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Abstract
A review of simulation results, devoted to time-dependent modeling of the
initial stage of the formation of large-scale vortices in the troposphere in the
vicinity of the intertropical convergence zone, is presented. The simulation
results were obtained not long ago with the help of the mathematical model
of the neutral wind system of the lower atmosphere, developed earlier in the
Polar Geophysical Institute. The utilized mathematical model produces
three-dimensional distributions of the atmospheric parameters in the height
range from 0 to 15 km over a limited region of the Earth’s surface. Simulation
results were obtained for the case when the limited three-dimensional simulation domain, situated at low latitudes, is intersected by an intertropical
convergence zone in the west-east direction. The reviewed simulation results
were obtained for various initial configurations of the intertropical convergence zone. Results of numerical modeling have indicated that the origin of
convexities in the form of the intertropical convergence zone can lead to the
formation of different large-scale vortices in the lower atmosphere, in particular, a tropical cyclone, pair of cyclonic vortices, pair of cyclonic-anticyclonic
vortexes, and triplet of cyclonic vortices. The simulation results, obtained earlier and presented individually in various editions, are reviewed and summarized in the present paper. A physical mechanism, responsible for the formation of the simulated large-scale vortices in the vicinity of the intertropical
convergence zone, is discussed.
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1. Introduction
An investigation of physical mechanisms responsible for the initial formation of
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tropical cyclones is a very important problem. We know that severe tropical
cyclonic storms and hurricanes can cause tremendous damage and numerous
fatalities. Consequently, prediction of tropical cyclone formation is a very important task. However, a physical theory of tropical cyclone origin is still far
from completion. Unfortunately, to understand the physical mechanisms responsible for the initial formation of tropical cyclones, detailed three-dimensional
fields of thermodynamical and gas dynamical parameters of the lower atmosphere can’t be measured with sufficient accuracy with the help of modern scientific facility. Luckily, to investigate the physical mechanisms responsible for the
initial formation of tropical cyclones, not only the theoretical and experimental
but also computational studies may be applied. In particular, a tropical cyclone
formation from pre-existing large-scale disturbances of the troposphere, or from
vortices which are precursors to tropical cyclones, was numerically investigated
earlier (for example, see [1]-[8]). Nevertheless, many of the details of the initial
stage of the origin of tropical cyclones are still unresolved.
In the Polar Geophysical Institute (PGI), the mathematical model of the neutral wind system of the lower atmosphere, has been developed not long ago [9].
This mathematical model was utilized for obtaining the simulation results to be
shown in the presented paper below. It can be noticed that the utilized mathematical model is the regional version of the non-hydrostatic mathematical model of the global wind system in the Earth’s atmosphere, developed earlier in the
PGI [10] [11] and applied for numerical investigations of the formation of the
atmospheric global circulation under different geophysical conditions [12] [13]
[14] [15] [16]. The mathematical model of the neutral wind system of the lower
atmosphere, utilized in the presented study, was applied for time-dependent
modeling of the initial stage of the formation of polar lows in the vicinity of the
arctic front [17] [18], also.
In essence, the mathematical model, utilized in the presented study, was applied for numerical investigations of the initial stage of the formation of tropical cyclones [19]-[25]. These investigations have indicated that the origin of
convexities in the form of the intertropical convergence zone, having the specific configurations, can lead to the formation of different large-scale vortices
in the vicinity of the intertropical convergence zone, during the period not
longer than three days. The fact is that the results of the investigations, devoted
to time-dependent modeling of the initial stage of the formation of cyclones,
were presented in various editions and reported at different conferences, individually. The purpose of the present study is to summarize and discuss all these
results in one paper.

