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Грозы (Thunderstorms)
n A thunderstorm — облако или скопление облаков.
n Компактная область облака, имеющая сильные вертикальные 

восходящие потоки, называется грозовой ячейкой.
n Обычные ячейки могут иметь диаметр в несколько км.
n Не все грозовые ячейки могут вызывать торнадо.



n Торнадо называют воронкообразными структуры до того, 
как они достигнут поверхности земли.

n Торнадо состоят из влажного воздуха.
n Точные процессы их формирования пока не известны.



n Диаметр торнадо составляет 100–600 м (в среднем).
n Торнадо длятся от нескольких секунд до более часа, 

но большинство длится менее 10–20 минут.
n Средняя длина пути ~7 км (самый большой 470 км, 

длился 7 часов в Иллинойсе и Индиане в 1917 
году).

n Размер и форма торнадо не являются мерой его 
силы. Иногда небольшие торнадо наносят 
значительный ущерб, а некоторые очень большие 
торнадо наносят лишь легкий ущерб.



Структура торнадо

Multiple-vortex tornado Single cell tornado

Davis-Jones [1986].

b. Одноячеистый вихрь.

c. Распад вихря над поверхностью.

d. Двухячеистый вихрь с нисходящим 
потоком, проникающим к поверхности.

d. Множественные вихри, вращающиеся 
вокруг центра, разделяющего ячейки.



“ Простая “ модель торнадо

Первоначально имеется область 
вращающегося воздуха с заданным профилем 
скорости вращения, некоторым характерным 
радиусом и высотой, расположенная на 
некотором расстоянии от земли (локальный 
первичный вихрь в суперячейке).



Система координат (r, j, z). 

Вращение осесимметрично. 

– радиальная скорость

– тангенциальная скорость

– вертикальная скорость

the temperature distribution. However, these parameters can influence
the behavior of vorticity near the surface.

A formal definition of long-lived supercells does not exist (i.e.,
only nebulous definitions appear in the literature). Long-lived super-
cells are arbitrarily defined as supercells that persist in a quasi-steady
manner for more than 4 h; moderate-lived supercells are defined as
supercells whose lifetime is between 2 and 4h; and short-lived super-
cells are defined as supercells with lifetimes less than 2 h (see Ref. 4).
As was reported in Ref. 5, the production of tornadoes by the two
supercell classes (long-lived and short-lived) revealed a great differ-
ence. For example, the percentage of long-lived supercell events that
produced strong and violent tornadoes was over four times the value
for short-lived supercell events (35% vs 8%). For the 184 long-lived
supercell events, 66 (or 36%) of the produced tornadoes were stronger
than F2 category, but for the 119 short-lived supercell events, only 9
(or 8%) of the produced tornadoes were stronger than F2 category.4

The long-lived supercells, when compared with short-lived supercells,
have a much greater tendency to be isolated and discrete, thereby lim-
iting adjacent storm interactions and potentially destructive mergers.
Because of this, the production of F2! F5 tornadoes appears to be
enhanced for long-lived supercells (although other factors, such as
low-level shear and cloud-base height, are equally or even more impor-
tant for tornadogenesis28). Consequently, the less isolated supercells
are, the greater the likelihood they will experience destructive mergers
and be short-lived, potentially curtailing their production of F2! F5
tornadoes. Therefore, it can be assumed that in long-lived storms, the
external force supporting the forming tornadoes acts for a long time,
and the external force becomes a significant factor in describing the
evolution of tornadoes.

The main objective of this work is to study the influence of the
external force, which maintains the vorticity of the parent vortices
(PVs) elevated above the surface, and the temperature field on the evo-
lution of the vortex, which is formed over time near the surface. In this
sense, the numerical study is carried out taking into account the char-
acteristics of the distribution of the temperature field, in which the for-
mation of an anomalous temperature profile is possible. Here are
presented the characteristics of tornado-like vortices, taking into
account all three components’ velocity vector simultaneously, along
with pressure and temperature, obtained in the Boussinesq approxima-
tion, which are formed in the presence of the PVs shaped like a
Burgers vortex (see also Ref. 14).

