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Summary. A significant progress has been recently reached in a long-range forecast of such
dangerous atmospheric events as catastrophic and violent tornadoes (EF3-EF5 level). Eppelbaum
(2013) elaborated non-stochastic long-term prediction method using pattern recognition theory and
Fourier analysis. He detected a close correlation tie of the total tornado numbers per annum with
the gravity system of the Earth — Moon — Sun producing the tide forces. However, physical mean-
ing of this effect leaves undisclosed. In present work, we propose a physical-mathematical model
which elucidates the process of violent tornado initiation. It occurs in two main stages. At first, the
gravitational forces and the hurricane winds in the upper troposphere form the long tide non-linear
waves in the lower troposphere. The gale-force winds in the top troposphere arise at intrusion of
air cold masses into the warm areas and are usually connected to the fast synoptic cyclones bearing
thundery cloudiness and rains. The arisen gravitational non-linear waves rush at the speed of tide

waves V =(gH)y2 along the subcloud inversion. After this, gravitational waves fall on (and it is

absorbed into) thunderstorm supercells which are already formed inside the cold atmospheric
front. In the result of the meteorological field adaption, a pressure inside the thunderstorm super-
cells decreases, wind rotation becomes stronger and generates a violent tornado. Various environ-
mental examples illustrate an applicability of the developed approach. The theoretical results show
a good agreement with the field observations. The proposed new physical-mathematical methodol-
ogy can be conceptually applied to analysis of other environmental phenomena.

© 2019 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

more, 2012; Wurman et al., 2012; Eppelbaum, 2013;

Dangerous atmospheric events produce annual
damage of many dozens billion US $ only in the
USA (Smith and Katz, 2013; Eppelbaum and Isakov,
2015). Tornadoes are the natural processes of the
highest possible intensity in the atmosphere. Veloci-
ty of wind in the violent tornadoes exceeds
516 km/hour; therefore they generate great destruc-
tive forces. In scientific literature (e.g., Nalivkin,
1969) are given many examples of the total destruc-
tion of small towns by tornado. Therefore, the prob-
lem of their analysis is high actual (e.g., Doswell
and Burgess, 1993; Arsen'yev et al., 2000, 2001,
2004; 2010; Marshall, 2002; Drton et al., 2003;
Hirth et al., 2008; Garner, 2012; Naylor and Gil-

Eppelbaum and Isakov, 2015; Markowski and Rich-
ardson, 2014; Laing, 2015; Huang et al., 2016;
Paulikas and Schmidlin, 2017).

An influence of solar activity and Moon and
Sun gravity fields on many Earth's processes is well-
known (e.g., Chizevsky, 1976; Arsen'yev, 1995,
1998; Gadirov, 2001; Sidorenkov, 2002; Belyakov
et al., 2008; Scafetta and West, 2008; Gray et al.,
2012; Alizadeh et al., 2017) and is studied by physi-
cal, statistical, probabilistic and analytical approach-
es. The Moon-Sun gravity fields, besides atmospher-
ic phenomena, influence to the spread of epidemics
and the productivity of many crops (e.g., Chizevsky,
1976), mud volcanism (e.g., Alizadeh et al., 2017),
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earthquake triggering (e.g., Tanaka et al., 2004),
driving plate tectonics (e.g., Riguzzi et al., 2010) and
to many other analyzed and do not investigated yet
effects.

The most popular methodology for modelling
the catastrophic weather phenomena (tornado, hurri-
canes, strong wind) are: (a) the statistical approach
based on the probability density function, and (b) the
deterministic approach, basing on the numerical so-
lution the differential equations of the atmospheres-
ocean dynamics. Representation about modern sta-
tistical methods of the tornado forecast can be ob-
tained from articles: Eppelbaum (2013), Eppelbaum
and Isakov (2015) where reviews of the basic works
development in the given direction were presented.
In particular, Eppelbaum (2013) has developed a
method for the forecast of number of tornado per
year, using the historical data of tornado observation
in the USA during 63 years, from 1950 to 2012. In
the analysis of these data he revealed the maxima
(initial harmonics) in spectra of tornado which coin-
cide with the factors describing the tidal gravity
forces of the Moon and Sun (a simplified scheme of
the Earth-Moon-Sun interaction is presented in Fig-
ure 1). The maximum of 2.9 years coincides with the
Moon’s resonance period. It is the minimal period
which can be caught in a spectrum because Nyquist-
Kotelnikov's period (Nyquist, 1928; Kotelnikov,
1933) in our case is equal to two years, and the peri-
od of digitization is equal to one year. The maxi-
mum of 18.6 years corresponds to the Moon’s nodal
period. A spectrum of number of tornado per year
has also a second harmonic of the Moon’s nodal pe-
riod of 9.3 years. The maximum of 63 years is near
to the maximum of 64 years which corresponds to
the long-period part of the Moon’s gravity field var-
iations. In the tornado spectra there is also a peak 4.2
years which corresponds to the Sun activity. It de-
termines the duration of the rise from the minimum
to maximum number of sunspots during of Sun ac-
tivity (e.g., de Jager, 1959; Landscheidt, 1995,
2013). Thus, time changes in gravity fields of the
Sun — Moon — Earth system is connected with the
interannual variability of tornado series. Statistical
methods though allow predicting number of tornado
per year; however do not describe the physical
mechanism of the tornado activity relative to the
gravity fields of the celestial bodies. To clarify “how
it works”, we should attract the models of tornado
based on solutions of the equations of geophysical
hydrodynamics.

