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INTRODUCTION

The investigation of the formation and develop-
ment of tropical cyclones and the forecast of the track
of their motion are among important areas of research
in geophysics. The main background conditions nec-
essary for the formation of tropical cyclones have
been studied, a concept about the main physical pro-
cesses that determine the evolution of tropical
cyclones has been formulated, and numerical models
have been developed to predict the tracks of cyclones
with an increasingly higher lead time and accuracy
[1]. However, before the advent of remote sensing
methods for the study of the atmosphere and ocean
and the onset of satellite cloud imagery, tropical
cyclones were regarded as pure tropical natural phe-
nomena.

As is well known, tropical cyclones are classified
into a separate group of cyclones that differ from mid-
latitude lows by their origin, development, and some
features of the structure. Tropical cyclones normally
have a relatively small size, about 200 to 300 km in
diameter, with a central pressure as low as 950 hPa or
sometimes even lower than 900 hPa. Wind speeds in
spiral bands can reach 70–90 m/s. At the center of a
tropical cyclone, there is a region 20–30 km across
with clear or nearly clear skies and weak winds, which
is called the eye of the tropical cyclone. The ring sur-
rounding the eye is called the eyewall, and it is here
that intense penetrative cumulus convection, the
heaviest precipitation and thunderstorms, storm
winds, and high wind-induced waves occur. Subsid-
ence in the eye produces clear skies there [1, 2].

Almost all tropical cyclones form in the tropics
equatorward of 

 

30°

 

 latitudes. With the onset of satel-
lite methods, however, it was found that cyclones sim-

ilar in structure to tropical ones form from time to
time in the extratropical regions, in particular, over the
Mediterranean Sea. Favorable conditions for cyclone
formation are generally created by outbreaks of North
Atlantic air and subsequent cold air-mass transport
over the warm sea. This, in turn, produces intense heat
fluxes from the sea surface and deep convection.

For example, a small quasi-tropical cyclone, with
intense convection and anomalous precipitation,
developed from a cold upper-level trough over the
western Mediterranean in September 1996 [3]. Two
subsynoptic cyclones over the central Mediterranean
in early October 1996 brought heavy precipitation and
floods [4]. Quasi-tropical properties of these
cyclones—an eye, spiral cloud bands, a warm core,
and a typical barotropic structure—were analyzed,
and it was shown that the cyclones developed from
upper-level cutoff troughs. A quasi-tropical cyclone
formed over southeastern Italy in January 1995; an
important role in its formation was played by surface
heat fluxes [5–7]. A mechanism necessary for quasi-
tropical cyclones in the Mediterranean to develop
from a cold upper-level cutoff cyclone was illustrated
by the same example in [8]. A cyclone with hurricane-
force winds originated from a filling synoptic depres-
sion over southern Italy in January 1982 [9]. Results
of the numerical simulation of this cyclone with a
detailed description of its structure are given in [10].
In late March 1999, a deep baroclinic cyclone over the
Mediterranean generated cumulus convection over
vast areas. In the final stage of evolution, it acquired
properties of a tropical cyclone: the eye and severe
winds in the ring around the eye [11].

Similar mesoscale cyclones, called polar lows, are
observed over the ocean at high latitudes. A polar low
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has a small size, from several tens to several hundreds
of kilometers, and its lifetime does not exceed one and
a half days [12]. These intense lows with winds in
excess of 15 m/s form over the Atlantic and Pacific
oceans between 

 

50° 

 

and 

 

70° 

 

latitudes in both hemi-
spheres during cold outbreaks from land. Dozens of
polar mesocyclones per year form in this region [13].
A characteristic feature of the polar low in satellite
images is a twisted spiral region of high convective
clouds in the shape of a comma, with a distinct cloud-
free eye at the center. Sometimes, polar lows have
properties of classical midlatitude cyclones: the initial
growth due to baroclinic instability and surface fronts.
At the same time, the sensible and latent heat fluxes
from the ocean surface and the low-level convergence
of moisture fluxes, which causes forced convection
and the release of heat of condensation aloft, may play
an important role in the formation of polar lows. In
this respect, the polar lows are similar to tropical
cyclones [14].

An anomalous intense mesoscale cyclone, which
resembled a tropical hurricane in appearance, formed
over the Black Sea in late September 2005. In this
paper, it will be shown that this rare mesoscale
cyclone, which developed in the southwestern part of
the sea, can be related by its main properties to quasi-
tropical cyclones.

Section 1 describes observations of the cyclone, its
impact on the sea, and typical features of a synoptic
situation. Section 2 provides a brief description of a
numerical model used for the simulation of the
cyclone. Sections 3 and 4 present the evolution and
structure of the cyclone from the numerical simula-
tion. Section 5 shows the estimates of the balances of
momentum components. Section 6 contains a descrip-
tion of numerical experiments on the sensitivity of the
model to different parametrizations of physical pro-
cesses. A summary is given in the final section.

1. CYCLONE OBSERVATION

A quasi-tropical cyclone over the Black Sea was
detected in satellite images over September 25–29,
2005. It had a cloud-free eye and distinct spiral cloud
bands and was no more than 300 km in diameter. As
can be judged from a cloud-top temperature of 223–
240 K, it was a high cyclone extending to the tropo-
pause. Winds in the zone covered by the cyclone were
20–25 m/s according to the QuikScat satellite data.
Although the cyclone acquired no devastating charac-
teristics of its tropical counterpart, it induced a sharp
deterioration of weather, with delays of cruises from
the Crimea and Odessa to Istanbul. The cyclone
stayed over the Black Sea from 25 to 29 September,
while slightly wandering, began to move southward
on September 29, and entirely left the Black Sea area
by September 30.

This atmospheric cyclone had a large influence on
the thermal structure of the upper layer of the Black
Sea. The cyclonic vorticity of the velocity field of sur-
face wind over the water produced the Ekman diver-
gence in the upper mixed layer of the sea and the rise of
the thermocline, even its outcrop to the surface, a
decrease in surface temperature, and sea-level fall. The
QuikScat thermocline rise velocity was 

 

2 

 

×

 

 10

 

–4

 

 m/s,
while a typical seasonal mean vertical velocity in the
upper layer of the Black Sea is (1–2) 

 

×

 

 10

 

–6

 

 m/s from
different estimates. According to satellite data on Sep-
tember 29, the sea surface temperature under the
cyclone dropped sharply, by more than 

 

10°ë

 

, which sug-
gests the rise of cold waters from a depth of 30 m to the
surface. This cold spot persisted for a long time: the tem-
perature contrast was 

 

14°ë

 

 on September 29, 

 

(3–4)°ë

 

 on
October 13, and 

 

(1–2)°ë

 

 even on October 23. Altimetric
satellite measurements showed a 25-cm level fall in
the region over which the cyclone stayed. Preliminary
results of the numerical simulation of the Black Sea
circulation for that period showed that the Ekman
divergence in the upper mixed layer pushed the warm
surface water to a semicircular southwest coast and
raised the sea level there, lowering it under the
cyclone. The seasonably typical level difference
between the shore and the center of the west gyre of
20 cm increased by another 25 cm owing to the action
of the cyclone, with the result that the speed of the
Black Sea Rim Current in the southwestern part of the
sea doubled to a value in excess of 1 m/s [16].

