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Abstract: Authors are returning to the basic concepts of turbulence — homogeneity and symmetry principles. It is shown
that the homogeneity in the sense of constant mean velocity gradient (instead of constant velocity) permits to introduce
mirror asymmetry. This way is corresponding to stratified atmosphere and to differential volume in any continuum model.
The basic ideas of A. N. Kolmogorov do not contradict to such an approach. Moreover, the use of the intrinsic eddy
angular velocity (so-called spin or mesovorticity) as the internal thermodynamic parameter becomes necessary for
adequate description of tornado (and intensive atmospheric vortices, in general) dynamics. The continuum description is
formulated with standard introducing of stresses averaged over a cross-section, and now motivated asymmetry leads to
the vortices moment of momentum balance. The set of nonlinear 3D partial differential equations is suggested for the
problem of tornado generation from a cloud of initial vortices. The dependence of turbulent rotation viscosity on the spin
permits to localize the tornado body due to the nonlinear diffusion effect. Numerical calculations are performed at two
different clusters using Parjava program environment. The growth of typical tornado structure is shown by a sequence of
pictures. A visual comparison with the Hurricane Isabel, 2003, is represented.
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1. INTRODUCTION

A.N. Kolmogorov [1] made important contributions
to the Taylor turbulence theory [2]. He suggested:

(1) To avoid the isotropy of the velocity pulsations
fields but to save it for the pulsation differences.
His local isotropy was a great step towards the
other cases of mean velocity fields besides the
constant velocity (in 1941).

(2) To consider the energy flux as the main
parameter of energy cascades in turbulence (in
1941). It coincided with the Schrédinger [3]
principle for thermodynamically open systems.

(3) To introduce the rotation frequency as an
additional kinematical parameter (in 1942).
Actually, the angular velocity vector was needed,
as in the Cosserat continuum [4], but then it is
also necessary to overcome the mirror symmetry
limitation.

In fact, mirror symmetry is inadequate for a general
turbulent flow if the gradient of the mean velocity does
exist. This happens in actual profiles of the
atmosphere, that were an object of own Kolmogorov
research, as well as in the representative turbulent
continuum cell, for which the balances of mass,

*Address correspondence to this author at the Institute of Physics of the Earth,
Russian Academy of Sciences, 10-1, Bol. Gruzinskaya Ul., Moscow, 123995,
Russia; Tel: +7(925)3143318;

E-mail: parkag@yandex.ru

E-ISSN: 2409-5710/14

momentum and angular momentum have to be
formulated.

Here we use all these suggestions for the
development of turbulence theory effective enough for
tornado generation.

Mathematically, the mirror asymmetry reveals itself
in rising of anti-symmetrical terms in turbulent stress
tensor. Along with Cosserat brothers [4], the turbulent
theories dealing with this asymmetry were developed
by Nikolaevskiy [5-6], Mattioli [7], Ferrari [8], Heinloo
[9], Eringen and Chang [10], though probably only
Nikolaevskiy and Heinloo (with their co-authors) have
applied their theories to geophysical phenomena. First
attempt of using asymmetrical turbulent stress tensors
in the problem of tornado (and hurricane) bulk
modeling was made by Arsenyev, Gubar, Nikolaevskiy
[11] (2004) and developed in [12-16]. In this paper we
apply the results of 3D tornado speculations in the
mirror asymmetry turbulent model to first show in detail
how a tornado suction spots [17-23] -- smaller whirls
rotating around the main one in the tornado “eyewall” --
can be formed while it rising. Then, using a simple
rescaling, we provide a visual comparison of the model
tornado suction spots with the “pin-wheel” structure of
Hurricane Isabel, 2003, [24-25] and give a quantitative
explanation of this phenomenon, alternative to that
furnished in [26], where 2D barotropic flow model was
used. Although the multiple-vortex structure both in

hurricanes and tornados has been numerically
modeled earlier (for hurricane-like vortices, egg. in
[26]), the mirror asymmetry turbulence theory
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presented here is able to provide numerical description
of the multiple-vortices formation processes in the both
scales.