Arsen’yev et al. (2010) were done a review of
the modern numerical models allowing to calculat-
ing the structure of tornado. A lot of models repro-
ducing existential evolution and internal structure of
the weak (EFO-EF1) and strong (EF2-EF3) torna-
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does was developed. Their common shortcoming is
the simplified description of the turbulence effect
with two scales utilization. The basic scale corre-
sponds to an average wind velocity in tornado. Other
stochastic, minor scale describes the small-scale tur-
bulence. It provides the energy dissipation and re-
duces average velocity of a wind in tornado.

R = (363,104 - 406,696) x 10°m

Moon's orbit

rg=696 x 10°m

Mg=1.989 x 10%°kg

Figure 1. A simplified scheme (not to scale) of the Sun-Moon-
Earth interaction with their masses (M) and distances (R) be-
tween the Sun and Earth and Moon and Earth and radiuses (r).
Subscripts S, E and M denote Sun, Earth and Moon, respectively
(after Eppelbaum, 2019)

However, Lorenz (1953) has shown on an ex-
ample of two-dimensional model that the basic aver-
age current is stable, if all lengths of waves of the
turbulent disturbances in a flow are less than the
length of a wave of the basic current (i.e., a spectrum
of the basic current and small-scale turbulence are
not overlap). Nevertheless, if in turbulent current
there are longer components, for example, convec-
tive jets and cells, thermic bubbles, vortical rollers,
internal waves, coherent and other eddies, then spec-
trum of the basic and turbulent current have the
common zone, which is filled by mesoscale eddies.
In this case the basic current may be unstable and it
can increase in time, due to the nonlinear interaction
with the mesoscale eddies (Kardashov and Ep-
pelbaum, 2008). The theory of the mesoscale turbu-
lence stated in Arsen’yev et al. (2010) and Nikolaev-
skiy (2003) allows taking into account in an explicit
form the presence of the third intermediate
mesoscale in a spectrum of atmospheric currents.
Application of this theory to problems of calculation
of tornado and tropical hurricanes has allowed to
obtain the violent tornadoes (EF4-EF5) and super
typhoons due to amplification of the average wind
getting energy from the mesoscale eddies (Ar-
sen’yev et al., 2004, 2010). Classification of the
mesoscale eddies is presented in Arsen’yev et al.
(2010). These eddies fill thunderstorm supercell
generating tornado, or arise from the superheated
ocean surface producing tropical hurricanes. Insta-
bility and growth of the average current arise from
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performance of the special conditions which are es-
tablished by the theory of the mesoscale turbulence.
The energy and angular velocity of the mesoscale
eddies should be sufficiently large.

Different mechanism for amplification of the
weak rotatory tornadogenesis thunderstorm supercell
is the superposition of an average wind inside this
supercell and the long tidal gravitational wave in the
troposphere attacking the supercell.

This investigation is an evaluation of some basis
ideas on the tornado mathematical modeling pre-
sented earlier in Arsen’yev (2011).

2. Long non-linear tide waves in troposphere

Kardashov et al. (2000) and Eppelbaum and
Kardashov (2001) have shown that the majority of
geological, geophysical and environmental processes
in the Earth are characterized by nonlinear behavior.
Let us consider the typical distribution of the tem-
perature T in the Earth's troposphere (Figure 2).

A characteristic feature of the squall storms is
the presence of clouds which have a thin inversion
layer at the bottom boundary. Within this inversion,
the temperature increases with altitude, but above
and below this phenomenon the temperature de-
creases (Figure 2). An inversion arises at a conden-
sation level, slightly above the bottom boundary of
the clouds, because inside the cloud the temperature
increases due to emission of the latent heat of vapor-
ization (obviously, this process has a nonlinear char-
acter). It is essential that the inversion has disabling
features which make it stable. The volume of air as-
cending from below the inversion is colder than the
surrounding air and is pushed downward by the Ar-
chimedes forces. Similarly, warmer air, which enters
the inversion from the top, is pushed upward. This
allows us to simulate the inversion by a streamline
¢ (x,y) surface. Here, horizontal wind velocities u

and v may exist, and the vertical velocity w satisfies
to the impermeability condition:

when z=¢, W:aig_*_uaig_,_\,%. 1)
ot ox 0oy

In addition, the vertical turbulent stresses in the in-
version must be continuous

whenz=¢, RZ=R2, RZ =R, (2
X X y y

Here % and %) are the turbulent tensions at the
lower boundary layer of atmosphere (LBLA), %] and
%) are the turbulent tensions at the lower boundary

of the middle troposphere (MT), ¢ is the disturbance
level of the inversion surface, z-axis is directed

downward from the unperturbed level of z = 0, Earth's
surface (ES) is at the level of z=H (Figure 2).