MODEL
In Ref. 14, based on a simple hydrodynamic model without exter-

nal force and temperature influence, the formation of vorticity near the
surface from PVs of various types was studied. Although the velocity
profile of the PV raised above the surface affects the vorticity parameters
near the surface during the evolution process (in particular, during their
formation and life near the surface), this process basically follows one
scenario. The initial PV forms two spiral vortices of different signs,
located vertically, one above the other, which move down to the surface.
When moving, the lower vortex is compressed in the horizontal direc-
tion, and strong vorticity is formed near the surface. In some cases, the
top vortex reaches the surface, resulting in a relatively weak increase in
vorticity near the surface with time. Without an external force support-
ing the PV, vorticity at all heights disappears over time.

In the present work, we consider the formation and evolution of
vorticity near a surface within the framework of a two-dimensional

axisymmetric hydrodynamic model in the Boussinesq approximation
in the presence of PV located at a certain height on the surface. At the
same time, the PV has the initial Burger’s shape,14 which is supported
by an external force. In comparison to Ref. 20, this force is a somewhat
artificial term that ought to maintain a specific zone of the initial PV
and prolong its natural dissipation.

The core of the PV (PVC) is considered to be the cylindrically
shaped region of rotating fluid with some characteristic radius R and
height H. The PV’s base surface is at some initial altitude h from the
ground boundary surface. In contrast, the other boundaries of the fluid
environment are taken far away from PVC to minimize their influence
on the main flow evolution (see Fig. 1).

The axisymmetric equations are given in cylindrical coordinates
and are realized on lr " lz , 2D domain (see Fig. 1),
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FIG. 1. Schematic description of the model.
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The equations are represented in dimensionless form, where the radius
of the initial PVC and its initial tangential velocity at that radius are
taken as characteristic length and velocity of the model, respectively. In
addition, the temperature at the ground surface is taken as a reference
temperature value.

The parameters u, v, and w are the radial, tangential, and vertical
components of the velocity field, whereas p, q, and T correspond to
the fluid’s pressure, density, and temperature fields, respectively. g is
the gravitational acceleration term. The dimensionless numbers Re
and Pr represent the Reynolds number and the Prandtl number of the
model, respectively. For the present simulation, Re¼ 2000 was set,
which is in the range of Reynolds numbers relevant to dimensional
scales of tornado-like vortices (see Refs. 21 and 34). Since typical values
of the Prandtl number for atmospheric (and often laboratory) condi-
tions vary from 0.7 to 1 (see Ref. 15), Pr¼ 1 was chosen in the
simulation.

The term Aðr; z; tÞ in Eq. (2) stands for azimuthal force per fluid
density, as mentioned earlier. We define A0ðr; z; tÞ as
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Then, Eq. (2) gives @v
@t ¼ 0 everywhere in the fluid environment, which

means the initial TVC spatial distribution is held constant everywhere
in the fluid environment as time goes by. Next, using K functions (see
Appendix A), we obtain Aðr; z; tÞ to restrict the force action only to
the limited region of the fluid, which coincides with the initial location
of the PV (see Fig. 2),

Aðr; z; tÞ ¼ A0ðr; z; tÞKð0:9lr; lr ; rÞKðhþ 0:1H; h; zÞKðhþ H; lz; zÞ:
(7)

The Boussinesq term Bðr; z; tÞ in Eq. (3), which refers to the ther-
mal buoyancy force field in the model, is evaluated in the following
way:

Bðr;z; tÞ ¼ gbT0 Tðr;z; tÞ% 1½ ' (Kð0:85lr;0:95lr ; rÞ (Kð0:8lz;0:9lz ;zÞ;
(8)

where T0 and b stand for the temperature at the ground surface and
the coefficient of thermal expansion for air at that temperature.
Moreover, K functions restrict the force action only to a specific fluid
region and ensure its smooth spatial decay at r¼ lr and z¼ lz bound-
aries. This is due to the requirement to decrease unwanted boundary
effects on the fluid evolution (see Fig. 3).

The initial conditions are

pðr; z; 0Þ ¼ p0 % g ( z; (9)

Tðr; z; 0Þ ¼ 1% d ( z; (10)

uðr; z; 0Þ ¼ wðr; z; 0Þ ¼ 0: (11)

Here, p0 refers to ground surface normalized pressure, whereas d
represents the initial environmental lapse rate.

