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Abstract

Purpose. The purpose of the work is to numerically investigate the response of near-surface marine and
atmospheric fields in the Crimean region to the cold air intrusion in January 22—24, 2010.

Methods and Results. A coupled mesoscale sea—atmosphere model NOW (NEMO-OASIS-WRF) with
a 1 km resolution was used. The interaction of incoming airflow with the Crimean Mountains during
the cold intrusion was reproduced, as well as the main changes in near-surface atmospheric and marine
fields that occurred in the region of the Southern coast of Crimea during the cold air intrusion were
analyzed. It is shown that the cold intrusion was characterized by a northeasterly wind throughout
the region with maximum speeds up to 10 m/s over the land and up to 20 m/s over the sea. The sea
surface temperature in the region decreased mainly by ~ 0.5 °C. To the south of peninsula, in the Rim
Current area, a local decrease in sea surface temperature constituted ~ —1.5 ... =1 °C. A distinctive
feature of the considered case was a small thickness (less than 1 km) of the cold airflow incoming to
the Crimean Mountains. On the over-land atmospheric profiles corresponding to the foothill region,
a relatively thin cold surface layer with the increased wind speed and high values of stability frequency
at its upper boundary is clearly pronounced.

Conclusions. Despite their short duration, winter intrusions of cold air across the northern boundary of
the Black Sea region induce significant regional disturbances in the atmospheric and marine fields.
The sea responds to cold air intrusions with a decrease in sea surface temperature, which can be
explained by strong fluxes of sensible and latent heat from the sea surface, as well as by the entrainment
processes at the lower boundary of the upper mixed layer. To the south of the Crimean Peninsula, there
is an additional factor contributing to temperature decrease, namely the transport of colder water from
the open sea towards the coast, which develops in response to the strengthening of along-coastal
northeasterly winds over the sea. In the atmosphere, at its lower levels, the incoming cold flow is
blocked by the coastal Crimean Mountains. As a result, the descending compensatory flows arise over
the leeward slope of the mountains that leads to an increase in near-surface air temperature at
the Southern coast of Crimea. Another consequence of the blocking is the absence of a cold gravity
flow on the leeward slope of the Crimean Mountains, unlike other cases of cold air intrusions, such as
the Yalta bora event in December 2013.
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Introduction

A notable feature of the local air circulation in the Black Sea region is
the occurrence of cold air intrusion (CAI) during winter across the region’s northern
boundary into the atmospheric boundary layer over the sea. This extreme weather
phenomenon is accompanied by a significant increase in surface wind speed of up to
10-15 m/s and a decrease in near-surface air temperature down to —10 ... =15 °C
[1]. At the same time, the sea surface temperature is approximately + 9 °C.
Consequently, intense cloud convection develops over the sea, appearing on satellite
images as cloud “streets” (Fig. 1).

F ig. 1. Snapshot of cloudiness on January 25, 2010 obtained using the MODIS spectroradiometer
installed on Terra satellite. Data source is website http://rapidfire.sci.gsfc.nasa.gov

Episodes of cold intrusions in the Black Sea region are mainly caused by winds
from the north and northeast. There are two types of synoptic situations that lead to
extreme cooling of the Black Sea during autumn and winter periods. Most often, an
intense anticyclone is located north of the Black Sea. On the southeastern periphery
of the anticyclone, a northeasterly flow of cold air forms, accompanied by high
surface wind speeds [2]. In other cases, there is a less intense anticyclone north of
the Black Sea and a cyclone to the south, centered in Asia Minor. The airflow on
the southeastern periphery of the anticyclone increases due to the flow on
the northwestern periphery of the cyclone, creating an intense Novorossiysk bora.
This frontal-type bora is most frequent during the cold season when conditions for
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the development of a true bora are met: wind speeds of at least 15 m/s and near-
surface air temperatures no higher than — 10 °C [2, 3].

Relatively short-lived (usually no more than 2—-3 days) but intense cold
intrusions result in changes to the characteristics of the marine environment that
stand out well against the background of synoptic variability. It should be noted that
the cooling of the upper sea layer during cold intrusions occurs due to heat loss from
the surface; however, the mixing of the upper layer has a different, non-convective
physical mechanism. Interaction processes in the sea-atmosphere system for
a characteristic CAIl case were described in [4] using the coupled NEMO-WRF
numerical model. Since cold intrusions are characterized by both low air
temperatures and high surface wind speeds, a convective type of circulation (such as
cellular convection in the atmospheric marine boundary layer) does not usually
develop in the sea. Deep penetrating cooling of the upper sea layer during cold
intrusions is mainly associated with turbulent mixing caused by the shear instability
of currents and wind wave breaking [4]. Cold intrusions that recur during winter
periods can influence the formation of the cold intermediate layer (CIL) in the Black
Sea by determining the temperature of the surface layer at the end of seasonal winter
cooling [4]. During these cold episodes, the upper quasi-homogeneous layer (UQL)
can significantly deepen, merging with the CIL™.