The determination of the causes of the origin and
growth of an anomalous cyclone over the Black Sea
calls for a detailed study. However, large-scale spe-
cific features of the synoptic situation favorable to the
origin of the cyclone can be found preliminarily from
the NCEP/NCAR operational numerical analysis data
[17].

From September 19, a blocking high persisted over
European Russia and stayed there until the end of Sep-
tember. A large-scale cutoff upper-level low with a
cold core formed over Spain on September 18. It
moved eastward, inducing deep convection over the
Mediterranean Sea because of the cold advection onto
the warm sea surface. From September 20 to 24, it was
blocked over the Balkans by the above-mentioned
high. By September 25, this low had filled and a gen-
eral synoptic situation in the region was characterized
by a very weak circulation at all levels in the free
atmosphere. Figure 1a shows sea-level pressure and
wind fields from the NCEP/NCAR operational analy-
sis with a resolution of 

 

1° 

 

×

 

 1°

 

 at 00:00, September 25
(hereinafter, all times are GMT). Over the Black Sea,
there is a shallow depression with a pressure drop of
4 hPa and a wind speed of 10 m/s. The geopotentials
and wind speeds at 850 and 300 hPa are shown in
Figs. 1b and 1c for the same time. It can be seen that
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the blocking high was favorable to weak atmospheric
circulation in the Black Sea region.

It is well known that the absence of strong winds
and especially of vertical wind shear is a necessary
condition for the formation of a tropical cyclone. In
the given case, this condition was fulfilled. Because of
the absence of strong winds, the cyclone was able to
stay long in the same place over the warm sea, and the
absence of wind shear favored the development of its
barotropic structure.

Another favorable condition for the onset of a trop-
ical cyclone is the low-level background convergence,
which collects warm moist air in one place. As can be
seen from Fig. 1a, a dipole pattern of surface circula-
tion comprising the anticyclone in the north and a
weak cyclone over the sea induced surface conver-
gence over the Black Sea.

An additional favorable factor was a large over-
heating of the sea surface relative to the surrounding
land, which facilitated the increase in moisture con-
tent over the sea. The sea–land temperature contrast
on September 18 was 

 

7°ë

 

 (land 

 

17°ë

 

, sea 

 

24°ë

 

). By
September 24, it had reached 

 

12°ë

 

 (land 

 

11°ë

 

, sea

 

23°ë

 

).
The high sea surface temperature and the high air

humidity resulted in a decreased atmospheric stability.
The vertical profiles of air temperature and dew point
at 00:00, September 25, in the western and eastern
parts of the sea from the operational analysis data are
shown in Figs. 2a and 2b. The thick dashed line shows
a change with height in the temperature of an air par-
cel that rises adiabatically from the sea surface first
along the dry adiabat and then, after reaching the con-
densation level, along the moist adiabat. The solid
right-hand curve is the temperature profile, and the
one at the left is the dew-point profile. Between the
900-hPa level and virtually up to the tropopause above
300 hPa, the air parcel rising from the surface is
warmer than its surroundings. Such atmospheric strat-
ification is favorable for the development of cumulus
convection. A measure of instability is the convective
available potential energy (CAPE), numerically equal
to the area between the dashed and solid curves from
the condensation level to the equilibrium level in
Fig. 1c [18]. The CAPE distribution for the entire
Black Sea region is shown in Fig. 2c. It can be seen
that the CAPE reaches large values over the sea, with
a maximum of 1600 J/kg.

It is also seen from Fig. 2a that the dew point is
close to the air temperature in the entire troposphere,
a result that is indicative of high relative humidity.
This means that the cumulus convection with the
release of latent heat of condensation may involve not
only the warm moist air from the sea surface but also
the entire moist tropospheric column.

Figure 2b shows sounding profiles for the eastern
part of the sea. In contrast to the western part of the
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Fig. 1.

 

 (a) Wind speed (m/s) at 1000 hPa and sea-level pres-
sure (hPa); (b) geopotential (m) and wind speed (m/s) at
850 hPa; (c) geopotential (m) and wind speed (m/s) at
300 hPa at 00:00, September 25, 2005, from the operational
analysis.
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Fig. 2.

 

 Vertical soundings at points (a) 

 

32°E, 43°N

 

 and (b) 3

 

8°E, 43°N 

 

and spatial distribution of (c) convective available potential
energy (CAPE) (J/kg) and (d) negative convective available potential energy (CIN) (J/kg) from the operational analysis at 00:00, Sep-
tember 25, 2005.

 

sea, in this region, there is a barrier layer up to the
800-hPa level, which prevents convection and in
which an ascending air parcel is colder than its sur-

roundings. The measure of intensity of the barrier
layer is the negative convective available potential
energy (CIN), numerically equal to the area between
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the solid and dashed curves from the condensation
level to the level of free convection in Fig. 2b [18].
The distribution of CIN for the region in Fig. 2d shows
that the barrier layer is absent in the southwestern part
of the sea. This circumstance probably explains why
the cyclone developed in that area.

Thus, a vast reservoir of convective available
potential energy was located over the entire area of the
Black Sea on September 25. The main causes of its
formation were the warm surface of the sea and a rel-
atively cold air mass that had formed in the Balkan
low during the preceding few days.

2. DESCRIPTION OF THE MODEL

Measurements of mesoscale atmospheric pro-
cesses are usually scarce. This applies to the Black
Sea cyclone of interest. Apart from QuikScat winds
and satellite cloud imagery, there are actually no other
high-resolution measurements for this cyclone. A
numerical simulation is therefore the main tool to
study this mesocyclone.

Version 3.6.2 of the PSU/NCAR mesoscale nonhy-
drostatic fifth-generation model (MM5) was used for
simulation [19, 20]. This model, designed to simulate
or predict the mesoscale atmospheric circulation, was
adapted to the conditions of the Black Sea region.
Skipping the description of MM5, we list only its
main capabilities:

(1) multiply nested-grid simulation with a two-way
interactive data exchange among the neighboring
domains;

(2) nonhydrostatic equations, which allow the
model to be used for the simulation of phenomena on
a horizontal scale of a few kilometers;

(3) numerous schemes of parametrization of phys-
ical processes. Subgrid-scale processes of horizontal
diffusion, vertical momentum, heat, and moisture
fluxes, clouds, and precipitation are parametrized in
several variants depending on the choice of a spatial
resolution.

The model is based on the system of primitive
hydrodynamic equations. For integration in time, the
leapfrog model with a smoothing Robert–Asselin time
filter is used. The assimilation of boundary conditions
from the operational analysis outputs into the MM5
model is carried out by a relaxation method: in transi-
tion from the boundary of the domain inward, the vari-
able relaxes toward its internal value.

