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Abstract

An overview of researches is presented, which was focused on application of a
theoretical hypothesis on the turbulent vortex dynamo to the study of tropical
cyclogenesis. The dynamo effect is related to the special properties of
small-scale helical turbulence with the broken mirror symmetry and was hy-
pothesized to result in large-scale vortices generation in both hydrodynamic
and atmospheric turbulence. To introduce this abstract theory into tropical
cyclone research, a recent discovery of vortical moist convection in the tropics
is emphasized. Based on this finding, we discuss and substantiate the crucial
role of rotating cumulonimbus clouds, known as vortical hot towers (VHTs),
as a necessary element to provide the dynamo effect. An analogy is traced be-
tween the role of interaction “moist convection—vertical wind shear” in
creating the vortex dynamo in the atmosphere and the role of the mean elec-
tromotive force providing the MHD dynamo in electrically conducting me-
dium. Throughout the review of novel results, a pivotal role of the Rus-
sian-American collaboration on examining a helical self-organization of moist
convective atmospheric turbulence under tropical cyclone formation by use of
cloud-resolving numerical simulation is accented. The efforts resulted in ap-
plication of the vortex dynamo theory to diagnose a time when cyclogenesis
commences in a favorable tropical environment. This may help elaborate a
universally accepted definition of tropical cyclogenesis that currently does not
exist and contribute to practical purposes of diagnosis and forecasting.

Keywords

Large-Scale Helical-Vortex Instability, Tropical Cyclone Formation, Rotating
Cumulus Convection, Cloud-Resolving Numerical Analysis

1. Introduction

The present review-research article is aimed at bridging the fundamentals of the

DOI: 10.4236/0jfd.2018.81008 Mar. 29, 2018 86

Open Journal of Fluid Dynamics


http://www.scirp.org/journal/ojfd
https://doi.org/10.4236/ojfd.2018.81008
http://www.scirp.org
https://doi.org/10.4236/ojfd.2018.81008
http://creativecommons.org/licenses/by/4.0/

G. Levina

theory of turbulence and the most advanced atmospheric studies based on
cloud-resolving numerical simulation in order to approach unraveling the awe-
some natural phenomenon of tropical cyclogenesis.

Incipient research efforts towards this goal are dating back to the early 1980s,
when almost simultaneously, there appeared two publications [1] [2]. In the first
of them, the theory of turbulent vortex dynamo was put forward, and in the
second one, the possibility of applying this theory to explain the formation of
tropical cyclones in the Earth’s atmosphere was considered. The vortex dynamo
mechanism [1] is based on some intrinsic peculiarities of the small-scale helical
turbulence of the velocity field [3] [4] [5] [6], characterized by the broken mirror
symmetry. Under certain conditions, the helical turbulence is capable of ampli-
fying and sustaining large-scale vortex perturbations by transferring energy from
small scales to large ones and providing an inverse energy cascade. A featured
characteristic of the new large-scale, helical-vortex, instability found in [1] was
the existence of an excitation threshold of instability. It should be noted that the
excitation of threshold kind is also inherent in other large-scale instabilities
found in turbulent media with symmetry breaking: the alpha effect in magneto-
hydrodynamics [7] [8] [9] and anisotropic kinetic alpha effect (AKA-effect) in
an electrically non-conducting medium [10]. In the atmosphere-oriented work
[2], formulas were obtained for the critical values of a number of parameters that
determine the emergence of large-scale helical-vortex instability, and on their
basis, quantitative estimates were calculated for the conditions in the Earth’s at-
mosphere, which are corresponded to the formation of tropical cyclones. Later,
the theoretical formulas [2] were also applied to obtain quantitative estimates for
the atmosphere of Jupiter. This made it possible to adequately interpret the di-
mensions and lifetime of large-scale long-lived vortex disturbances caused by the
fall of the fragments of comet Shoemaker-Levy 9 in 1994 [11] [12]. Both applica-
tions to the atmospheres of planets, the Earth and Jupiter, were discussed in de-
tail in the review [13].

Following the publications [1] [2] and inspired by their findings, a wide-ranging
research program headed by the Space Research Institute and aimed at testing
the hypothesis on the turbulent vortex dynamo was initiated in several scientific
centers across the USSR. This included theoretical, experimental, and numerical
modeling of developed turbulent convection in rotating non-uniformly heated
fluids with a focus on conditions and ways of generation of intense large-scale
spiral vortex structures and was targeted at peculiarities of tropical cyclones
formation in the Earth’s atmosphere [13]. A close attention was also paid to a
search for ways of controlling the formation of such structures. Undertaken
theoretical analysis resulted in a few ideas of how the formation of intense
large-scale vortices might be affected, which were offered for testing in the ap-
propriately designed laboratory experiments [13]. In the context of our current
discussion it is worth to recall the one [14], which was connected with introduc-

ing of external small-scale helicity into a rotating layer of non-uniformly heated
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fluid in order to initiate or intensify an already existing large-scale spiral vortex
or, alternatively, to suppress its amplification or formation altogether. The pro-
gram was progressing successfully and culminated in two field experiments in
the tropical Pacific—expeditions “T'yphoon-89” and “Typhoon-90” of 100 days
each, on the board of one and four research ships in typhoons’ seasons of 1989
and 1990, respectively. During the expeditions, the emphasis was on measure-
ments that would make it possible to reveal any signs indicating the action of the
vortex dynamo in pre-typhoon states of the tropical atmosphere. Spectra of at-
mospheric turbulence were obtained and examined for various synoptic condi-
tions, which included: the regions without any visible signs of cyclonic or anti-
cyclonic circulation; near the centers of tropical depressions (cyclonic vortices
with maximum sustained tangential near-surface winds up to 17 m/s), which
were rapidly deepening and intensifying into tropical storms (maximum winds
were within 18 - 32 m/s) during the observations; on the periphery of a devel-
oped tropical cyclone (maximum winds 33 m/s or higher). The analysis carried
out found a non-zero helicity of the atmospheric turbulence and gave an impli-
cation that inverse energy transfer might exist from the small scales to large ones
in conditions of tropical cyclone formation [15]. The program was stopped after
the collapse of the Soviet Union in 1991. However, during the next decade, some
investigations were continued at the Space Research Institute in Moscow and In-
stitute of Continuous Media Mechanics in Perm. The achievements of the 20th
century on the turbulent vortex dynamo and related topics were summed in the
review [13].

The present work is a continuation of the efforts discussed above. In order to
introduce the hypothesis on the turbulent vortex dynamo into tropical cyclone
research, a recent discovery of vortical moist convection in the tropics is empha-
sized. Based on this finding, we discuss and substantiate the crucial role of ro-
tating cumulonimbus clouds, known as vortical hot towers (VHTs), as a neces-
sary element to provide the dynamo effect in conditions of tropical cyclone for-
mation. Based on the mathematical model of the turbulent vortex dynamo in a
convective system [13] and results of numerical simulation carried out for this
model, an analogy is traced between the role of interaction “moist convec-
tion—vertical wind shear” (described by a hypothetical “vortex-motive” force in
the model) in creating the vortex dynamo in the atmosphere and the role of the
mean electromotive force providing the magnetohydrodynamic (MHD) dynamo
in electrically conducting medium. Bearing in mind an existence of excitation
threshold for the large-scale helical-vortex instability predicted within the theo-
retical model and confirmed by numerical analysis for this model, we propose
introducing quantitative criteria, which take into account helicity, convective
available potential energy (CAPE), and vertical wind shear (similarly to those
applied for midlatitude severe storms), in order to use them for study and diag-
nosis of tropical cyclogenesis.

