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ABSTRACT

This review article presents the results of radar studies of convective phenomena in Moldavia and the North
Caucasus using Eulerian (ECS) and Lagrangian (LCS) coordinate systems. Application of the Lagrangian approach
allowed us to exclude the influence of the tropospheric displacement and to obtain integral grid patterns of
thunderstorm-hail processes. These structures are especially well manifested at small wind shears (up to 1 m/sec/
km). At large shears, the mesh structures are transformed predominantly into linear structures. The methodology for
obtaining integral pictures of radio echoes of thunderstorm processes is described. Intersections of linear elements,
which we call facets, occur at nodes. The latter plays a particularly important role in the dynamics and kinematics of
convective storms. The development of storms occurs along the facets and at the nodes of meso-B-scale convective
structures (MMCS), which explains the mechanisms of splitting and merging of storms: in the first case the facets
diverge, in the second case they converge. The relations of motion vectors for different types of storms are obtained.
It is shown that the direction of the radio echo canopy coincides with the storm motion trajectory; the evolution vector
(propagation) for the most powerful storms deviates from the storm displacement direction by 80°-135°. The structure
of the updated band within which the Flanking Line is formed for supercells and multicells is studied. Mnemonic rules
have been derived that allow one to infer from instantaneous patterns of anvil orientation and the mutual location of
storms whether they are converging or diverging, and to identify left- or right-moving storms. A hypothesis on the
internal structure of the cold front of the 2nd kind is stated. The main conclusion of the work is that the evolution of
storms is determined by the configuration of meso-B-scale convective structures. This explains various convective
phenomena from unified positions. The results are applicable in works on modification of convective cloudiness, for
ultra-short-term forecasts of dangerous phenomena, storm warnings of the population, rescue services, etc.
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1. Introduction

The development of convective storm fields can
be visualised as a continuous process of emergence,
growth, dissipation, merging or splitting. The tra-
jectories of storms moving with different velocities
and constituting an integral radar picture are not
parallel to each other and experience fractures, often
crossing. All these processes occur in the moving
atmosphere. To the complex microphysics of cloud
particles, the entanglement of flows within clouds
and wind structure in the outer troposphere, and the
varied kinematics of storms, one adds the influence
of various convective scales. Each of these problems,
complex in itself, appears in the aggregate to be al-
most intractable. Therefore, for an unsophisticated
observer located in the Eulerian Coordinate System
(ESC), all this variety of convective phenomena may
cause a feeling of chaos.

To eliminate the tropospheric displacement fac-
tor, we used the Lagrangian principle. Its essence,
for troposphere, is that by placing the centre of the
Lagrangian Coordinate System (LCS) at the centre
of the convective cell, the observer moves with it
along the leading flow. This makes it possible to
follow the internal dynamics of convective storms
and convective storm fields in general !"\. Methodo-
logically, such an operation consists of moving the
LCS centre along a trajectory with the velocity of
the leading flow, but in the opposite direction to the
leading flow *. All radar survey files are sequential-
ly mapped onto a single field. In this way, an integral
picture (IP) of the entire thunderstorm process (TSP)
or its fragment is obtained in the form of radio echo
increments from one file to the next. The IP consists
of both currently existing radio echoes and precipita-
tion traces from destroyed radio echoes. Technically,
this is implemented as a Lagrangian procedure (LP)
in the Automated Control System—ACS MRL5 P,

Before going on, let us give some basic defini-
tions of the terms we use in this paper.

Convective Cell—a deep, moist, convectively
induced local maximum in precipitation density that
undergoes a life cycle of growth, maximum devel-
opment and decline; the ascending branch of the

maximal reflectivity Z indicates upward flow, and
the later descending part indicates precipitation; cells
in convective storms “live” from 20 to 30 minutes
(“traces” of destroyed cells are radar traced much
longer); the radar image of a cell is a Radar Cell (RC).

A Radar Cell (RC) is a single-cell cloud or part
of a multi-cell cloud whose radar image displays a
convectively induced local precipitation maximum
in the stages of nucleation, growth, or dissipation; it
is represented by a quasi-vertical and quasi-symmet-
ric closed structure of Z reflectivity isocontours; an
individual top of Z isocontours corresponds to each
individual upward or downward flow, the average
diameter of which is 5-6 km, and the lifetime of the
RN varies from 20 to 30 minutes (meaning its radar
stage); the RC is displaced at the speed and in the
direction of the leading flow.

A Convective Storm is a set of radar cells unit-
ed not only by common external isocontours of re-
flectivity Z, but also by internal dynamic links that
manifest themselves in some spatial and temporal
sequence of their emergence, growth and dissipation;
feeder cells are an integral part of the storm, the to-
tality of which manifests itself as a flanking line (FL),
which is most often not detected by radar; the two
parts of the storm - the radar-visible “radar body”
and the radar-indistinguishable FL, represent a two-
fold unity, constituting an inseparable whole.

Multicell Storm (Multicell)—a convective storm
consisting of several interacting quasi-vertical,
spatially separated and formed in some sequence
of radar cells (RC), which are at different stages of
development and shift along the leading flow; the
storm, as a whole, deviates from the direction of
the leading flow (storm deviation) depending on the

—

magnitude and direction of the evolution vector (V ,);
the size of a multi-cell storm is up to several tens of
kilometres, and its lifetime is up to several hours, as
it is constantly renewed by the appearance of new
RCs from among the feeder clouds—feeder cells,
usually lining up in a line of feeder clouds—a flank-
ing line; an important property that distinguishes
storms in general and multicell storms in particular
from RCs is the short-term or long-term appear-
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ance of a canopy of radio echo covering the area of
weak radio echo from above and, partially, from the
sides; strong, sometimes catastrophic precipitation,
often with large hail up to 2—5 cm and more, as well
as strong wind, is associated with severe multicell
storms.

Supercell Storm (Supercell-supercel, supercell
classical)—a multi-cell storm in which radar cells
(RC) are indistinguishable and the arrival of a new
cloud resource in the form of feeder cells is qua-
si-continuous: the presence of a powerful, sometimes
up to tens of kilometres in length and width, station-
ary canopy of radio echoes indicates an equally pow-
erful in size and speed (up to 30-40 m/s or more)
upward flow, due to which hail can grow up to 10
or more centimetres in diameter; the most important
sign and at the same time distinguishing a supercell
storm from a multicell storm is the presence of a
mesocyclone (mesoanticyclone), which is localised
in the area of weak radio echo (WER) and is often
accompanied by the manifestation of hook echo at
lower levels, which usually indicates the presence of
tornadoes and powerful winds; the size of supercells
can reach several tens of kilometres in diameter;
lifetime—up to 7-8 and more hours; deviation of a
supercell—most often to the right (in the northern
hemisphere) —is accompanied by slowing down of
its speed from 1.5 to 2.5 times, displacement of a
supercell along the trajectory is accompanied by de-
structive hail storms, powerful winds and precipita-
tion, often with floods, and other dangerous weather
phenomena.

