM-MR model
was developed at the Max Planck Institute (Ham-
burg, Germany) and combines the atmospheric
model ECHAMG6 [Stevens et al., [2013], the
ocean/ice model MPI-OM, the Earth surface model
JSBACH, DYNVEG terrestrial biosphere model

and HAMOCC ocean biogeochemistry model. Spa-
tial resolution of the model varies from 10 km in
the Arctic to 170 km in tropics . The
atmospheric model ECHAMG6-MR is a hydrostatic
spectral model with a spatial resolution of T63L95
[Figure Th. The HadGEM2-ES model is developed
at the United Kingdom Metoffice and includes com-
bined atmospheric and ocean modules from the
Met Office Unified Model, the TRIFFID terrestrial
vegetation, the diat-HadOCC ocean biogeochem-
istry model, and the UKCA atmospheric chemistry
model. In the CCSM4 v.3 climate model developed
by the US National Center for Atmospheric Re-
search (Boulder, Colorado, USA) the ocean module
is based upon the Parallel Ocean Program (POP).
The model also includes Earth surface and vegeta-
tion from CLM and CICE ice model.

The spatial resolution of the ocean and atmo-
sphere components of the analyzed models is shown
in [Table 11

To analyze and predict climate changes in the
Barents Sea, we analyzed historical period from
1979 to 2005, periods 20502059 and 2090-2099
for RCP4.5 scenario and periods 2030-2039, 2050
2059, and 2090-2099 for RCP8.5 scenario.

2.1. Methods

Maximum cold and warm atmospheric wave du-
rations were calculated at each grid point for winter
and summer periods as the number of days when
extreme surface air temperature exceeded 10th and
90th percentile respectively at least for 5 days. Ice
coverage period was assessed as the number of days
in a year when ice concentration at a given point is
higher than 15%. The ship icing risk parameter was
calculated according to the Unified State System on
the information of the World Ocean state criteria.
The Barents Sea is characterized by fast icing type
with icing rates of (1.5 —4.0) x 103 kg/hour, which
is observed under the following conditions: wind
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Figure 1. Mean air temperature at 2 m (°C) for the period 1979-2005 for different
seasons: a) winter, b) spring, ¢) summer, d) autumn. Dashed line depicts the temperature
standard deviation (°C) for the averaging period.

speed exceeding 10 m/s, air temperature lower
than —4°C and fog or precipitation. Normally fog
is determined as 100% relative humidity, but in the
polar regions it may be observed with lower sat-
uration, thus we choose 95% as a threshold. In
case when all conditions were satisfied the day was
marked by a flag. The number of days in each year
then was averaged overall period. Extreme wind
speeds were estimated as 95th, 99th, and 99.9th
percentiles of scalar wind speed distribution. The
coastlines of the Barents Sea were set according to
the Navigation and Oceanography Department of
the Russian Ministry of Defense and adjusted for
model spatial resolution.

3. Results: Modern Climate

During historical period, near-surface air tem-
perature over the Barents Sea (hereinafter — BS)
has increased by +3.5°C. This increase is caused
by the global temperature signal and the local fac-

3 of

tors associated with the melting sea ice. Between
1979 and 2005 the ice area in the BS decreased at
the pace —10.6 x 103 km? (10.7% of the total area)
per year [Yang et al., [2016H].

Mean air temperature over all models for the pe-
riod 1979-2005 over the Barents Sea was found to
be —1.25°C. During winter season in the north-
eastern part of the sea the air temperature drops
to —20... — 25°C with the —20° isotherm following
the position of the ice cover margin in January—
February. Such low values are caused by the im-
pact of dry air above the ice surface in the absence
of solar radiation input. In the western part of
the sea, the average winter air temperature is 2°C
(Figure Th).