This paper presents results of the simulation on
three nested domains with resolutions of 90, 30, and
10 km and sizes of 

 

34 

 

×

 

 31, 64 

 

×

 

 46,

 

 and 

 

124 

 

×

 

 73

 

,
respectively (Fig. 3). The outermost domain is cen-
tered over the Crimean Peninsula, with coordinates of
the center at 

 

35°N, 45°E

 

. The size of the domain was
chosen sufficiently large to minimize the influence of
the boundary conditions on the evolution of the simu-

lated cyclone. In the vertical, the model had 23 irreg-
ularly spaced sigma levels, with a higher resolution in
the lower troposphere. The initial and boundary con-
ditions were chosen from the NCEP/NCAR global
operational analysis, with a spatial resolution of 

 

1°

 

and a time step of 6 h [17]. Thus, the initial conditions
for all domains were chosen from the operational
analysis, and the boundary conditions were updated
every six hours.

The following parametrization schemes were used:

The medium-range forecast (MRF) scheme of
parametrization of the planetary boundary layer. The
MRF scheme has four stability modes: stable (night-
time) mode, damped dynamic turbulence, forced con-
vection, and free convection. The surface boundary
layer is calculated according to the Monin–Oboukhov
similarity theory. The finite-difference scheme
ensures the conservation of mass, energy, and poten-
tial entropy.

The rapid radiative transfer model (RRTM) of
longwave radiation transfer in the computation of the
radiation balance. The parametrization of radiation
transfer includes the interaction of short- and long-
wave radiation with the atmosphere in the presence
and absence of clouds.

The simple ice scheme (Dudhia). It calculates
microphysical processes of the phase transitions of
water in the atmosphere.

The Kain-Fritsch cumulus parametrization scheme
for domains with a resolution of 90 and 30 km and the
Grell scheme for a domain with a resolution of 10 km.
The Grell scheme is best suited for the high-resolution
domains.

The land surface temperature was modeled with
the equation of heat conduction in the soil, and the sea
surface temperature was specified as an external
parameter and was not varied during the simulation.
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 Location of model domains.
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A more detailed description of the parametrization
schemes is available in [19, 20].

Initially designed for high-resolution simulations
of weather, the MM5 model is now being used for the
simulation of tropical cyclones as well as quasi-tropi-
cal Mediterranean cyclones and polar lows [10, 21,
22]. The results of simulations with a resolution of up
to 3 km agree well with available data, for example,
with radar measurements of precipitation and humid-
ity. The cause of the success of MM5 appears to lie in
a correct detailed parametrization of subgrid-scale
physical processes.

3. EVOLUTION OF THE CYCLONE

Because the cyclone to be examined is a rapidly
growing unstable disturbance, small variations in the
initial conditions may produce large errors in its fur-
ther evolution. A series of numerical experiments has
been conducted, starting at different times from 00:00,
September 20, to 00:00, September 25, with a step of
12 h. As might be expected, the modeling result
depends heavily on the specification of initial condi-
tions. Without going into details, it may be suggested
that the most suitable time to start the simulation of
this cyclone is 00:00, September 25, 2005.

An important condition for the generation of a
model cyclone appears to be the presence by that time
in the operational analysis of a “seed,” a weak near-
round vortex with a wind speed of about 10 m/s
(Fig. 1a), from which a quasi-tropical cyclone can
develop afterward. In the simulation of tropical
cyclones, a similar “seed” is usually incorporated arti-
ficially into the large-scale synoptic environment
because a tropical cyclone is unable to originate with-
out it [22]. In our case, there was no need to do this,
because the operational analysis model reproduced,
though roughly, the “seed” and a mature cyclone
developed from it in the high-resolution MM5 model.

As a support of the above, it can be noted that the
model failed to reproduce a quasi-tropical cyclone
when the initial and boundary conditions were chosen
from the NCEP/NCAR analysis with the even coarser
2

 

°

 

 resolution. This may be explained by the absence of
a “seed” in the initial conditions. Afterward, the vari-
ant was considered with the initial conditions at 00:00,
September 25, and with the boundary conditions taken
from the operational analysis. The model was integrated
for six days, from September 25 to September 30.

The model has reproduced well all stages in the life
cycle of the cyclone, i.e., the formation stage, the
mature stage, and the decay stage after the landfall
over Turkey. Figure 4 shows (a) satellite cloud imag-
ery, (b) 10-m wind speed, (c) sea-level pressure at
12:00, September 27, from the model, and (d) the

track of the cyclone center from September 25 to Sep-
tember 29. It is evident from Fig. 4a that the cyclone
has an eye and spiral cloud bands, and Figs. 4b and 4c
demonstrate that the model-generated cyclone is
approximately circular in shape. It can be seen that the
model has correctly reproduced the size and position
of the cyclone.

Figure 5a displays the time variation of the central
pressure 

 

p

 

min

 

(

 

t

 

)

 

 from September 25 to September 29
and of the maximum 10-m wind speed 

 

V

 

max

 

(

 

t

 

)

 

, and
Fig. 5b shows 

 

R

 

max

 

(

 

t

 

)

 

, the variation of the radius of
maximum winds, i.e., the distance from the cyclone
center at which the azimuthally averaged surface wind
speed reaches its maximum. Several stages of its
development can be identified.

In the initial stage from 00:00, September 25, to
12:00, September 26, the maximum speed of surface
wind was about 15 m/s, the central pressure was about
1010 hPa, and the radius 

 

R

 

max

 

 reached 100–115 km.
The cyclone had strong asymmetry with distinct spiral
irregular bands, in which convection with high verti-
cal velocities and large cyclonic vorticity of the veloc-
ity field were concentrated, and was located near the
ground. As the cyclone developed, its height was
increasing and, by the end of the initial stage, reached
the 700-hPa level. The height of the cyclone was
determined by the presence of a well-pronounced azi-
muthal circulation.

During the early stage, the main source of energy
for tropical cyclones is the convective available poten-
tial energy acquired from the surrounding water area
owing to convergence. The mechanism of intensifica-
tion in this stage is associated with the release of latent
heat of condensation and with surface friction. The
release of latent heat of condensation produces the
buoyancy force, the air moves upward, the low-level
convergence of the velocity field develops, and the
vorticity increases because the vortex tubes contract.
Owing to friction, this cyclonic vorticity causes addi-
tional convergence in the boundary layer, an addi-
tional increase in the vertical velocity, an increase in
vorticity, and so on. Such an intensification mecha-
nism with a positive feedback of convective instability
of the second kind (CISK) was proposed to explain the
development of an axisymmetric cyclone [23, 24]. At
present, the CISK mechanism has been detected in a
relatively disorganized array of convective cells devel-
oping in the formation stage of tropical cyclones [25].
For the Black Sea cyclone, analysis of satellite images
and comparison of the modeling results with tropical
cyclone observations suggest that its development
during the initial stage was induced by the CISK
mechanism.
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The second stage is the rapid development of the
cyclone from 12:00, September 26, to 12:00, Septem-
ber 27. Within 24 h, the wind speed increased to
24 m/s, the central pressure fell to 999 hPa, and 

 

R

 

max

 

decreased to 65 km. Thus, the cyclone contracted to
half of its size and intensified significantly. In addi-
tion, the cyclone became more axisymmetric and
developed in height substantially, extending to the
300-hPa level.