Leading Flow (Leading Flow Vector - V_c))—wind
at 600 hPa: direction (from where) and speed.

The Development, Evolution Vector (V_e)) isa
vector denoting the direction (from where) and the
rate of merging of the radar body of the storm with
feeder cells. In the LCS, it is determined by the di-
rection and rate of radio echo accretion of a particu-
lar convective storm.

The Storm Motion Vector (Ts))is the direction
and rate of displacement of the convective storm as a
whole (Vs =V, +V,).

Radio Echo Canopy—an elongated part of the

radio echo (on vertical sections) of multicell or su-
percell storms with relatively high Z values, cover-
ing from above and partially from the sides the area
of weak radio echo, which is a place of localisation
of precipitation particles recirculating and growing
on the main upward flow.

The Canopy Direction of the convective storm
radio echo - horizontal projection of the line con-
necting the maximum radio echo at the lower level
(closer to the ground surface) with that at the level
of the maximum horizontal extent of the canopy,
usually coincides with the direction of displacement
of the convective storm as a whole, i.e. V; the con-
cept is widely used in Russian research and Russian
anti-hail defence technology .

Storm Deviation (Deviant Storm Behaviour) is
a deviation of the storm trajectory from the lead-
ing flow, both in velocity and direction, associated
with the emergence of new RCs in some part of the
storm and simultaneous dissipation of old RCs in the
process of storm evolution; depending on the ratio
of vectors (V_C) and V_e)) the storm displacement is
slowed down or accelerated ***.

This review paper presents our studies of the last
4 years, in which various convective phenomena
have been considered, including those using the LCS
technique. When using this technique, the choice
of the leading flow is important. There are differ-
ent approaches to this question. Thus, Hitchfeld !
chose the wind at a height of 700 hPa (= 3 km) as the
leading flow. Some researchers, using the <pressure
weight> method, integrated the wind at different
heights: Newton and Fankhauser ', 1-12 km (900
hPa to 200 hPa); Fujita and Grandoso ", and Char-
ba and Sasaki ©, 0-9 km (from surface pressure to
300 hPa); Haglund "”, 0.5-12 km (950 to 200 hPa);
Marwitz ", and Burgess et al 21°0-10 km (from
surface pressure to 270 hPa). Other researchers have
also integrated wind at different altitudes using the
<density weight> method: Lemon et al "', Bluestein
et al ' and Kubesh et al """, 1-12 km (800200
hPa); Brown "%, 1-11 km (800-330 hPa); Burgess
and Curran """, 1-10 km (800-270 hPa); Conway
and Wurman ¥, 0-6 km (from surface pressure to
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500 hPa). In our studies, we determined the leading
flow at a height of 600 hPa, which corresponds to the
“centre of gravity” of the part of the troposphere in
which convection develops (0—16, 17 km) and also
best agrees with the RC displacement.

2. Materials and Method

For the analysis, we used published data of full-
scale radar observations of convective storms from
foreign and Russian researchers, data from the ACS-
MRLS system (incoherent radar MRL 5 with A = 10
cm) ) in the structure of anti-hail protection service
(HPS) of the Republic of Moldova and HPS in the re-
gions of the North Caucasus (Russian Federation), as
well as various hypotheses and models that consider
the dynamics and kinematics of convective storms.
These data provided a volumetric picture of the radio
echo and multiple parameters with a frequency of
about 3.5 minutes throughout the development of the
thunderstorm process (THSP). In addition, aerolog-
ical and synoptic information was used. The radar
information was analysed in both the Eulerian Coor-
dinate System (ECS) and the Lagrangian Coordinate
System (LCS) and compared where appropriate.

3. Correlation of motion vectors of a
convective storm

3.1 General statistical characterisation of kine-
matic parameters of storms in the North Cau-
casus and the Republic of Moldova

Figure 1 presents a classical scheme of the devel-
opment and motion of multi-cell storms depending
on the direction of (V:) versus (V_c)) 1% New cells
in the storm emerge with different frequencies and
in a certain direction, the evolution vector (V;). At
the same time, each of the RCs passed through three
stages: emergence, maximum development, and
dissipation, which are separated from each other in
time by the value At. This scheme shows that storms
can move in different ways: either with deceleration
(Figure 1a and 1b) or with acceleration (Figure 1c¢),
which depends on the orientation and magnitude of

the evolution vector. It should be emphasised that

. 4,5,19—
numerous studies [4,3.19-30]

and especially °'** have
shown that multicell and supercell storms are not
fundamentally different in their dynamics and kine-
matics. Therefore, the kinematic schemes of the de-
velopment of convective multicell storms considered
below apply equally to supercells.

For our study, 51 cases of the most powerful
storms that produced moderate to intense hail and had
a well-formed radio echo canopy were selected. Of
these, 5 storms were supercells. For some of the long-
lived powerful storms that experienced trajectory
breaks, the following parameters were also calculated
on their rectilinear (quasi-rectilinear) sections. As a
result of this approach, the number of measurements
used increased to 69 in some cases. The hail intensity
gradations in storms were determined by a set of a
number of parameters. The main parameters meas-
ured are: Zmax-maximum of reflectivity, AHZ-excess
of the upper boundary of isosurfaces Z = 15 dBZ,
20dBZ, etc. every 5 dBZ above the level of zero iso-
therm HO°, I-intensity of precipitation, etc. .

Note that the maximum reflectivity Zmax over the
whole sample varied from 58 to 76 dBZ. The mean
value is 65 + 4 dB. The sample was checked for
representativeness by comparing our data with data
from 254 storms in Southern Brazil ®*. It showed
their high consistency, taking into account the mirror
image (northern and southern hemispheres), as well
as the similarity of climatic conditions of the regions.

Figure 2¢ shows that almost half of the storms
(49%) were in the hail stage for an average of 30
minutes, another quarter of the total (26%) for about
60 minutes, and 18% of the powerful convective
storms were in the hail stage for about 90 minutes.
All other most powerful supercell storms accounted
for 7% of our sample. The mean lifetime of storms
in the hail stage was 55 £+ 35 minutes. The mean
value of the ratio V_S)/V_c) across the sample was 0.83,
indicating that they were slowing down overall.

The motion of convective storms, as shown above,
is in direct dependence on the direction and veloc-

ity of their evolution . Numerous radar, e.g., "***,

[36-38] [39,40]

aircraft , and satellite studies have found
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Figure 1. Scheme of development and motion of multicell storms depending on the direction of the evolution vector 7‘;: (a) left-
back; (b) right-back; (¢) ahead on the right. V—; is the leading flow vector (radar cell displacement vector); Ts—the motion vector of

the convective storm as a single unit (ECS).