The paper is organized as follows. In Section 2, we discuss the mathematical
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model of the turbulent vortex dynamo in a rotating non-uniformly heated fluid;
a numerical approach designed to study the large-scale helical-vortex instability
is presented and results of numerical investigation of the model are summarized.
Section 3 highlights the discovery of vortical moist convection in the tropics and
its helical features. In Section 4, we describe the implementation of post-processing
of atmospheric simulation data and examine the process of helicity generation
on cloud- and mesoscales. Section 5 presents a mechanism of a VHT formation
and helicity generation through interaction between a convective updraft and
vertical wind shear. A crucial role of VHTSs is emphasized in providing a special
topology of a forming mesoscale vortex, which is characterized by the linkage of
the primary (tangential) and secondary (transverse) circulation. Based on it, a
rationale is proposed for how VHTs can participate ensuring the action of the
turbulent vortex dynamo in the tropical atmosphere. Section 6 presents how the
concept of vortex dynamo can be applied for practical purposes of diagnosing
the commencement time of tropical cyclogenesis. In Section 7 “Conclusions”, we

summarize the main findings and offer a perspective for these investigations.

2. Turbulent Vortex Dynamo in a Convective System

A fundamental hypothesis is known in the theory of turbulence that an inverse
energy transfer from small to large scales is possible in the helical turbulent me-
dium with the broken mirror symmetry [5]. This may result in a large-scale in-
stability leading to the formation of organized structures with space- and
time-scales essentially exceeding those of background turbulence. The confirma-
tion to the above hypothesis was first discovered in magnetohydrodynamics [8].
This phenomenon, known as the alpha effect, allows us to explain the growth of
large-scale magnetic fields in electrically conducting medium and forms the ba-
sis of the MHD dynamo theory [7] [8] [9]. The formal similarity of equations
describing the magnetic field in a moving electrically conducting medium and
vorticity field in non-conducting fluids [6] gave an impetus to a search for ana-
logs to this phenomenon in general hydrodynamics. The first theoretical exam-
ple of large-scale helical instability in general (non-MHD) hydrodynamics was
found in [1] and, by analogy, coined the hydrodynamic alpha-effect.

A mathematical model of the turbulent vortex dynamo in a convectively un-
stable non-uniformly heated fluid was first proposed in [16] and was obtained by
the same methods as the model in [1] without a temperature field, namely, by
use of the mean-field theory [9]. Further development and generalization of this
model was performed in [17]-[22], in which the problem formulations were
brought closer to the real conditions of tropical cyclones formation by taking
into account the rotation of the atmospheric layer and phase transitions of
moisture. In [21] [22], the method of multiscale asymptotic expansions was ap-
plied, which allows the principal order in which the instability emerges to be
discerned from the entire hierarchy of perturbations. The findings of investiga-

tions [19] [20] emphasized the role of the joint effect of the Coriolis force and
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the temperature profile nonlinearity provided by internal heat release due to
water vapor condensation in order to reach generation of the non-zero helicity
of thermoconvective turbulence, and as a result, the dynamo-effect. Thus, being
in good agreement with earlier works [7] [23] about the mutual role of buoyancy
and Coriolis forces in generating helicity, the authors [13] [19] [20] contributed
by highlighting the role of internal energy sources in this process. Independently
of [19] [20], processes of vorticity and helicity generation in the moist rotating
turbulent atmosphere were theoretically examined in [24] [25], in which the
similar result was accented, namely, an energy release due to phase transition of

moisture was required to reach the non-zero dynamo effect.

2.1. Helicity of the Velocity Field

Helicity of the velocity field is a pseudoscalar quantity defined as the scalar
product of velocity v(r,t) and vorticity @(r,t)=curlv vectors [3]. The vo-

lume integral calculated in a specific space domain,

H :jv-wdr, (1)

gives the helicity of vortex system, where v-@ is the helicity density of the
flow. Both quantities are pseudoscalars, 7.e., they change sign under change from
a right-handed to a left-handed frame of reference [4].

A non-vanishing helicity implies the symmetry break of turbulence with re-
spect to coordinate system reflections [3] [4] [5] [6]. The mean helicity, like
energy, is an inviscid quadratic constant of motion in barotropic fluids. If we
choose a right-handed Cartesian or orthogonal curvilinear frame for our further
consideration, positive mean helicity will be generated in the moist atmosphere
under the predominance of cyclonic updrafts and/or anticyclonic downdraft
motions. Similarly, negative helicity will be generated for the case of anticyclonic
updrafts and/or cyclonic downdraft flows.

However, unlike energy the helicity can be both positive and negative. Its sign
determines the predominance of the left-handed or the right-handed spiral mo-
tions in the examined flow.

Helicity is one of the most important characteristics for describing the struc-
ture of vortex fields. This quantity is a topological invariant, which measures the
degree of linkage of the vortex lines [3] [4] [5] [6]. Let us only reproduce here a
picture from Moffatt’s seminal work [3] (Figure 1), as a simple illustration for
this complex topological notion. In further analysis of helical atmospheric flows,
this may help imagine—how do they look?

The sources of helical turbulence are known to be the force fields of a pseu-

dovector nature, such as magnetic or Coriolis force fields.

2.2. Mean-Field Equations

Let us analyze and discuss the mathematical dynamo-model for the convective
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(a) (®) (©

Figure 1. The degree of linkage of two closed filaments C,, C, (where a;, is the “winding
number” of the curves | and C,). The choice of sign in (b); (c) is determined by the rela-
tive orientation of the two filaments. Borrowed from [3]. (a) a;, = 0; (b) a;, = —1; (c) a, =
2.

system in more detail.

The most demonstrative physical interpretation of the obtained dyna-
mo-effect can be given in terms of toroidal and poloidal component of the vector
velocity field, Ze. in the form of representation that is frequently used in magne-
tohydrodynamics [7] [9] and is well suited for transformation of corresponding
vector equations to the system of equations for scalar functions. Let us choose
V  for denoting the mean velocity field (v;) and express it in the following

form:

V =V;+V,, V;=curl(ey), V, =curlcurl(ep), e={0,0,1}. )

Bearing in mind the formation of tropical cyclones in the atmosphere as well
as vortex flows in rotating non-uniformly heated fluids, we can also interpret
this representation in common terms of tangential and transverse (or overturn-
ing) circulation, respectively, in order to apply them in our further discussion.

In terms of expressions (2), a mathematical model of the turbulent vortex dy-
namo in a rotating horizontal layer of incompressible non-uniformly heated
fluid can be written in the dimensionless form [13] [18] [19] [20] [26] [27]

[Pr%—AJT =-A o,

0 - VP -A Jy-Ta? ¥
(E—AJM_RaHC[(e V) -a, y -T2,

0z 3)
(E—Ajt//:—C(e-V)Z(p+Taﬂza—(p
ot o’
4 21,4
pr=", Ra=9PA" ¢, op Ta=ET
X Vi v

Here, 7'is the temperature, @ and  are the poloidal and toroidal potentials of
the velocity field, and A, =8%/6x* +0°/dy® is the two-dimensional Laplace
operator. Pr, Ra, and 7a are the dimensionless Prandtl, Rayleigh, and Taylor
numbers, e the unit vector directed vertically upward, A the uniform tempera-
ture gradient between the horizontal boundaries of the layer, g the gravity acce-

leration, S the coefficient of thermal expansion, A the layer height. The dimen-
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sionless parameter C characterizing the small-scale turbulence is related in a ra-
ther complicated manner to the turbulence characteristics such as the most
energetic scale 4 and characteristic time 7 of the turbulent velocity correlation
[19] [26] [27], and is proportional to the angular velocity of a fluid layer rotation
Q, and the power of internal heat sources A.