We introduce the moment of inertia in the evident
form that permits us to consider mass components
involved in the tornado evolution.

2. NOTE ON THE STRESS TENSOR SYMMETRY

In all approaches to turbulence the Navier — Stokes
equations are assumed to be valid for micro flows at a
given time moment. In an attempt to develop balance
equations, valid at a macro level, we consider a spatial
continuum cell bigger than the size of vortices that
contains the main turbulent energy (Figure 1).

AX?

dx’ A
(7

Figure 1: The scales of microelements (dx), macroelements
(dX) and mesovortices (A).

Practically, there are two different scales for an
effective turbulent field description. First, there is an
element of a turbulent vortex with the volume scale dx®
that needs in the balances of mass and momentum
only, as in the Navier — Stokes equations, because the
element's own rotation is negligible due to its small
size. This point of view is proved by the inertia moment
| estimation: (I/dx®)~dx?<< A%

Second, there is a volume scale AX® including at
least one vortex with A as a radius. Because the vortex,
corresponding to the main turbulent energy, possesses
sufficiently high angular momentum, its inertia
momentum cannot be missed in the balance equation
for the angular momentum and its special evolution has
to be developed.

However, the volume, which size is selected (by the
macro continuum nomination) to be much less than the
outside problem scale, has to include the gradients of
macrovariables beginning with mean velocity U up to

mean stresses, all of which appear in the macro
balance equations and in the interconnecting governing
“laws”.

Therefore, the adequate statistical image should be
homogeneous relatively to gradients of the mean
variables, and the random field w; under consideration
depends at least on one vector. Because the distance r
between two points is a vector, the corresponding
correlation tensor Cjj = <w; (X) wj(X+r)>, u; = U; + w; is
not symmetrical but a function of the angle between r
and grad U (Figure 2). This point was first mentioned in

[5] and corresponds to the case of gradient
homogeneity.
X+r X
X X-1
A B

Figure 2: lllustration to possibility of asymmetry of the
correlation (as well as the stress) tensors.

Consequently, the mirror reflection does change the
results of statistical averaging in the homogeneity case
determined as velocity gradient constancy. Therefore,
the introduction of the angular velocity @ (and
pseudovectors in general) as a kinematic variable is
quite adequate in the turbulence theory.

The Reynolds stress tensor Rj = — <pww;>; has to
be introduced only by the Cauchy method as a
momentum vector pw; transferred with the velocity
pulsation w; across the plane oriented by its normal n; =
w; /lwj|. Here p is the density and < > is a symbol of
averaging at a cross-section AX? with the normal n;.

The tensor pCjj at r — 0 may be identified with the
same momentum flux through the differential plane
element dx?, averaged statistically. The results of these
two averaging should coincide, if the ensembles of dx?
statistics and over the plane AX? are equivalent.

Besides, the limiting process r — 0 does not
exclude the dependence of pCj on ® because “zero” is
here understood as relatively to the macroscale. This
means that the stress tensor in both cases is
asymmetric potentially.
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3. AVERAGED EQUATIONS

The deriving of effective balance equations for
differential cells, which size is bigger than the turbulent
eddies scale A, means the spatial averaging [5,6] of the
Navier — Stokes equations valid for the scale dx less
than A:

d, <p>+0;<pu;>= 0,
0, <py; > + aj <puU;>;= aj <ty > +<fi>,
0y <€ PE Uy >+0; <€y pS U, U, >, (1)

= 8j <g, &t

b >+ <g, & f >,

I

where all the functions are stochastic in space, t; is the
stress tensor assumed to be symmetric in the scale dx,
fi are the external forces, g is the alternating Levi —
Civita tensor, & = x; — X;, <p&> = 0. The resulting
equations for the mean fields of the velocity U;, angular
momentum M;, and pressure P include® the Reynolds
stresses Rj:

J,p+ ijUj =0, pDU,= aj(Rij—SijP) +f,

pD M, = ajuij+£iijkj+Gi, D, = 8t+Uj8j,

(2)

where g; is the Mindlin couple stresses also acting at
the cell faces, M; = JjF ;, Jj is the vortex moment of
inertia®, and, F=Q+w, Q=0.5 rot U, wi=0.5g;<ow/d&>
are the total, macro- and meso- Vvorticities,
respectivelys; f and G are the averaged external forces
and momenta. The traditional turbulence governing
laws now connects the asymmetric part of the
Reynolds stresses with spin rotation of a vortex and the
couple stresses with the angular momentum gradient:

0.5(R; +Ry;) = pK, 2;,
O.S(Rij -R; ) =pK,e
m; =pK38j M;,

ik Pk » )

where e; = 0.5 (dU; + dU)) is the strain rate. For the
evolution of the specific moment of inertia Jj = (8;0i —
Oidj)<p&&>/p derived in [5] we use the simplified form:

pD,J :8j(pK38jJ), (4)

The third equation in its continuum form of angular momentum balance was
first introduced by Cosserat brothers [4]. De facto its application to the
turbulence was suggested by G. Mattioli [7] but the own (spin) rotation of the
vortex was introduced much later by C. Ferrari [8].

*The vortex inertia tensor was first discussed by H. Poincare [27] and
afterwards - by G. Batchelor [28], and Eringen and Chang [10].

®Here and then p means <p> when outside the averaging brackets <>.

where J is assumed to have spherical symmetry:
Jijzéij\].

The total (molecular + turbulent) kinematic viscosity
coefficients Kjy,...K3 have to correspond to the internal
energy flux principle, that is, they depend on the
dissipation function of turbulent field. This means that
the rheological links for turbulence flows are essentially
nonlinear. The latter is in accordance with observed
localization of turbulent objects, for example, tornado in
the surrounding atmosphere. This is analogous to the
“fire ball” in the atmosphere generated by atomic
explosion explained by nonlinear temperature
dependence of thermal conduction in gases [29].

The averaged equations (2)-(4) should be
completed with the thermodynamic relations: the total
energy conservation law and the gas state equation.
For the adiabatic processes, (2)-(4) lead to the
following total energy E evolution equation

atE=8ij—Edis +W (5)

where E =p(Emacro + Emeso + Ein), Emacro = O-SUZ. Emeso =
0.5JF are the specific macro, meso, and inner energy,
respectively, Pj = Ui(Rj-8;(P+E)) +pK3dEmeso IS the total
energy flux per volume unit, W is the power of the
external forces and momenta, Egs = p(2K.ejg;
+2Kom505 + JKg(aiFj)Z) is the total energy dissipation
rate, which is always positive, and, therefore, Ky, K;, K3
> 0. The coefficients Ky have been discussed in [12-
13]: Kk = v + Kk (Jo...), where k = 1,...3, v and Kry
are the kinematical molecular and turbulent viscosity
coefficients, respectively, and Kp>>v. The turbulent
viscosity coefficients Ky, have the form [12]

K3 =GO, Key =0pKey (6)
where a,~(A1/A)° <<1, p>0, A; is the sub-meso scale:
Ao<<A;<<ASA<<L, x0~(v13/s)1/4 is the inner scale of
turbulence, € is the turbulent energy dissipation rate
[30], A~J"? and L are the meso and macro scale,
respectively. The model coefficient C; in (6)
corresponds to the model coefficient C in the paper
[31], where a different meso scale turbulent model is
studied. In [12] we evaluated the turbulent dissipation
rate ¢ as the dissipation at the A-scale, which
according to (5)-(6) can be estimated as follows: ¢ =
EdiS(A) ~ KTZ(DZ ~ Jo’, and, therefore, the expression (6)
agrees with the Kolmogorov — Obukhov concept [30]:
KT(A) - (EdiS(A)A4)1/3 ~Jo.
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In fact, the atmosphere has so-called “background”
mesovorticity oy and mesoscale Ag ~ Jo? << A
corresponding to the mean coefficient of turbulent
mixing for the given scale L [32]. Finally, using the
typical constant value of the specific moment of inertia
in (6), the total mixing coefficients are given by
[11-14]:

Kiz=K=Af(w) K,=0,K, (")
where A is the initial total viscosity coefficient, f(o) = (®
+ @pi)/ (@0 + k), Wo = [l(X, O)llc.

