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Abstract

Purpose. The purpose of the paper is to study the effect of sea ice cover on the intensity of the polar
mesoscale cyclone that took place on March 15-16, 2021 over the Barents Sea.

Methods and Results. To study the cyclone numerically, the polar version of the mesoscale WRF model
was used. In the performed numerical experiment, the sea ice in the computational domain was replaced
by water, the temperature of which was 271.46 K. To identify the main factors amplifying the polar
mesoscale cyclone, the balance equation for the space-average cyclone kinetic energy was applied. The
basic components of the kinetic energy balance equation were considered: the work of pressure gradient
force, Fpres, the advection effect and the work of inertial forces Adv, and also the work of turbulent friction
force Fiic. It was found that the removal of sea ice from the computational domain had resulted in
a decrease of the polar mesoscale cyclone intensity. The values of Fpres, Adv and Fic in the control run
were quantitatively compared to those in the experiment, and it was shown that the intensity decrease had
become mainly the result of a decrease in Fyres and Adv.

Conclusions. Decrease of Fpres is a consequence of the fact that in the control run, the northern part of
the polar mesoscale cyclone was located above the sea ice, and the surface air temperature in this part
was 25-30°C lower than in the southern one. The removal of sea ice led to an increase in surface air
temperature at the cyclone periphery and to a decrease in the surface pressure drop between the vortex

center and periphery. The Adv decrease is related to deformation of the cyclone in the experiment,
which resulted in the increase in the fluctuating component of the azimuthal and radial velocities.
Both of these factors have led to a decrease of the polar mesoscale cyclone intensity in the experiment.
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Introduction
In winter in the North European Basin, such extreme weather phenomena as
polar mesoscale cyclones (PMCs) are often observed [1]. According to ! and [2],
PMCs are intense (surface wind speed over 15 m/s) cyclones with a diameter of

1 Noer, G. and Lien, T., 2010. Dates and Positions of Polar Lows over the Nordic Seas
between 2000 and 2010. Met.no Report No. 16/2010. Norway: Norwegian Meteorological
Institute, 7 p. Available at: https://www.met.no/publikasjoner/met-report/met-report-
2010/_/attachment/download/5e0da025-5d16-42a7-a273-
79ad860a6119:13dada8d913a71cd2c899b1b79f3b6e4bf81fe04/MET-report-16-2010.pdf [Accessed:
10 January 2023].
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up to 600 km, which appear and intensify over the seas at high latitudes. In most
cases, formation of polar mesocyclones is associated with cold air intrusions into
the sea [3, 4] and occurs over open water in a 100 km zone from the cold land or sea
ice edge [5], i.e., in the area of large horizontal gradients of surface temperature. In
the North European Basin, most PMCs are formed in the area between Svalbard
and the coast of Norway [6, 7]. This is due to the frequent cold air intrusions from
the ice-covered northern part of the basin and the wedge-shaped island, which
contributes to the convergence of air currents over the sea that flow around the
island. Research of the role that sea ice played in the PMC enhancement has been
carried out repeatedly. The results of these studies are not identical.

In a climate study of the North European Basin PMCs, according to reanalysis
data [6], no noticeable relationship between the occurrence frequency, PMC
intensity and sea ice area was found. In [8], using numerical experiments on
the example of two cases on April 4, 2007 and January 29, 2008, it was shown that
the sea ice cover to the east of Svalbard affects the PMC development, although it is
insignificant.

In [9], the PMC on February 29, 2008, which dissipated after entering the ice-
covered sea area, was considered. It was found that the removal of sea ice from
the computational domain led to an increase in the PMC duration. In [2], according
to the observational data, a relative increase in the PMC number in the Svalbard
region in 2006-2013 was revealed. The authors of [2] named the ice cover reduction
in the Barents Sea in these years as a probable reason for this.

In [10], it was shown that the reduction of the Arctic ice cover led to
the appearance of PMCs where they were not previously observed, namely, over
the seas east of Novaya Zemlya (the Kara Sea, the Laptev Sea and the East Siberian
Sea). In [11], a comparison of PMC activity over the eastern sector of the Eurasian
Arctic at anomalously low (2007) and anomalously high (2014) ice cover was carried
out. It showed that the relationship between the PMC amount and the ice cover area
was observed only for the Laptev Sea and the East Siberian Sea.

In the present paper, as in previous ones [12-14], we continue to study
individual cases of intense polar mesocyclones to identify the main factors of their
amplification. The study is aimed at checking how the change in the ice cover in the
Svalbard area will influence the intense PMC development.