The system of dynamic linear Equations (3) for three large-scale fields in-
cludes two different positive feedbacks. One of them acts between the poloidal
¢-component of the velocity field and the field of temperature disturbance 7. It
links the first and the second equations in system (3) and leads to natural con-
vective instability. The other directly links the components ¢ and y of the veloc-
ity field, Ze. the second and the third equations from system (3). Here it is im-
portant to note that, as applied to tropical cyclones, this would imply an imme-
diate positive feedback between the tangential and overturning circulation. This
feedback, being generated by special properties of small-scale helical turbulence
and, therefore, named the helical feedback [13] [26] [27], is maintained only
through the parameter C, whose explicit form was first given in [19] and dis-
cussed in detail in the above works.

As we can see in model (3), in the absence of volumetric heat release (A =0),
the coefficient C =0 and, accordingly, the corresponding terms in the equa-
tions vanish, Ze. the effect of the vortex dynamo is impossible. As applied to the
atmosphere, this means that heating the layer from below owing solar radiation
received by the underlying surface is insufficient for the occurrence of large-scale
instability.

If C+#0, then the mean large-scale flow ¥ shows a special topological prop-
erty — the linkage of vortex lines of poloidal and toroidal flow component [3] [4]
(5] [6].

Thus, the positive helical feedback is responsible for a new type of instability,
namely, the large-scale helical-vortex instability [13]. In this meaning, C-terms
in model (3) are analogous to the mean electromotive force [7] [8] [9] providing

the generation of large-scale magnetic fields in magnetohydrodynamics.

2.3. A “Vortex-Motive” Force

Unlike the alpha effect in an electrically conducting medium based on the inte-
raction of two different physical fields—the magnetic field and the velocity
field—in its hydrodynamic analog, the dynamo effect is to be provided only by
the singularities of a single velocity field. In magnetohydrodynamics, the mean
electromotive force [7] [8] [9], linking the two fields, ensures the amplification
and maintenance of large-scale magnetic field. The realization of this phenome-
non can be well illustrated in specific cases, for example, for the generation of
large-scale magnetic fields of astrophysical objects.

The vortex dynamo should operate by linking the poloidal and toroidal com-
ponent of the velocity field. In mathematical model (3), C-terms responsible for

the positive feedback can also be represented as a force of some kind [13] [26]
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[27], which, by analogy, could be called the “vortex-motive” force

f=Cfe-(curlv),-o(exV)/az}, e={0,0,1}. (4)

It seems both curious and useful to give an explicit representation of compo-

nents of such hypothetical vortex-motive force
f z{@,_a_uﬂ_a_u} o
0z 0z OXx oy

The first two terms in Formula (5) describe the vertical shear of horizontal
velocity whilst the third one is the vertical component of vorticity. As our analy-
sis showed [26] [27], the third term is of paramount importance because of its
crucial role in the closing of the positive feedback loop between the poloidal and
toroidal field.

The emergence of positive helical feedback between the toroidal and poloidal
component of the velocity field can be considered as a clear sign indicating the
onset of helical-vortex instability. This served a basic idea for developing a nu-
merical approach [26] [27] that had at first been applied to simulate and tho-
roughly examine the evolution of helical-vortex instability in Rayleigh-Bénard
convection and later, it was adapted for diagnosing the commencement of trop-

ical cyclogenesis in the atmosphere.

2.4. Numerical Approach for Studying the Large-Scale
Helical-Vortex Instability

A key to the approach [26] [27] was the addition of a model force to the convec-

tion equations. It is widespread in turbulence modeling to have a forcing func-

tion driving a turbulent flow. However, the forcing term in simulations [26] [27]

was not assigned to be a driving force. It was applied to naturally induced, fully

developed convective flows and was only considered to be responsible for spira-

lizing the flow and generating the positive helical feedback. For this purpose, it

was difficult to come up with anything better than the vortex-motive force de-

fined by expression (4).

Numerical investigations carried out in [26] [27]:

e gave a vivid example of non-zero mean helicity, <H>¢ 0, generation that
implied the broken mirror symmetry,

e demonstrated new effects in flow structure and energetics attributed to a
large-scale instability,

e confirmed a threshold type onset of this new helical instability,

¢ highlighted the generation of positive helical feedback between the tangential
and overturning circulation in a vortex system,

o demonstrated how the helical feedback could be identified by examining
integral kinetic energies of the tangential and overturning circulation,

e showed a probable scenario for development of the instability by merging of
helical convective cells and consequent intensification of newly forming larg-

er-scale helical vortices,
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e emphasized the crucial role of vertical flow component in the whole scenario
of new instability,
e pointed out an increased effectiveness of heat transfer within a helical and
larger vortex flow configuration.
These findings gave the authors of [26] [27] an impetus to search for possible

application to tropical cyclone investigations.

3. Helical Nature of Tropical Cyclogenesis

The term “helical cyclogenesis” was first introduced in [28], in which a possible
role of helicity fluctuations (when mean helicity vanished) was considered in
providing an inverse energy cascade in three-dimensional turbulence. Later, an
extended discussion was carried out in overview work [29] about how the pro-
posed mechanism could hypothetically work enabling formation of mesoscale
atmospheric phenomena such as tropical cyclones, subtropical hurricanes, and
polar lows.

Despite the above mentioned long standing theoretical discussions on the role
of helicity in tropical cyclogenesis, helical features of the velocity field have not
been highlighted in real tropical cyclone investigations until very recently.

Probably, the hypothesis on the turbulent vortex dynamo [1] and, especially,
its application to explain the formation of hurricane vortices in the atmosphere
[2], both were somewhat ahead of their time. At that time, it was no awareness
how the effect of the vortex dynamo could be implemented in the atmosphere.

In particular, in the case of tropical cyclones, the hypothetical realization of
the vortex dynamo would mean the generation of positive helical feedback be-
tween the tangential and transverse circulation in a forming large-scale vortex,
ensuring their mutual intensification. However, in nature, no vortex-motive
force is known capable of providing the feedback and it was unclear whether
such a scenario would be applicable to the atmosphere at all. To substantiate a
feasibility of the vortex dynamo mechanism in the atmosphere, new knowledge

about atmospheric processes was strongly needed.

3.1. Vortical Moist Convection in the Tropics

On the top of the third millennium, the knowledge was brought by high resolu-
tion three-dimensional numerical modeling of tropical cyclone formation. Pio-
neering near-cloud-resolving idealized simulations of tropical cyclogenesis un-
der realistic meteorological conditions [30] [31] discovered and substantiated a
vortical nature of atmospheric moist convection—vortical hot towers (VHTSs).
Moreover, what is of great importance, nearly simultaneously, such structures
were first documented in observations by use of airborne Doppler radar data to
show that VHTs were present in the genesis phase of Hurricane Dolly (1996)
[32].

By now, the VHTSs and their role in tropical cyclone formation have become a

subject of significant amount of studies and reliably confirmed in observations
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performed by researchers over the world, see e.g. [33] [34] [35], and references
therein. These rotating convective structures were closely investigated in several
field experiments in the Atlantic and Pacific oceans, including an unprecedented
trio of campaigns IFEX (the Intensity Forecasting Experiment)—GRIP (the Ge-
nesis and Rapid Intensification Processes)—PREDICT (the Pre-Depression In-
vestigation of Cloud-Systems in the Tropics) in the Caribbean and West Atlan-
tic, jointly organized by the National Oceanic and Atmospheric Administration
(NOAA), the National Aeronautics and Space Administration (NASA), and the
National Science Foundation (NSF) in late summer 2010 [34].

For the purpose of our further discussion, let us summarize briefly what has
been known about these convective structures by now.

The cloud hot towers in the tropical atmosphere of the Earth (Figure 2(a))
were first described in 1958 [36] as horizontally small (~10 - 30 km wide) but
intense cumulonimbus convection cores that reached the tropopause, that in the
tropics typically lies at least 15 km above sea level. The term “hot” comes not
from the temperature of the air but because of the intense latent heat release due
to phase transitions of moisture (vapor—water—ice) along the tower height.