In a tropical cyclone with a sufficiently strong
intensity of the vortex, a second intensification mech-
anism, wind-induced surface heat exchange (WISHE)
[21, 23, 24]. In this mechanism is important, as in the
CISK mechanism, surface friction leads to conver-
gence; however, the heat source for buoyancy intensi-
fication is now not the reservoir of convective avail-
able potential energy, but the surface fluxes of sensible
and latent heat, which increase substantially with
wind speed. The maximum fluxes of sensible and
latent heat in the Black Sea cyclone reached values of
300 and 700 W m

 

–2

 

 by the end of the second stage.

The third stage is the quasi-stationary developed
cyclone from 12:00, September 27, to 12:00, Septem-
ber 28. At this time, the cyclone slightly intensified
and central pressure fell to 992 hPa. During this stage,
the cyclone was almost circular with a constant radius

 

R

 

max

 

 = 65 km, and its height did not vary either,
remaining at 300 hPa. Eventually, the last stage is the
rapid filling and decay of the cyclone from 12:00, Sep-
tember 28, to 00:00, September 29, when it began to
approach the shore and made landfall.

A detailed study of all the formation and decay
stages requires an analysis of sources, sinks, and the
rates of change of momentum, angular momentum,
vorticity, potential vorticity, kinetic, potential, and
thermal energy, and moisture. In this study, we discuss
the properties of a steady mature stage when the rates
of change of the indicated characteristics are small
and balance conditions in the equations for these char-
acteristics are fulfilled, when sources and sinks are
balanced. The cyclone achieved the mature stage at
12:00, September 27; by this time, the wind speed
reached a maximum of 25 m/s, the radius of the
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Fig. 4.

 

 Comparison of satellite data and the simulation results: (a) satellite-derived clouds and (b) simulated 10-m wind speed (m/s)
and (c) sea-level pressure (hPa) at 12:00, September 27. (d) The track of the cyclone center over the Black Sea, with parts of the
track marked by different shades for clarity. The numbers denote the following dates: (1) 25.00, (2) 25.12, (3) 26.21, (4) 28.06,
(5) 28.21, and (6) 29.12.
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cyclone decreased to a minimum of 65 km, and the
cyclone extended to the 300-hPa level. Later on, these
parameters remained practically unchanged. The cen-
tral pressure of the cyclone still continued to fall
slightly, but the cause of this fall is not clear (Fig. 5a).
The next section shows the vertical structure of the
cyclone in the mature stage at 12:00, September 27.

4. STRUCTURE OF THE CYCLONE

 

Kinematics

 

It is evident from Fig. 4 that the cyclone has an
axial symmetry. Therefore, we consider its axisym-
metric structure. For this purpose, we use the cylindri-
cal coordinates (
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) with the origin placed at the
surface center of a cyclone and moving with it. All
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variables are averaged over the azimuthal angle 

 

θ

 

, so
that the resulting azimuthal means depend only on the
radius 

 

r and height z. The velocity vector in cylindrical
coordinates has the azimuthal (tangential) component
Vθ, the radial component Vr , and the vertical compo-
nent w. To describe the structure of the cyclone, we
introduce the radius of maximum winds Rmax, the dis-
tance from the center of the cyclone at which the azi-
muthally averaged azimuthal wind velocity reaches its
maximum; in contrast to the previous section, Rmax

depends now on z. Another important characteristic
used for the description of the dynamics of a cyclone
is the absolute angular momentum per unit mass M =
Vθr + fr2/2, the sum of the relative angular momentum
Vθr and momentum related to the planetary rotation
fr2/2, where f is the Coriolis parameter. In the absence
of friction, the absolute angular momentum is a
Lagrangian invariant; i.e., it is conserved for a moving
air parcel.

Eventually, Fig. 6 shows the axisymmetric struc-
ture of the cyclone: (a) the azimuthal velocity compo-
nent Vθ, (b) the radial velocity component Vr , (c) the
vertical velocity w, and (d) the absolute angular
momentum M, all averaged over the azimuthal angle,
at 12:00, September 27.

The main feature of a mature hurricane is a ring of
extremely strong azimuthal winds. This cyclonic azi-
muthal circulation is usually called primary. The pri-
mary circulation has its maximum at the ground and
decreases with height. The azimuthal velocity in tropical
cyclones can reach a maximum value of 70–90 m/s at
Rmax = 20–40 km [1, 2, 22, 27].

The azimuthal velocity distribution Vθ(r, z) for the
Black Sea cyclone is shown in Fig. 6a. At a specified
height, Vθ grows almost linearly as r increases from 0
to Rmax = 65 km, which corresponds to a solid rotation
or constant vorticity, and then decreases with r. As the
height increases, Vθ increases to a maximum value of
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27 m/s at 1 km, the 925-hPa level, and then decreases
above this level. This pattern is qualitatively similar to
the distribution for a typical tropical cyclone.

A second important feature of the tropical cyclone
is the low-level convergence of the velocity fields, air
rise in the eyewall coinciding in position with the
region of the maximum azimuthal wind, upper-level
divergence, and subsidence on the periphery of the
cyclone. This toroidal circulation is usually referred to
as the secondary circulation. In an intense tropical
cyclone, the radial velocity Vr may reach 25 m/s at
lower levels in the inflow region and 12 m/s aloft in
the outflow region. The vertical velocity of air rise in
the eyewall reaches 2 m/s [1, 2, 22, 27].

The radial and vertical velocity distributions Vr(r, z)
and w(r, z) for the Black Sea cyclone are shown in
Figs. 6b and 6c. They are qualitatively similar to the
respective distributions for the tropical cyclone. Strong
inflow toward the cyclone center, or convergence, occurs
in the boundary layer at pressure levels below 2 km, i.e.,
the 850-hPa level, and strong outflow, or divergence, is
observed above 5 km, the 500-hPa level (Fig. 6b). The
inflow velocity reaches a maximum value of 5 m/s at
a height of 300 m, and the maximum outflow velocity
of 3 m/s occurs at 7400 m. In Fig. 6c, one can note the
intense vertical rise of air in the eyewall at a distance of
60 km from the cyclone center throughout the tropo-
sphere, with a maximum velocity of 0.3 m/s at a height
of 2 km at the 700-hPa level, and a weak subsidence in
the eye with a maximum velocity of 0.06 m/s.

The main mechanism for producing the primary
circulation is the generation of vertical vorticity due to
the stretching of vortex tubes [2, 27]. The low-level
vertical air column, with planetary vorticity on the
periphery of the cyclone, stretches owing to conver-
gence as it approaches the center of the cyclone, so
that the column’s vorticity increases. In other words,
this means the conservation of absolute angular
momentum in the process of low-level convergence.
The ring of the rotating air contracts owing to conver-
gence, and the azimuthal velocity intensifies. If Vθ = 0
at the edge of the cyclone at the distance R from the
center, the law of conservation of the absolute angular
momentum gives M = Vθr + fr2/2 = fR2/2 = const. With
decreasing r, the azimuthal velocity Vθ must increase.
Moreover, nearer to the center, the ring of air rises
upward because of its stretching in the vertical, the
convergence and radial velocity decrease rapidly start-
ing at the radius Rmax, and the azimuthal velocity
reaches its maximum at r = Rmax. The relationship
between Rmax and Vθmax can be roughly estimated if it is
assumed that convergence begins to develop from the
shore of the sea, i.e., at R = 200 km; then, Vθmax = f(R2 –

)/2Rmax = 27 m/s, which coincides with the real
value. At upper levels, the ring stretches because of
divergence, so that the rotational velocity Vθ drops and

Rmax
2

becomes even negative [1, 2]. Indeed, the vorticity in
tropical cyclones is negative on the periphery at upper
levels.