In addition to the general decrease in the sea surface temperature, which is most
pronounced in the northern coastal region, specific local features appear in some
areas of thesea during CAI. One such region is the northeastern area, where
the Novorossiysk bora develops and leaves a significant mark on the temperature
and velocity fields of the atmosphere and the sea [8, 9]. The second region where
CAI causes specific disturbances in the boundary layers of the atmosphere and
the sea is the Crimean region, where the influence of the relatively high Crimean
Mountains is significant. During the autumn-winter period when cold air intrusions
occur, the Yalta bora can develop in the Southern coast of Crimea (SCC), similar to
the Novorossiysk bora [10]. Furthermore, the entire lower tropospheric circulation
and, consequently, the temperature field south of the SCC are significantly
influenced by the Crimean Mountains [11].

This paper uses the coupled sea-atmosphere NEMO-WRF numerical model to
examine features of the temperature, wind speed, and surface current fields in
the Crimean region during CAls, taking the event of January 22-24, 2010 as
an example (Fig. 1). This event has been previously studied in our works [1, 4].
Using the WRF atmospheric model, the structure of the convective atmospheric
boundary layer over the western part of the sea on January 25, 2010, was reproduced.
It was shown that convection occurred under quasi-stationary but substantially
heterogeneous spatial conditions [1]. The convective cells in the atmosphere
provided large fluxes of sensible and latent heat from the sea surface (up to
1000 W/mz in the northwest), which led to the rapid cooling of the sea surface layer
by 1-2 °C [4].

1 Blatov, A.S., Bulgakov, N.P., lvanov, V.A., Kosarev, A.N. and Tuljulkin, V.S., 1984. Variability
of the Black Sea Hydrophysical Fields. Leningrad: Gidrometeoizdat, 240 p. (in Russian).
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This work aims to investigate the response of marine and atmospheric fields in
the Crimean region to a characteristic case of CAl using a coupled mesoscale model.

Numerical model

The coupled sea-atmosphere model (NOW) [12] consists of the NEMO ocean
model 2, the WRF non-hydrostatic atmospheric model 3, and the OASIS coupler
(an application that handles data exchange between NEMO and WREF).
The simulation used two computational grids: one with 3 km resolution covering all
three seas (the Black Sea, the Azov Sea, and the Marmara Sea), and one nested grid
with 1 km resolution covering the area (30—36°E; 43-47°N). The simulation results
with 1 km resolution are considered further in the work.

The NOW model has been described in previous works (see, for example, [4]),
so here we will only note that in the NEMO model, the GLS k-¢ scheme [13] was
used for parameterizing turbulent exchange. In this scheme, the exchange
coefficients are defined as a function of two prognostic variables: turbulent kinetic
energy k and turbulent Kinetic energy dissipation rate . Additionally, the NEMO
model accounts for surface wave breaking. To accomplish this, the following
boundary condition is used: at the sea surface, the k and ¢ values are calculated as
a function of wind stress.

Regional changes in velocity and temperature fields

Changes in parameters of the upper sea layer. Fig. 1 shows a satellite image of
the studied CAI case. Over the western half of the sea, it is clearly visible that
the cloud field consists of elongated cloud “streets” aligned with the northerly wind
direction. The horizontal size of the cloud structures significantly increases with
distance from the windward shore (from 1-2 km near the shore to ~10 km at
a distance of 300 km from the shore). This is a characteristic feature of cloud fields
that form during CAI [14].

Fig. 2 shows the temporal changes in surface wind speed and surface air
temperature at the 34°E, 45°N point, which is located in the flat central part of
Crimea. The CAl event itself, which lasted about two days (from the second half of
January 22 to the first half of January 24), is well represented by increased wind
speeds and a significant decrease in surface air temperature.