The initial Burgers PV vortex profile (see Ref. 14) in our calcula-
tion is

vðr; z; 0Þ ¼ a 1% e%k1r2ð Þ
r

( Kð0:9lr ; lr ; rÞ ( Kðh; 0; zÞ ( Kðhþ H; lz; zÞ:

(12)

FIG. 2. Schematic description of the azimuthal force spatial distribution relative to
PVC.

FIG. 3. Schematic representation of the spatial distribution of Bðr; z; tÞ relative to
PVC.
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A – азимутaльная компонента
 внешней силы.
B – сила плавучести.
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external force supporting the forming tornadoes acts for a long time,
and the external force becomes a significant factor in describing the
evolution of tornadoes.

The main objective of this work is to study the influence of the
external force, which maintains the vorticity of the parent vortices
(PVs) elevated above the surface, and the temperature field on the evo-
lution of the vortex, which is formed over time near the surface. In this
sense, the numerical study is carried out taking into account the char-
acteristics of the distribution of the temperature field, in which the for-
mation of an anomalous temperature profile is possible. Here are
presented the characteristics of tornado-like vortices, taking into
account all three components’ velocity vector simultaneously, along
with pressure and temperature, obtained in the Boussinesq approxima-
tion, which are formed in the presence of the PVs shaped like a
Burgers vortex (see also Ref. 14).

MODEL
In Ref. 14, based on a simple hydrodynamic model without exter-

nal force and temperature influence, the formation of vorticity near the
surface from PVs of various types was studied. Although the velocity
profile of the PV raised above the surface affects the vorticity parameters
near the surface during the evolution process (in particular, during their
formation and life near the surface), this process basically follows one
scenario. The initial PV forms two spiral vortices of different signs,
located vertically, one above the other, which move down to the surface.
When moving, the lower vortex is compressed in the horizontal direc-
tion, and strong vorticity is formed near the surface. In some cases, the
top vortex reaches the surface, resulting in a relatively weak increase in
vorticity near the surface with time. Without an external force support-
ing the PV, vorticity at all heights disappears over time.

In the present work, we consider the formation and evolution of
vorticity near a surface within the framework of a two-dimensional

axisymmetric hydrodynamic model in the Boussinesq approximation
in the presence of PV located at a certain height on the surface. At the
same time, the PV has the initial Burger’s shape,14 which is supported
by an external force. In comparison to Ref. 20, this force is a somewhat
artificial term that ought to maintain a specific zone of the initial PV
and prolong its natural dissipation.

The core of the PV (PVC) is considered to be the cylindrically
shaped region of rotating fluid with some characteristic radius R and
height H. The PV’s base surface is at some initial altitude h from the
ground boundary surface. In contrast, the other boundaries of the fluid
environment are taken far away from PVC to minimize their influence
on the main flow evolution (see Fig. 1).

The axisymmetric equations are given in cylindrical coordinates
and are realized on lr " lz , 2D domain (see Fig. 1),
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FIG. 1. Schematic description of the model.
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§ Начальный профиль
Fluid Dyn. Res. 55 (2023) 025503 A Elikashvili and E Golbraikh

Figure 3. Examples of initial vortex profiles. (a) Burgers profiles for control parameters
k1 = 2, 4, 6.; (b) Vatistas profiles for control parameters k2 = 2, 4, 6..

Thus, the profiles of the initial vorticity considered in this work make it possible to simulate
a spectrum of situations near the surface. On the one hand, the velocity in a relatively narrow
core can increase quickly and decrease relatively quickly outside it, as in the case of Burgers
with sufficiently large k1. On the other hand, the core of the vortex can be relatively broad at
k1 = 2. In addition, the velocity drops outside the core may be gentler, as in the case of the
Vatistas vortices.

The numerical solution is realized on a domain with 400× 400 grid points, regularly spaced
in radial and vertical directions. This approach is based on the finite difference method. Appro-
priate stability conditions are applied to ensure the solutions convergence. A detailed descrip-
tion of the numerical scheme can be found in Griebel et al (1998). For current simulations we
chose Re= 2000 like in Elikashvili et al (2017).