Source: Browning et al.""”

that this is due to the arrival of a cloud resource in
the form of feeder cells (FCs) in the radar body of the
storm. It is these FCs that are the object of influence
in modern precipitation modification technologies
in general and, especially, in Hail Protection Servic-
es P*"* For this reason, the study of this aspect of
storm dynamics and kinematics is very relevant.

3.2 Deviations of hail storm canopy directions
from their trajectories according to radar data in
the Republic of Moldova and the North Caucasus

Figure 2a shows that the distribution of the pa-
rameter of the mean canopy orientation deviation
from the trajectory is normal with a mode in 48% of
the cases falling within the = 10° gradation; for an
individual supercell (Figure 2b), the minimum de-
viation of £ 10° is almost 70%, while the remaining
almost 30% of the measurements show a deviation
within + 10° + 30°, i.e., to the right of the storm tra-

jectory. These data indicate that the storm-averaged
canopy direction is most often the same as the storm
trajectory, or at least this deviation is not large. For
supercells, these deviations are even smaller, which
also testifies to the quasi-stability of their radar echo
and, hence, internal flow structure (upward and
downward motions).

In the analysis of the THSP of 19 August 2015
in the North Caucasus, which is also the subject of a

number of papers by Abshaev et al. **¥

, we found
a unique phenomenon that is directly related to the
question of the orientation of the radio echo canopy
discussed here. It concerns the unusual behaviour of a
multicell storm (hereafter it will be denoted as S2-red
vector and S2*-violet vector), which existed for more
than 2.5 hours. At the same time, for 1 hr. 41 minutes,
the storm moved from east to west (during this period
it is labelled as S2), towards the supercell, and then in

the opposite direction (labelled as S2*) (Figure 3).
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Figure 2. Some summarized data: (a) Deviation of storm averages of canopy orientation from the storm direction for the whole sample
(69 measurements); (b) Deviation of canopy orientation for the supercell (84 measurements) in the North Caucasus from 19.08.2015; (¢)

Recurrence of hail stage duration (in minutes) for the whole sample.

Source:Livshits, et al **,
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Figure 3. Trajectories: supercells (S1) and multicells (S2 and S2*). 19.08.2015 North Caucasus.

Source: Livshits .

The orientation of the supercell canopies (S1)
coincided with its trajectory. The orientation of the
canopies of the multicell storm (S2 and S2*) also
coincided with its trajectory, but in different periods
had almost opposite directions, which is well demon-
strated in Figure 4. The storms moved towards each
other: S1—in the eastern direction, and S2—in the
western direction. Between 21:14 and 21:34, S2
hardly shifted and its vertical structure showed no
canopy (Figure 4c). Later, when the storm trajectory
of S2 reversed, the orientation of the canopy also re-
versed (Figure 4d).

3.3 Hypothesis on the structure of a cold front
of the second kind

The motion of S2—-S2* along the trajectory, espe-
cially the change of directions and velocities, was a
peculiar indicator that allowed us to determine the
boundaries and some properties of the cold front

of the second kind. We suggested that this unique
phenomenon was connected with the presence on
this day of a perturbation in the form of the air flow
in the direction opposite to a powerful west-east
transport. This wind disturbance similar to the lead-
ing flow, which controls the motion of convective
clouds, could “pick up” S2, drawing it in the direc-
tion of the cold front coming from the west.

To explain this phenomenon, we involved calcu-
lations using the WRF-ARF prognostic regional non-
hydrostatic atmospheric model ! and data from the
European Centre for Medium-Term Weather Forecasts
(ECMWF) ERA-5 ““. The analysis of calculations us-
ing these models confirmed the presence of the wind
disturbance directly in the area of S2 occurrence. The
disturbance from the southeast with a strength of up
to 7 m/sec was localised at a height of 700 hPa. Based
on the obtained data, it was possible to construct the
structure of a cold front of the 2nd kind "\

H dBZ
I b0l | (B T
" |
12 |
8 e TUiNE
" 4
A=
(10° | A=100°
24 28 32 0 4 8 12 16 20 24 km
16-L€ 21:34| 46l L4 22:11]|
12 12
8 mrT——t——4 - 8 =y - =
| l 4 raee
4 ‘ >
Lo JA=ps | A=95 |
0 4 8 12 16 20 24 0 4 8 12 16 20 24km

Figure 4. Vertical cross-sections along azimuth: (A-red arrow): supercells—(a) and multicells—(b), (c¢), (d). 19.08.2015 North Caucasus.

Source: Livshits !
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Underlying surface .

Transition Band
Wind calm

Carrier
Strip (CS)

50-60 km 10 k

|

Figure 5. Cross section of the cold front of the second kind 19.08.2015 North Caucasus (Hypothesis).

Source: Livshits !

Figure 5 shows the vertical cross section of the
cold front of the 2nd type, parallel to its displace-
ment in the general direction from west to east. The
cold front of the 2nd type, as we understand it, is
first of all a “leading edge”—a certain conventional
line separating two air masses: cold and warm air. In
warm air, the Leading Edge is followed by a 50-60
km wide “Carrier Strip” (“CS”) (shown in grey), and
then by a narrow band about 10 km wide (“Transi-
tion Band”—shown in yellow). The two bands—
the “Carrier Strip” and the “Transition Band”—are
separated by a narrow line called the “Leading Edge
Carrier Strip”. “The Carrier Strip” is an area of warm
air that is pushed forward and upward at the Leading
Edge Displacement Rate by rapidly moving cold air.
This is followed by the “transition band”, which is
characterised by a “wind calm”. Wind calm is not

the absence of wind, but a chaotic change in wind di-
rection that does not allow the cloud to “adapt” and
“choose” a stable direction of movement "', It should
be noted that this hypothesis needs additional verifi-
cation using radar and ground-based observations.

3.4 Repeatability of storm trajectories devia-
tions from the leading flow direction

The distribution of the repeatability of storm tra-
jectory deviations (in degrees) from the leading flow
direction (Figure 6a) shows that almost one third of
powerful storms deviate from the leading flow (29%
of all cases) within 10° to 30° to the right, and devia-
tions from 10° to 50° to the right account for 54% of
all cases. Similar deviations from 10° to 50°, but to
the left, account for 20% and only 12% of all cases
deviate within = 10°.

= TS

0
Degrees -90 -70 -50 -30 -10 10 30 50 70

01 40
ﬁv vt
BR ' 20 %

&

ﬂmlﬁﬂ :

B BL L FL F FR R BR Sectors

Figure 6. Repeatability of deviations: (a) storm trajectories (_7;) from the leading flow direction (Tc) in degrees by gradations (69
measurements); (b) evolution direction (V:) from the leading flow direction (V—c)); (¢) scheme of mutual orientation of sectors. The
red arrow indicates the direction of the leading flow. Deciphering sector designations: F-Forward; FR—Forward Right; R—Right; BR—

Back Right; B-Back; BL-Back Left; L-Left; FL-Forward Left.
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3.5 Deviations of evolution vectors from the
leading flow direction

Let us consider Figure 6b, which shows the re-
peatability of deviations 7; from V—C) by sector. A
maximum of 41 % recurrence occurs in sector BR
and a second relative maximum of 16 % occurs in
sector BL. The sectors in which the storm slows
down (blue) account for 71 %, while the remaining
sectors (yellow) accelerate. In other words, almost
three quarters of all cases are powerful storms devel-
oping with a deceleration relative to Ve), resulting in
a greater or lesser degree of deceleration.