Fig. 3, a shows the surface wind speed and current velocity fields at 12:00 on
January 23, when the wind speed over land was greatest. This cold air intrusion is
characterized by northeasterly winds throughout the Crimean region, with maximum
speeds of up to 10 m/s over land and up to 20 m/s over the sea. A significant aspect
of water circulation in the Black Sea is the Black Sea Rim Current (RC), a year-
round cyclonic alongshore current that reaches maximum intensity in late winter
[15]. Large current velocities of up to 0.8 m/s are associated with the RC at a distance

2 Skamarock, W.C., Klemp, J.B., Jimy, D., Gill, D.O., Barker, D.M., Duda, M.G., Huang, X-Y.,
Wang, W. and Powers, J.G., 2008. A Description of the Advanced Research WRF Version 3. NCAR
Technical Note. NCAR/TN-475+STR, 113 p. https://doi.org/10.13140/RG.2.1.2310.6645

3 NEMO Team, 2016. NEMO Ocean Engine. Note du Péle de Modélisation de I'Institut Pierre-
Simon Laplace, No. 27. France: IPSL, 412 p. https://doi.org/10.5281/zenodo.3248739
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of 50—70 km south of Crimea. The response of the upper sea layer to the cold
intrusion is also shown. This is evidenced by the decrease in SST (Asst) during
the intrusion period from 12:00 on January 22 to 12:00 on January 24. Outside
the RC area, Asst was ~—0.5°C except for coastal areas. Assuming the UQL
thickness is 40 m, we can estimate thetotal (sensible + latent) heat flux
Q = Asst-p:Cp'H/(48 h), where p = 1025 kg/m* and C, = 3900 J/(kg:-°C) are
the density and specific heat capacity of seawater, respectively; H is the UQL
thickness; Q is ~ 500 W/mz, which is close to the modeled value.
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Fig. 2. Temporal variation of wind speed at the 10 m height (black curve) and air temperature at
the 2 m height (red curve) at point 34°E, 45°N (point location is marked in Fig. 3, a)

An area of elevated negative Asst values stands out south of the peninsula,
ranging from —1.5 to —1 °C. Fig. 3, b explains the origin of these values. This figure
shows the SST field at the beginning of the cold intrusion, as well as the change in
the surface current velocity field over the first 12 hours of the intrusion for a small
area near the southeastern coast of Crimea. The SST field in this area exhibits strong
spatial heterogeneity: relatively warm water with a temperature of 9—10 °C is found
near the shore, while colder water with a temperature 1-1.5 °C lower is found farther
offshore. After the CAl onset, an onshore-directed Ekman transport with velocities
up to 0.2m/s developed in the sea in response to the sharp intensification of
the northeasterly alongshore wind. This led to an additional advective decrease in
SST near the southeastern coast.
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Fig. 4 shows the vertical structure of the velocity and temperature fields in
the sea on a meridian section at 34.55°E. It demonstrates the temperature field
at the beginning of the cold intrusion and how it changes during the intrusion. There
is a clear tendency for the UQL to deepen towards the shore: its thickness doubles
from 30 to 60 m. The temperature decrease (At) in the RC area (44.0-44.3°N)
reaches — 1.4 °C.
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Fig. 4. Vertical structure of sea fields at meridional section along 34.55°E: sea temperature (color) at
12:00, January 22, and change in sea temperature (isolines) between 12:00, January 22 and 12:00,
January 24

Fig. 5 shows the vertical temperature profiles in the upper sea layer at
the beginning and end of the cold intrusion, as well as the temperature changes
during the intrusion. CIL with a minimum temperature at a depth of ~50 m is visible.
The upper sea layer response was cooling and deepening of the UQL. During
the intrusion, the UQL temperature decreased by ~ 0.5°C, and its thickness
increased from 25 to 40 m. Meanwhile, the CIL thickness decreased accordingly.
The physical reasons for these changes are well known: turbulent mixing of the UQL
due to shear instability of currents and wind wave breaking, as well as its cooling
due to sensible and latent heat fluxes from the sea surface and the entrainment of
colder water from the CIL [4, 16].

Changes in atmospheric characteristics. Fig. 6 shows the surface wind speed
fields at 10 m height at the beginning of the cold intrusion, as well as the change in
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surface air temperature during the intrusion in the Crimean region. Note that changes
in wind speed at one point in Crimea during the intrusion were shown earlier in
Fig. 2. Without discussing the overall pattern of surface temperature changes related
to the synoptic structure of meteorological fields, let us consider the features that are
characteristic of the Crimean region. This region has sufficiently high coastal
mountains that influence atmospheric and marine circulation. First, note
the difference in temperature changes between the windward northwestern and
leeward southeastern areas of the mountains. In the former, the air temperature
decreases during cold intrusions, while in the latter, it increases. This phenomenon
is associated with the physical process of astably stratified airflow around
the mountains.
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Fig. 5. Vertical profiles of sea temperature at 12:00, January 22 (black curve), 12:00, January 24 (red
curve), as well as change in sea temperature (blue curve) between 12:00, January 22 and 12:00, January
24 at point (34.2°E and 43.8°N)