3. Results

3.1. Profiles evolution

As noted earlier, the Rankine vortex profile is asymptotic of the Vatistas profile. Consequently,
without loss of generality, one can consider the vortices of Burgers and Vatistas. The vor-
tex time evolution simulation results for the Burgers and Vatistas initial shapes with the
different control parameters and initial heights are presented below. Figures 4 and 5 show
the spatial distribution of the velocity components and pressure for different moments in
time. On the velocity field images, contrast maps describe the intensity of the azimuthal
component of the velocity, while arrows refer to the radial/vertical velocity component
vector.

The pressure field inside the vortex core decreases, which causes the formation of a radial
flow directed to the vortex axis near the surface (see figures 7 and 9). This flow, in turn,
forms a vertically upward flow along the axis of the vortex. At the upper boundary of the
vortex, a radially inward flow is also formed, which in turn forms vertically downward flows.
These updrafts and downdrafts inside the core collide at a certain height, creating a boundary
separating two helical vortices: the lower and upper. In this case, due to the radial pressure
gradient between the inner and outer parts of the vortex, the core radius decreases, and the
azimuthal velocity component increases due to the conservation of angular momentum. This
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Figure 2. Spatial distribution of areas in the model.

Also, we take the relevant reference value of the pressure to complete the boundary conditions.
This value is taken far away from the evolving flows:

p(lr,0, t) = P0. (15)

As mentioned earlier, along with the Rankine profile, the Burgers and Vatistas profiles will be
used as the initial azimuth velocity profiles. For these profiles, the initial conditions are given
as follows:

(I) Burgers vortex profile:

v(r,z,0) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

α
(
1−e−k1r

2)

r · z
2

h2 , r,z ∈ D1 ∪D2
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(
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2)
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α
(
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2)

r · (z−lz)2

(h+H−lz)2
, r,z ∈ D5 ∪D6

. (16)

(II) Vatistas vortex profile:

v(r,z,0) =

⎧
⎪⎪⎨

⎪⎪⎩

βr
(1+r2k2 )1/k2

· z
2

h2 r,z ∈ D1 ∪D2
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βr
(1+r2k2 )1/k2

· (z−lz)2
(h+H−lz)2

r,z ∈ D5 ∪D6

. (17)

Parameters α and β are used to calibrate maximum values of the profiles to be 1 for every
case.

As shown in the picture 3(a), for Burgers profiles, the key parameter k1 affects the position
of the maximum value (radius of the vortex core) of the function, as well as its growth/decay
rate. On the other hand, in the Vatistas case (figure 3(b)) position of the function maximum is
unaffected when key parameter k2 is changing. In contrast, the growth/decay rate does variate
with k2. It should be noted that with increasing parameters k1 and k2, the energy of the initial
vortex decreases. At the same time, in the Burgers vortices, it falls more strongly than in the
Vatistas vortices.
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Helicity                         Vorticity

hin=0.5.
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a) 2.5; 
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Зависимость DPdyn от hin



Профили компонент скорости 
на h=0.1 для различных hin



Эволюция исходной завихренности (𝛿 = 0)

hin=0.5.

increases again [Fig. 7(b)], that leads to the decrease in pressure in the
center and increase in MAV (MAV’ 0:85) at r ’ 0:0125.

Figures 8 and 9 show the change in VVC fluxes as a function of
time. It is clearly seen that the main contribution to the vorticity incre-
ment near the surface is done by the horizontal flow /ð2Þ

C through the
surface S2, and the flow of /ð3Þ

D through the surface of S3 is mainly
responsible for dissipation. VVC flows /ð1Þ