Note also that the number of storms evolving
backwards and to the right (BR) is 2.5 times greater
than storms evolving backwards and to the left (BL),
generally reflecting the tendency for storms to evolve

preferentially to the right of V_c) in the northern hemi-
sphere.

3.6 Repeatability of deviations of the storm evo-
lution vector (V,) from the mean of the canopy
directions (storm displacements—(V;)

From the histogram (Figure 7), it can be seen that
only in sector F (only 9% of cases) there is a coinci-
dence or minimal divergence of the two directions.
In all other cases, this divergence increases: the total
recurrence of mean deviations + 45° (sectors FR and
FL) is already 25%, the total recurrence of mean de-
viations = 90° (sectors R and L) is 40% and the total
recurrence of mean deviations + 135° (sectors BR
and BL) is 25%. Important remark: the statistics con-
cerning the deviations of the motion vectors, namely
V_; and V_S), to the left of V—C) refer to left-moving

storms; if V; and V_; deviate to the right of V_c), then
these statistics are right-moving storms.

Approximately 64% of all storms evolve to the
right or left of the canopy at an angle ranging from +
60° to + 158°(average + 109°). Of the total number
of storms within these limits, =~ 48% evolve to the
right. These important conclusions will be needed
when we correlate the positions of the radio echo
from storms and the Flanking Line.

%

G\ =
%"A

BL L FL F FR R BR B

Repeatability

0
Sector

Figure 7. Repeatability of deviations of the evolution directions
from the average for the storm canopy directions (storm
motion vector) by sectors (69 measurements). The red arrow
indicates the direction of sector counting relative to the canopy

orientation.

3.7 Orientation of hail bands of convective storms

Hail precipitation, like liquid precipitation, falls
directly where the radar cells (RCs) in a convective
storm are located. Since RCs consistently arise and
evolve in the convective storm system along the
evolution vector V,, the orientation of the hail bands
should also indicate the direction of evolution. How-
ever, it is only in severe hail storms, in which hail
precipitation falls simultaneously from several RCs
that compose it, that there is a linear elongation of
the hail band. This linear elongation should indicate
the direction along which the RCs are located in the
convective storm. Therefore, it was necessary to find
a method of separate fixation of hail bands. Such
a method is technically implemented in one of the
ACS-MRL subprogrammes in the form of the “Map
of hail kinetic energy”. A hail band is understood
as an instantaneous picture of hail precipitation ob-
tained by a single horizontal scanning at a level close
to the ground. Hail Path (Hail Track) means a set of
hail bands for the entire period of hail fallout from a
convective storm.

Figure 8 shows the general picture of hail paths
during the period of supercells passage on 19.08.2015
in the North Caucasus (from 11:37 to 23:58 UTC)
through the radius of observation of the Zelenokumsk
radar, and Figure 9 shows a fragment of the hail path
from the southern supercell. Its enlarged fragment al-
lows for examining the hail bands in more detail.
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The hail bands oriented along the evolution vec-
tor (see the ratio of motion vectors in Figure 9) in
the southern part are narrow and less intense than the
northern ones. This indicates the order in which the
storm cells “produce” hail: first—northern, then—
southern. Such elongation and narrowing of the hail
band in the direction of storm renewal (V_;) confirms
not only the sequence and order of appearance of
new cells in the storm, but also demonstrates that the
supercell is a powerful multi-cell convective storm
with “weak” evolution %",

The orientation and shape of hail bands in severe

hail storms help to determine more accurately not
only the speed of the storm but also the direction of
the Flanking Line. This, in turn, allows for more ac-
curate construction of seeding areas when impacting
convective storms.

3.8 Anvil orientation in severe convective storms

The anvil orientation of a severe convective storm
is the result of two main factors: powerful horizontal
flows at tropopause heights (often jet currents) and a
constantly acting moisture source—a powerful upward
flow moving along the storm’s trajectory (Figure 10).

e W20 A0 I AW 0 AW 0@ & 0
v AR % x \ | ®

¥ Kapa omwerwuecxod sweprws rpaga (5 cu)  Cpox 01:5802 20.082015 F6Y CBC, Jenenoxyuck, AMPAI-10
2

w12 40 60 180 200 20 240
[ 19.082015 |
North Caukasus
11.37-23.58 UTC
13.37-01.58
(Local time)

\

8

70

60

2

Hail kinetic energy
scale

Figure 9. Fragment of the map of hail kinetic energy (map of hail bands and hail track). Black arrows correspond to the time of hail

band fixation. Supercell in the North Caucasus from 19.08.2015.
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We have conducted a study of anvil orientation
during storm splitting and merging ”, and reviewed
many works, e.g., 47481 As a result, two mnemonic
rules are proposed.

Rule 1, first:

- if the continuations of the anvil orientation
vectors (R—;) of two storms intersect—the storms di-
verge, if they do not intersect—they converge.

Rule 2, more general, applies both to individual
storms and to pairs of storms in the process of con-
vergence or divergence:

- if the wind vector at anvil height V_a) is to the
right of R_a)—the storm is right-moving;

- if the wind vector at anvil height ¥V, is to the left
of R ;—the storm is left-moving.

Applying these simple rules when analysing even
a single frame obtained from satellite or radar scan-
ning will allow us to determine the future dynamics
of storms: left-or-right-moving storms, divergence or
convergence of storms.

A clarification needs to be made. The divergence
of storm trajectories may or may not be due to the
splitting of a storm into two, or it may not be due to
the splitting of a storm: two different storms shift
along their trajectories. The convergence of storms
does not necessarily mean that they merge.

4. Meso-scale convective structures in
the troposphere

Observations from space have shown that Ray-
leigh-Benard convection is a very common phenom-
enon in the atmosphere. Fields of such convection
simultaneously occupy areas of sometimes several
million square kilometres.

10

Figure 11. Mesoscale structure of cell convection 20.07.1986.
Moldova. MRL-5 (A = 3.2 cm with the R” correction turned off).

Source: Minnachmetov, et al ).