2. Brief Description of the Utilized Mathematical Model
In the utilized mathematical model, the atmospheric gas is considered as a mixture of air and water vapor, in which two types of precipitating water (namely,
water microdrops and ice microparticles) can exist. The model is based on the
numerical solution of the system of transport equations containing the equations
DOI: 10.4236/acs.2019.92015

214

Atmospheric and Climate Sciences

I. V. Mingalev et al.

of continuity for air and for the total water content in all phase states, momentum equations for the zonal, meridional, and vertical components of the air velocity, and energy equation. The characteristic feature of the model is that the
vertical component of the air velocity is calculated without using the hydrostatic
equation. Instead, the vertical component of the air velocity is obtained by
means of a numerical solution of the appropriate momentum equation, with
whatever simplifications of this equation being absent. In the momentum equations for all components of the air velocity, the effect of the turbulence on the
mean flow is taken into account by using an empirical subgrid-scale parameterization similarly to the global circulation model of the Earth’s atmosphere developed earlier in the PGI [10] [11].
Thus, the utilized mathematical model is based on numerical solving of
non-simplified gas dynamic equations and produces three-dimensional timedependent distributions of the wind components, temperature, air density, water
vapor density, concentration of micro drops of water, and concentration of ice
particles. The model takes into account heating/cooling of the air due to absorption/emission of infrared radiation, as well as due to phase transitions of water
vapor to micro drops of water and ice particles, which play an important role in
energetic balance.
The three-dimensional simulation domain of the model is a part of a spherical
layer stretching from land and ocean surface up to the altitude of 15 km over a
limited region of the Earth’s surface. In the initial applications of the model, the
dimensions of the simulation domain in longitudinal and latitudinal directions
were 32˚ and 25˚, respectively. The finite-difference method and explicit scheme
are applied for solving the system of governing equations. The calculated parameters are determined on a uniform grid. The latitude and longitude steps are
equal to 0.08˚, and height step is equal to 200 m. Complete details of the utilized
finite-difference method and numerical schemes have been presented in the paper of Mingalev et al. [26]. More complete details of the utilized mathematical
model may be found in the studies of Belotserkovskii et al. [9] [19] and Mingalev
et al. [23].

3. Presentation and Discussion of Results
To investigate the initial stage of the formation of large-scale vortices in the vicinity of an intertropical convergence zone, we located the three-dimensional
simulation domain at tropical latitudes. Simulation results were obtained for the
cases when the simulation domain was intersected by an intertropical convergence zone in the west-east direction. It is known that an intertropical convergence zone may be considered as a fluid stream, having enhanced zonal velocities, in the ambient atmospheric gas, with a zonal flow of air being westward. A
meridional wind velocity directs towards the centerline of an intertropical convergence zone at levels less than approximately 3 km and directs from the centerline of an intertropical convergence zone at levels higher than approximately
3 km. A vertical wind velocity in an intertropical convergence zone is upward.
DOI: 10.4236/acs.2019.92015
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The width of an intertropical convergence zone can achieve a value of some
hundreds of kilometers.
For studying the behavior of an intertropical convergence zone, satellite microwave observations may be applied, in particular, the data including global radio thermal fields of the Earth at the frequencies containing the information
about a moisture and water integral content distribution in the troposphere.
Such observations indicate that the form of an intertropical convergence zone
may be different and, sometimes, can contain convexities with distinct shapes.
The north-south position of the intertropical convergence zone responds to
changes in interhemispheric temperature contrast. An asymmetry in air-sea interactions can play an important role in forming the configuration of the intertropical convergence zone [27] [28] [29].
The authors of the study by Mingalev et al. [23] have investigated many results of satellite microwave monitoring of the Earth’s atmosphere, obtained in
Space Research Institute of the Russian Academy of Sciences and included in the
electronic collection “GLOBAL-Field” (http://www.iki.rssi.ru/asp). As a consequence of these investigations, the authors of the mentioned study have advanced a hypothesis of the important role of the shape of the intertropical convergence zone on the process of the formation of tropical cyclones. To verify the
advanced hypothesis, model simulations were performed with the help of the
mathematical model of the neutral wind system of the lower atmosphere, briefly
described in the previous Section. Simulation results were obtained for various
cases in which the initial forms of the intertropical convergence zone were different and contained convexities with distinct shapes. For these cases, the south
boundary of the simulation domain has been disposed in the vicinity of the
equator. It was supposed that the simulation domain was located between 5˚S
and 20˚N and situated over the Atlantic ocean.
Let us consider the simulation results, obtained for the case when, at the initial
moment, the intertropical convergence zone contains a convexity in the north
direction, with the deviation achieving a value of a few hundreds of kilometers
[23]. The initial form of the intratropical convergence zone may be easy seen
from the top panel of Figure 1, where it is like a light curved band. It is essential
to note that, in the considered case, the west crook of the convexity is sharp
while the east crook of the convexity is gently sloping, with the west and east
ends of the convexity being at the same latitudes.
The time evolution of model parameters was numerically simulated using the
mathematical model during the period for about one day. The results of
time-dependent modeling are partly shown in Figure 1. As can be seen from this
figure, in the course of time, the initial distribution of horizontal component of
the air velocity was considerably transformed. A cyclonic vortex flow arose
whose center is close to the southern edge of the initial intertropical convergence
zone. The horizontal wind velocity in this cyclone achieved a value of 20 m/s
during the period of twenty seven hours. The radius of this large-scale cyclonic
vortex is about 600 km.
DOI: 10.4236/acs.2019.92015
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Figure 1. The distributions of horizontal component of the air velocity (m/s) at the altitude of 600 m, assigned at the initial moment (top panel), computed 12 hours after the
beginning of calculations (middle panel), and computed 27 hours after the beginning of
calculations (lowest panel) [23]. The degree of shadowing of the figures indicates the
module of the velocity in m/s.