4. INITIAL BOUNDARY
NUMERICAL SCHEME

PROBLEM AND

Under our assumptions, the thermodynamic
parameters for a two-atomic perfect gas (the air) are
interconnected by the adiabatic equation: In(p/po) = 5/2
In(T/To) = 5/7 In(P/Py). The initial temperature profile is
dry-adiabatic: T(X,0) = To (1 — va2), where subscript “0”
corresponds to the values at the ground level, T,
Ya=0/C,=0.0098 K m™ is the dry-adiabatic temperature
gradient, Cp,=1005 J kg'l K™ is the specific air heat at
constant pressure, g=9.8 m s? is the acceleration of
gravity.

Using a new variable a(X,t) = In(p(X,t)/ p(X,0)), the
averaged equations (2)-(4) with the coefficients (7) in
the dry-adiabatic compressible rotating atmosphere
can be written in the explicit form:

ata=—Dj[Uj], 9,J =—UjajJ + KAJ +1<jajJ,

J,U; :—UJ.E)J.Ui +2(Kajeij +1<jeij)+eijk((x2Dj[Kmk]+ .
+2Uj®k)+8isg(e°'4a - 1)—02 d.a,

atFi=—Uj8jFi+KAFi+1<j8jFi+

+ (2K 13)((9,9)9F, —0,0,) + £, F,0,,

where Dj[*] = 9* + *(dja — 8132.5Ya/(1 — 7a2)), ¥; = Dj[K],
c’= cole’® (1 - va2) is the square of the speed of
sound, COZZ 715 R,Ty is its value at the ground level,
R,=287.04 J kg'l K' is the dry air specific gas
constant, ®@=0y{— cos @, 0, Sin g}, Oy=7.29 10° stis
the angular frequency of the Earth rotation, ¢q is the
latitude. The axes X={x,y,z}={X1,X2,X3} are directed to
the south, east, and zenith, respectively.

The boundary conditions in the domain D={|x|,ly|<Li,
0<z<H} are given by

z=0: Ugy, =W, =0, J=1J,,
— R, =pCy VIV, (k:x,y), )
z=H: uz=azuxyy=mxyy=aze=aZJ=o,

IXLlyEL: 9,U;=0,F =0, (i=xy,z), 3=1J,,

where U, is the normal derivative at the corresponding
boundary, Vi = Vi(xy) is Uy averaged by z, C; =
0.1375(zrgh/H)”4 is the friction coefficient, and z, is the
roughness coefficient.

The initial conditions written in cylindrical coordinate
system (r,z,) have the form:

U, =U, f(r/ Ry T,(2)o(Ry— 1),

0, =0, f (r/R)f, (2)o(R -r),
J=(J,-J,) @-r*/RA)f,(z)o(R - 1),

Ur:Uz:wr:w(P:a: 0,

(10)

where f(§) = 4&(1 - &), f.(z) = In (1+ z/zg)/ In (1+
H/zign), R1=R1(2)=Ju"”? +(0.5Ro-Jp")-(22/H) e ™ Ry
is the size of the initial mesovortex cloud, Ug, wg, Jo are
the initial magnitudes, and o(r) is the Heaviside
function.