The vortical tropical convection—VHTs—was first found nearly a half of the
century later [30] [31] [32]. Typically, VHTs exhibit convective lifetimes on the
order of one hour. For example, a thorough observational evidence of VHT's [37]
showed that the specific updraft was 10 km wide and had vertical velocities
reaching 10 - 25 m/s above 6 km. The convective cell was extending up to a
height of 17 km. The peak vertical velocity within this updraft exceeded 30 m/s.
Maximum values of vertical relative vorticity reached up to 6 - 18 x 107 1/s,
what by the one-two order of magnitude exceeds the planetary rotation. The de-
tailed evolution of the updraft observed during three successive fly-bys within
approximately 40 minutes was presented in Figures 10-12 [37]. The essential
physical characteristics of VHTs were highlighted in [38], where they were de-

scribed as “deep moist convective clouds that rotate as an entity and/or contain

Tropical Rainfall Measuring Mission w

“Hurricane Bonnie 08/22/98”

I —

Cloud

5“

NASA Scientific Visualization Studio {Shirah)

Figure 2. Hot towers in Hurricane Bonnie (1998). (a) NASA visualization for 22 August
1998 in a rapidly intensifying hurricane strength vortex (the altitude of towers is exagge-
rated) [41]; (b) Figure 4 [39]: Infrared satellite image at 2200 UTC 23 Aug, showing an
intense local cell with a new cell forming upwind.
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updrafts that rotate in helical fashion (as in rotating Rayleigh-Bénard convec-
tion), ...These locally buoyant vortical plume structures amplify pre-existing
cyclonic vorticity by at least an order of magnitude larger than that of the aggre-
gate vortex.” Finally, the authors [39] [40] paid the closest attention to the heli-
cal features of convective towers. In [39], helicity was calculated in Hurricane
Bonnie (1998) using tropospheric-deep dropsonde soundings carried out by re-
connaissance aircrafts during the NASA Convection and Moisture Experiment
(CAMEX) and the most extreme values of helicity, among the largest ever re-
ported in the literature, were found in the vicinity of deep convective cells. These
cells reached as high as 17.5 km. As it was noted in [40], in which helicity calcu-
lations were performed for eight tropical cyclones of 1998-2001 sampled during
the CAMEX, VHTs are helical by definition because they contain coincident
updrafts and vertical vorticity.

One of the most impressive visualizations of hot towers in a developed tropi-
cal cyclone was made by NASA (Figure 2(a)) and is available in Wikipedia [41].
Coincidentally, this turned out exactly to be for Hurricane Bonnie (1998).This
allows us to confirm illustratively the above discussion that VHT's are helical. In
Figure 2(b), for which the most consistent with time [41] figure was chosen
from [39] (not with the highest helicity values), the color bar represents bright-
ness temperature (°C). Helicity values and mean winds over 0 - 6 km from
sondes D1-D6 (released between 1845 and 2136 UTC 23 Aug) are also shown,
plotted with respect to the moving center. These are shown in black or white
depending on the background. Vertical wind shear was from the northwest at
this time. The hurricane symbol represents the best-track center location. Thus,
for tropical cyclones it has first been shown [39] that there exists an association

of large helicity and intense convection.

3.2. The Russian-American Collaboration

By deepening and expanding the new knowledge gained about vortical convec-
tion [30] [32], the authors of [31] offered a new scenario of tropical cyclogenesis
based on self-organization of convective processes in an otherwise favorable
tropical environment. They considered the problem of the transformation of an
isolated midlevel cyclonic mesoscale convective vortex (MCV) with weak cyc-
lonic circulation at the ocean surface into a surface-concentrated (warm core)
tropical depression vortex. The self-organization observed in their numerical
simulation emphasized a key role of VHTSs, and was realized via multiple con-
vective structure mergers, which were accompanied by an upscale vorticity
growth and system-scale convergence of absolute angular momentum about the
nascent vortex’s axis of circulation. It was showed [31], how, as a result of such
flow evolution during about 24 hours, a surface-concentrated tropical depression
vortex was formed on atmospheric mesoscale and intensified up to hurricane
strength during 72 hours of experimental time.

The atmospheric scenario of self-organization described in [31] had much in
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common with that observed in simulations of the helical-vortex Rayleigh-Bénard
convection [26] [27] (see, subsection 2.4.). This did become evident when both
scenarios were brought together and discussed in seminars of Montgomery Re-
search Group at Colorado State University in Fort Collins. At this juncture, in
February 2006, collaborative Russian-American studies were commenced in or-
der to apply the hypothesis on the turbulent vortex dynamo to examination of
tropical cyclogenesis. An initial idea of this paper’s author, with which she came
to the USA and presented it in those seminars, concerned the implementation of
parameterization of helical turbulence [26] in atmospheric modeling systems.
Instead, a much more daring and innovative proposal was made by the Ameri-
can side, namely, to try and apply the experience gained at working on [26] [27]
for the analysis of the then-newest data [31] obtained by direct numerical
near-cloud-resolving modeling of tropical cyclogenesis.

The results of our collaborative research efforts are presented in publications
[42]-[48] and in a number of conference abstracts, proceedings, and presenta-

tions, most of which are available on-line, e.g., in [49].

4. Numerical Study of Helical Tropical Cyclogenesis

Up to the time, when our joint research with American colleagues started, no
one had tried to investigate the helical features of atmospheric turbulence by di-
rect (ie without introducing any parameterization) numerical simulation re-
solving the cloud scales. As far as we were then aware, there were close enough
to this subject only papers [50] [51] [52], in which calculations of helicity for
mature hurricanes were carried out by regional atmospheric models whose space
resolution did not allow resolving the most energetic scales of cumulus cloudi-
ness. The fundamentals of turbulence as well as our experience in the heli-
cal-vortex Rayleigh-Bénard convection, both discussed above, helped elaborate
the statement of the problem and set directing the search by supplying with an
important knowledge that was taken into account in our studies.

The basic premise for our studies was that the inverse energy cascade and
generation of large-scale structures are possible in helical turbulence characte-
rized by the broken mirror symmetry. Such departure from the mirror symme-
try in turbulence can be quantified by helicity of the velocity field. It was fairly
obvious to expect helicity generation in the atmospheric turbulence under the
influence of the Coriolis force. In this case, it seemed very likely to find in the
atmosphere non-zero helicity fluctuations by following expectations of authors
[28] [29]. Meanwhile, the non-zero mean helicity needed to provide the vortex
dynamo mechanism (see, review [13]) and found in simulations of the so-called
laboratory convection [26] [27] was questionable to exist in natural atmospheric
conditions.

The foregoing determined the choice of the first step in our studies. We began
by calculating the helicity of the velocity field. In papers [42] [43], the first inves-

tigation of tropical cyclone genesis and intensification was conducted from the

DOI: 10.4236/0jfd.2018.81008

97 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2018.81008

G. Levina

perspective of helical features of atmospheric flows of different scales, which

contributed to the organization of the cyclone.

4.1. Post-Processing of Atmospheric Simulation Data

To analyze the process of self-organization of moist atmospheric convection ob-
served under conditions of tropical cyclogenesis as posed in [31], a set of helical
characteristics was computed, as well as some other integral characteristics of the
velocity field which were applied in [27].