The average temperature in spring (—1.2°) is
higher than that in the autumn (—4.3°), that is
caused by the warming effect of the land. In the
spring and autumn seasons in the western part
of the sea the air temperature is ranging between
+3... + 4°C, while in the southern part in spring,
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Figure 2. Mean relative humidity of the air at 2 m (%) for the period 1979-2005.
Dashed line depicts the standard deviation of RH for the averaging period.

the average air temperature amounts to +6... + 7°
(Figure 1pb, [Figure 1d). The average maximum air
temperature in the region is observed in August
and varies from +20°C over the Kanin Peninsula
to 0°C north of Spitsbergen and Novaya Zemlya.
In general, islands and archipelagos have a cooling
effect on the area-averaged temperatures.

The average annual relative humidity (RH) over
the BS ranges from 75 to 100% (Figure 2|) and
varies slightly from season to season (no more than
5% of the absolute value). During autumn and win-
ter RH field is determined by the position of the
warm current (high values) and island archipela-
gos (low values). In summer and spring RH shows
south-north pattern with high values in the south,
and low values in the north.

High probability of air saturation and condensa-
tion, as well as the frequent temperature inversions
(surface temperature is lower than at 1.5-2 km),
during the air advection episodes in the warm sec-

tors of cyclones, provides the conditions for the
formation of low-level strato-cumulus clouds. The
highest average cloud cover is observed in the sum-
mer season being close to overcast (95-100%) over
most of BS. The smallest cloud cover of 75% is ob-
served during spring.

Wind regime of the Barents Sea is
largely determined by the frequent storms associ-
ated with extra-tropical and mesoscale cyclones,
as well as with local phenomena such as Novaya
Zemlya Bora. In winter the region is dominated by
mean winds of the south and north-east direction
(Figure 3a) with speeds of 2-4 m /s what agrees well
with latest results of Kislov and Matveeva [2020].
From autumn to spring the direction varies from
north-north-east to south-east, with the average
maximum wind speed increasing from 2 m/s to
4 m/s in the north-western part of the sea (Fig-|
[ure 4p, [Figure 4k, |[Figure 4(d). Different estimates
report from 11 to 14 intense polar mesocyclones
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Figure 3. Mean surface wind speed (m/s, in color) and direction (black arrows) at 10
meters for 1979-2005 seasons: a) winter, b) spring, ¢) summer, d) autumn. Dashed line
depicts the wind speed standard deviation (m/s) for the averaging period.

per year over the BS [Noer et al., Rojo et al.,
Smirnova et al., . Polar mesocyclones
are characterized by wind speeds exceeding gale
force (15 m/s) and are usually associated with high
values of heat fluxes (> 1000 W/m?), significantly
affecting the characteristics of the ocean mixed

layer [Condron et al., 2008} Gulev and Belyaev,
2012; Tilinina et al., [2018].

4. Climate Projections

To describe the future climate in the Barents Sea,
we analyzed from the model output air tempera-
ture at 2 meters, cloud cover, number of days with
a probability of fog formation, precipitation, wind
direction and speed and the number of days with
a probability of icing of ships. In the following all
the estimates of the changes are given relative to
the base period 1979-2005.

Air temperature has quickly increased relative
to the base period in both medium and extreme
warming scenarios. The average winter season tem-
perature for the entire BS increases from —6.1°C
and —5.66° to —1.8°C and +1.7°C in RCP4.5 and
RCP8.5 respectively during 2030-2039. Summer
temperatures rise from 6.6°and 7.4°C to 10.3°C
and 13.1°C in RCP4.5 and RCP8.5 during the same
period. shows air temperature probabil-
ity distributions for different seasons for the peri-
ods 2030-2039 and 2090-2099 for the two scenar-
ios. The shape of probability distributions changes
over the century, especially in the winter and sum-
mer seasons. Compared to 2030-2039 in the period
2090-2099 winter occurrence of extremely low tem-
peratures (—15° to —25°C) decreases significantly
from 30% to 5%. We have to note that a more
aggressive scenario RCP8.5 is characterized by the
lower temperature compared to RCP4.5 implying
a more stable state of the temperature regime.
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Figure 4. Probability distribution function of daily mean air temperature (°C) according
to the a) short-term and b) long-term mild warming scenario and c) short-term and

d) long-term extreme warming scenario.