We have solved the initial boundary problem (8)-
(10) numerically with the modified Runge — Kutta —
Adams —‘leapfrog” scheme (MRKAL) [15-16]. The
MRKAL scheme is conditionally stable and has the
second order of accuracy in time and space. Its stability
criterion is close to that of the evident McCormack
scheme [33]. In brief, the algorithm can be written as
follows. Lety ™ ={a, J, U, F)™; and u ™, =3, U, F)™,
refer to the mesh point E at the time layer t,=nt, where
1 is the integration time-step (index Z is later omitted).
Assuming that all the values are known at the n-th and
(n=1)-th layers, we get the values at the sub-layer
(n+1/4) with the simple Adams’ interpolation: y(””/“) =
1.25 y™ — 0.25 y" -, Then the (n+1)-th time layer is
calculated as follow:

(n+l/2)

— (M (n+1/4)
u =u'™+ 05101, [y"™ ],

axV = 05 @™ +a) + 051, [y™],

a(n+1/2) _ a*(n) + O5THa[y(n)]’

(n+l)

—_ (M (n+1/2)
u =u’ + Il [y 1

a(n+1)

— a.k(n) + 01 [y(n+1/2)]

a 1
where T1,[...] and IT[...] are the right parts of (8) written
in finite-differences. More details on the numerical
algorithm can be found in [15-16].
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The calculations were performed on two clusters:
the ISP RAS cluster (AMD AThlon XP 1500 + Myrinet
and Dual-Coré Intel® Xeon® 5160 Myrinet 2000) and
cluster MVS1000M JSCC RAS (processors Power 2.2
GHz, Myrinet, 2 Gbhit/s). Program implementation in
different cluster architectures without code changes
became possible due to portability features of the
Parjava program environment [34]. Multi sequencing
was performed by 2D division of the computational
area, which strongly decreased the amount of data
transfer. The optimization of parallel calculations,

depending on partition method, matrix scale and
processor number, was discussed in [15, 16].

5. RESULTS OF 3D TORNADO NUMERICAL
MODELING

The initial boundary problem (8)-(10) has been
solved with the initial data relevant to a mid-size T3
category tornado in the cubic area: 2L;=H=1500 m.
The radius of initial mesovortex cloud Ro= 300 m, initial
cyclonic wind is calm with its magnitude: Uy=1.5 m/s,
total kinematic viscosity coefficient A =1000 m’s™, and

oo

t=10,34 c

oses oer

050l

:|U|=5.‘f mis

" 50 750 X.m 900

1250

° 150 200 0

o 75 Xm 900

Figure 3: The winds in the central vertical cross-sections of the model tornado at different instants.
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the roughness z47,=0.1 m. To describe the initial
mesovortex activity, which is the main source of
tornado rise in our model, the following dimensionless
data is used: o, = 0.02, TIIy=0.5(1+we)de=750,
I1,=0.50, (1+(l)re|) =120, where (l)re|:(l)0R0/U0:(l)0/QO and
Jre|:J0/R02 are the relative mesovorticity and moment of
inertia, correspondingly. It was shown [11,12] that the
process of tornado (and hurricane) rise is mainly
regulated by these three dimensionless parameters.
The rest two parameters are as follows: Jy=0.05J, and
op=0.01m,. The number of mesh points in each
direction is 80, and the time-step 1=0.35 s.

The wind projections in the different cross-sections
at the different instants are shown in Figures 3, 5-7.
The coordinates in figures and in (8)-(10) are
connected as follows: X=x+750 m, Y=y+750 m, Z=z
(so, the central vertical axis of the tornado is at
X=Y=750 m). Each vector field in each figure is
normalized to unity. The absolute values of the radial-
vertical winds shown in Figure 3 can be estimated by
using Figure 4 and those of the horizontal ones shown
in Figures 5-7 — by using Figure 8.

The radial-vertical winds in the central cross-
section, U,,={U,U}(X, 750 m, Z, t), are shown in
Figure 3 at the following instants: a) 10.34 s, b) 41.36
S, €) 62.94 s, d) 82.72 s, e) 113.7 s, f) 165.4 s. The
mean square velocity values |U|=[|[U(X,t) llop) are also
given in the figure.

Big black round arrows in Figure 3 are placed
around the main instant centers of vertical — radial
circulation. Note, that at t=0 both vertical and radial
components are absent; only a slow cyclonic tangential
motion exists with the amplitude of Up=1.5 m/s.