In Figure 2, an exaggerated representation of the simulation results, presented
in Figure 1, is shown which were assigned at the initial moment and computed
27 hours after the beginning of calculations. Figure 2 is intended for schematic
representation of the simulation results at the altitude of 600 m. Its top panel indicates the initial shape of the intertropical convergence zone. Its lower panel
shows the cyclonic vortex arisen at the end of the simulation process (27 hours
after the beginning of calculations).
From Figure 2, one has to see that the origin of a convexity in the configuration of the intratropical convergence zone can lead to the formation of a cyclone
during the period for about one day. The center of this cyclone is close to the
southern edge of the initial intertropical convergence zone.
A physical reason of the formation of the calculated tropical cyclone is the
origin of a convexity in the configuration of the intertropical convergence zone.
The origin of a convexity of the intertropical convergence zone leads to beginning
DOI: 10.4236/acs.2019.92015
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Figure 2. An exaggerated representation of the simulation results, presented in Figure 1
and taken from [23]. The initial configuration of the intertropical convergence zone (top
panel) and the arisen cyclone position corresponding to 27 hours after the beginning of
calculations (lower panel).

of an instability of stream air flow. As a consequence, a large-scale vortex flow
arises in the lower atmosphere, with its center being close to the southern edge
of the initial intertropical convergence zone. When the mixture of air and water
vapor moves to higher altitudes, where temperature is lower, energy, emitted
due to phase transitions of water vapor to micro drops of water and ice particles,
transforms into kinetic energy of the air flow, with the horizontal wind velocity
increasing in formed cyclonic vortex.
In the study of Mingalev et al. [23], the simulation results have been presented
which were obtained for another case when the initial form of the intertropical
convergence zone contained the convexity in the north direction, with the east
end of the convexity being situated at more northern latitudes than the west end
of the convexity (see top panel of Figure 3). The results of numerical modeling
have indicated that, in this case, in the course of time, cyclonic vortex flow arose
whose center is close to the southern edge of the initial intertropical convergence
zone. This fact is schematically shown in the lower panel of Figure 3. It is easy to
see that the simulation results, presented on lower panel of Figure 2, are similar
to the results of numerical modeling, presented on lower panel of Figure 3.
Also, in the study of Mingalev et al. [23], the results of numerical modeling
have been presented which were obtained for the case when the initial form of
the intertropical convergence zone contained the convexity in the north direction, with the east end of the convexity being situated at more southern latitudes
than the west end of the convexity (see top panel of Figure 4). In this case, the
simulation results have indicated that, in the course of time, a cyclon arose
whose center is close to the southern edge of the initial intertropical convergence
zone. This fact is schematically shown in the lower panel of Figure 4. It can be
noticed that, after 27 hours of calculations, the center of the cyclonic vortex,
DOI: 10.4236/acs.2019.92015
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Figure 3. A schematic representation of the simulation results, taken from [23], at the altitude of 600 m. The initial configuration of the intertropical convergence zone (top panel) and the arisen cyclone position corresponding to 27 hours after the beginning of calculations (lower panel).