In Moldova in the mid-1980s **, radar observa-
tions were made and cellular structures in the surface
layers of the atmosphere were investigated. Figure 11
presents the convection pattern obtained with MRL-5
at a wavelength of 3.2 cm with the correction for R?
switched off, which made it possible to detect cellular
convection in a cloudless sky in the surface layer of
the atmosphere due to hovering insects. The character-
istic sizes of circulating convective cells are 5—10 km,
with an existence time of 68 hours. Displacement is
by flow in the surface layer. Similar results were ob-
tained in a large modern study in Oklahoma ",

In the pioneering work of 1983 " we suggested
that cellular convection in the surface layer of the
atmosphere is the triggering mechanism for deep
convection and that such deep convection should
also have a “mesh” polygonal structure (MSCC). In
order to test this hypothesis, a Lagrangian approach
was used for the first time for this purpose: moving
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together with the troposphere (against the leading
flow at 600 hPa), the radio echo fields were integrat-
ed over a long time interval. Such a technique "*
allowed us to detect and confirm the assumption of
mesh structures of convective cloud fields at wind
shears up to 1 m/sec/km. Analyses of numerous
processes with significant wind shears in the tropo-
sphere showed that they were dominated by linear
structures (MSCL).

By MSCC (Meso Scale Convective Cell) we
mean a circulation system with downward motions
at its centre and upward motions at its periphery. We
refer to the linear elements of the MSCC as facets,
which converge at nodes. Under MSCL (Meso Scale
Convective Line) we understand quasi-straight-line
structures.

We assume that in the process of convection
development in the surface layer, due to the transla-
tion of mesh convective impulses to the middle and
then to the upper layers of the troposphere, the most

“lucky” structures with a deviation of linear elements
of these structures (facets) within + 30° from the
leading flow “survive”. This is expressed in the pre-
dominant realisation of linearly oriented structures—
MSCL (most often at wind shear >1 m/sec/km).

As an example, we present the analysis of the
THSP from 28 June 1982 in the Republic of Moldo-
va (Figure 12), carried out in the LCS " The wind
shift in the layer from 3 to 10 km did not exceed 1
m/s/km. The THSP is classified, in general, as disor-
dered multicellular processes, according to the clas-
sification adopted in Abshaev’s study . From the
analysis of the integral pattern, it can be seen that ra-
dio echoes, developing along linear elements, creat-
ed clear mesoscale structures in the form of partially
or fully formed MSCC and MSCL. Thus, this THSP
can most likely be classified as highly organised, and
therefore, most amenable to operational forecasting.
The Roman numerals from I to IV indicate Me-
so-Scale Convective Complexes (MSC).

Temporary markings
of radar locations

Falesti in LCS

Trajectory of radar
locations Falesti in LCS

The structure of the THSP
in the LCS of 28.06.1982
Moldova

Figure 12. Integral picture of the Thunder and Hailstorm Process (THSP) from 28.06.1982 in the Republic of Moldova (LCS). The

time marks of the Faleshti radar station locations are marked by red circles with crosshairs. The movement of the LSC center is

shown by a red arrow. The thin red arrows show examples of MSCC and MSCL.

Source: Minnachmetov, et al ",
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The development of THSP within a homogene-
ous air mass is demonstrated by the so-called pop-
corn convection, which is usually characterised as
a process without visible convection organisation.
An example of this kind took place on 22.06.2019
in Moldova. THSP developed in the region of an
eroded low-gradient field of elevated pressure (baric
saddle) in the low-moving troposphere. The wind
shear across the troposphere was = 0.5 m/s/km. The
number of powerful convective storms recorded by
6 radars (radius of radio echo parameters measure-
ment—up to 150 km) was 162; a hail of different in-
tensity was observed in almost 50 storms. Figure 13
presents a precipitation map for almost 9 hours when
convection was noted. Several MSCC and MSCL are
shown with arrows. A total of 33 MSCC and more
than 10 MSCL were recorded on this day.

Table 1 presents satellite data representing the size
distribution of open MSCCs, as well as those obtained
from radar observations for 46 TSHPs in Moldova ",
These data were compared with the results we ob-
tained when analysing the TSHP from 22.06.2019.
The maxima of all three distributions occur at MSCCs
diameters equal to 3040 km and are 47%, 37% and
43%, respectively, the other gradations of the distri-
butions coincide or differ slightly. In general, we can
state a good agreement of the distributions, and we
attribute the small differences to the limited number
of MSCCs manifested in a single TSHP.

The THSP under consideration can be classified
as highly organised: the clear mesoscale convective
formations along which the development of convec-
tive storms took place in no way resemble chaos, and
the similarity of the three MSCL size distributions
obtained from different data may support the hypoth-
esis of mesh convection translation from the surface

to the upper troposphere.

At large wind shears in the troposphere, MSCLs
predominate, but mesh structures also occur. The
development of convective clouds occurs along the
facets and at the nodes of MSCC or MSCL. At the
same time, the structures do not manifest themselves
simultaneously. Convective storms in their develop-
ment gradually form these structures. It is important
that they consist both of radio echoes that actually
exist at the present time and of phantoms, i.e., traces
of radio echoes that have already collapsed. The con-
struction of such structures in real time is carried out
in the LCS with the help of a special subroutine in
the ACS-MRLS system ™.

4.1 Development of convective storms on the
elements of the LCS. Kinematics in the LCS

As mentioned above, thanks to the Lagrangian
approach, various structures have been found in the
time-integrated radio echo field from convective
clouds. The development of convective storms is de-
termined by the configuration of the elements of these
structures. Obviously, the kinematics of the storms
(depends on three factors: the configuration of the ele-
ments of the structure, which consists of facets—Iline-
ar elements that converge at nodes; on the direction of
the leading flow V_C) with respect to the facets; on the
ratio of the velocities of the leading flow V_C) and the
evolution vector V.

With this in mind, let us consider the scheme pro-
posed by Starostin **, to which we will add some im-
portant nuances and new phenomena. These phenome-
na, discovered by us, will be discussed in the following
chapters. The scheme itself will allow us to explain the
“behaviour” of storms on MSCC elements.

Table 1. Distribution of MSCC sizes (in %) according to satellite and radar data from work and from TSHP radar data from

22.06.2019 in Moldova.

Data DiameterMSCC(km)

10-20  20-30 3040 40-50 50-60 60-70  70-80  80-90  90-100
Fromthesatellites 5 21 47 21 3 1 0.8 0.4 0.8
Radar 9 24 37 17 7 32 2 0.6 0.2
TSHPdated22.06.2019 6 28 43 17 6

Source: Livshits .
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For simplicity, we depict the field of mesoscale
convective cells as hexagons with facets and nodes
in contact with each other—Figure 14. All convec-
tive events take place on facets and at nodes. Let us
consider them in detail.

In the scheme, nodes are indicated by numbers in
circles, and facets by numbers in ellipses.

In nodes:

- two or three facets may converge (nodes 2 and
3)—the phenomenon of storms merging and, at the
same time, possible dissipation;

- two or three facets may diverge (nodes 4 and
1)—the phenomenon of storms splitting;

- two facets may enter the node and one facet may
leave (node 3)—the phenomenon of storm merging
and, at the same time, the phenomenon of trajectory
fracture;

- one facet may enter the node and two facets may
exit (node 4)—the phenomenon of storms splitting
and, at the same time, the phenomenon of trajectory
fracture;

- one facet can pass through the node and exit also
one (node 4)—the phenomenon of trajectory fracture.