The vertical-radial wind circulation is created due to
interaction of the macroscale velocity (i.e. the observed
winds) with the mesoscale vortices. The main instant
centers of vertical-radial circulation ascend and move
away from the center axis with time. The initial energy
of mesovortices is transferred to the winds energy; the
wind velocity grows up fast, until it reaches its maximal
magnitude, and then slowly decays, what is typical to
tornados and hurricanes.

The macroscale air circulation can be described as
the suction of the surface air from the periphery
towards the tornado center. Then, inside the eyewall,
the air masses ascend till about 1 km height where
they diverge to the periphery and descend. In this way,
the tornado structure is creating.

The maximal vertical wind velocity U,=31 m/s is
reached in the center at Z=600 m and t = 51.7 s. At that
instant, the maximal radial infow U, = -7 m/s and
outflow U, = 5 m/s are located, respectively, at Z=500
m, r=230 m and Z=1200 m, r=330 m. Under the given
parameters, the total typical mushroom-like structure of

30 a
ti6

Ur{r, 217, tn)

uz(r, zn, t1)
t1=1034s

Lo=amnmwbsoo

Ur(r, 29, tn)

03
0.0 : . u2

Ur({r, 21, tn)

Uz(r, zn, t16)

" t116=1654s

9
7
5
3
1
-1

[ 150 300 450 600 750

Figure 4: The radial U(r,zn,tn) (a-c) and vertical U,(r,zn,tn) (d-f) winds (m/s) as functions of radius (¢p=0) at the heights (m):
z=zn=93.75:(n-1), n=2,...,16, z1=9.4, z17=1490, and the instants (s): t=tn=10.34-n.
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¢) 103.4; d) 165.4.

1 b) 72.4;

750 m at the instants (s): a) 20.7

Figure 6: Horizontal winds at the height z
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z1=9.4,

n=2,...,16,
instants (in seconds):

zn=93.75-(n-1),

=

meters):

the tornado is formed approximately for a minute

(Figures 3c-f).

=1490, and the time

z17

t

, as the functions of radius at the azimuth

10.34-n

angle ¢

=tn

=0 (y=0, x>0).

Figure 4 shows the radial U(r,zn,tn) (a-c) and
vertical U,(r,zn,tn) (d-f) winds (in m/s) at the heights (in
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The horizontal winds U,,={U,,U/}(X, Y, Z, t) at the
different instants and heights are shown in Figures 5-7:

Figure 5: Z=187.5m; a) 0 s, b) 10.34 s, c) 41.36 s,
d) 82.72s,e) 1241 s,f) 165.4 s;

Figure 6: Z=750 m; a) 20.7 s, b) 72.4 s, c) 103.4 s,
d) 165.4 s;

Figure 7: Z= 1125 m; a) 31 s, b) 72.4 s, ¢c) 103.4 s,
d) 134.4 s, e) 1448 s, f) 165.4 s.

Figure 8 shows the horizontal wind amplitudes
Unor(z,t)= max|U,y [(IX],lyl<L) at four heights.

At t=0 s and all the heights, there are no radial (and
vertical) winds, and the current represents pure
tangential rotation inside the radius r<Ry,=300 m. The
initial structure of the horizontal winds at all the heights
is like the one shown in Figure 5a (Z=187.5 m), and
only tangential velocity magnitude varies with height.

E.g. at Z=187.5 m the initial azimuth wind velocity
magnitude equals to 1.2 m/s. With time at that height,
the radial flux towards the eyewall arises and grows.
During the first 10 seconds the horizontal velocity
increases in 10 times and reaches 12 m s™, while the
eyewall radius narrows to r<153 m (Figure 5b). Later
on, the eyewall radius still decreases tending to be
stabilized near r=110 m (Figures 5c-f).

Both inside and out of the eyewall, the air
cyclonically spirals towards the wall. But out of the

eyewall the air motion reveals more complicated
features with time. For example, at the corners of
Figure 5e (t=124.1 s) one can clearly see
conglomerates of four vortices of different polarity,
where the horizontal flow recalls a jet normally striking
a bar.