Research methods
To study the cyclone, the polar version of the well-known WRF 4.1.1 numerical
model of atmospheric circulation was used 2. The model used 37 eta levels unevenly
spaced in height with increased resolution in the planetary boundary layer (PBL);
the number of levels is given for an unstaggered vertical grid. The Yonsei University
scheme was chosen for the PBL parameterization. The Revised MMS5 Monin —
Obukhov scheme was used to parameterize the surface layer.

2 Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D., Duda, M.G., Huang, X.-Y.,
Wang, W. and Powers, J.G., 2008. A Description of the Advanced Research WRF Version 3.
NCAR/TN-475+STR.  University ~ Corporation  for  Atmospheric ~ Research, 113  p.
doi:10.5065/D68S4MVH
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The initial and boundary conditions were taken from the GFS operational analysis
data with a spatial resolution of 0.25° and a temporal resolution of 6 h. Output interval
of the simulation results was 1 hour. The simulation was carried out on two nested
computational grids with a resolution of 15 and 5 km. The sea surface temperature was
kept constant during the simulation.

To determine how the PMC development was affected by ice in the northern
Barents Sea, the following numerical experiment was carried out: the sea ice in
the computational domain was replaced by open water with a surface temperature of
271.46 K (seawater freezing point). In other works [8, 9], when performing a similar
experiment, the freezing temperature of sea water was also used to determine the
temperature field of the sea surface after the sea ice removal.

To study the PMC structure, a cylindrical coordinate system was used, whose
center coincides with the cyclone center and moves along with it. The PMC radius was
determined from the last closed isobar position in the sea level pressure field,;
the isobars were drawn with a step of 1 hPa.

To study the intensification mechanisms of both tropical and midlatitude
cyclones, the cyclone kinetic energy balance equation is used [15—17]. Depending
on the task, the kinetic energy of all movements in the cyclone region (background
flow + circulation associated with the cyclone), or only the kinetic energy of rotation,
or only the kinetic energy of horizontal movements can be considered. This enables
us to estimate the contribution of various factors to the value of interest.

Description of the PMC and control run results

In this section, a brief description of the studied polar mesocyclone development
is given. According to Fig. 1, a, in March, the northeastern part of the considered
area was covered with ice. The PMC arose on the border of the Greenland and
Barents seas and during the day, from 06:00 on March 15 to 06:00 on March 16,
2021, gradually intensifying, it moved over the sea to the east along the ice edge. At
06:00 on March 16, the PMC reached its mature stage, the near-surface wind speed
in it reached 30 m/s, and the total (sensible + latent) heat flux from the sea surface
amounted to 1000 W/m?. Such large heat flux values are due to the fact that during
the entire development stage the northern part of the cyclone was above the ice, as a
result of which the surface air temperature there was 25-30 °C lower than in the
southern part. The cold air transfer from the ice-covered part of the sea to the open
sea led to a cooling of the lower layer about 400 m high and, as a result, to a
significant increase in stability (i.e., to a large vertical potential temperature
gradient).

It should be noted that in the eastern part of the region, the cold air arrival from
the sea ice-covered area was also observed, but the obstacle in the form of
the mountain range of Novaya Zemlya did not allow the development of a large near-
surface wind speed, and the heat fluxes there were relatively small (Fig. 1).
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Fig. 1. Total heat flux from the sea surface (W/m?), surface wind speed (m/s) and sea level pressure
(hPa) at the mature stage of cyclone development for the control run (a) and the numerical experiment
(b). The sea part covered with ice is marked in green. Black dots show the PMC trajectory

6 PHYSICAL OCEANOGRAPHY VOL.30 ISS.1 (2023)



After 06:00 on March 16, the PMC changed its direction to the southeast,
from March 17 it began to move south and made landfall by 18:00. Moving away
from the ice-covered part of the sea, the PMC intensity decreased
continuously, except for the period from 16:00 to 19:00 on March 16, which
will be discussed below. The PMC movement speed over the sea to the
east/south at the stage of intensification/weakening was ~ 30 km/h.

Let us note that according to the initial conditions of the model (GFS reanalysis
for 00:00 on March 15) in the sea level pressure field southwest of Svalbard, there is
a baric trough, where closed isobars appear by the third hour of simulation, and by
06:00 on March 15, a cyclonic vortex, which subsequently intensified to the PMC,
is formed. Thus, it can be assumed that the model was able to reproduce the PMC
appearance from the initial conditions favorable for its formation.