SE

Z

Figure 2. System of coordinates and temperature of air in the
lower boundary layer of atmosphere (LBLA) and in the middle
troposphere (MT). Position of the inversion layer is denoted by
line ¢, letters SE designate the surface of the Earth (SE)

If the inversion in any area is destroyed by
powerful movement upward, then condition (1) does
not hold and the air gathers to the spots forming
powerful thunderstorm Cb clouds (Snow, 1984).
However, if the vertical motions are insufficient to
break the inversion and condition (1) takes place,
then and gravity waves arise on the inversion sur-
face. The problem of studying these waves on the
surface with different temperatures and velocities for
the first time was set in the 19" century by Kelvin
and Helmholtz (Lamb, 1945). The complete solution
of this problem, which takes into account the com-
pressibility of air and temperature variability, was
obtained by D.L.Laikhman in 1947 (Khrgian, 1978).
This solution describes internal waves in the tropo-
sphere. However, the fundamental mode, corre-
sponding to gravity waves in the atmosphere with a
uniform density, is omitted in this solution. This
mode appears in the analysis of the Laplace tidal
equations in atmosphere (Dikiy, 1969). It should be
noted that a consideration of the movements in the
lower atmospheric boundary layer associated with
this mode is practically important. In present paper,
this problem is solved for the long gravity waves, for
which takes place the static condition

_op 3)
o=
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For these waves the wavelength A much greater than
the thickness H(2 >> H). Thus, we use the theory of

shallow water, which is created in geophysical hy-
drodynamics for analysis of long waves in particular
tides (Gill, 1982; Pedlosky, 1992).

The density p and pressure of air p which are
included in Eq. (3) change with the altitude. To de-
termine these changes, we use the following equa-
tion

p=RAT, (4)

where R, = 287 m?/c? and °K is the specific gas con-
stant of the dry air.

The effects of humidity are not important in
the LBLA at altitudes below the level of condensa-
tion, which practically coincides with the level of z =
0 (Figure 2). Since we are interested in the move-
ment within the LBLA at z > £, an influence of
humidity can be neglected. Let us take the logarithm
of Eq. (4) and take the derivative of the result with
respect to z. We obtain

ldp_1dp 1dT )
pdz pdz Tdz

Substituting pressure p in Eq. (5) from Eq. (4) and
the gradient dp/dz from Eqg. (3), we find

Thus, we find the law defining the change of density
with altitude
(6)

ldp_ 1. _
pdz _T(}/O }/]'

where y:i—T and y, =%=3.42-10‘2 °C/mis a con-
Z

C

stant. It is temperature gradient in a uniform density
atmosphere, because on assumption y, =y, Z—’; =0.
If »>y,, then the air density increases with alti-
tude since dp/dz <0.This situation is practically ra-
re. It may occur during intense heating of the LBLA
in the day time in the summer and corresponds to an
unstable state of atmosphere, because the heavy air
is at the top, the light air is at the bottom, and
7>7,>7., Where ya =102 °C/m is the dry-adiabatic
temperature gradient. Upon cooling of the lower at-
mospheric boundary layer in the stormy weather, we
have the condition y = », which corresponds to a
uniform density atmosphere. The case y >y,, where

the air density decreases with altitude is the most
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frequent one (conventional) and is observed above
the LBLA in the middle troposphere (MT). This cor-
responds to the stable stratification where heavy air
is on the bottom (Arsen'yev, 2011). Thus, we will
consider the case y =y,,in which the stratification

inside the LBLA is unstable (% > 7). This means
that the air inside the LBLA is mixed by turbulent
convection and turbulence generated by the vertical
shear of the mean wind velocity.

The condition p = const allows us to vertically
integrate Eq. (3) from z = £ no z and to obtain the
law of the air pressure changing versus height inside
the LBLA

p=p, +00(z-¢), )

where po is the pressure at the level of z=C.

Let us direct the x-axis along the wind current at
the lower boundary of the middle troposphere MT
and denote the wind velocity at this boundary by the
letter W. Strong winds within the middle troposphere
MT tend to quadratic law of resistance in the inver-
sion. Thatis, ifz=¢

R =C W2, (8)
0 g

where Cy is the coefficient of a resistance.

In Egs. (2) and (8) the tangential wind stress is
divided by the air density (p = 1.3 kg/m®). This
means that we consider the kinematic (referred to
the average density of air) tangential wind stress.
Flows within the LBLA that emerge under the influ-
ence of the wind W are also directed along the x-
axis, since we neglect the Coriolis force due to not
large thickness of the LBLA. Therefore, cross cur-
rents along the y-axis are irrelevant, and we may
write the equations of motion and continuity in the
form of

ou__10p W ©
ot pox oz Lox?'
ou,ow_q, (10)
oz 0z

where A is the coefficient of the horizontal shear
turbulent viscosity.

Egs. (9) and (10) contain the turbulent tensions
and vertical velocities w inside the LBLA. We can
eliminate these factors by the vertical integration
fromz = ¢ toz = H. As a result, Eq. (10) will have
the following form:

dg _0S
ot ox’

where s = ["'udz is the total vertical flow.

(11)
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In deriving Eqg. (11) we take into account the
boundary conditions (1), (2) and condition at the
Earth’s surface ES

when z=H, u=w=0. (12)

It is easy to exclude the pressure p from Eq. (9)
using the law (7)

lop_10p° o¢ (13)

pOX p OX OX

It is convenient to present the level of inversion

¢ as the sum of the statical ¢ and the dynamical g

components: £'= & + Za. Then, if the statical tilts of

the inversion level are balanced by pressure gradi-
ents on the inversion

10pg
p OX

Ogs

ox
then Eq. (13) may be written as

ocy (14)

Substituting Eq. (14) into Eqg. (9) and omitting
the index d (hereinafter we consider only the dynam-
ics tilts of the level £g) we find

z
ou_gos N, ot
ot ox 0z ox?