D and /ð2Þ
D are less intense

and can change sign over time.
As shown in Fig. 8, at the first stage (short times) of increasing/

decreasing vorticity near the surface, vertical flows of vorticity (/ð1Þ
D

and /ð2Þ
D ), and strong radial flow of one (/ð2Þ

C ) are formed [Figs. 9(a)
and 9(b)]. This reflects the picture that was described earlier. At the

same time, dissipation (/ð3Þ
D ) increases. This happens in both the first

and second cases in Fig. 5.
After the initial active phase, near the surface, the MAV decreases

to minimum values #0:06 (see Fig. 5). At this time, the vorticity flux
is minimal and occurs through the surface S1, and after some time, it
will stop (see Fig. 8). Since the external force continues to support the
PV, the system goes into a state similar to the initial one. However,
inside the PV, there is already a vertical flow directed downward.
Nevertheless, after time, a horizontal flow is again formed near the sur-
face, directed toward the axis of rotation [see Fig. 7(c)]. It leads to an
increase in vorticity, although not as large (’0:5) at r $ 0:2. As in the
beginning, the main flow of VVC is associated with horizontal transfer
/ð2Þ
C and dissipation with /ð3Þ

D (Fig. 8). In this case, oscillations of the
MAV and VVC flows are formed. These oscillations are associated with
competition between the decrease/increase in dynamic pressure near the
rotation axis and azimuthal component of speed. A drop in pressure
leads to an increase in /ð2Þ

C toward the axis of rotation, and an increase
in pressure leads to a decrease in /ð2Þ

C . Parallelly, the oscillation of dissi-
pation /ð3Þ

D occurs. Subsequently, the near surface vortex (NSV) remains
approximately constant in time, as follows from the results presented.

Also we notice that, whenever /ð2Þ
C increases significantly, abso-

lute value of /ð3Þ
D term increases accordingly too and vice versa. This

means that the higher the NSV intensification rate, the higher its dissi-
pation rate due to the friction with the ground surface. The sign of /ð2Þ

D
throughout the evolution process allows us to track whenever the
VVC at r0 ¼ 0:3 (radius of the sample surface, see Fig. 4) is higher
than at the outside environment, which can give us some indication of

FIG. 5. MAV and its radial position time
evolution at d¼ 0.

FIG. 6. Velocity field distribution at sample times at d¼ 0. (a) corresponds to
t¼ 6.3 and (b) to t¼ 8.5. The color corresponds to the magnitude of the azimuthal
component of the velocity field, and the arrows reflect the total velocity field.
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increases again [Fig. 7(b)], that leads to the decrease in pressure in the
center and increase in MAV (MAV’ 0:85) at r ’ 0:0125.

Figures 8 and 9 show the change in VVC fluxes as a function of
time. It is clearly seen that the main contribution to the vorticity incre-
ment near the surface is done by the horizontal flow /ð2Þ

C through the
surface S2, and the flow of /ð3Þ

D through the surface of S3 is mainly
responsible for dissipation. VVC flows /ð1Þ

D and /ð2Þ
D are less intense

and can change sign over time.
As shown in Fig. 8, at the first stage (short times) of increasing/

decreasing vorticity near the surface, vertical flows of vorticity (/ð1Þ
D

and /ð2Þ
D ), and strong radial flow of one (/ð2Þ

C ) are formed [Figs. 9(a)
and 9(b)]. This reflects the picture that was described earlier. At the

same time, dissipation (/ð3Þ
D ) increases. This happens in both the first

and second cases in Fig. 5.
After the initial active phase, near the surface, the MAV decreases

to minimum values #0:06 (see Fig. 5). At this time, the vorticity flux
is minimal and occurs through the surface S1, and after some time, it
will stop (see Fig. 8). Since the external force continues to support the
PV, the system goes into a state similar to the initial one. However,
inside the PV, there is already a vertical flow directed downward.
Nevertheless, after time, a horizontal flow is again formed near the sur-
face, directed toward the axis of rotation [see Fig. 7(c)]. It leads to an
increase in vorticity, although not as large (’0:5) at r $ 0:2. As in the
beginning, the main flow of VVC is associated with horizontal transfer
/ð2Þ
C and dissipation with /ð3Þ

D (Fig. 8). In this case, oscillations of the
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Эволюция исходной завихренности (𝛿 = 0.007)

hin=0.5.

the NSV concentration level. In particular, whenever /ð2Þ
D < 0, the

NSV can be regarded as relatively concentrated (at the given altitude).
It is clear that for /ð2Þ

C > 0, this corresponds to time intervals of
increasing MAV values, and for /ð2Þ

C < 0, we obtain a significant
decrease in MAV. Then, the low MAV stage corresponds to a time
interval when all VVC flow terms are close to zero.

d50:007
Now, we set the environmental lapse rate to be d ¼ 0:007 in Eq.