The velocity fields used for post-processing in our studies [42]-[48] originated
from [31] (in which a more detailed information can be found) and were ob-
tained by use of three-dimensional non-hydrostatic Regional Atmospheric Mod-
eling System (RAMS) comprising time-dependent equations for all three com-
ponents of velocity, pressure, potential temperature, total water mixing ratio,
and cloud microphysics and utilizing an interactive multiple nested grid scheme.
For all numerical experiments [31] three nested grids were used. Our
post-processing of the model data was carried out on the finest computational
grid for subsequent times with a time increment of 10 minutes during 72 hours
of numerical experiment. Characteristics were calculated in the computational
domain of 276 x 276 x 20 km in Cartesian coordinates by use of uniform fi-
nite-difference grid. Throughout the post analysis the vertical increment was
equal to 500 m; the horizontal increments were 2 and 3 km. We also applied an
analysis of system-scale dynamics from a traditional vortex-centric perspective
when the Cartesian model data were transformed into a local cylindrical coordi-
nate system. For these purposes we used the “Diagnostic Package” developed
and described in [31] (APPENDIX B).

It is important to point out that no external assumptions were imposed on the
fluid motions investigated and described in [42]-[48], ie., no external forcing
terms were imposed to mimic a “helical alpha effect”. In other words, the pre-
sented results are the outcome of a direct numerical simulation subject to the
usual caveats of a sub-grid scale closure that is used to remove small scale mo-
tions at the horizontal grid scales of the model (~3 km).

In [31], nineteen sensitivity experiments were conducted to explore and subs-
tantiate the new paradigm of tropical cyclogenesis based on self-organization of
vortical moist convection. They were grouped into five categories to examine ef-
fects of: (A) horizontal resolution; (B) convective and thermodynamic processes;
(C) perturbations in initial MCV structure; (D) absence of latent/sensible heat
fluxes or momentum fluxes at ocean surface; and (E) absence of Coriolis para-
meter.

For our thorough analysis in [42]-[48], six numerical experiments from dif-
ferent categories [31] were chosen—A1, A2, B3, C1, C3, and El, the last five of
which were calculated with the same horizontal grid increment equal to 3 km,
while in A1, the increment of 2 km was applied. In experiments Al, A2, B3, C3,

and E1, a transformation of an initial mid-tropospheric vortex disturbance into a
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surface-concentrated tropical depression vortex was observed. Of these, experi-
ments Al and A2 demonstrated during 72 hours of the computational time the
whole evolution of the cyclone from a tropical depression (TD) through a tropi-
cal storm (TS) and up to a hurricane (H). Experiments B3, C3, and E1, during
the same time, did not reveal any further intensification of the sur-
face-concentrated TD vortices. In case C1, without an initial vortex disturbance,

no surface development whatsoever was observed.

4.2. Helicity Generation on Cloud- and Mesoscales

In this paper, let us analyze and discuss a few helical characteristics, which have been
applied in [42]-[48] and are easily obtained from Formula (1): the three-dimensional
helicity density, Ze, helicity values calculated in each point of the finite-difference
grid —A and its vertical spatial contribution h,, and mean helicity of the forming
vortex system introduced as the value of helicity integrated over the whole
computational domain and normalized by the number of grid points— (H ) , as

well as its integrated spatial contributions <H hor) and (Hver>

[aw avJ (au awj [8v auj

h=v.o=u ——— |+V| ——— |+W| — —— |,

ay oz oz oX OX 8y (6)
(H) (Hior), (Huer)-

It is important to note that the non-zero mean helicity could be generated
even in the absence of vertical flows (w = 0). However, such is only possible
when the horizontal wind is changing with height, ie., in the occurrence of ver-
tical shear of the horizontal wind. Thus, the non-zero horizontal helicity can be
considered as a sign of existing or emerging shear flow. The non-zero vertical
helicity, being a product of vertical velocity and vorticity, is an indicator of the
presence of vortical convection in the examined area of tropical cyclone forma-
tion and allows perfectly the identification of such flows. As our studies
[44]-[48] show, the values of vertical helicity are approximately two orders of
magnitude less than the values of the horizontal one.

In Figure 3, the helicity density distribution observed in experiment A2 is
presented at three horizontal levels, z = 1, 4, and 7 km, along the atmospheric
layer height. Three specific moments of time are chosen, that approximately
correspond to: (a) = 12 h—the formation of the secondary circulation; (b) ¢=
15 h—the tropical depression formation; (c) = 62 h—when the developing cyc-
lone reaches the hurricane intensity of Category 2 with sustained winds exceed-
ing 42 m/s.

The color bar indicates the magnitude of 4 multiplied by 107 Orange, red
and dark red regions correspond to strong positive helicity. As part of our ex-
amination of the evolution of the three-dimensional helicity field (6), the vertical
velocity and vertical vorticity were analyzed also (not shown). This allowed both
an identification of the formation of rotating convective structures and deter-

mination of their rotational signature, i.e., cyclonic or anticyclonic.
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Figure 3. Helicity density (x107> m/s®) in three horizontal cross-sections of 276 x 276 km
at z=1;4;7 km: (a) t=12h, (b) =15 h, and (c) t= 62 h.

Such rotating vertical flows observed in the field of vertical helicity A, during
experiment A2 were first shown in our presentation at the 31st AMS Conference
on Hurricanes and Tropical Meteorology [48]. The recorded presentation (mp4)
and handout (pdf) are also available on-line [48], in which the color bar (Slide
16) is similar to that in Figure 3, but for A4, multiplied by 107

The undertaken studies [42]-[48] showed the existence of a spectrum of cyc-
lonically rotating deep convection-VHTs of different horizontal and vertical siz-
es and intensity. VHTs were regarded as vortical coherent structures that
spanned more than half of the depth of the tropical troposphere. In contrast with
[36], we consider the broader spectrum of such convective structures rather than
emphasizing only the most intense updrafts. Some of these helical structures
were extremely strong and extended through the bulk of the troposphere. Their
ascending vertical velocities sometimes exceeded 30 m/s.

A successive development of rotating convection was traced and discussed in
[31], in which it was demonstrated how a mesoscale tropical depression vortex
could develop from cumulonimbus convection as a result of system-scale con-
vergence and upscale vorticity growth. The corresponding helicity evolution was
presented in [42]-[44].

A special attention was paid to a process of merging of convective cells inter-
preted as a manifestation of upscale organization of atmospheric rotating moist
convection. As it was shown in [31] [42]-[47], the process of merging was ac-
companied by not only an emergence of larger and stronger convective struc-
tures but also an increase in the background vorticity and helicity in adjacent
areas.

In [42]-[48], the integral helicity of a developing mesoscale vortex was also
calculated and analyzed. The main and striking result worth to emphasize is that
the integrated mean helicity (H) was found to be non-zero and, after the first
few hours in the vortex evolution, only positive and persistently increasing with
time.

Analysis carried out for experiments A2, B3, C3, and E1 from [31] distinctly

DOI: 10.4236/0jfd.2018.81008

100 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2018.81008

G. Levina

showed that in all four cases there existed an initial period, which was needed for
development of intense cloud-scale helical convection and starting of the process
of merging of convective structures. As it was pointed out in [44]-[48], the ver-

tical contribution of helicity <H > was particularly instrumental for tracing

ver
such changes because it immediately showed an emergence of rotating convec-

tion, while a small horizontal contribution (H,, ) generated by vertical shear

hor
within the initial MCV was already present since the very beginning. At this
stage, duration of which depended on initial conditions in each experiment, the
largest horizontal scale of observed convective structures was about 10 km, he-
licity (H) values due to the initial conditions did not exceed 0.2 - 0.35 x10"
m'/s’.

During next few hours, an upscale organization continued and led to forma-
tion of tropical depression vortices, which had essentially larger scales, with tens
kilometers in diameter. The formation of tropical depressions occurred at £=15
h (A2—Figure 3(b)); 45 h (B3); 26 h (C3); 27 h (E1). The characteristic values of
maximum azimuthal mean tangential velocity within these tropical depressions
at z= 1 km were within 7 - 9 m/s, the helicity values increased up to 0.25 - 0.55 x
10"m*/s*. Of these vortices, a further intensification of tropical depression was
observed only in experiment A2. The process of intensification up to hurricane
power was accompanied by a strong increase in helicity values. Thus, at £= 62 h
(Figure 3(c)), the tangential wind and helicity were 42.5 m/s and 9.7 x 10"
m*/s’, respectively.