At lower levels, the absolute angular momentum is
not conserved, because of friction. As can be seen
from Fig. 6d, it drops with a decrease in r. At upper
levels, the absolute angular momentum is conserved
exactly, and the lines of M follow the streamlines of
the secondary circulation more closely.

The mechanisms for producing the secondary cir-
culation are associated with heating, in addition to
friction; therefore, we discuss a thermodynamic axi-
symmetric structure of the cyclone first.

Thermodynamics

In a typical tropical cyclone, intense cumulus con-
vection is concentrated in the eyewall. In this region,
specific and relative humidity is extremely high and the
density of hydrometeors, such as cloud particles, rain-
drops, cloud ice, snow, and graupel, reaches large val-
ues. In addition, precipitation rates reach maximum
values in the eyewall. Outside the eyewall, clouds and
precipitation are organized in several spiral bands. The
eye itself is often nearly free of clouds, and the air in the
eye is very dry owing to subsidence [2, 28].

There was a similar picture in the Black Sea
cyclone. Convection was intense in all stages of the
cyclone. Convective clouds and convective precipita-
tion were concentrated in the eyewall with a radius of
about 60 km. The azimuthally averaged distribution of
the hydrometeor density qh(r, z) and of specific humid-
ity q(r, z) at 12:00, September 27, is shown in Figs. 7a
and 7b. For specific humidity, its deviations ∆q(r, z)
from the horizontal mean are also shown. As can be
seen, the density of hydrometeors has maximum val-
ues of 0.7 g/kg in the slantwise eyewall. The anomaly
of specific humidity reaches a maximum in the eye-
wall, with large values of 0.9 g/kg aloft. In contrast,
the air in the eye is dry. A similar distribution for rel-
ative humidity shows that the relative humidity is
above 95% in the eyewall and less than 15% in the
upper part of the eye. The horizontal cross sections at
different levels show that clouds and precipitation out-
side the eyewall are organized in spiral bands, with a
typical radius of the entire cloud system equal to
150 km, which corresponds to that in Fig. 4a. The rate
of precipitation in the eyewall is 10 cm/day in the
order of magnitude.

A tropical cyclone, unlike the midlatitude low, nor-
mally has a warm core. For vigorous tropical hurri-
canes, the temperature anomaly at the center of the
hurricane relative to its environment reaches 16°ë,
with a maximum value at a level of 200 to 400 hPa
[22]. The Black Sea cyclone likewise has a warm core.
Figure 7c displays the distribution of the azimuthally
averaged potential temperature θ(r, z) and of its devi-
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ation from the horizontal mean ∆θ(r, z) at 12:00, Sep-
tember 27. As can be seen from Fig. 7c, the cyclone
has a warm core with the maximum potential-temper-
ature anomaly ∆θ = 4.5 K in the eye at a height of
6 km, the 550-hPa level. The temperature anomaly in
the warm core is ∆T = 3°ë. The warm core is the cause
of the lower sea-level pressure at the center of the
cyclone relative to its periphery. To a first approxima-
tion, this pressure anomaly may be estimated from
hydrostatics, which is fulfilled in the Black Sea
cyclone as will be shown below. From the hydrostatic
equation and the equation of motion, the difference ∆p
between sea-level pressures at the center of the
cyclone and at its edge can be determined: ∆p ≈
p0gH∆T/RT2, where p0 is the sea-level pressure and H
is the height of the cyclone. Setting p0 equal to 1000 hPa
and taking H = 9500 m, ∆T = 3 ä, T = 265 K, where ∆T
is the height-averaged anomaly of temperature at the
cyclone center and T is the height-averaged air tem-

perature on the periphery, which are known from the
simulation, we obtain ∆p ≈ 14 hPa, an estimate close
to the calculated result of 16 hPa.

At the isobaric surface, the radial temperature gra-
dient is adjusted to the vertical shear of the azimuthal
wind velocity through the thermal-wind approxima-
tion. The presence of a warm core in the eye of the
cyclone means a decreased velocity in the eyewall
with height, a result that corresponds to Fig. 6a. Apart
from the warm core in the eye, there is a thermal inver-
sion at 3 km, which separates dry air above and moist
air below. This inversion suppresses deep convection
in the eye, allowing only clouds in the boundary layer.

The azimuthally averaged distribution of equiva-
lent potential temperature θe(r, z) at 12:00, September
27, is shown in Fig. 7d. In the boundary layer, the tem-
perature increases inward from the edge to the center.
The maximum of θe is at the center of the cyclone, a
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result that is explained by moist convection. We esti-
mate the balance of θe for an air parcel that travels at
a height of 500 m above sea level from the periphery
of the cyclone toward the center. The temperature θe

increases owing to the moisture flux and the sensible
heat flux from the surface of the sea and decreases
owing to the pressure drop. It can be shown that

where L is the latent heat of evaporation, Cp is the heat
capacity of air at constant pressure, and Ra is the gas
constant for air. Replacing T, q, p, and θe with their
mean values on the path of movement of the air parcel,
we estimate the increment for equivalent potential tem-
perature ∆θe. From the simulation results at 500 m
above sea level, it is found that θe = 324 ä, T = 289.7 ä,
p = 957.3 hPa, and q = 10.8 g/kg at R = 150 km, while
θe = 333.9 ä, T = 291 ä, p = 945.3 hPa, and q =
13.3 g/kg at R = 0. We find that the increment ∆θe at the
center of the eye is composed of 1.2 K from isothermal
expansion, 1.5 K from sensible heat, and 7 K from
latent heat, which add up to 9.7 K. This value is close
to the ∆θe of 9.9 K obtained from the simulation. It is
evident that the moisture flux from the sea surface plays
an important role in increasing the equivalent potential
temperature in the boundary layer. Then, this moisture
is transferred upward in the eyewall by convection, with
the result that the equivalent potential temperature
increases in the eyewall (Fig. 7d). Thus, the surface
fluxes of moisture and sensible heat are the energy
source for convection in the eyewall.

At middle levels in the atmosphere, the equivalent
potential temperature has minimum values in the eye-
wall and on the periphery of the cyclone because of
low humidity. Above these levels, there is a small
tongue of air with high θe, which is produced by sub-
sidence of stratospheric air inside the eye.