(15)

Let us integrate Eq. (15) by z in the LBLA. We
obtain

0S 1 0C wH .m0 . a 0°S

C2_gHZE —RH 4R <>,

ot g ox o X+ALax2

(16)

A system of Egs. (16) and (11) is closed one
with regard to the unknown parameters S and ¢, if
the turbulent stresses are known on the upper and
lower boundaries of the LBLA or their relationship
with Sor ¢

3. Problem solution

Let us find the solution of Egs. (11) and (16) in
the form of a progressive wave traveling with ve-
locity V: S =F(x-Vt) Then Eg. (11) gives the alge-
braic relationship between S and ¢ Denoting
x =Xx-Vt, we get (index y with F denotes derivative

by )

0S_p . 0S__\yp . 0c_0S_

; ; F=—2P-_9
ox % ot Z ot

ax x Vot otV

o)

Integrating over time t, we obtain

S=-¢V, 17)
because the integration constant is equal to zero
(when S =0 and ¢ =0). Eqg. (17) allows us to elimi-
nate the level £ from Eq. (16):

2
S __(9H)3S _yu +5R0+ALQ.
ot V. Jox X X ox?

(18)

For the friction stress at the lower boundary of
the LBLA, we may use the law that is well known in
the theory of long waves (Gill, 1988; Arsen'yev,
1989)

(19)

RH=w_ S.
X f

Here ax is the frequency of friction which may be

estimated with the help of following formula (Ar-
sen'yev, 1989)

___3A 20

AT 20)

where n= Z%', Zo is the height of the roughness on

the Earth's surface and 4 is the coefficient of the ver-
tical shear turbulent viscosity. On the other hand, the
frictional stress at the upper boundary of LBLA is
determined by Eq. (8). In this formula, the following
relation may connect the wind velocity W at the
lower boundary MT with the wind velocity at the
upper boundary u® of the LBLA
u® =kw, (22)

where k is the wind coefficient. If the jump on a pas-
sage of the wind velocity through the inversion is
absent, then k = 1. Otherwise, 0 < k < 1, because the
wind velocity decreases with the altitude decreasing.
The total flow S may be expresses through the

wind velocity u®, if we use the shallow water theo-

ry, which well describes long waves (Gill, 1982;
Pedlosky, 1992). In this theory all parts of long wave
are moving with the same velocity u’ =u, except for
a thin near-ground atmospheric boundary layer with
a thickness approximately 10 m, where the wind ve-
locity decreases rapidly to zero. In this case the fric-
tion is concentrated near the level z = H and the rela-
tion (19) has a place. For the model of long wave S =
uH, and Eqg. (8) may be written in the following
form

Cy

k?H? s @)

R0 =
X
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Substituting Egs. (22) and (19) to Eq. (18) we ob-
tain an equation for the parameter S

o5 _ [gHj—m S+a52+AL‘;2—S (23)
X

ot V. )ox

where ¢ = S, .
k2H2
At the same time, we should underline that we
find a solution in the form of progressing wave
S=F(y).
Then oS oS 0°S

Povk,Z2-F, Z2=F
at x ax K4 ax xx

and Eqg. (23)

takes the form
gH 2
ALF;(;(+aF2 a)fF+V[1 N JF =0. (4)

The studied tidal gravitational waves propagate
with the Lagrange velocity V =(gH)”*. Hence Eq.

(24) may be transformed as
AF  +aF?-o F =0 (25)

Eqg. (25) is easy to solve by F, multiplication. In this

case
ALd|:(J]+adF_a)de2 o (26)
d dy 3dy 2 dy
From here, by integrating, we find
(27)

3A |- .
[/Z‘ZJFZ—F B-F,

where g = %ﬂ The constant of integration is equal
[24

to zero, because F -0, F, -0 if y »> .
In Eq. (27) variables are separated

2(1

F\/iF

Hence, again integrating, we obtaln

2 B-F|_, |22
\/ﬁarcth[ 5 J_;{ 3IA

or
28
BF g, [¢F] (28)
B 6A
The identity tanh®x=1-sech®x is true. Conse-
quently,

s-F =1-sech?y [&.
B 6A
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Thus,
S=F =ﬂsech2(%j, (29)
u= (éj Sec hz[fj, (30)
= {@H%} = fsec hz(fj. (31)

Here
(32)

A:E:Hﬁ—n)@.

is the wide of solitons (29) — (32).

It should be noted that importance of applica-
tions of such mathematical models as solitons in the
applied and environmental geophysics was under-
lined in Kardashov et al. (2000).

Using solutions (7) and (31), we find changes in
pressure in the LBLA

(33)

p:p0+ng—ngiseCh2[i].

gH
In particular, at the Earth’s surface, when z = H

el o

p=p°+gpH -gp

From Egs. (30) and (34) is evident that during
pass of the solitary tide wave, the pressure decreases
but the wind velocity increases. Duration of the soli-
tary tide wave may be estimated by the following
formula

=22 A (35)
gaos H

As example, Figures 3 and 4 show calculation
of oscillations of the surface pressure and the wind
velocity with utilization of the following parameters:
Cy=102% k=0.7, H=980 m, po= 888.4 GPa, g =
9.8 m/s?, p=1.3 kg / m3, zo= 0.05 m (grass, rye),
A =1297 m?/s, AL = 2.16-105 m%s. In this case

=147-10 m, = 30380 m%s, o= 2.08-108. From
Figures 4 and 5 we see that the maximal wind veloc-
ity reaches 31 m/s, and time of its passage (see Eqg.
(35)) is 25 minutes. The minimal pressure is equal to
973.76 GPa, and the width of the soliton is 147 km,
i.e. the solitary tide wave is the mesoscale atmos-
pheric phenomenon that occurs during hurricane
winds in the middle troposphere. In this case the
maximum value of W is 44.3 m/s.