To be sure of the reliability of these new numerical results on the helicity val-
ues, an important opportunity was found that allowed their comparison with
unique helicity data for intense vortical convection in Hurricane Bonnie (1998)
calculated in paper [39] using direct measurements in the atmosphere. Thus, in
[39] (Table Al), one can find a few results for helicity integrated over the 0 - 6
km layer in height that were obtained for a cell motion of zero (what is similar to
conditions in our numerical experiments). The highest value, equal to 2578
m’/s’, was found in Hurricane Bonnie (1998) on August 24 when the maximum
surface wind was about 55 m/s. We calculated the corresponding helicity for ex-
periment A2 [44] [47]. In numerical modeling, results showed to have very high
helicity magnitudes between 2000 - 2400 m*/s* during a time span 56 - 65 hours
when the maximum surface wind was between 33.5 m/s and 42.5 m/s. Within
this time interval, the helicity reached its highest local value equal to 2700 m*/s’,
which is close to that found in [39]. Consequently, helicity magnitudes deduced
from idealized numerical simulations turned out to be reasonably close to those
ones found for intense vortical deep convection in real hurricane conditions.

The non-zero mean helicity within a mesoscale area of tropical cyclone for-
mation, starting from the early hours in the vortex evolution and persistently
increasing with time, signifies a break of the mirror symmetry of atmospheric
turbulence. The broken mirror symmetry in turbulence is a precondition for the

emergence of a large-scale alpha-like instability [5]. This naturally led to the is-
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sue of crucial importance: whether the large-scale helical-vortex instability,
known also in fluid mechanics as the turbulent vortex dynamo or hydrodynamic
alpha-effect [13], might contribute to the formation of tropical cyclones, and
what role might it play.

Meanwhile, the non-zero helicity does not necessarily imply that the
large-scale vortex instability is underway. In fact, this only means that the exist-
ing departure of the mirror symmetry in turbulence produces an environment
conducive to the onset of large-scale instability.

That was a critical point in our research, happened soon after our first results
were published [42]. As an obvious continuation aimed at answering the ques-
tions, it seemed indispensable to carry out studies of atmospheric turbulence
with a focus on analysis of the transport of kinetic energy and helicity over the
spectrum of scales. The discovery of an inverse energy cascade during tropical
cyclogenesis would become a serious argument in favor of the hypothesis on
turbulent vortex dynamo. However, unlike a great amount of investigations,
theoretical and numerical, connected with studying the properties of helical
turbulence in the general and magnetohydrodynamics (see, for example, [53]
[54], and references therein), at that time, there were no any similar studies on
atmospheric turbulence in conditions corresponding to tropical cyclogenesis.
They were absent even for the classical case of non-helical turbulence, which
could be useful to us in order to correctly take into account all the specific fea-
tures inherent in the conditions of the formation of tropical cyclones. As our
further experience has shown, such features do exist.

Having postponed for a while the problem of turbulent statistics, the work on
which required the search and involvement of a highly qualified expert in both
turbulence and tropical cyclone fields, it was decided to begin with a search for
the large-scale helical-vortex instability.

To this end, a numerical approach [26] [27], based on a joint analysis of heli-
cal and energetic characteristics of the velocity field, was adapted for the use of
atmospheric data [31]. The approach was applied to examine peculiarities of the
evolution of helicity and kinetic energy during upscale vorticity organization

observed in near-cloud-resolving simulations [31].

5. Role of Vortical Hot Towers in Providing the
“Vortex-Motive” Force

In [31], a dipolar structure of the vorticity anomalies was found that was ap-
proximately collocated with the hot towers. This reminds a similar finding de-
scribed for midlatitude supercells in [55] [56] [57], and in many other publica-
tions that followed them. The works presented a mechanism to produce a vortex
dipole by the updraft tilting the environmental horizontal vorticity into the ver-
tical one. At the same time, it was substantiated in [57], how this process could
generate helicity and was shown that rotating supercell thunderstorms had to

possess the high helicity.
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Figure 4 is presented to illustrate how the vertical vorticity and helicity were
generated during the formation of a VHT in numerical experiments [31]. For
this purpose, Figure 9(b) showing the VHT, and Figure 10 on vortex tilting were
borrowed from [31] and combined.

In the majority of numerical experiments in [31], the simulation was initia-
lized with a weak midlevel vortex elevated above the sea surface, with a maximal
mean tangential wind at z= 4 km. The vortex had a basic-state cyclonic tangen-
tial velocity field that increased in magnitude with height below z = 4 km and
decreasing above. This provided an environment rich in horizontal and vertical
vorticity. Ignoring buoyant effects, we could consider the horizontal vorticity
profile at the initial time as being due solely to the vertical shear of horizontal
wind of the initial mesoscale convective vortex (MCV). Such vertical shear pro-
file will generate a radial vorticity profile that, when tilted upward by an updraft,
generates negative (positive) relative vertical vorticity anomalies on the radially
inward side of the updraft below (above) z= 4 km. Evolving convection tilts am-
bient horizontal vorticity into the vertical while at the same time stretching
MCV-generated vertical vorticity. As some updraft intensifies to become a hot
tower, both ambient and tilting generated vertical vorticity is stretched even
more, leading to a strong convectively generated vertical vorticity anomaly.

The described mechanism was interpreted in [44] [45] [46] [47] as an effective
way for helicity generation. In work [44], a comprehensive quantitative analysis
was carried out for this process by using the data of six numerical experiments of
[31]. It was found that maximal values of helicity (H) generated by the inte-
raction between the very first updraft complex and MCV within the initial two

‘ Interaction between Convection and Vertical Shear ‘ | VHT - a Helical Vortex Dipole |

@

oV, | oz

Figure 4. Formation of a VHT. (a) & (b) Schematic of vortex tilting within the initial
MCYV [31]. Purple lines represent vortex filaments. (a) Radial vorticity generated by ver-
tical shear profile of initial MCV; (b) Updraft tilts radial vortex filament upward, gene-
rating a vertical vorticity dipole with negative relative vorticity radially inward (outward)
at heights below (above) z = 4 km; (c) Vertical velocity w (m/s) and absolute vertical vor-
ticity 7 (x107* 1/s) signatures associated with deep cumulus convection in experiment Al
at ¢= 40 min. Horizontal cross sections are 20 km x 20 km subdomains centered at x =50
km, y = 6 km. The existence of a strong vorticity dipole collocated with the core of the hot
tower and its orientation suggest tilting of ambient vorticity associated with the initial
MCV.
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hours of those experiments were between 0.2 - 0.35 X 10'> m*/s”. Let us note, that
the first updraft was initiated by a local heating at low levels, z= 2 km [31]. The
heating was applied for 300 s in order to stimulate cumulus convection in the
local environment of the MCV. In [44] [58], thanks to this, it was possible to
quantitatively examine how helicity could be generated by a single updraft, and
evaluate the effect of initial conditions on this process.

At later times in the simulations the convergence/stretching of near surface (0
< z< 2 km) vorticity by the convective plumes dominated the generation of vor-
ticity by tilting processes [31]. Meanwhile, as our studies [44] [45] [46] [47] [48]
showed, the latter play a crucial role in providing the linkage of a forming trans-
verse circulation with the existing tangential one, and in maintaining such lin-
kage during the whole evolution of a tropical cyclone. Helicity is just a quantita-
tive measure of this linkage.