In addition, the phenomena not described in the
study of Starostin ®* and discovered by us for the

first time *4°>¢

are presented as below.
- the phenomenon of storm splitting, in which one
of the storms remained in place and continued to de-

velop; this phenomenon is called by us the “drop split-

ting phenomenon” (similar to the picture of separation
of a drop of water from a tap, when the drop remaining
at the end of the tap spout is again drawn in);

- double phenomenon—merging of two storms
and then their splitting in the same node;

- a “nodal” storm that developed within the node
and received updates in an unusual way—directly
from the inner regions of the MSCC, rather than
from the facets.

Thus, there are 7 possible behaviours of storms in
the nodes.

On the facets of the MSCC, storms can:

- diverge (facet 5)—the phenomenon of splitting;

- storms can converge (facet 6)—the phenomenon
of merging and dissipation;

- storms can move parallel to each other—the
phenomenon of pursuit and, at the same time, the phe-
nomenon of dissipation of the storm that has reached
the place from which the pursued storm started to
move (facet 7, the point marked with a cross).

In total, there are 3 possible variants of storms’
behaviour on the facets.

We emphasise that the movement of storms in
the LCS is their development, renewal, which takes
place along the facets of MSCC and/or MSCL. The
exception is the “nodal” storm, which develops due
to the resource coming not from the facets, but from
the central regions of the MSCC. We will deal with
this case in particular.

Phenomena in the node
1. Splitting (1, 4)
2. Merging (2, 3)
3. Change of direction
(3.4
4. Dissipation (2, 3)
5. «Droplet separation»*
(€]
6. Merger-splitting * (3)
7. «Nodal storm»*
Fenomena on the Facets
1. Splitting (5)
2. Merger(6)
3. Stalking (7)

Figure 14. Schematic of the mesh convection structure, on the elements of which storms develop; the phenomena indicated with an asterisk

(*) were supplemented. V; and V—c; —Ileading flow vectors.

Source: Livshits, et al >,
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Thus, there are 10 variants of storm behaviour on
the elements of the MSCC structure, which can be
obtained and considered only in LCS.

4.2 Comparison of storm kinematics in LCS
and ECS

As an example, let us consider how the trajec-
tories of storms appear to an observer in ECS if the
storms evolve from node 1. Let us assume that the
storm evolution velocities V,, in all cases are the
same and correspond to the magnitudes of the vec-
tors shown in the scale of Figure 14.

Consider Figure 15, where panels 1 and 2 show
different variants of the interaction of vectors with
elements of the MSCC structure. Depending on the
mutual orientation of the motion vectors, the picture
changes significantly. We would like to pay special
attention to panel 2, which shows examples of storm
splitting at different orientations V—c) of relative to
the MSCC structure, which explains, among other
things, the phenomena of acceleration of a left-mov-
ing storm compared to a right-moving storm (b)
and vice versa (c), and in Figure 15a an example of
symmetry of motion of splittings storms. In the fur-
ther presentation we will express our hypothesis of
splitting of storms of different types—supercells and
multicells - from unified positions, relying, among
other things, on the above examples.

We note that we have not yet varied the absolute

rates of storm displacement, nor have we addressed
examples for different nodes and facets. If we con-
sider storm trajectories under different variations
in ECS, we estimate that the number of variations
in the manifestations of the main phenomena could
increase to about 120. It follows that the considera-
tion of the kinematics of convective storms in LCS
reduces the number of variations by a factor of about
12 compared to ECS. This fact makes the LCS ap-
plication preferable, as it simplifies and accelerates
by more than an order of magnitude all technological
methods of radar situation assessment and making
prognostic and control decisions in the conditions
of constant time deficit (especially when conducting
hail protection).

5. Convective phenomena

5.1 Splitting of convective storms

The well-known, which has become classical,
the concept " suggests that the splitting process
consists of two stages: the formation of two rotating
(cyclonic and anticyclonic) vertical branches from a
horizontally rotating vortex and, further, due to pre-
cipitation, the splitting of the supercell into two—
cyclonic and anticyclonic. It is believed that the
origin of the horizontally rotating vortex is favoured
by a specific wind shear with height in the surface
layer.

Trajectories of storms 1, 2, 3 in ECS developing
from node 1 for two directions: Vc/ and V¢2

(4] !751 [b) ] de

VcZ
VcZ

Trajectories of
R splitting storms 1,2, 3
in the node 1 (ECS) .

. Y]

R

:
L
L

Figure 15. The ratio of the motion vectors of storms 1, 2 and 3 using the example of node 1 from Figure 14. Panel 1: (a, b, ¢) for

W oriented from south to north; (d, e, f) for V_c) oriented from east to west. Panel 2: examples of storm splitting cases with different

directions of 7; Notations: red vector— V;; blue—
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7‘;; black— V

L—Ileft-moving storm and R—right-moving storm.
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We have carried out a thorough analysis of the
literature devoted to this phenomenon in > It
showed that the splitting of supercell storms in real
processes, which are described in detail, for example,
by Charba et al *”' and Wang et al **, do not always
agree with theory. In particular, while travelling, the
splitting convective storms often changed their de-
viation from the leading flow from right to left and
vice versa. The present study in Bulgaria (Bocheva
et al ®) deals with two cases of supercell splitting
on the same day. The first supercell splits into a right
long-lived cell (survived 2:35 after separation) and
a left short-lived cell (survived = 20 minutes after
splitting). In the second case, the supercell split into
a left long-lived cell (existed for more than 4 hours)
and a right short-lived cell. This case is remarkable
because the splitting process occurred differently
under the same aero-synoptic conditions: in one
case, the right-moving (cyclonic) supercell domi-
nated after the splitting, while in the other case, the
left-moving (anticyclonic) supercell dominated after
the splitting These and other numerous facts show
that the classical concept does not explain such cases
in any way.

5.1.1. Splitting of multi-cell storms on the examples
of radar observations in Moldova

Figures 16 and 17 show a fragment of the TSHP

in Moldova from 19.07.2021, associated with the
splitting of the storm, which was assigned the con-
ditional sequence number 36 out of the total number
of storms we studied on this day **"'. The wind shear
with height in the tropospheric layer from 0 to 10 km
was 1.4 m/s/km. The leading flow was 250°, 10 m/
sec (36 km/hour). S 36 is a multicell hail storm. Dur-
ing development, S 36 split at 21:49 into two—LMS
and RMS.