Changing the shape of the summer temperature
distribution hints on the change in the tempera-
ture regime over the BS. Bimodal distribution at
the beginning of the century reflecting the presence
of the Arctic and midlatitudinal air masses during
summer tends to evolve to the close to Gaussian
distribution, implying the shift towards the mid-
latitudinal temperature conditions.

Change in the temperature regime of the BS is
also evident in the increase in the extreme tempera-
ture values. According to the RCP8.5 scenario, the
annual mean and monthly temperature increases
from 3.5°to 7.5°C, while the mean minimum tem-
perature increases by 10°C, from —10° to 0°C.

Changes in the temperature regime over the Bar-
ents Sea result in the increase of the probability
of heat and cold waves. RCP4.5 scenario projects
a decrease in the number of cold waves over the
Barents Sea in summer from 4.5 to 1.5-4 events
per season between 2030-2039 and 2090-2099. The
average duration of cold waves in summer changes
from 6-9 days to up to 10 days under RCP4.5 sce-
nario. In summer the number of heat waves lasting
at least 5 days increases during the century from

2.7 to 3.2 events. The maximum increase in the
number of heat waves is projected in the central
and the northeastern parts of the sea.

In winter the number of cold waves decreases
from ~ 3 events per season in the present condi-
tions to 2.6 waves per season during 2030-2039.
During the period 2030-2039 areas most affected
by cold waves are identified in the southern part
of the sea, while in the middle of the century cold
events may occupy the entire sea domain and in-
crease in frequency. The average maximum dura-
tion of the cold waves in the winter changes from
~ 7 days during 2030-2039 to 5.8 days at the end
of the century.

The wind speed characteristics were significantly
changed in line with the change in the thermal
regime during the 21st century. Under RCP4.5
scenario in summer the mean wind speed ranges
within 2-3.25 m/s , however, the max-
imum wind region shifts from the western part
to the northeast compared to the present climate
conditions. Between 2030-2039 and 2090-2099
dominating wind direction changes from the east-
southeastern to northeastern. During the same
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Figure 5. Mean wind speed (m/s, color) and direction (arrows) at 10 meters dur-
ing 2090-2099 in (a) winter and (b) summer according to RCP4.5 scenario and (c),
(d) RCP8.5. Dashed line depicts the standard deviation of wind speed (m/s) over the

averaging period.

time winter mean wind speed decreases from 6 m/s
to 4.5 m/s, reaching its minimum in the middle
of the century (2050-2059). The local maxima
observed south of Svalbard and north of Kolguev
isle, almost disappear in the middle of the century,
with winds being 4-5 m/s in 2090-2099 ,
Figure 5b). Under RCP8.5 scenario summer wind
speed decreases over the century and changes its
dominant direction from the northeastern to the
northern (Figure 5, [Figure 5d). The mean winter-
time wind speed shows an increase form 4 m/s to
6—7 m/s during the century.

Different climate warming scenarios project also
different changes in extreme wind characteristics.
These changes are qualitatively the same for dif-
ferent percentiles. Thus, under RCP4.5 scenario
the maximum wind speed quantified as 99.9th
percentile changes from 24 m/s for 2030-2039 to
27 m/s during 2050-2059, while then experiences

downward tendency until the end of the century
(Figure 6). Notably under RCP8.5 scenario the
tendency between the periods 2050-2059 and 2090—
2099 is opposite and implies continuously growing

wind speed (Figure 6)).