The obtained solution describes a squall storms
which are observed in the natural conditions. Ac-
cording to (Nalivkin, 1969; Khromov and Mamon-
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tova, 1974), a squall storm is short-term and strong
increase in the average wind velocity without rota-
tion in the areas of heavy storms or fast cyclones,
with cloud and rain. Squall storms lead to sea disas-
ters. For example, in March 1878, the British frigate
“Eurydice” was overturned by a squall storm and
almost immediately went down along with its crew.
The same accident has occurred with the Russian
linear ship "Mermaid" on September 19, 1893, in the
Baltic Sea, 178 seamen were lost. On the land, the
squall storms may destroy lightweight buildings and
cause a windfall in the woods. For example, at re-
gion of Upper Volga River (nearby of the Lake Seli-
ger, Russia) on July 29, 2017, a squall storm with
the wind velocity up to 35 m/s and duration of 20
minutes has caused the significant damage to farms.
Trees were uprooted and roofs were blown away,
fences were torn down, and panes of windows were
broken. In San Francisco on November 21, 1910, a
squall storm has attacked the fortified town houses.
They remained standing but experienced a strong
tremor. The duration of the storm was only 2 min,
but the wind velocity reached 100 km/h. Nalivkin
(1969, p.148) notes that it was: «As if a huge, long,
and narrow air wave flew over the city».

P, GPa
1020
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400000 -200000 0 200000 400000 600000 800000

-800000 600000

Figure 3. Calculation of the pressure at the ground P during the
time of the squall storm. Minimal and maximal registered pres-
sures were 973.756, and 1013.25 GPa, respectively. Anomalous
pressure difference was 34.49 GPa

Figure 5 shows an example of a real squall
storm. We see as on the background of weak south-
west wind a strong solitary perturbation appears in
the form of the north-west wind with a maximum
wind velocity of 31 m/s. The wind soliton is very
narrow, but during 10 min the wind velocity increas-
es from 3 to 31 m/s, and then during 15 min de-
creases to 2 m/s. The total lifetime of this storm was
t = 25 min. There was no air rotation that is typical
for the whirlwinds and tornadoes. The calculated
theoretical values of the maximal wind velocity and
time of existence of the solitary tidal wave, excited

by a gale-force wind in the middle and top tropo-
sphere, coincide with supervision. Thus, the theory
explains process of the squall storms formation and
gives us the method for calculation of this phenome-
non.

35 x4, mis

x+Vt,m

500000 -500000 400000 300000 200000  -100000 0 100000 200000 300000 400000 500000 600000

Figure 4. Calculation of the wind velocity at the ground on pas-
sage of the squall storm. The maximal wind velocity was 31 m/s
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Figure 5. Observations of the wind direction (A) and wind ve-
locity (B) during the time of the squall storm (Nalivkin, 1969,
Fig. 80). The maximal wind velocity was 31 m/s

4. Tornado appearing

Squall storms propagate on the subcloud inver-
sion layer. However, such inversions do not exist
always. For instance, large vertical velocity caused
by intensive updrafts on a cold atmospheric front,
destroy theirs. But the vertical airflows generate the
thunderclouds Cb (Snow, 1984; Arsen’yev et al.,
2010; Laing, 2015). If the several slight thunder-
storms are amalgamating, then one large supercell
arises which may generate a tornado. Snow (1984)
mentioned that this effect does not happen in 40% of
all cases. However, in other cases, tornado arises
inside a supercell and rapidly propagates down to
the Earth’s surface (e.g., Wurman et al., 2012).
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Process of tornado appearance can be presented
as capture of a squall storm by the thundery super-
cell. Running on a surface of inversion, the squall
storm falls into supercell where this inversion is de-
stroyed. And the long wave of a squall storm re-
mains inside a supercell because inversion here is
absent. Thus, a squall storm soliton should be cap-
tured by the supercell with further adaptation of air
pressure and wind velocity to each other. This mutu-
al adaptation of the meteorological fields also results
in appearance of tornado in which the wind velocity
and the gradient of air pressure can reach greatest
values.

Usually, the thundery supercell is weakly-
rotating due to, e.g., the shear eddy instability (Ar-
sen’yev et al., 2000, 2010). Air rotation inside a
supercell is described by the cyclostrophic balance

2
p_ Vv
a*p?,

(o))

(36)

where r is the radial coordinate oriented outside
from the rotation center.

Capture of a storm by the thundery supercell re-
sults in pressure drop within a supercell that causes
amplification of the wind rotation and produces of
tornado. To find the wind velocity in tornado devel-
opment, it is necessary to change y in Eq. (34) tor,
then to differentiate Eq. (34) with respect to r, and
substitute the result into Eq. (36). Resolving the re-
sulting equation with respect to the azimuthal veloci-
ty v, we derive the formula for the wind velocity in a
developing tornado

v:sech[rj 29pr th{LJ.
A VA A

(37)

The surface air pressure inside the tornado is defined
by the functional relation in Eq. (34).