We now discuss the mechanisms of the develop-
ment and maintenance of secondary circulation. As
was noted above, the first mechanism is the release of
latent heat of condensation in the eyewall in deep con-
vection, the resulting heating of air, and the enhance-
ment of buoyancy. The higher buoyancy relative to the
periphery of the cyclone intensifies the rise of air in
the eyewall and, consequently, the low-level conver-
gence. Another mechanism includes the surface fric-
tion of the azimuthal velocity component, a primary
circulation. The rise of air produces the cyclonic vor-
ticity of primary circulation, leads to the Ekman con-
vergence owing to friction in the boundary layer, and
gives rise to an additional vertical velocity at the top
of the boundary layer.

Both theories of tropical cyclogenesis include both
of these mechanisms, CISK and WISHE, which are
discussed in detail in [24]. It is assumed that the larger

∆θe

θe
--------- L

CpT
----------∆q

∆T
T

-------
Ra

Cp

------∆p
p

-------,–+≈

contribution comes from the WISHE mechanism, in
which an additional positive feedback between the
azimuthal wind velocity and sensible and latent fluxes
from the ocean surface plays a key role: increasing
wind velocity leads to an increase in surface fluxes of
heat, which spreads upward owing to convection in
the eyewall, amplifies the air buoyancy, enhances the
low-level convergence, and intensifies the primary cir-
culation owing to the conservation of angular momen-
tum. The results of the sensitivity experiments to be
described below indicate that this mechanism is also
crucial to the Black Sea midlatitude cyclone.

5. MOMENTUM BALANCE

One of the early assumptions in the theory of trop-
ical cyclones was the hypothesis of hydrostatic and
gradient balance [1, 27]. It is assumed that the central
pressure of the cyclone is lower because of the warm
core due to hydrostatics. The radial pressure gradient
force is compensated by the centrifugal force and by
the Coriolis force associated with the azimuthal circu-
lation; i.e., the gradient balance is fulfilled. Thus, the
state of the cyclone is determined by the temperature
distribution, from which the distributions of pressure
and of the azimuthal velocity can be obtained. The
consequence of balance is a large lifetime of tropical
cyclones, which far exceeds a typical time scale, the
time of revolution. The deviations from these balances
are assumed to be small. One of the unbalanced pro-
cesses is the secondary circulation. It determines a
slow change in the balanced state. During evolution,
the tropical cyclone slowly changes from one bal-
anced state to another. Other processes that destabilize
the hydrostatic and gradient balance are fast. They
include convection with large vertical accelerations
and inertia–gravity waves (with consideration for
strong radial and vertical shear of the azimuthal circu-
lation).

The assumption of the hydrostatic and gradient
balances has been conclusively confirmed in both field
measurements [2] and numerical models [21, 29, 30].

The Black Sea cyclone examined in this paper
resembles a tropical cyclone in terms of its structure
and formation mechanism. Like the tropical cyclone,
it is a long-lived phenomenon. Five days is a long
period for typical midlatitude processes of a similar
spatial scale. It is seen from the observations and from
the numerical simulation that its evolution, growth,
and decay occurred slowly. It may be supposed that
the Black Sea cyclone, like a tropical cyclone, was
well balanced. Therefore, it is interesting to estimate
the accuracy of the gradient and hydrostatic balance
for this cyclone and to estimate relative contributions
of all forces to the equation of motion for the three
momentum components: radial, azimuthal, and verti-
cal. Doing so makes it possible to determine mecha-
nisms producing the primary azimuthal and secondary
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toroidal circulations and to estimate typical growth or
decay rates for them.

Balance of Radial Momentum

Let us calculate the balance of radial momentum
for the axisymmetric cyclone studied in this paper. In
cylindrical pressure coordinates, the equation of
motion for the radial velocity is written as

(1)

where  ≡  is the total

derivative, g is the acceleration of gravity, h is the geo-
potential, Vr and Vθ are the respective radial and azi-
muthal velocities in cylindrical coordinates, and Vz =
dp/dt is the vertical velocity in isobaric coordinates.

Equation (1) shows that the radial acceleration of
an air parcel is determined by the following forces: the

radial pressure gradient force –g , the centrifugal

force , the radial Coriolis force fVθ, and the surface

radial frictional force Fr . The Coriolis force compo-
nent with the vertical velocity is omitted because the
vertical velocity is two orders of magnitude less than
the azimuthal velocity (Fig. 6).

Each variable a is represented as the sum of the azi-
muthal mean  and the wavelike (vortex) component a',
where the overbar means the azimuthal averaging and
the prime denotes the deviation from the azimuthal
mean. Equation (1) is averaged azimuthally, in which
case the nonlinear terms yield the mean and vortex con-

tributions  =  + . The vortex contributions of
all of the nonlinear terms are small, particularly for azi-

muthal advection,  =  ≈ 0. Finally, the

equation for the balance of radial momentum becomes

(2)

Here,  is the radial advection and  is the

vertical advection.
Figure 8 shows the terms of the balance equation

for the radial momentum component at 12:00, Sep-
tember 27. The radial pressure gradient force, directed
toward the cyclone center everywhere, has the largest
magnitude (Fig. 8a). It reaches its maximum near the
surface and decreases upward; the distribution along
the radius has a maximum of –0.015 m/s2 in the eye-
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wall. The centrifugal force is directed outward from
the center, is somewhat smaller than the pressure
force, and has about the same distribution (not
shown). The distribution of the Coriolis force is the
same as that of the azimuthal velocity in Fig. 6c, but
its magnitude in the eyewall is approximately one-
fifth of the centrifugal force.

The sum of these three forces is illustrated in Fig. 8b.
It is seen that the gradient balance is fulfilled with a
sufficiently high accuracy, and the maximum value of
this sum is 0.002 m/s2, an order of magnitude less than
the pressure gradient. This means that the Black Sea
cyclone is a well-balanced system. The deviation from
the gradient balance is positive almost everywhere,
has a maximum in the eyewall, and decreases with
height. This implies that a Lagrangian air parcel expe-
riences a positive radial acceleration when it is lifted
in the eyewall, thus leading to the inclination of the
eyewall outward with height, clearly seen in Fig. 6.

To estimate a local radial acceleration, we need to
determine the radial and vertical advection of the
radial velocity. Figure 8c shows the distribution of
radial advection; it is much smaller than the preceding
terms, and a maximum value is 0.0005 m/s2. In the
lower part of the inflow layer, radial advection is neg-
ative on the periphery of the cyclone, where the inflow
accelerates, and reaches large positive values in the
eyewall, where the inflow retards abruptly (Fig. 6c). In
the upper layers of the outflow region, radial advec-
tion is positive at the inner edge of the eyewall owing
to the increased outflow rate and negative at the outer
edge of the eyewall, where the radial velocity
decreases with distance from the center.

The distribution of the vertical advection of the
radial velocity is shown in Fig. 8d. The vertical advec-
tion has the same order of magnitude as the radial
advection. It reaches large positive values in the eye-
wall region with a maximum of 0.0011 m/s2 in the
eyewall at the top of the boundary layer, where the
radial velocity changes sign with height and inflow is
replaced with outflow. The vertical advection is posi-
tive in the central part of the eyewall, negative at the
inner edge of the eyewall owing to a decrease in the
outflow rate with height at a fixed radius, and negative
at the outer edge of the eyewall owing to a change of
sign of the radial velocity (Fig. 7c).