Figure 4. A schematic representation of the simulation results, taken from [23], at the altitude of 600 m. The initial configuration of the intertropical convergence zone (top panel) and the arisen cyclone position corresponding to 27 hours after the beginning of calculations (lower panel).

arisen in the considered case, is situated at more western longitude than the
centers of the cyclones, arisen in the previous two cases.
It may be recalled that, in three cases considered above, the initial forms of the
intertropical convergence zone were different and contained convexities with
distinct shapes. However, these shapes have a common feature, namely, the west
crooks of the convexities are sharp while the east crooks of the convexities are
gently sloping.
DOI: 10.4236/acs.2019.92015
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Let us consider the fourth case when, at the initial moment, west and east
crooks of the convexity are sharp and located at the same latitudes, with the
deviation of the convexity being in the north direction [24]. The initial form of
the intertropical convergence zone may be easy seen from the top panel of Figure 5. In this case, the simulation results have indicated that, in the course of
time, a pair of cyclonic-anticyclonic vortexes arose (see the lower panel of Figure 5). The center of the arisen cyclone is situated inside the initial intertropical
convergence zone while the center of the arisen anticyclone is situated at more
northern latitudes. Moreover, the arisen cyclone is situated at more western longitudes than the arisen anticyclone.
In the study of Mingalev et al. [24], the results of numerical simulation have
been presented which were obtained for the case when, at the initial moment,
the intertropical convergence zone contains a convexity, analogous to the convexity of the fourth case, but deviated in the south direction. In the top panel of
Figure 6, the initial form of the intertropical convergence zone may be seen for
considered fifth case. In this case, the results of numerical simulation have indicated that, in the course of time, a cyclone and anticyclone arose in the vicinity
of the intertropical convergence zone (see the lower panel of Figure 6). The
center of the arisen anticyclone is situated inside the initial intertropical convergence zone while the center of the arisen cyclone is situated at more southern latitudes. Moreover, the arisen cyclone is situated at more eastern longitudes than
the arisen anticyclone.
It can be noticed that, in the large-scale vortexes, arisen in the fourth and fifth
cases, the horizontal wind velocity achieved a value of 20 m/s during the period
of twenty seven hours. The radii of these large-scale vortexes are about 400 km.

Figure 5. A schematic representation of the simulation results, taken from [24], at the altitude of 600 m. The initial configuration of the intertropical convergence zone (top panel) and the position of a pair of cyclonic-anticyclonic vortexes at the moment corresponding to 27 hours after the beginning of calculations (lower panel).
DOI: 10.4236/acs.2019.92015
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Figure 6. A schematic representation of the simulation results, taken from [24]. The initial configuration of the intertropical convergence zone (top panel) and the positions of
the arisen cyclone and anticyclone at the moment corresponding to 27 hours after the beginning of calculations (lower panel).

Let us consider the sixth case when, at the initial moment, the intertropical
convergence zone contains a convexity in the north direction, analogous to the
convexity of the first case. However, in the first case, at the initial moment, the
horizontal velocity field was approximately symmetric relatively the centerline of
the intertropical convergence zone not only inside it but also beyond the intertropical convergence zone. Unlike, in the considered sixth case, at the initial
moment, the horizontal velocity field is not symmetric relatively the centerline
of the intertropical convergence zone inside and beyond it. Namely, the zonal
wind velocities at more northern latitudes relatively the centerline of the intertropical convergence zone are larger than at more southern latitudes relatively it.
The time evolution of model parameters was numerically simulated using the
mathematical model during the period for about three days [24]. The results of
time-dependent modeling are schematically shown in Figure 7. The results of
numerical simulation have indicated that, in the course of time, a pair of cyclonic vortices arose in the vicinity of the intertropical convergence zone. The rotational centers of these cyclonic vortices are situated inside the initial intertropical convergence zone. The horizontal wind velocity in these cyclonic vortices
achieved values of 15 - 20 m/s during the period of seventy hours. The radii of
these cyclonic vortices are in the 500 - 600 km range.
It should be emphasized that the results of satellite monitoring of the Earth’s
atmosphere often indicated an origin of not only a single cyclone or a single anticyclone but also a simultaneous origin of a cyclone-anticyclone pair as well as a
simultaneous origin of a pair of cyclonic vortices [30].
Now, let us consider the seventh case in which a modified version of the mathematical model was applied. In the modified version of the model, the dimension
DOI: 10.4236/acs.2019.92015
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Figure 7. A schematic representation of the simulation results, taken from [24]. The initial configuration of the intertropical convergence zone (top panel) and the position of
the arisen pair of cyclonic vortices at the moment corresponding to 70 hours after the beginning of calculations (lower panel).