5. Conclusions and Discussion

We provided the first comprehensive assessment
of the regional changes in climatological charac-
teristics of the Barents Sea as revealed by CMIP5
models from the present climate condition (1979—
2005) onwards for the moderate and aggressive
warming scenarios RCP4.5 and RCP8.5. We con-
clude that the mean winter air temperature over
the entire Barents Sea increases from —6.1°C and
—5.66°C in RCP4.5 and RCP8.5 scenarios respec-
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Figure 6. 99.9th percentile wind speed at 10 meters in the Barents Sea according to (a,
b, ¢) RCP4.5 scenario and (d, e, f) RCP8.5 scenario for periods (a, d) 2030-2039, (b, €)

2050-2059 and (c, f) 2090-2099.

tively to —1.8°C and +1.7°C in the same scenar-
ios between 2030-2039 and the end of the century.
Summer temperatures are also rising from 6.6°C
and 7.4°C (in RCP4.5 and RCP8.5) to 10.3°C and
13.1°C. We discovered that bimodal probability
distribution of air temperature over the Barents
Sea in the beginning of the century experiences the
transition to the Gaussian-like distribution with a
shift of the mean towards higher temperature val-
ues. Under RCP4.5 scenario the number of cold
waves over the Barents Sea increases from 2.6 to
3.7 events per season between 2030-2039 and 2090—
2099. The number of heatwaves in summer is in-
creasing over the century from 2.7 to 3.2 events per
season. Simultaneously the number and the dura-
tion of cold waves over the Barents Sea decreases in
winter, while there is an increase in the number of
cold waves in summer. We demonstrated changes
in the structure of wind speed pattern through-
out the century and the decrease of the mean wind
speed during winter from 6 m/s to 4.5 m/s from the
beginning of 21st century to the period 1950-1959.
This is consistent with changes in the magnitude
of extreme winds in the first part of century under
both RCP4.5 and RCP8.5 scenarios.

The results of the paper can be first of all dis-
cussed in the content of the role of Barents Sea
in the moisture transport in the present and fu-
ture climate. Ocean climate signals are translated
into the changes in atmospheric moisture trans-
ports as the ocean evaporation provides the major
source of the atmospheric moisture. In this respect
the role of the Barents Sea in the moisture advec-
tion to European Russia can seriously change in
course of the 21st century. Declining sea ice extent
and changes in temperature and winds may im-
pose preconditioning for the abrupt growth of local
evaporation. On the other hand, “warm Arctic—
cold Eurasia” pattern can work in a way provid-
ing conditions for ocean to land moisture trans-
ports. In the present climate atmospheric mois-
ture transports in this region are primarily directed
to the north providing moisture injections to the
Arctic [Dufour et al., with considerable frac-
tion of the transported moisture being advected in
the cyclones which also experience changes in the
Arctic [Tilinina et al., 2014). However, with cli-
mate change situations favorable for the ocean-to-
land moisture advection might become more fre-

quent. shows two recent examples of the
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Figure 7. Two examples of the distribution of the vertically integrated water vapor
content and water vapor transport for 28.01.2017 (left) and 14.01.2018 (right).

distribution of the vertically integrated water va-
por content and water vapor transport diagnosed
from the ERA-Interim. These examples clearly
demonstrate that even in the present climate sit-
uations associated with the strong moisture trans-
ports from the Arctic Ocean to European Russia
can occur and provide increases in the moisture
content over northern FKuropean Russia and the
whole Eastern Europe. Associated anomalies of
the vertically integrated atmospheric moisture con-
tent may amount to 20 kg/m? being and order of
magnitude stronger compared to the background
values. In this respect further analysis of the lo-
cal atmospheric moisture advection and its associ-
ation with the climate signals over the Barents Sea
on the basis of CMIP5 model output are highly
desirable. Importantly, climate models have typ-
ically relatively coarse resolution that might limit
capabilities of the accurate diagnostics of moisture
transports. In this respect high resolution experi-
ments with non-hydrostatic models [e.g. Gavrikov
et al., would be extremely useful for down-
scaling climate model results. This might help to
also accurately analyze the role of mesoscale phe-
nomena, such as Novaya Zemlya Bora in forming
local moisture conditions.
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