Main results of the experiment
The numerical experiment was aimed at checking how the sea ice removal from
the computational domain would affect the PMC development. Fig. 1 shows that the
cyclone trajectory in the experiment stayed practically the same compared to the
control run and, accordingly, the time of the mature stage of PMC development did
not change much.
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Fig. 2. Comparison of the results of the control run and the experiment: a — PBL height averaged over
the PMC area (m), pblh; b — pressure in the PMC center (hPa), SIpmin

The main difference between the calculations turned out to be the following.
After the sea ice removal, the surface air in the northern PMC part had a higher
temperature. This led to the decrease in the sensible and latent heat fluxes in
the western part of the PMC due to a decrease in the temperature difference between
PHYSICAL OCEANOGRAPHY VOL.30 ISS.1 (2023) 7



the sea and the atmosphere. Let us recall that the surface temperature of the non-ice-
covered part of the sea is the same in both calculations. In addition, at the mature
stage of cyclone development, the average height of the boundary layer over the
vortex region became almost twice larger (Fig. 2, a), and the atmosphere stability,
i.e., the buoyancy frequency averaged over the PBL height, decreased eightfold.

Fig. 2, b and 3, a show how the PMC intensity (sea level pressure at the vortex
center) and the kinetic energy of horizontal motions ek, averaged over the vortex
volume, change.

Fig. 3, a shows that in both calculations, the ek value first increases until 06:00
on March 16; then, the mature stage of the PMC development begins, which is
~ 3—4 hours long, when ek changes only slightly. In addition to the main
maximum of ek, associated with the mature stage, both graphs show a segment
from 16:00 to 19:00 on March 16, when the ek value stays almost the same
(control run) or even increases (experiment). This behavior is explained by the
passage of a high-altitude mesocyclone, which came to the Barents Sea from the
north and after 18:00 on March 16 was located above the PMC.

Thus, the numerical experiment showed that, despite the PBL stability decrease,
the PMC did not reach the same intensity as in the control run. The reason for this
will be explained below.
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F i g. 3. Comparison of the results of the control run and the experiment: averaged over the vortex
volume values of kinetic energy (m?s?) (a) and terms on the right side of equation (1) Fyres (m?/s*) (b),
Adv (m?%s%) (¢) and Fic (m?%/s%) (d)
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Cyclone energy balance
In this section, the main factors that influenced the change in the PMC kinetic
energy are considered separately. For this purpose, the balance equation for
the kinetic energy averaged over the azimuthal angle in a cylindrical coordinate
system is used:
5 \7q> 2 +\7rz
E T ZFpreS‘FAdV‘I' Ffric’ (D

where the overline means averaging over the azimuthal angle; V, and V. are
azimuthal and radial speed components, i.e. vortex rotation speed and air

— 1
inflow/outflow speed towards the vortex center; F,  =-V, -—a—p is the work of
p or
the force due to the radial pressure gradient;
_ Vo) (v, v, VV
Adv=-V |V, N, +V, Ny Yo -V |V, —+V, 2L+ 2 (2);
or oz r ¢ or 0z r

— kinetic energy change due to the advection of momentum and the work of inertial
forces (r is the distance from the vortex center);
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SR PR P
o\ oz Yo\ oz
— the energy change due to the work of the turbulent friction force. Here K is
the coefficient of vertical turbulent exchange (calculated in the model); z is
the height of the model level. The Fpres, Adv and Fgic values were estimated directly
from the simulation results. When approximating formula (3) by finite differences,
it was taken into account that turbulent friction stresses on the earth’s surface are not
parametrized through a first-order closure, but are proportional to the square of the
friction velocity.

In fact, the kinetic energy of the vortex is the kinetic energy of rotation, since

the value \7(4)2 is two orders of magnitude greater than the value \Zz. However,

the increase in the azimuthal momentum of the particle occurs under the Coriolis
force action due to the radial movement of air at the lower levels towards the vortex

center, which is provided by the radial force _lz_p .
p or

Fig. 3, b — d show how the Fys, Adv and Fic values averaged over the vortex
volume, the main components of the average PMC kinetic energy balance, changed
over time.

In both calculations, a sharp Fy.s decrease is noticeable after 06:00 on March
16, which explains the beginning of the PMC weakening (Fig. 3, a, b).
The aforementioned high-altitude cyclone passage leads to a slight short-term Fpres
increase from 16:00 to 19:00 on March 16.

Fig. 3, ¢ shows that in both calculations, the Adv term contributed significantly
to the kinetic energy change. An analysis of the Adv components showed that some
terms in expression (2) can be neglected and the expression for Adv can be written
in the following form

_ TN, V. VV.2-V.VV
Adv~-V\V, 5 T-V.V, 5 Ly 7 (2a)
r Z r

The first two terms on the right side of formula (2a) describe the ek change due
to the radial and vertical advection of the azimuthal momentum. The azimuthal speed
V, decreases with distance from the vortex center, starting from r >30 km, and
decreases with height, starting from the level of 1 km. That is, in most of the PMC,
the radial and vertical gradients V,, are negative. The first term in formula (2a) is
negative at the lower levels, z < 1.5 km, where there is an air inflow (V, < 0), and
positive at the upper levels, z > 1.5 km, where there is an air outflow (V; > 0). The
second term in formula (2a) makes a positive contribution to the ek change. This
term reaches large values at levels of 1.5-2 km, where in the PMC strong updrafts
with V; up to 2.5 m/s are found.