of the simulation domain in longitudinal direction has been enlarged to 44˚ [22].
In the considered case, at the initial moment, the eastern part of the intertropical
convergence zone contains a convexity in the north direction, analogous to the
convexity of the first case. However, in the first case, at the initial moment, the
western part of the intertropical convergence zone was parallel to the equator.
Unlike, in the considered seventh case, at the initial moment, the western part of
the intertropical convergence zone is displaced from the equator to the north
when the longitude is increased (see the top panel of Figure 8).
Time-dependent modeling was performed, using the mathematical model,
during the period of about 60 hours. The results of numerical simulation indicated that, in the course of time, a triplet of cyclonic vortices arose in the vicinity
of the intertropical convergence zone. After the origin, all cyclonic vortices have
moved in the western direction. The results of time-dependent modeling are
schematically shown in the lower panel of Figure 8 at the moment corresponding to 60 hours after the beginning of calculations. The rotational centers of two
cyclonic vortices are situated inside the initial intertropical convergence zone.
The rotational center of third cyclone is situated close to the southern edge of
the initial intertropical convergence zone. The horizontal wind velocity in these
cyclonic vortices achieved values of 15 - 18 m/s during the period of sixty hours.
The radii of these cyclonic vortices are in the 450 - 600 km range.
In the study of Mingalev et al. [25], the results of numerical simulation have
been presented which were obtained with the help of a modified version of the
mathematical model in which the dimension of the simulation domain in longitudinal direction has been enlarged to 75˚. The results of numerical simulation
have been obtained for the case when, at the initial moment, the intertropical
DOI: 10.4236/acs.2019.92015
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convergence zone contains two convexities in the north direction, with the deviations achieving a value of a few hundreds of kilometers. The initial form of the
intertropical convergence zone for considered eighth case may be seen in the top
panel of Figure 9.
The time evolution of model parameters was numerically simulated using the
mathematical model during the period of about four days. The results of simulation indicated that, in the course of time, the initial distribution of horizontal
component of the air velocity was considerably transformed. In a moment of 20
hours after the beginning of calculations, a pair of tropical cyclonic vortices
arose. Their centers were close to the southern edge of the initial intertropical
convergence zone. In a moment of 50 hours after the beginning of calculations,
these cyclonic vortices have moved in the western direction for about 10 degrees.

Figure 8. A schematic representation of the simulation results, taken from [22]. The initial configuration of the intertropical convergence zone (top panel) and the position of
the arisen triplet of cyclonic vortices at the moment corresponding to 60 hours after the
beginning of calculations (lower panel).

Figure 9. A schematic representation of the simulation results, taken from [25]. The initial configuration of the intertropical convergence zone (top panel) and the position of
the arisen triplet of cyclonic vortices at the moment corresponding to 90 hours after the
beginning of calculations (lower panel).
DOI: 10.4236/acs.2019.92015

223

Atmospheric and Climate Sciences

I. V. Mingalev et al.

Simultaneously, the third cyclonic vortex arose, with its center having been close
to the southern edge of the initial intertropical convergence zone. All arisen cyclonic vortices have moved in the western direction. The displacement of third
cyclonic vortex is about 6 degrees at a moment of 90 hours after the beginning of
calculations. For this moment, the results of simulation are schematically shown
in the lower panel of Figure 9. The horizontal wind velocity in the cyclones can
achieve values of 15 - 20 m/s in the course of time. The maximum wind velocities within the vortices were reached approximately 20 h after their origins, and
then they began to decrease slowly. The radii of these three cyclones were about
800 km.