The magnitude of horizontal wind at this height
reaches its maximum of about 14 m/s in 12 seconds
and afterwards begins to decrease, while the gradient
of the vertical velocity is still growing (compare with
Figures 3d-f).

At Z=750 m (Figure 6) the evolution of the
horizontal winds resembles that at z=187.5 m (Figure
5) with the only difference that the maximum of
horizontal wind velocity is greater (about 28 m/s) and is
reached later (in about 22 sec). One can clearly see
the growth of the eyewall thickness (Figure 6b), and
more intense and complicated motions at the periphery
(Figures 6c¢-d).

At the height Z=1125 m (Figure 7) the maximum of
the horizontal velocity is about 30 m/s and is reached
approximately in 31 seconds (Figures 7a and 8). At this
height and higher, the centrifugal trend appears — the
air outflow towards the periphery, growing in time
(Figures 7b-e; see also Figures 3c-f and 4a). The
eyewall expands and occupies the area up to r = 550 m
att = 72.4 s (Figure 7b) and after t=103.4 s intense
horizontal currents cover the whole calculation area
(Figures 7c-f).
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Figure 8: The magnitudes of horizontal winds Unor(z,t) (m/s) with time (seconds) at the different heights z.
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Figure 9: (a-c): pressures at the different heights and instants; (e): wind velocity magnitudes at the instant when absolute
maximum wind is reached at t=82.7 s; (f): wind components (t=82.7 s, z=1031.25 m) (d): the total energy E, wind U, moment of
mass J, total vorticity F, and the dencity parameter a, unity-normalized in square norms. The time instants and heights are the

same as in Figure 4.

After t>100 s the secondary vortices emerge at the
inner edge of the eyewall at r=260 m (Figure 7d). The
system of four secondary vortices is relatively stable
and cyclonically turns (counterclockwise) with angular
velocity wsy=0.0116 s* (Figures 7d-f).

Such subtornado-scale multiple vortices structures
have been observed visually or in patterns of havoc
[17-20], by numerical [21] and Ilaboratory [22]
simulations, and by Doppler Radars [23]. Similar
patterns of the eyewall mesovortices rotating around
the eye center, emerging, coupling, decaying, and
again merging, are also observed in severe hurricanes
[24-26].

To estimate the quantitative values of the horizontal
winds shown in Figures 5-7 one can use Figure 8: the
maximal arrow length in each of these figures
corresponds to the respective value of Upg(z,t) in
Figure 8.

Figure 9 shows the main dynamic features of the
numerical model. The central depression forming in the
center of the category T3 tornado is shown in Figures
9a-c. The typical pressure pit shown in these figures,
as well as the wind velocity radial distributions at
different heights at the instant of maximal winds shown
in Figures 9e-f, sufficiently good correspond to the
observation data [11,12,14]. The unity-normalized

mean square values of the total energy (E), wind
velocity (U), moment of mass (J), total vorticity (F), and
the density parameter (a) as the functions of time are
shown in Figure 9d. The time instants (t) and heights
(zn) are the same as described in Figure 4.

6. DISCUSSION

Figure 10 shows visual comparison of our numerical
model (in quasi-3D form) with the photograph of the
category T3 tornado made in Montana, USA, August
2005.

The structure of the objects in either picture is
practically the same. Moreover, the space, time and the
velocity data in our numerical experiment and the
observed tornado almost coincide.

Another visual comparison is shown in Figure 11
where the model tornado at the instant t=93 sec is
compared with the 1973 Union City, Oklahoma
tornado. It was the first tornado captured by the
National Severe Storms Laboratory Doppler radar, and
it is shown here in its early stage of formation”.

“http://celebrating200years.noaa.gov/breakthroughs/tornadowarnings/01_torna
do650.html
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<

Figure 10: Left: 3D wind field in our model at t=165.4 s. Right: snapshot of T3 tornado, Montana, USA, August 2005 (Andrei

Panshin © 2005).

Figure 11: Left: 3D wind field in our model at t=90.03 s. Right: 1973 Union City, Oklahoma tornado in it early stage of formation.