The Zmax value in these storms ranged from
45 to 62 dBZ, and the excess of the top of the ra-
dio echo isocontour at 45 dBZ over the 0° isotherm
(AH4S5 is one of the parameters determining the hail
hazard) was 6-6.5 km. The intensity of falling hail,
according to the classification adopted in *'—mod-
erate. The average speed along the LMS (left-mov-
ing storm) trajectory was 29 km/hour and RMS
(right-moving storm)—20 km/hour (Figure 15a).

The evolution of S 36, represented in Figure 17
by the radio echo increments—black vectors, shows
that LMS evolved with an average speed of 49 km/
hour and RMS—21 km/hour. If we assume an av-
erage Radar Cell (RC) size of 6 km, the feeder cell
fusion rate with the storm for LMS is 8 cells/hour and
for RMS is 3.5 cells/hour. LMS lasted 168 minutes
and RMS lasted 126 minutes. These facts indicate
that LMS dominates relative to RMS in this example.
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Figure 16. Storm 36 (S 36) splitting at ECS: (a) LMS (left-moving storm) and RMS (right-moving storm) trajectories; (b) hodograph.
Radio echo increment color changes every 3.5 minutes. The LMS and RMS motion pattern corresponds to Z > 45 dBZ at a horizontal
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5.1.2. The unique separation of the convective
storm—*““drop separation” 22.06.2019 in Moldova

One of the important fragments of this THSP is
related to the behaviour of storm S1, which formed
at the MSCC node and existed there for about 1.5
hours. The aerosynoptic context is briefly described
in Section 2.

Figure 18n shows a fragment of the integrated
structure (LCS) “accumulated” over a period of
more than 6.5 hours (from 14:18 to 20:58). In the
centre of the figure, the fully closed structure, denot-
ed as MSCS 6, is highlighted in brick colour. The
technology of obtaining such structures in the LCS is
described in our works !"**>**%,

To estimate the size of such structures, we as-
sume the diameter of the circle D, equal to the area
of the inner region bounded by the lines (we call
them “facets”—in Figure 18n these are black lines)
drawn through the maxima of all traces (“phantoms”)
of radio echoes, which eventually formed this closed
region of space. The diameter of MSCC 6 is = 14
km. Those parts of this structure, to which special
attention should be paid, are highlighted in red.

By the time of S1 formation at 19:01, almost the
entire structure of MSCC 6 had already formed: fac-
ets 1, 2 4-5 hours before, facet 3—2-3 hours before,
facets 46 from 1 to 3 hours, and only facets 7 and
the northern part of facet 12, represented by storms
developing from the south, “docked” to the general

16

structure already in the process of S1 development.
Thus, S1, which was formed in the area free of ra-
dio echo phantoms of other storms, did not have a
special “space” for development. In the future, S2,
being detached from the “mother” S1 at 19:42, along
the path of its movement formed the facet 10, and
further at 20:06, S3 detached from S2, which along
the path of its movement formed the facet 11.

The uniqueness of the S1 splitting is that after S2
was separated from it, it remained in place for about
45 more minutes before complete dissipation. More-
over, it intensified for another 25 minutes (Figure
19¢). The splitting process was studied in detail **"
and outwardly resembled the process of separation
of a drop from a tap, when the drop remaining on the
spout of the tap is pulled inwards (hence the name of
this phenomenon—*“droplet separation”). Calcula-
tions of the growth rate of hail centre volumes at the
growth sites of the parameter AH55dBZ (indicated
by asterisks in Figure 19¢ and 19d), showed that in
node 1 this rate is 3 times higher than at node 10 .
The fact that S1 remained in place at the MSCC node
for 1.5 hours, and evolved more intensely than the
S2 that separated from it (Figure 19d), makes this
situation unusual. In all the cases of storm splitting
we observed, the storms left the nodes without delay,
continuing on their trajectories following the direc-
tions of the convergence zones. In places where nodes
are localised, these convergence zones diverge and the
directions of resource input to the storms also diverge.
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Figure 18. 22.06.2019. Moldova. S1 splitting process: (a)—(m)—horizontal cross sections at 5 km altitude (red arrows indicate the

directions of vertical cross sections); (a*)—(m*)—vertical cross sections; (n) fragment of the THSP integral structure (in LCS).
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Figure 19. THSP from 22.06.2019. Moldova: (a) Storm trajectories (S1,S2,S3). Splitting of storms S1 and S2; (b) hail track—kinetic
energy of hail (j/m2); (c,d,e) course of radar parameters (4HZ) of storms. Dotted ovals are the localization of MSCC nodes. Brick-colored

vectors on the horizontal and vertical sections indicate the directions of the three S1 canopies. The vertical red line in Figure 19c,
19d denotes the splitting moment S1 and S2, respectively. The growth periods of the parameter AHssys,, which also describes the
growth of the hail center volume (Q—not shown on the graph), are indicated by asterisks.

3359 that the mechanism for the

We have shown
splitting of multicell and supercell storms is their
renewal on different flanks of convective storms and
this renewal is associated with the resource input
from MSCC facets that diverge from the nodes. It
is noteworthy that the development of S1, which in
this case is associated with the directions of the radio
echo canopies, did not come from the facets but from
the inner regions of the MSCC. Moreover, this storm

update at some moments, e.g. at 19:17 occurred si-
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multaneously from the side of two different MSCCs
(see the vertical cross sections in Figure 19 and
combine them with the overall structure in Figure
18n). At other moments, e.g. at 19:49, the directions
of the canopies reversed their orientation.

We are particularly interested in this situation in
how S1, while remaining in the node for 1.5 hours,
received additional impulses for its development
without shifting along the facets of MSCC 6, but we
will discuss this in a later chapter 5.1.2.
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5.2 Merging of convective storms

Convective storm mergers are the most common
of all the phenomena associated with Cu cong and
Cb, and a large number of papers have been devoted
to studying them. They describe various mechanisms

leading to cloud merging. Let us recall only some

[27]

of them: convergence at low levels ", interaction

[27

. ,64
of wind shear and downward flows I pressure

gradient between two storms at different stages of

[65,66].
b

upper-level outflows 'Y, different
[27,67]

development

, increase

in the horizontal dimensions of converging clouds ',

propagation velocities of two storms

and cloud rotation ', With the process of mergers
of convective clouds, many researchers associate the
appearance of a “cloud bridge” that unites two radio
echoes from the middle level with propagation to the

g [27:6465.

groun ; increased lightning (thunderstorm)

69-711 . .
N increased volumes of merging clouds,

activity
increased radar reflectivity Z, cloud height, inten-
sity and total amount of precipitation, precipitation

[72-76]
areas

, and so on. The efficiency of the merging
process, according to the authors of numerical ex-
periments with a three-dimensional model, depends
on the thickness of the surface layer " and/or on the
mutual location of merging clouds and wind shear in

the troposphere ",

We found that many studies, e.g., (27647274761 * did
not distinguish between cases of Cb mergers with
their feeder cells (Cu cong) and cases of mergers of
storms proper. It is important to distinguish between
cases of feeder cell mergers with the storm and storm
mergers, because feeder cell mergers with the storm
are a natural evolutionary process of any convective
storm and the only way for it to exist. At the same
time, there is always a strengthening of the storm (at
the stage of its development) or a slowing down of
the decline of its parameters (at its general weaken-
ing). The destruction of the storm is connected pre-
cisely with the fact that the formation of feeder cells
in the storm system stops due to the lack of convec-
tive resources. Therefore, too, conclusions about
merger outcomes without accounting for differences
between individual groups do not objectively reflect
the physical processes of mergers. In order to sepa-
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rate the statistics, a special algorithm was developed

that allowed us to recruit 138 cases of mergers of

only hail storms in the Moldavian region ***.