5. The proposed theory verification

Physical-environmental model of tornado may
be presented as a strongly rotating air column that
originated in a cumulo-nimbus thundercloud and
reaches the Earth’s surface (Doswell and Burgess,
1993; Arsen'yev et al., 2010; Markowski and Rich-
ardson, 2014). Hurricane winds, which are typical
for tornado cause serious damages. Therefore, mov-
ing tornado usually contains many different frag-
ments of buildings, cars, trees, clods of spoil, water,
and dust. This creates essential difficulties with the
measurements of the physical quantities. Bluestein
(1999) described the basic methods for the field
study of tornadoes in the United States. He suggest-
ed that the remote metrology of wind velocity and
direction with the Doppler radars (including those
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mounted on cars) is the most effective methodology.
Another method is measurements of the wind veloci-
ty and wind direction, air temperature and pressure,
humidity and electromagnetic fields with the help of
self-contained  portable equipment complexes
mounted in the expected trajectories of the torna-
does. Figure 6 shows the air pressure measured in-
side a tornado on July 8, 1995 near Allison town
(Texas) by scientists from the Langmuir’s Laborato-
ry at New Mexico, USA (Winn et al., 1999). The
measurements were carried out with the use of a
small device called a “tortoise” which was buried on
the way of the tornado. It can be seen from Figure 2
that the air pressure is strongly fluctuated near the
earth’s surface inside a tornado, especially near the
center. It can relate to many meso-eddies inside tor-
nado (Arsen’yev et al., 2010). Nevertheless, the
pressure monotonously decreases to the tornado’s
center after averaging these fluctuations (see squares
in Figure 7). The maximal drop of the air pressure in
the tornado is not large, about 50 hectoPascal. How-
ever, in according to Eqg. (36), the wind velocity in-
side tornado is determined by the radial gradients of
the pressure (but not by the pressure itself). Thus,
sharp spatial variations of the air pressure inside tor-
nado can induce a strong wind.
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Figure 6. Metering data of the air pressure in a large tornado
(after Winn et al., 1999)

The solid curve in Figure 7 shows the air pres-
sure calculated by Eq. (34) with following parame-
terss H = 980 m, g = 9.8 m/s?, V = 98 m/s,
Po = 785.15 hectoPascal; p = 1.3 kg/m?, A = 1.7
m/s?, AL = 67.3 m/s?, Cy = 0.02, k =1, zo = 0.05 m
(grass, rye). The values of gand A are equal to 384.6
m?/s and 7101.8 m, respectively. For convenience,
we introduce the evaluation time t = T~ — 3636 sec-
onds, where T~ is the current measured time in sec
shown in Figure 6. Thus, the origin of the coordi-
nates is shifted to the point T~= 3636 seconds = 1.01
hour along the time axis, and the image shown in
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Figure 7 is symmetrical relative to this origin. The
coincidence of the theoretical curve with the meas-
urements results (Figure 7) confirms our theory.

P, GPa
920

] 910

900

t=T(s)-3636s

-200 -150 -100 -50 0 50 100 150 200

Figure 7. Theoretical computation of the air pressure in a large
tornado are presented by blue solid curve. Small red squares
show the averaged pressure corresponding to the observations
drawn in Figure 5

To verify Eq. (37) we use the data of the Dop-
pler radar measurements of wind velocity inside a
tornado (Wurman and Gill, 2000). These data are
shown in Figure 8 by squares. The solid curve in
Figure 8 shows the theoretical calculations using Eq.
(37) with the following parameters: A = 980 m,
g = 9.8 m/s?, A =300 m/s?, AL = 3.96 m/s?, Cy
= 0.02, k = 1, zo = 0.05 m; hence 3 = 67,500 m?/s
and A =130 m. An agreement of the theoretical cal-
culations with measurements turned out to be worse
in this case than for the air pressure calculation. Ad-
ditional secondary maxima on the curve of measured
wind velocity are seen in Figure 4 (at r ~ 300m, r ~
650 M, r ~ 780 m, r = -500 m, and r ~ -780 m). They
are evidently connected with the large mesoscale
turbulent eddies that fill the tornado. Thus, the tor-
nado was measured at a time close to the moment of
its origin, and therefore turned out to be multi-eddy.
Due to this fact, the wind velocity abates much more
slowly when moving away from the tornado center
than it is predicted from the theory.

As is shown in (Arsen’yev et al.,, 2010), the
mesoscale eddies inside tornado can transfer the ener-
gy to the average flow and, consequently, they de-
crease in size, kinetic energy, and angular momentum
with a time. Therefore, we calculated the wind veloci-
ty for one more, a large powerful tornado that is close
to the mature stage. The circles in Figure 9 show wind
velocity measured with a Doppler radar at the height
of 100 m in the F5-class tornado (Monastersky, 1999;
Burgess et al., 2002). This violent tornado attacked
Oklahoma City (USA) on May 3, 1999, damaged
more than 4000 houses and 47 business buildings,

48 people died, many people received wounds of var-
ying severities. According to Monastersky (1999), the
maximum wind velocity was 144 m/s (512 km/h or
318 ml/h). Figure 9 also shows the 10% relative error.
This is unavoidable, because the measurements were
carried out in uncontrollable field conditions. Figure 9
shows also the theoretical curve calculated with applica-
tion of Eq. (37) under following values of parameters:
t=0, =1, H=980m, g =98 m/s?, A=2355,55
m/s?, AL = 19,591.84 m/s?, Cy = 0.02, k =1, zo = 0.05
m, so that 4 = 80,000 m%s and A = 8,400 m. Figure 9
indicates that the theoretical calculations and field
measurements coincide within 10% accuracy.