Moreover, Figure 4 can serve perfectly for giving an interpretation for the
hypothetical “vortex-motive” force described by Formula (4), and consequently,
the realization of the vortex dynamo in the atmosphere. The component repre-
sentation of the force in Formula (5) shows the interaction between vertical
wind shear (the first and second term) and vortical convection (the third term)
while coefficient C characterizes an energy supply due to sensible and latent heat
release (an appropriate discussion and its quantitative estimate for pre-hurricane
conditions are given in [26]). Thus, the vortical moist convection, discovered in
2004, becomes the crucial link that, before this finding, was only hypothetical in
mathematical model (3) and which can give a real life to the vortex dynamo
theory and promote its application for important diagnostic purposes.

Further, we briefly demonstrate, following [44] [45] [46] [47] [48], how the
concept of vortex dynamo can be applied for diagnosing the commencement

time of tropical cyclogenesis.

6. Diagnosis of Tropical Cyclogenesis

The results of studies [13] [26] [27] suggested what first step might be tried.
They showed that the first sign of the hypothesized large-scale helical-vortex in-
stability should be generation of the linkage of tangential (primary) and trans-
verse (secondary) circulation on the system scale, and resulting of it, a positive
feedback that makes the forming hurricane vortex energy-self-sustaining. Such
feedback may reveal itself in mutual intensification of both circulations. Accor-
dingly, because the helicity is a quantitative measure of the linkage, it was neces-
sary to examine how its production was accomplished both on small and large
scales (Section 3.4.). The helicity was found to be essentially non-zero. Then, we
should analyze the evolution of kinetic energy divided into two parts, of primary
<EP> and secondary <Es> circulation, similarly to that was performed in [26]
(27]

(E)=(E")+(E®). (7)
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To quantitatively diagnose an emerging feedback loop between the primary
and secondary circulation, we examined the kinetic energy of both circulations
calculated as squares of corresponding components of velocity in the cylindrical
coordinates, integrated over the computational domain and normalized by
number of grid points.

The kinetic energy evolution in experiments A2, B3, C3, and El is shown in
Figure 5. In the following discussion, we will also refer to helicity evolution in
Figure 3 as well as a set of other data gained from snapshots of spatial velocity,
vorticity, helicity and temperature fields at horizontal and vertical cross-sections
(not shown).

To those readers, who are interested in looking deeper into detailed hydro-
and thermodynamics of tropical cyclone formation, an impressive visualization
in [31] can be recommended to more illustrate the current discussion. Study
[31] also presents numerous visualizations of azimuthally averaged mean hydro-
and thermodynamic fields used for diagnosis of main milestones (e.g. the forma-
tion of secondary circulation, tropical depression formation) in a tropical cyc-
lone evolution; they are not shown in this paper.

In [44]-[48], we proposed how tropical cyclogenesis may be identified based
on the new knowledge regarding helical flow organization and the important
role of VHTs in this process.

<EP>, <ES> (x10'° m’s?) <EP>, <ES> (x10'6 m’s?)

3 . 1.2
Expt. A2 | Expt. B3 1
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Figure 5. Evolution of the kinetic energy of primary (1) and secondary (2) circulation,
shown respectively by solid and dotted line, in four numerical experiments of [31]. Red

lines mark the energy magnitudes, <EP> and <ES> , at the time moments correspond-
ing to: G—a mutual intensification of both circulations starts and the nascent vortex be-

comes energy-self-sustaining; TD—the tropical depression is formed; TS—the vortex
reaches the intensity of tropical storm; H—the vortex intensifies up to hurricane strength.
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In numerical experiments A2, B3, C3, and E1 [31], a weak tangential circula-
tion existed in the low and mid troposphere (with a maximal tangential wind at
4 km altitude) from the beginning due to the initial mesoscale convective vortex.
In these four cases, the kinetic energy of the primary circulation <EP> was be-
tween 0.3 - 0.6 x10'* m*/s* (Figure 5). Initially, the secondary transverse circula-
tion was absent, <ES > =0.

During an initial time interval, which lasts about 10 hours in A2 and El, 15 -
16 hours in C3, and near 40 hours in B3, the tangential circulation is slightly
weakening against its initial energy value (Figure 5), whilst the energy of the
secondary circulation slowly increases. Unlike the initially coherent tangential
circulation, the radial and vertical flows contributing to the secondary circula-
tion are chaotic and weak enough, that such motions result in a small but non-
zero kinetic energy, <ES > # 0. The first rotating convective flows become visible
at near the half of the time interval and a process of merging of convective cells
commences. This phenomenon was described in detail, analyzed quantitatively
and interpreted in [31] as a manifestation of upscale organization of atmospher-
ic rotating moist convection. The process of merging is aided by the secondary
circulation, which is forced by the radial gradient of the aggregate latent heating
of the cumulus cloud population. The merging is accompanied by not only an
emergence of larger scale and stronger convective structures but also an increase
in the background vorticity and helicity in adjacent areas. Convective activity is
progressing in all four experiments by producing a population of convective up-
drafts, which interact with each other by straining and partial or complete mer-
ger. During these vortex-cloud interactions some of the vertical vorticity anoma-
lies are enhanced relative to their prior values. At this time, there exists a few
cyclonically rotating convective cores—VHTs—of different horizontal and ver-
tical sizes and intensity. The most intense updrafts are approximately 10 km in
diameter and grow gradually with time from 4 - 6 km height to 8 - 10 km height.

The rotating convective cells start to generate a non-vanishing and increasing
third (vertical) contribution of helicity near t=7 - 8 hin A2 and E1,14 - 15h in
C3, and 18 - 20 h in B3 and, thereby, a local linkage of vortex lines of horizontal
and vertical flow components in a vicinity of each rotating updraft. Each rotat-
ing convective structure contributes simultaneously to both the tangential and
overturning circulation, namely, by its vertical vorticity to the former and by its
vertical motion to the latter. Thus, such a structure represents a natural link be-
tween the circulations on the local scale whilst the developed population should
help link the primary and secondary circulations on the system scale.

A degree of such linkage is measured by helicity.

Thus, in experiment A2, an increase in the vertical contribution of helicity
from zero up to approximately 0.5 x 10'® m*/s* within 6 - 9 h is associated with
an amplification of horizontal and total helicity from 0.15 x 10> m*/s* up to 0.3
x 10" m*/s” Just at this time, #= 6 h, a slight yet distinct increase in the kinetic

energy <ES> starts.
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Near £= 10 h in A2 and E1, 20 h in C3, and 40 h in B3, one can observe dra-
matic changes in the flow intensity—the kinetic energy of the transverse circula-
tion, <ES > , increases sharply and soon after this, kinetic energy of the tangen-
tial circulation, <EP>, starts to increase as well (Figure 5). Our analysis of the
flow structure and dynamics shows that near the time when the mutual intensi-
fication of circulations starts, in all experiments, an intense helical updraft-VHT
of about 12 - 14 km in height appears (Figure 3(a)). The VHT is found to be
strong enough to generate a large transverse circulation, of tens of kilometers in
horizontal directions and throughout the whole troposphere layer up to 14 km
in height. The circulation is characterized by a radial inflow near the surface and
in the middle troposphere, rising flow in the center and radial outflow in the
upper levels. These flows in the four experiments are characterized by the fol-
lowing values for azimuthally-averaged mean velocity: 1.30 - 2.05 m/s—inflow,
0.55 - 1.0 m/s—rising flow, 0.85 - 1.60 m/s—outflow. The overall intensity of
vortical convection at this moment can be evaluated by the vertical contribution
of helicity, (H,, ) which varies between 0.1 - 0.6 x 10" m*s’. The helicity,
(H), is about 0.08 - 0.23 x 10”m*/s’. This gives a start to the formation of a sta-
ble system-scale (hundreds of kilometers horizontally) secondary circulation
during the next 1 - 2 h. The secondary circulation is sustained and linked with
the primary circulation by the strong VHT and a number of smaller and less in-
tense rotating convective cores (Figure 3(a)).