According to Fig. 3, d, the kinetic energy dissipation in the experiment is
significantly smaller than in the control run. This is explained as follows. An analysis
of the Fgic value showed that the main contribution to the cyclone dissipation is made

PHYSICAL OCEANOGRAPHY VOL.30 ISS.1 (2023) 11



—\2
by the component _K(av*"j . According to [18], the vertical turbulent exchange
0z

coefficient in the Yonsei University scheme strongly depends on the PBL
stratification: unstable stratification enhances vertical mixing. In the experiment,
there was a decrease in the PBL stability leading to the K coefficient increase. On
the other hand, the PBL in the experiment is better mixed and the vertical gradient

% is small (Fig. 4, a). The latter circumstance became the reason for the Fgic
oz

decrease.

Let us now consider how the Fps, Adv and Fgic values averaged over the vortex
area are distributed over the height (Fig. 4). The effect of the Fprs term on the PMC
kinetic energy change is concentrated in the layer z < 1.5 km, where the radial speed
of the air inflow and the radial pressure gradient are high (Fig. 4, b). As can be seen
from Fig. 3, b, 4, b, at the mature stage, the Fywes value in the experiment is smaller
than in the control run. Now we will take a look at this issue and what it entails.
Fig. 5 shows what changes occurred in the PMC thermobaric structure after the sea
ice in the computational domain was replaced by open water. The surface
temperature in the outer part of the PMC (r > 150 km) increased as expected (Fig. 5,
a). As a result, the pressure difference between the vortex center and the periphery
decreased at the lower levels (Fig. 5, b). The decrease was ~ 2 hPa.

Fig. 4, ¢ shows that a significant decrease in the Adv value took place in
the experiment. This is due to the fact that the vortex structure in the experiment
noticeably deviates from axisymmetric, has a shape close to an ellipse (see Fig. 1),
i.e., the deviations of the speeds from the average azimuthal values are large. It can
be illustrated by means of Fig. 6, which shows the dispersion of azimuthal speed

Vq)'2 and covariance V(p'\/r' , where the dash means velocity pulsation, i.e., deviation
from the average azimuthal value. The PMC deformation led to large dispersion

values V> at levels z < 1.5 km and large covariance values V V' at levels

Z> 1.5 km (Fig. 6). Thus, the negative Adv values (Fig. 3, ¢) from 06:00 to 12:00 on
March 16 in the experiment are explained by the vortex deformation, which resulted
in the increase in the kinetic energy of pulsations due to a decrease in the kinetic
energy of the mean motion.

Fig. 4, d shows that the Fgic term effect is concentrated in the lower layer up to
500 m, where the main decrease in the turbulent friction force occurred.

Thus, the main reasons for the seemingly paradoxical decrease in the average
PMC kinetic energy in the experiment with the sea ice cover removal can be outlined.
The sea ice exclusion from the computational domain led to a decrease in the radial
temperature gradient in the lower part of the atmosphere and, as a result, to a decrease
in Fpres. An additional factor was vortex deformation: its shape strongly deviated
from axisymmetrical, which led to a decrease in the kinetic energy of rotation.

12 PHYSICAL OCEANOGRAPHY VOL.30 ISS.1 (2023)
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Conclusion

We considered an intense polar mesocyclone, the northern part of which, at
the development stage, was located above the ice. The PMC increase was caused by
large heat fluxes from the sea surface due to the cold air transfer from the sea ice-
covered area to the open sea.

A numerical experiment to test the sea ice influence in the computational
domain on the developed polar mesocyclone structure and intensity was carried out,
and the contribution of various factors to the change in the average PMC kinetic
energy was estimated.

It was found that, although the boundary layer instability increased in
the experiment, the PMC intensity somewhat decreased.

The PMC intensity decrease in the experiment was caused by two factors.
The first is an increase in the azimuthally averaged near-surface temperature at
the PMC periphery, which led to the radial pressure gradient decrease at the lower
levels. At the mature stage of PMC development, the pressure drop between
the cyclone center and periphery near the surface turned out to be ~ 2 hPa less.
Consequently, the Fp.s value, which is the main energy source of the PMC, does not
reach the same high values in the experiment as in the control run. The second factor
was the PMC deformation, as a result of which the kinetic energy of the vortex
rotation decreased, passing into the kinetic energy of pulsations.
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