Figure 8. Comparison of the theoretical computation of the
angular wind velocity v in tornado (green solid curve) and phys-
ical observations of the wind velocity in tornado (red curve with
white points) (last curve after Wurman and Gill, 2000)
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Figure 9. Comparison of theoretical computation of the angular
wind velocity v in tornado (blue solid line) with observations in
EF5 tornado on 03 May 1999 (red circles)

6. Analysis of obtained results and brief

discussion

A good compliance between the theoretical and
measurement data indicates the applicability of Egs.
(34)-(37) for calculation of the real tornadoes. Be-
sides the surface air pressure and wind velocity,
there are other important parameters. Figure 10
demonstrates the radial distribution of vorticity in
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the F5 tornado, which corresponds to Figure 9. The
calculations were done using the following expres-
sion

erotzv:@ +Y

or r (38)

Here v is determined by Eq. (37).

16 T, 1/s

r, km
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Figure 10. The radial distribution of a vorticity for the violent
tornado EF5 (see Figure 8)

As it is clearly seen from Figure 10, the vortici-
ty is maximal in the tornado center; for an EF5 tor-
nado, it attains to a very high value of 15 Hz. For
comparison, we must note that in tropical hurricanes
and typhoons Q ~ 10 Hz (Arsen’yev et al., 2010).

Figure 11 shows the eddy force calculated for
the EF5 tornado

0

FE =[v><rotv]=vQ=a (39)

r

vZ| 2
A A
2

This is a sum of the dynamical thrust and the
centrifugal force, which is associated with a pressure
by Eq. (36)
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Figure 11. Computation of the vortex force for the violent tor-
nado (Figure 8) realized by Eq. (40)
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The eddy force enters into the Gromeka-Lamb
vectorial equation

2
~—+grad [VZ] —[vxrotv]= i grad p+nAv, (41)
P

which follow from the Naiver-Stokes equation
(Lamb, 1945; Vasil’yev, 1958).

If the eddy force is absent (Fe = 0), then Eq.
(39) implies the equation

(42)

This solution is the law of hyperbolic wind-velocity

abatement v:vor—°, which corresponds to the
r

Ranque eddy in an ideal fluid without friction (Va-
sil’yev, 1958; Saffman, 2000). We can see from Fig-
ure 11 that Fe = 0, i.e., the Ranque eddy does not occur
in our case, because the air motion in tornado passes
under the presence of turbulent friction. The maximum
value of Fema = 740 m/s? is attainable at the inner
boundary of the “wall of the hurricane”. Multiplying
Fe-max Dy p = 1.3 kg/m® we find @ ~ 962 n/m®. On the
house with a volume 10® m? tornado acts with a
force 962 - 10° n. This force is equal to weight of a
mass 98 metric tons. To reduce this wind force
building(s) should have the streamline aerodynamic
form. Damage to buildings could be totally avoided
if the buildings were located underground.

It is necessary to underline that the presented
methodology may be flexibly modified for inves-
tigation of other atmospheric and solid Earth phe-
nomena.

Conclusions

In this work, a novel physical-mathematical
model of creating the violent tornadoes in tropo-
sphere (as result of the tidal gravity wave influence),
has been developed. In the years of increasing gravi-
ty activity within the Earth-Moon-Sun system, is
necessary to expect an increment of number and in-
tensity of the squall storms which represent strong
tidal nonlinear waves in troposphere. Therefore, at
that time an increased number of the violent torna-
does should be observed. The present investigation
enabled to establish an analytical connection be-
tween the numbers of tornadoes per year with the
tidal forces, which was found earlier as result of sta-
tistical analysis of the observed data. It should be
noted that this approach may be effectively applied
to studying other environmental effects associated
with the Moon-Sun activity.
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Pe3srome. B nociennee BpeMst JOCTHTHYT 3HAYHUTENBHBIIN MPOrPECC B I0ITOCPOYHOM MPOTHO3€ TAKUX OIMACHBIX aTMOC(EPHBIX sIBJIC-
HHH, KaK KaTacTpoQuuecKue U ciiIbHble TopHano (ypoBeHs EF3-EF5). JI. Ommensbaymom B 2013 roxy pa3spaboTaH HECTOXACTHIECKHI
JIOJITOBPEMEHHBIIT METOJI TIPE/ICKa3aHUsl Ha OCHOBE MCIOJIB30BAHUS. METO/Id JOJITOCPOYHOIO IIPOrHO3UPOBAHHUS C HCIIONB30BAaHHEM TEO-
pum pacrio3HaBanus 00pa3oB u Dypre-aHanusa. M BbIsIBICHA TeCHAsE KOPPEISLHS MEK/Ty OOIINM KOJMYECTBOM TOPHA/IO B IOJI M Iapa-
MeTpaMH I'PaBUTALIOHHOM CHCTEMBI, IPOAYIHpYIOIiel npuirBHEIE 3 dekTsl. OnHako GpU3MIECKHil CMBICI 3TO CBsI3U OCTaBaJICs He-
packpeITEIM. B mpezcraBieHHoN paboTe mpeuiaraetesi HoBask pU3MKO-MaTeMaTH4YecKas MOJIENb, OOBSCHSIONIAs IPOLIECC BO3HUKHOBE-
HMS MOIIHBIX TOPHAI0. Mo/Ielib BKIIIOYAET JIBa MNIABHBIX 3Tana. BHavasne rpaBUTAllMOHHbIC CHIIBI U yparaHHbIC BETPhI B BEPXHE#l Tporo-
cepe 00pa3yloT HeIMHEHHBIE [UTMHHBIC BOJIHEI B HIDKHEH Tporocgepe. 3aTeM BO3HHKAIOT IITOPMOBBIE BETPHI B BepXHEH Tporochepe
(py IPOHMKHOBEHHHU XOJIOAHBIX Macc BO3[yXa B TEIUIBIX PaiiOHaX), CBS3aHHBIE OOBIYHO C OBICTPHIMH CHHONTHYECKMMH LIMKIOHAMH,
HECYIIIMMH TPO30BYIO O0JIAYHOCTh U IOXKIW. Bo3HHUKaroMMe TPpaBUTAIIMOHHBIC HEJIMHEHHBIE BOJHBI YCTPEMIISIOTCSI CO CKOPOCTBIO TIPH-