4. Summary and Concluding Remarks
Earlier, a series of articles, devoted to an investigation of the initial stage of the
formation of large-scale vortices in the vicinity of the intertropical convergence
zone, have been published in various editions. The results, presented in these articles, were obtained with the help of a numerical simulation. In these articles, it
was shown that a change of the configuration of the intertropical convergence
zone can influence the process of the formation of tropical cyclones. Authors of
the present paper made an attempt to review and summarize the results, included in the previous articles and obtained by numerical modeling.
The reviewed results were obtained with the help of a mathematical model of
the neutral wind system of the lower atmosphere, developed in the Polar Geophysical Institute. The utilized mathematical model produces time-dependent
three-dimensional distributions of the atmospheric parameters in the height
range from 0 to 15 km over a limited region of the Earth’s surface. Simulation
results were obtained for the cases when the limited three-dimensional simulation domain is intersected by an intertropical convergence zone in the west-east
direction. The reviewed simulation results were obtained for various initial configurations of the intertropical convergence zone. Results of time-dependent
numerical modeling have indicated that the origin of convexities in the form of
the intertropical convergence zone can lead to the formation of different large-scale
vortices in the lower atmosphere.
Firstly, the simulation results were reviewed which were obtained for the cases
when the initial form of the intertropical convergence zone contained the convexities in the north direction, with the west crooks of the convexities being
sharp while the east crooks of the convexities being gently sloping. In these cases, in the course of time, a single cyclonic vortex arose whose center is close to
the southern edge of the initial intertropical convergence zone.
Secondly, the results of simulation were considered for the cases when, at the
initial moment, west and east crooks of the convexity were sharp, with the deviations of the convexities being both in the north direction and in the south direction. In these cases, the simulation results have indicated that, in the course of
time, a pair of cyclonic-anticyclonic vortexes arose, with the center of the arisen
DOI: 10.4236/acs.2019.92015
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anticyclone being situated at more northern latitudes than the center of the arisen cyclone.
Thirdly, the simulation results were discussed for the case when, at the initial
moment, the intertropical convergence zone contains a convexity in the north
direction, however, the horizontal velocity field was not symmetric relatively the
centerline of the intertropical convergence zone inside and beyond it. In this
case, the simulation results have indicated that, in the course of time, a pair of
cyclonic vortices arose in the vicinity of the intertropical convergence zone, with
the rotational centers of these cyclonic vortices being situated inside the initial
intertropical convergence zone.
Fourthly, the results of numerical simulation have been presented which were
obtained with the help of a modified version of the mathematical model in
which the dimension of the simulation domain in longitudinal direction has
been enlarged. It turned out that there are initial configurations of the intertropical convergence zone, which can lead to the formation of a triplet of cyclonic
vortices in the vicinity of the initial intertropical convergence zone in the course
of time.
It should be emphasized that the results of satellite monitoring of the Earth’s
atmosphere often indicate that the form of an intertropical convergence zone
may be different and, sometimes, can contain convexities with distinct shapes.
These convexities can play a rule of pre-existing large-scale disturbances of the
troposphere for an origin of cyclones and anticyclones in the vicinity of the intertropical convergence zone.
A physical reason of the formation of the calculated tropical large-scale vortices in the vicinity of the intertropical convergence zone is a rise of instability of
stream air flow present in this zone. The cause for the rise of this instability is
the origin of the convexities in the configuration of the intertropical convergence
zone. This instability leads to considerable transformation of the air flow. As a
result, the intertropical convergence zone may be broken and tropical large-scale
vortices can be formed in the vicinity of the initial position of the intertropical
convergence zone in the course of time. Asymmetry of the horizontal velocity
fields relatively the centerline of the intertropical convergence zone inside and
beyond it can influence the process of the formation of different large-scale vortices in the lower atmosphere. The transformation of the energy, emitted due to
phase transitions of water vapor to micro drops of water and ice particles, into
kinetic energy of the air flow can lead to an acceleration of this flow.
Incidentally, according to observations, not each cyclonic or anticyclonic vortex, arisen in the lower atmosphere, has the potential to grow up to the long-live
large-scale atmospheric vortex. It is known that, sometimes, a vortex, initially
arisen in the lower atmosphere, can be attenuated in the course of time and will
not achieve a status of the long-live large-scale atmospheric vortex.
Nevertheless, it can be noticed that simulation results, reviewed in the present
study, may be applied to constructing an effective method of early prediction of
tropical cyclones and hurricanes origination, based on the analysis of satellite
DOI: 10.4236/acs.2019.92015
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observational data, dealing with the configuration of the intertropical convergence zone.
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