The sum of the three forces and of the two advec-
tion terms (with a minus sign) determines a local
radial acceleration. The local radiation is shown in
Fig. 8e. It is seen that advection has compensated
more than half of the Lagrangian acceleration, and the
residual term has a maximum value of 0.001 m/s2,
positive in the eyewall and decreasing with height.
This means a local intensification of the radial out-
flow. In the boundary layer, the local radial accelera-
tion takes on large negative values, which are associ-
ated with surface drag. Figure 8f shows the radial dis-
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tribution of the radial component of wind stress,
which is negative with a maximum value of 0.32 N/m2

in the eyewall. If we take the boundary-layer depth
to be 500 m, the acceleration will then be equal to
–0.001 m/s2, a value close to that in Fig. 8d.

The main results of the analysis performed are the
sufficiently exact fulfillment of the gradient balance
and a positive Lagrangian acceleration in the eyewall,
which leads to its inclination outward with height.
Nonetheless, the maximum value of the Eulerian local
acceleration of about 0.001 m/s2 or 3 m/s per hour is
sufficiently large to characterize long-term changes in
the secondary circulation. For a more correct estima-
tion of long-term tendencies in the radial velocity, it is
probably necessary to average the balance equation
over time and to take into account the vertical and hor-
izontal friction in more detail.

Balance of Azimuthal Momentum

We now calculate the balance of the azimuthal
velocity for an axisymmetric cyclone. The equation of
motion for the azimuthal momentum is written as

(3)

Equation (3) means that the azimuthal acceleration of
an air parcel is determined by the following forces: the

azimuthal pressure gradient force –g , the inertial

force – , the azimuthal Coriolis force –fVr, and the

boundary-layer azimuthal frictional force Fθ. The Cori-
olis force component with the vertical velocity is omit-
ted. Equation (3) is averaged azimuthally, and it is taken

that  = –  = 0 and  =  ≈ 0.

Finally, the balance equation for the azimuthal momen-
tum becomes

(4)

The different terms in the balance equation for the
azimuthal momentum are presented in Fig. 9. The

inertial force –  and the Coriolis force on the

right-hand side of (4) have a qualitatively similar dis-
tribution, with the Coriolis force in the eyewall being
approximately one-fifth of the inertial force. For this
reason, Fig. 9a shows their sum alone. This sum is
positive in the lower layer of inflow and negative in
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the upper layers of outflow. Maximum positive values
in the lower layer reach 0.0024 m/s2, and negative val-
ues aloft are –0.0008 m/s2. The sum of the inertial
force and of the Coriolis force is directed rightward of
wind velocity; therefore, it produces the cyclonic
acceleration in the inflow layer and the anticyclonic
acceleration in the outflow layer. This is one of the
main mechanisms for the spin-up of the azimuthal cir-
culation in the tropical cyclone due to the action of
secondary circulation. The same was demonstrated
earlier, when the conservation of the absolute angular
momentum was considered: the low-level conver-
gence produces an increase in azimuthal velocity,
while the upper-level divergence results in its
decrease.

The distribution of the radial advection of azi-
muthal velocity is shown in Fig. 9b. It has large posi-
tive values of up to 0.0012 m/s2 in the inflow region
from the periphery to Rmax, the radius of maximum
wind, where the quantities Vr and ∂Vθ/∂r are both neg-
ative and large. At the inner edge of the eyewall,
∂Vθ/∂r is reversed in sign, as is the radial advection.
This means that radial advection leads to a local decel-
eration of rotation at the outer edge of the eyewall and
to the acceleration of rotation at the inner edge, i.e., to
the radial contraction of the cyclone. In the upper lay-
ers of the outflow region, radial advection has small
negative values of –0.0002 m/s2 because Vr is positive
and ∂Vθ/∂r is negative, i.e., leads to an additional spin-up.

The distribution of the vertical advection of azi-
muthal velocity is shown in Fig. 9c. As might be
expected, the vertical advection reaches large negative
values of –0.0012 m/s2 in the eyewall because the ver-
tical velocity is positive and the azimuthal velocity
decreases with height. This is another important
mechanism for the generation of the upper-level azi-
muthal circulation, i.e., the vertical advective transfer
of azimuthal momentum.

The sum of these two forces and of the two advec-
tion terms (with a minus sign) is presented in Fig. 9d.
It is a local azimuthal acceleration that is positive
everywhere, which suggests the increase in tangential
velocity, i.e., the spin-up of the cyclone. As can be
seen from this figure, the line of the maximum local
acceleration passes to the left of the line of maximum
velocity. This result indicates a tendency for a
decrease in the cyclone radius. These tendencies may
have induced small changes in the cyclone velocity
and radius, which are discernible in Fig. 5.

In the boundary layer, the eddy viscosity force,
which retards the azimuthal circulation, has to be
taken into account. Figure 9d shows the radial distri-
bution of the azimuthal component of wind stress at
the sea surface. It is qualitatively similar to the distri-
bution of the local azimuthal acceleration in the
boundary layer, with a maximum of 1.5 N/m2 inside
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the radius of maximum winds. If we assume that this
stress is distributed in a layer 500 m deep, the friction-
ally induced acceleration will be –0.0024 m/s2, a value
close to that in Fig. 9d.

Balance of the Vertical Momentum Component

We now calculate the balance of the vertical wind
velocity for an axisymmetric cyclone. The simplified
equation of motion for the vertical momentum in
cylindrical pressure coordinates is written as

(5)

where ρ is the air density; ρ' and h' are perturbations of
density and geopotential, respectively, relative to the
horizontally averaged values; and qc, qr, qi, qs, and qg
are the mixing ratios of cloud droplets, raindrops, cloud
ice, snow, and graupel, respectively. Equation (5)
means that the vertical acceleration of an air parcel is
determined by the following forces: the force of the

vertical gradient of pressure perturbations –g2ρ , the

buoyancy force –g , the condensed-water weight g(qc +

qr + qi + qs + qg), and the boundary-layer vertical fric-
tional force Fz. The vertical component of the Coriolis
force is omitted. By averaging Eq. (5) azimuthally, we
finally obtain

(6)

The main forces in Eq. (6) are the buoyancy force
and the vertical pressure gradient force, which com-
pensate each other. The buoyancy force is positive in
the cyclone if r < 100 km and reaches a maximum of
500 m s–1 h–1 in the eye of the cyclone at 550 hPa,
where the warm core is most heated. The residual
terms in the eyewall are one or two orders of magni-
tude smaller than the buoyancy force. This circum-
stance means that the hydrostatic approximation in the
eyewall is applicable with a high degree of accuracy.
However, in the eyewall, where the vertical accelera-
tion is on the same order of magnitude as the buoy-
ancy force, the hydrostatic approximation is inappli-
cable. The weight of the condensed water has no large
effect on the hydrostatic equilibrium, because it is one
or two orders of magnitude smaller than the buoyancy
force. The advective terms and the local derivative on
the left-hand side of (6) are negligible because they
are on the order of 10–5, i.e., three or four orders of
magnitude smaller than the buoyancy force.
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The main finding of the analysis of the balance of
vertical momentum is that the hydrostatic approxima-
tion is fulfilled with high accuracy and the residual
terms are small.