Once the linkage on the system scale is formed, this marks a critical point in a
process of tropical cyclone formation when the vortex becomes self-sustaining.
The time after which both <ES> and <EP> mutually increase may be consi-
dered a practical definition for the moment of tropical cyclogenesis—“G”. The
simulations indicate that a positive feedback formed between the two circula-
tions is sustained by convective instability and vortical convection in the central
region of the developing circulation. The convective instability there is main-
tained primarily by latent heat fluxes from the underlying sea surface, which
need not increase with wind speed [59]. The existence of such rising warm flows
suggests a release of potential energy that is converted into kinetic energy of de-
veloping large-scale helical vortex. The active feedback provides energy ex-
change between the primary and secondary circulation and further mutual in-
tensification. During subsequent development in experiment A2, a hurricane
(H) vortex was formed (Figure 3(c) and Figure 5) while B3, C3, and E1 resulted
in formation of tropical depression (TD) vortices. No intensification of the
formed TDs within 72 hours of simulation time was observed. In this connection
it is important to point out that experiment A2 is characterized by the highest
value of the vertical helicity, which far exceeds similar characteristics in other
experiments [44] [46]. The vertical helicity is a quantitative measure of the in-
tensity of vortical convection. It may be considered as a measure of VHTs effec-
tiveness in maintaining the process of horizontal vorticity transformation into

the vertical one, amplification of the latter, and generation of the linkage be-
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tween the system-scale tangential and transverse circulations.

7. Conclusions

We have provided an overview of the efforts undertaken to apply the funda-
mental ideas on self-organization in helical turbulence to study the formation of
tropical cyclones in the atmosphere, and also contributed to this problem by a
new suggestion concerning the analogy between the vortex dynamo in the at-
mosphere and MHD dynamo in electrically conducting medium. Beginning with
the short excursus to the 1980s, when the hypothesis on the turbulent vortex
dynamo was put forward and wide-ranging research program was arranged to
test it, we have emphasized recent results of our collaborative Russian- American
investigations.

1) Our first finding [42] concerned the non-zero and persistently increasing
with time mean helicity of atmospheric turbulence within an area of a develop-
ing tropical cyclone. This has become the first example of such phenomenon in a
natural system, namely, the tropical atmosphere of the Earth. This meant a vi-
olation of the mirror symmetry of turbulence, which, according to the theory of
turbulence, is conducive to the emergence of large-scale vortex instability.

2) By adapting for post-processing of atmospheric simulation data our earlier
developed approach [26] [27], which was tested in the search for a large-scale
vortex instability in the helical-vortex Rayleigh-Bénard convection, we have dis-
covered similar instability in conditions of tropical cyclogenesis [44] [45] [46]
[47] [48]. The onset of instability was defined as the start of mutual intensifica-
tion of the primary and secondary circulation making a nascent hurricane vortex
energy-self-sustaining. This may be considered as a commencement of tropical
cyclogenesis shown as “G” in Figure 5. It must be stressed that the observed new
instability begins several hours earlier than the vortex of tropical depression is
formed (“TD” in Figure 5). At present, it is the latter that is usually declared in
meteorological observations as the formation of a tropical cyclone. If the discov-
ered instability is reliably confirmed for tropical cyclones observed in real natu-
ral conditions, it may be suggested to consider the emergence of this instability
as the commencement of the Genesis stage, and the formation of Tropical De-
pression as the completion of this stage in evolution of developing intense vor-
tex. This may help develop a universally accepted definition of tropical cycloge-
nesis that currently does not exist.

3) For the first time in tropical cyclone research, we have emphasized a role of
special topology of forming vortex provided by interaction of motions of differ-
ent scales [44] [45] [46] [47] [48]. It has been found that the newly forming me-
soscale vortex becomes energy-self-sustaining when a helical structure of the
system-scale circulation organizes. Such helical mesoscale organization is only
possible due to the linkage of primary tangential and secondary transverse cir-
culation, which is realized through rotating convective structures of cloud
scales—VHTs.
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For purposes of quantitative diagnosis, we have analyzed the evolution of
energetics and structure of the forming vortex. The integral kinetic energy of
primary and secondary circulation was applied to diagnose the onset of
large-scale vortex instability (Figure 5). A pseudoscalar—helicity of the velocity
field (helicity density, integral helicity as well as its horizontal and vertical con-
tribution) was applied to quantitatively analyze the topology.

4) The process of helicity generation in conditions of tropical cyclogenesis was
examined in [42]-[48], and with a special focus on how this is realized by a sin-
gle updraft generated by a local heating at low levels in [44] [58]. A detailed dis-
cussion is given in the present paper. We can summarize that the VHTs appear
as a result of interaction between cloud moist convection and vertical wind
shear. Each convective updraft generates the vertical vorticity by tilting of hori-
zontal vortex filaments and amplifies it by stretching. This process provides a
linkage of horizontal and vertical vortex lines and results in helicity generation
on a local cloud scale whilst an evolving population of VHTSs of different sizes
and intensity during tropical cyclone evolution ensures the linkage of circula-
tions on mesoscales. Helicity dynamics allows tracing such upscale flow organi-
zation.

5) Thus, due to the crucial role of topology in the new instability and role of
VHTs in providing this, the helicity can be suggested as a measure to quantify
the chaotic influence resulting from moist convection.

6) In the present paper, we discuss and substantiate the key role of VHTSs as a
necessary element to provide the dynamo effect. Based on the mathematical
model for the turbulent vortex dynamo, an analogy is traced between the role of
interaction “moist convection—vertical wind shear” in creating the vortex dy-
namo in the atmosphere and the role of the mean electromotive force providing
the MHD dynamo in electrically conducting medium.

Although some successful steps have been undertaken to substantiate the
contribution of the turbulent vortex dynamo to tropical cyclogenesis, further re-
search is needed:

e It is indispensable to study the turbulence statistics with a focus on analysis
of the transport of kinetic energy and helicity over the spectrum of scales.
The discovery of an inverse energy cascade would become a serious argu-
ment in order to confirm the vortex dynamo.

¢ Another challenging task is connected with the search for a possible thre-
shold of discovered instability. Bearing in mind the above analysis based on
the vortex dynamo model and discussion for the vortex-motive force, it
seems useful to combine helicity with Convective Available Potential Energy
(CAPE), see, e.g. [39] [40]. Similarly to approaches well known for midlati-
tude severe storms and tornadoes, this may help introduce a criterion for the
onset of large-scale helical-vortex instability during tropical cyclone forma-
tion.

o The discovery of the instability threshold would allow us to recall the idea on
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impacting on tropical cyclogenesis, which was investigated within the
framework of the Soviet Program, in order to consider it using the most ad-
vanced tools of modern science.

e To implement the above suggestions, it seems very promising to use as a ba-
sis for investigations a platform similar to the “Hurricane Nature Run” de-
veloped and applied in [60]. One could propose to develop an analogous
“Genesis Nature Run” for the Caribbean Summer 2010 when the trio of
campaigns—GRIP, IFEX, and PREDICT were underway and resulted in col-
lection of great amount of diverse data for observed tropical cyclones.

Meanwhile, it would be possible to begin without postponing and to apply our
approach presented in Section 6 to a real case of observed tropical cyclone. This
implies a combination of our approach with the theory of tropical cyclogenesis
in an easterly wave critical layer [38], which allows with high accuracy to predict
the location of the potential tropical cyclogenesis and is adapted for use in global
numerical models [61], and successfully applied in practice [34]. Such combina-
tion allows locating an area, where the highest space resolution should be ap-
plied for diagnosis of large-scale helical-vortex instability. A couple of very in-
triguing candidates of tropical cyclones can be proposed—Hurricane Harvey

(2017) and Hurricane Karl (2010). As to the genesis of the latter, the author was

very lucky to be a witness during a research flight.
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