JIUBHBIX BOJIH V = (gH )% BJI0JIb MHBEpCHHU cyOoOaka. [Tocie 3Toro rpaBUTallMOHHBIE BOJIHBI NAIAI0T (M HOIJIOLIAIOTCA) Cynepsauekoi

Ipo3bl, KOTOpast yke chopMUpOBaIach BHYTPH XOJIOAHOTO aTMocdepHoro GppoHTa. B pesynbrare agantanuy METEOpOIOrHIecKoro ot
JIaBJICHHE BHYTPU IPO30BOH CyINepsiueiki yMEHbIIIAeTCsl, BpallleHHue BETpa YCUIMBAETCS, YTO MMOPOXKIACT CUIIbHBIM TOpHan0. Pa3nnunble
NPUMEPHl WILTIOCTPUPYIOT NPUMEHUMOCTE Pa3pabOTaHHOTO IOJXOAA, MPHYEM TEOPETHYECKUE PEe3yNbTaThl XOPOIIO COITIACYIOTCS C
NpaKTHYECKUMK HaOrogeHmsIMu. [IpemnoxkeHHas HOBast (PH3UKO-MAaTEMAaTHIECKasi METOOJIOTUSI MOXKET ObITh KOHLENTYaIbHO IPUMe-
HEHa JUIS aHAJIN3a JPYTHUX SBICHHH, IPOUCXOJUIIINX B aTMochepe 3eMIIH.

Knrouesvie cnosa: mopnaoo, Onunnvle NnpuIuGHble Spasumayuontble 60aHbl, epasumayuonnas cucmema 3emna-Jlyna-Connye,
CONUMOH, ONACHbIE AMMOCHEPHbLEe eHoMeHb
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Xiilasa. Son vaxtlar folakotli vo giiclii tornadolar (Saviyys EF3-EF5) kimi tohliikali atmosfer hadisolorinin uzunmiiddatli progno-
zunda miihiim irslilayigo nail olunmusdur. Simalarin tapilmasi nozoriyyasindon va Furye analizdon istifado etmoklo uzunmiiddastli
prognozlasdirma tisulundan istifads ssasinda L.V.Eppelbaum (2013) geyri-stoxastik uzunmiiddstli 6ncadan xobarverms tisulunu islo-
misdir. O, il arzinds tornadonun timumi miqdar vo gabarma effektlori yaradan gravitasiya sisteminin parametrlori ssasinda six kor-
relyasiya askar etmigdir. Lakin bu olagonin fiziki menast agilmamis qalmigdir. Togdim olunan isds biz giiclii tornadolarin yaranmasi-
n1 izah edan yeni fiziki-riyazi model toklif edirik. Togdim olunan model iki baslica etapdan ibarstdir. Baslangicda yuxar: troposferds
gravitasiya qiivvalari va gox giiclii kiiloklar asagi troposferds, adoton tufanli dumanliq va yagis dasiyan siirotli sinoptik siklonlarla
bagli olan, geyri-xatti uzun dalgalar omolo gotirir. Sonra, yuxar: troposferds firtina kiiloklori yaranir (isti rayonlarda havanin soyuq
kiitlolori soxulanda). Yaranan gravitasiya geyri-xotti dalgalari subdumanhigin inversiyasi boyunca gabarma dalgalarinin sirati ilo
V=(gH)"? cumur (hiicum edir). Bundan sonra gravitasiya dalgalar1 soyuq atmosfer cobhasinin daxilinds formalasan tufanin superdze-
yi ilo udulur. Meteoroloji sahonin adaptasiyasi naticasinds tufan superézayinin daxilinds tozyiq azalir, kiiloyin firlanmasi siddotlonir
va bu da giiclii tornado yaradir. Miixtalif niimunaslor iglonilmis yanagmanin tatbiq edilmasini oks etdirir, ham do nazari naticalor prak-
tiki miisahidalorlo yaxsi uzlasir. Taklif olunan yeni fiziki-riyazi metodologiya Yer atmosferinds bas veran diger hadisslarin tohlili
ticiin konseptual tatbig oluna bilor.

Agar sozlar: tornado, uzun gabarma gravitasiya dalgalar:, Yer-Ay-Giinas gravitasiya sistemi, soliton, tahliikali atmosfer fenomenlori
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