6. SENSITIVITY EXPERIMENTS

In order to identify mechanisms responsible for the
formation of the Black Sea cyclone, numerical exper-
iments have been performed, and their results are
shown in Fig. 10. In each of the four experiments, the
simulation outputs were compared with the results of
the control run described above.

Removal of Latent Heat Release

It is known that the most important process in trop-
ical cyclones for the growth of a vortex is the release
of latent heat of condensation during convection in the
eyewall. To confirm the importance of this mechanism
for the Black Sea cyclone, the release of latent heat of
condensation was removed from the numerical exper-
iment. As can be seen in Fig. 10a, the cyclone failed to
be reproduced. Thus, the release of latent heat, as
might be expected, is one of the key processes in the
formation of the cyclone.

Removal of Surface Heat Fluxes

All studies of tropical cyclones with the help of
numerical models show the importance of the latent
(and possibly sensible) heat flux at the sea surface, as
was suggested in [31]. In [26], it was assumed that the
intensification and development of tropical cyclones
occur solely owing to the heat fluxes from the sea sur-
face that are induced by the cyclones themselves and
that even the convective available potential energy of
an undisturbed state makes no significant contribu-
tion. Later, in [32], with the help of a simplified
model, it was shown that a tropical cyclone may
develop in an atmosphere neutrally stable with respect
to cumulus convection. As the cyclone of interest
resembles a tropical cyclone, we estimate how the
fluxes of sensible and latent heat from the sea surface
influence its development.

The numerical experiment without these fluxes
produced only a very weak cold-core cyclone that
filled by September 28. The depth of the cyclone with
no heat fluxes decreased substantially relative to the
depth of the control cyclone, with a depth difference
of 15 hPa (Fig. 10b). The surface wind speed likewise
decreased by a factor of 2.5. The fact that the cyclone
originated indicates the presence of the background
convective available potential energy in the initial
conditions. Moreover, the temperature at the center of
the cyclone decreased significantly in this experi-
ment. In contrast to the control cyclone, the tempera-
ture of the core in the cyclone with no heat fluxes was
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from –1 to –2.5°ë lower than the temperature of its
environment.

Thus, the surface heat fluxes appear to play an
important role in storm development. This result
agrees with the WISHE theory [26], in which the sur-
face heat fluxes are assumed to be the main mecha-
nism of positive feedback in the air–sea interaction
processes. In connection with this, the following
experiment was performed to estimate the sensitivity
of the vortex to the variation in positive feedbacks in
the ocean–atmosphere system. The simplest way of
estimating such positive feedbacks was to impose a
restriction on the surface wind speed.

Restriction on the Surface Wind Speed

We limit a positive feedback between the heat
fluxes and the wind speed by restricting the wind
speed in the simulation of heat fluxes to 10 m/s, i.e.,
by reducing the nonlinear interaction between the heat
fluxes and the circulation of the vortex. This proce-
dure does not eliminate the interaction completely; the
heat fluxes also increase owing to the increased air–
sea temperature difference and to the increased differ-
ence in specific humidity at the surface and at the top
of the boundary layer.

The following deviations from the control run have
been obtained in the numerical experiment. First, the
depth of the cyclone decreased: the difference

between minimum central pressures of the control
cyclone and of the cyclone with the limited heat fluxes
reaches 7 hPa. Second, the track of the cyclone
changed significantly: the cyclone did not wander any
longer in the limited southwestern part of the Black
Sea, but, traveling along the south coast, moved east-
ward (Fig. 10c). Therefore, restricting the surface
wind speed produced a decrease in the heat fluxes. The
heat fluxes decreased most significantly in the cyclone
and especially under the eyewall. In the ambient atmo-
sphere, where the surface wind speed was rarely
above 10 m/s, no changes occurred.

Removal of Cooling Due to Evaporation 
of Hydrometeors

In this experiment, the cooling due to the evapora-
tion of cloud droplets and raindrops was removed. As
a result, the cyclone was very vast and deep because
of a strong unrealistic overheating (Fig. 10d). It was
also located in a different area of the sea. This experi-
ment points to the need to correctly parametrize phys-
ical processes in the simulation of the cyclones in
which convection is an important factor.

CONCLUSIONS

The paper presents results of the simulation of a
quasi-tropical cyclone—rarely observed in the Black
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Fig. 10. Results obtained from sensitivity experiments. Sea-level pressure (hPa) at 12:00, September 27, with removal of (a) latent
heat release, (b) surface heat fluxes, (c) restriction of surface wind speed, and (d) with no cooling due to evaporation of hydrome-
teors. 
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Sea region—which developed in early September
2005. The MM5 nonhydrostatic regional atmospheric
circulation model was used, with the initial and
boundary conditions taken from the operational global
analysis.

The model has successfully reproduced the main
properties of the cyclone and provided a detailed anal-
ysis of its structure, evolution, and physical proper-
ties.

First, the model has reproduced the evolution of
the cyclone from September 25 to September 29, i.e.,
its growth, mature stage, and decay. Second, the
model has described the track of the cyclone center:
for five days, the vortex was wandering slightly in the
southwestern part of the Black Sea. Third, the near-
axisymmetric shape of the vortex with spiral cloud
bands has been simulated. Fourth, the sizes of the
cyclone were found to be close to the observed ones:
the radius of maximum winds of 60 km and the radius
of the cloud system equal to 150 km. Finally, the
model has simulated the maximum surface wind
speed in excess of 20 m/s.

In addition, the model has reproduced other proper-
ties of the cyclone that defy measurement. In particular,
these properties include the primary circulation, with a
surface maximum of the azimuthal wind velocity and
with a gradual decay upward to the 300-hPa level, the
secondary circulation with the low-level convergence,
the rise of air in the eyewall, and upper-level diver-
gence. Numerical simulations have shown that the
cyclone has a cloud-free eye, where the air subsides,
and a warm core at the center with an overheating of
3°ë. Clouds and precipitation are concentrated in the
eyewall consisting of several spiral bands. The total flux
of sensible and latent heat reached very large values, up
to 1000 W/m2. Maximum values of the equivalent
potential temperature were about 350 K.

The components of the balance of the radial, azi-
muthal, and vertical momentum in the cyclone have
been estimated, thereby confirming that the hydro-
static and gradient balances were fulfilled in the
mature stage of the quasi-tropical cyclone. Numerical
sensitivity experiments have been performed to dem-
onstrate that the two important physical processes
generating tropical cyclones, i.e., the transfer of sen-
sible and latent heat from the ocean to the atmosphere
and the transfer and release of moisture and heat in the
upper atmosphere, are also crucial to the development
of the Black Sea cyclone. Thus, it can be regarded
with confidence as an extensively investigated tropical
cyclone, although not all necessary requirements for
the formation of tropical cyclones were satisfied. In
particular, the commonly accepted requirement for the
tropical cyclones to develop is a water temperature
above 26–27°ë, whereas the Black Sea cyclone origi-
nated at a much lower water temperature of 23°ë.
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