Concerning multiple vortices formation shown in
Figure 7d-f, it is interesting to compare it with the
similar phenomena observed in violent hurricanes.

Figure 12 shows the satellite GOES-12 photograph
of Hurricane Isabel, September 13, 2003, 1812 UTC
(left) and the horizontal cross-section of the model
tornado at t=165.4 s, z=1125 m (right). The both reveal
four “pin-wheel” vortices around the central one. We
found the following estimates for the diameters of
eyewalls: D.=70 km (Isabel), de =1.1 km (our model);
central vortices: D.=24.6 km, d.=0.37 km; “pin-wheel”
vortices D,=19.4 km, dy,=0.27 km; and the radii of the
“wheels”: R,=25 km, r,=0.36 km. The geometrical
similarity of the vortices in the eye of Hurricane Isabel
and those of the tornado calculated in our model is
obvious.

Another comparison of the model tornado and
Hurricane Isabel can be made by rescaling in time,

space, and velocity. Concerning the maximal wind
velocity (MWYV) in our model Uww(t)=llU(X,t)llcpy and
the best-track wind velocity (BTV) in Hurricane Isabel
Ugr(t) [25], we can normalize MWV to BTV:
Uwmwn(®)=kuUmw(t), where ky is the relation of absolute
maximum of BTV (74.9 m/s) to that of MWV (42.11
m/s). Then, let us define the typical time scale of
Hurricane Isabel T, as the time period since 0000 UTC
6 September 2003, when it became a tropical
depression from an African easterly wave with
BTV=16.4 m/s, until 1200 UTC 11 September 2003,
when it reached the peak BTV. In the same manner we
define the typical time scale of the model Ty as the
time period while the normalized MWV is rising from
16.4 m/s to its peak value 74.9 m/s. Rescaling the
model time rate with the factor kt=T,/Ty =5233, we then
can compare the time-rescaled normalized MWV
Unwnt(t)= Unwn(t/ks) of the model with the BTV of
Hurricane Isabel. The results of the comparison are
shown in Figure 13.
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Figure 12: Left: the eye of Hurricane Isabel

(zoomed part of GOES-12 photo, Sept.

13, 2003, 1812 UTC,

http://goes.gsfc.nasa.gov/pub/goes/030913.isabel.gif). Right: the eye of the model tornado at t=165.4 s, z=1125 m. (See details

in text).
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Figure 13: Best-track wind velocity (m/s) in Hurricane Isabel [25] (dashed) and rescaled maximal wind velocity in the model
(solid). Horizontal axis shows time in days of September 2003. The arrows show the periods when multi-vortices inside the

hurricane/tornado model were observed/ calculated.

The spatial coordinates of the model should be
rescaled by the factor kyx=D./d.=63.63, and the
similarity law requires A=Ay kXZ/kT, where A, and Ay
are the typical turbulent viscosity coefficients of the
hurricane and the model, respectively. In the numerical
model Ay =1000 m’s™, so the effective turbulent
viscosity in the hurricane should be equal to A, =774

m?s™, what is in good agreement with the observation
data.

7. CONCLUSION

The Cosserat model of asymmetrical hydrodyna-
mics is applied to the tornado/hurricane phenomena
which differ in their scales and nature. The tornado rise
from the cloud of turbulent eddies is considered as the
localization process. Our numerical solution of the

problem applied to Category 3 tornado proved its
fitness.
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Our model concept is to overcome the prejudice
against the vortex symmetry of turbulence
microstructure, and the alternative concept of gradient
homogeneity is suggested which agrees with the
Kolmogorov idea of local isotropy.

Interesting features of the concept implemented
here are as follows. First, our model can explain
multiple vortices formation both in tornados and
hurricanes simultaneously (depending on the scale
factors), and, second, it is shown that the mesoscale
theory of turbulence can explain the processes of
catastrophically rapid rise of tornados (or hurricanes),
and also can describe the peculiar features of these
phenomena, such as multiple vortices.
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