Fig. 7 illustrates the vertical structure of the potential temperature field and wind
speed isolines on a meridional section along 34°E. The airflow mechanism around
a mountainous obstacle is determined by the vertical structure of the density and
flow velocity fields.
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For our case, the vertical profiles of wind speed V and stability frequency N2 are
shown in Fig. 8. Stability frequency is equal to (g/p)(Ap/Az), where g is
the acceleration due to gravity, p is air density, and z is height. The point in the flat
land area is located at 34°E, 45°N. The most important feature of the vertical
structure of the density field, and consequently the stability frequency N,
determining the main properties of our intrusion case is the strong stability of
the lower atmospheric layer at heights comparable to the height of the mountain
ridge. The result of this is the airflow blocking effect over the windward slope of
the mountains. As is well known, cold, stably stratified air flowing around
a mountain ridge cannot rise above a height h equal to V/N [17, 18]. In our case,
the blocking effect of cold air on the windward slope of the mountains is clearly
visible as the intersection of the speed isolines with the windward slope and
the concentration of cold air on the windward slope (Fig. 7). When considering
velocity and temperature fields along a meridional section (such as in Fig. 7), it is
necessary to consider the 3D characteristics of the mountain flow effects.
The Crimean Mountain Ridge cannot be considered as a 2D obstacle because its
length is only ~ 3 times greater than its width. Additionally, the wind direction is not
strictly northerly and changes, albeit insignificantly, with height within the lower
kilometer layer.
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Consequently, it can be concluded that the Crimean Mountains partially blocked
the airflow — it went around the mountain ridge on both sides, and the northerly wind
in the foothill area changed direction to northeasterly. The effect of temperature
increase in the coastal area of the SCC is clearly visible in Figs. 6 and 7. Fig. 6, b
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shows this effect as a local area of elevated surface temperature values, tz, and low
surface wind speeds. As is known, elevated potential temperature and temperature t.
values over the leeward slope are a consequence of the mountain ridge partially
blocking the airflow. This causes the surface air over the leeward slope to be
replaced by potentially warmer air from higher altitudes [10]. This mechanism,
which forms a local warm area over the SCC in winter, is described in [2].
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Fig. 8. Vertical profiles of potential temperature (black curve), meridional wind speed (red curve),
and buoyancy frequency (blue curve) at point (34°E; 45°N) at 12:00 on January 23, 2010

Thus, a distinctive feature of the CAIl event in January 2010 was the two-layer
vertical structure of the troposphere, represented in Fig. 8 by the temperature and
stability frequency profiles in the foothill plain part of Crimea. Anomalously cold air
occupied only the lower part of the troposphere, extending up to a height of
~ 0.8 km. Above this level, wind speed decreased rapidly to a background value of
3 m/s, and stability frequency reached 0.0015 1/s. The low-tropospheric nature of
the airflow distinguishes it from other CAls in the northeastern part of the sea, which
lead to the Novorossiysk bora [3] or, for example, the Yalta bora considered in [10].
Therefore, the absence of a strong downslope wind, such as a bora, in the SCC area
is a distinctive feature of this intrusion in the Crimean region.

Conclusion
Despite their short duration, winter CAls across the northern boundary of
the Black Sea cause significant disturbances in atmospheric and marine fields of
the region. These disturbances include strong convective instability in
the atmospheric surface layer over the sea, which is visible as cloud “streets” on
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satellite images, as well as sharp cooling of the upper sea layer. In some cases, CAls
can lead to the development of the Novorossiysk and Yalta bora.

This paper uses acoupled model with 1 km resolution to reproduce
the interaction of the incoming air stream with the Crimean Mountains during
the cold intrusion in January 2010. The main changes in the surface atmospheric and
marine fields that occurred in the SCC area during the CAI were examined.

Outside the RC zone, it is shown that the decrease in SST is explained by strong
fluxes of sensible and latent heat from the sea surface, as well as entrainment
processes at the lower boundary of the UQL. Furthermore, south of the Crimean
Peninsula, an additional factor contributing to the decrease in SST was identified:
the transport of colder water from the open sea towards the shore. This phenomenon
developed in response to the emergence of astrong northeasterly wind along
the coast.

A distinctive feature of the considered event is the small thickness (less than
1 km) of the incoming cold airflow. Over the piedmont area, the atmospheric
profiles clearly show a relatively thin cold surface layer with increased wind speed
and high stability frequency values at its upper boundary. Hence, due to the incoming
airflow being blocked, over the leeward slope of the Crimean Mountains and
the SCC an area with a higher surface air temperature than the piedmont plain area
of Crimea is formed. A gravity-driven flow, such as the Novorossiysk bora, did not
reach speeds as significant as those during the CAIl in December 2013.
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