(18). We consider temperature field influence on the evolution of the
NSV. As it is shown in Fig. 10 at short times, the behavior of the MAV
differs little from its behavior at d¼ 0.

In contrast to the case when d¼ 0, temperature affects the behav-
ior of the MAV. The vertical flow associated with the temperature

gradient [see Fig. 14(a)] leads to the fact that at t $ 60, a noticeable
vortex appears near the surface, which is connected, as before, with an
increase in /ð2Þ

C (Fig. 11).
However, the radius of this vortex is r $ 1 (see Fig. 12). As noted

above, the main vortex flow is associated with the horizontal transfer
and dissipation of Sð3Þ of the surface. Figure 13(a) shows the VVC field
profiles at t¼ 60.09. It can be seen that the intensity at this moment is
quite high on the vortex axis near the surface, which gradually
decreases with distance from the center of the vortex. Also, the VVC
effective flux density is directed radially away at the nearby altitudes of
the high VVC concentration zone, which means that VVC intensity is
scattered to larger radial distances at those areas. Such a picture corre-
sponds to the stage of vortex development where a lowly concentrated
NSV loses its intensity while its core radius expands.

FIG. 9. f and~J eff at sample times at d¼ 0. (a) corresponds to t¼ 6.3 and (b) to t¼ 8.5. The color corresponds to the magnitude of the vertical vorticity component, and the
arrows reflect VVC effective flux density.

FIG. 10. MAV time evolution at d ¼ 0:007.
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FIG. 14. Temperature field at sample times at d ¼ 0:007. (a) corresponds to t¼ 60.09, (b) to t¼ 100.35, (c) to t¼ 130.6, and (d) to t¼ 193.77.

FIG. 15. MAV time evolution for d ¼ "0:007.
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FIG. 15. MAV time evolution for d ¼ "0:007.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 056606 (2024); doi: 10.1063/5.0208833 36, 056606-11

Published under an exclusive license by AIP Publishing

 07 M
ay 2024 16:02:21

The influence of the external force supporting the PV and tem-
perature distribution becomes significant sometime after the increase
and decrease in the NSV at the initial stage. The influence of the tem-
perature field on the behavior of the NSV depends on the initial
value of the environmental lapse rate (parameter d). If d ! 0, then
after the first stage, the NSV becomes weak, and the vorticity maxi-
mum shifts toward higher altitudes. However, at d < 0, the NSV
becomes smaller than at the first stage but does not disappear. After
a sufficiently long time, the vorticity on the surface, both at d ! 0
and at d < 0, reaches a value of 0.5–0.7 of the PV vorticity and
changes insignificantly.

In conclusion, we would like to note that the considered approxi-
mation can satisfactorily reproduce some of the observed characteris-
tics of tornado-like vortices observed in real conditions.
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FIG. 19. Temperature field at sample times at d ¼ %0:007. (a) corresponds to t¼ 39.43, (b) to t¼ 68.05, (c) to t¼ 94.17, and (d) to t¼ 152.18.
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Заключение
n В процессе эволюции исходного вихря образуются два вихря, 

расположенных друг над другом. Нижний вихрь может опускаться по 
высоте и достигать поверхности. 

n Эволюция поля динамического давления приводит к сжатию вихря с 
сохранением углового момента.

n Если начальная высота исходного вихря больше (0.7 – 0.8)R, то 
завихренность на поверхности отсутствует. 

n В присутствии внешних сил, формирование сильной завихренности 
вблизи поверхности на малых временах определяется ее дрейфом  вниз к 
поверхности. При этом, наличие сил не играет заметной роли. 

n Влияние внешней силы, становиться заметным на относительно больших 
временах. 

n Влияние поля температуры на завихренность зависит от значения 
градиента температуры окружающей среды. Наибольшее влияние на 
интенсивность завихренности вблизи поверхности происходит в 
условиях устойчивой стратификации. 

n Рассмотренный подход  может удовлетворительно воспроизводить 
некоторые наблюдаемые характеристики торнадо-подобных вихрей в 
реальных условиях.