MERGING IN THE NODE
(138 STORM PAIRS TOTAL -
100%)
—
NODE DISSIPATION - DEVELOPMENT
(67 %) (33%)
ON THE FACETS DEVELOPMENT THROUGH NODE
(32,3%) 0,7 %)
SPLITTING OF
STORMS (0,7%)
~

RS

Figure 20. Relationship of different types of merger effects
of severe multi-cell hail storms. LMS and RMS—Ieft-moving
and right-moving after splitting storms. S1 and S2 are a pair of

merging storms.

Our data, plotted in Figure 20, show that 2/3 of
all merger cases lead to dissipation of merged storms
in MSCC nodes. 33% of the storms continue to de-
velop after merging: 32.3% along the MSCC facets,
one case of development in a node (0.7%) is associ-
ated with the so-called “double phenomenon™ (first
merging of two storms in a node and then, after some
time, splitting), which will be discussed in another
chapter. The results obtained do not coincide with

76474 who claim that

those of other researchers, e.g.
storms almost always intensify as a result of merg-
ers. We attribute this discrepancy mainly to the fact
that these researchers did not set themselves the task
of distinguishing between two fundamentally differ-
ent merger processes: feeder cells with their “parent”
Cb and storms among themselves. We also attribute
certain statistical nuances to regional peculiarities.

The following are examples of hail storm merg-
ers. The first of them is the TSHP fragment of
19.07.2021, which belongs to the most widespread
group of mergers with subsequent dissipation of the
merged storm in the node.

5.2.1. Storm merging followed by dissipation at
the MSCC node

This TSHP developed under the influence of a
cold occlusion front at the background of the pe-
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riphery of the anticyclonic ridge. The wind shear in
the layer from the ground to 8 km was about 2 m/s/
km, the wind direction in the same layer was almost
unchanged—from the SW, and the leading flow (600
hPa) had a speed of 25 km/h with A = 254°. The
height of Hy = 4.25 km, H = 5.2 km, and H ,,. =
7.5 km. Figure 21a shows the kinematics of storms
5 and 6 (in the LCS), which were 45 km apart at the
time of 14:33. In the process of development, these
storms were getting closer and at 15:38 a “touching”
was observed, and then, at 15:41, a “merger” proper.
By “touching” we understand the situation when the
Z =45 dBZ isocontours of the two storms touch for
the first time, and by “merging” we understand the
situation in which the previous radar image of the
storms (at Z > 45 dBZ) is lost and a new, common
radar image appears. In this case, all features of the
multicell storm are preserved: local maxima and
peaks are visible and can be tracked in time.

The vertical cross sections, which are drawn in
the direction of the storm trajectories, show that the
storm canopies are oriented along the directions of
the trajectories '**\. The plots of the course of the
AHZ parameters (Figure 21n, p) show that the max-
imum development of S5 and S6 occurs at the mo-
ments preceding the merger. Further, there is a sharp

decline in parameters and dissipation.

The dynamics of the merging process and its ter-
mination with further dissipation took place at the
node of the MSCC, where the linear elements—fac-
ets—converged. Such merging of storms ends with
their complete destruction, as there are no conditions
for their development—they have nowhere to de-
velop. It should be noted that this refers only to the
most widespread group of mergers—the merger of
storms with subsequent dissipation (67% of cases),
in another group of storms—(33% of cases) their de-
velopment after the merger continues.

5.2.2. Storm merger with subsequent develop-
ment along the MSCC facet

One of such examples refers to the TSHP of
23.07.2014, which developed under the influence of
the occlusion front passing over southern Moldova
in the background of the Black Sea cyclone. The
winds in the troposphere were weak from 4 to 8 m/
sec SE and S rhumbes. The wind shear with height
was less than 1 m/sec/km. Leading flow with Ac =
180°, Vc = 24 km/hour. Hy = 3.6 km, H (. = 4.5 km,
H_,. = 7.0 km. The distance between S70 and S71 (70
and 71 are notional storm numbers) at the time of the
latter’s occurrence at 15:24 was 14 km. S70 devel-
oped in the W-SW direction, and S71—in the WSW

Trajectories S5 and S6
(ECS)

Saraca

W

-

55dBZ

14:46  15:16 15:46

14:13  14:43 15:13

4 8 12 16 20 8§ 12 16km

4

Figure 21. TSHP of 19.07.2021. Moldova. Merger process of S5 and S6: (a) trajectories of S5 and S6 at 5 km altitude (corresponding
to 45dBZ isocontours); (b) integral pattern at 5 km altitude (corresponding to 45dBZ isocontours) in LCS; (c—m) vertical cross

sections through S5 and S6 in the direction of the trajectories; (n, p) course of AHZ parameters; (r) hodograph; black vectors on

vertical cross sections correspond to S5 and S6 trajectories.

19



Journal of Atmospheric Science Research | Volume 07 | Issue 03 | July 2024

direction (in the LCS), the convergence angle was =
150°. By the convergence angle, we mean the angle
between the evolution vectors of the approaching
storms (in the LCS), which is always smaller than
180° (Figure 22b with insets f and f*). Both storms
had hail parameters by the time they touched and
then merged at 16:55 and continued to evolve after

the merger. The merger started from the middle lev-
els and propagated upward and downward, and after
the merger, the combined storm changed its direc-
tion and continued to develop in the S-SW direction
along the MSCC facet until complete dissipation at
17:28, which is confirmed by the course of AHZ pa-
rameters (Figure 22c¢).

TSHP of 23.07.2014

/| Trajectories S70 and S71

Angle of
i converge
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Figure 22. TSHP from 23.07.2014 in Moldova. Merger of storms S70 and S71: (a) trajectories; (b) integral structure of the merger
process and subsequent development of S70; (¢) course of AHZ parameters; (d) hodograph, red dot—leading flow at 600 hPa; f and

f*) insets in (b) showing the angle of converge the two storms.

When storms converge, it is found that storms
that formed at large distances from each other: from
9 to 45 km (e.g., TSHP from 19.07.2021) merge. It is
unlikely that in these cases one can envision merger
mechanisms involving short-range interactions. We
can assume that such mechanisms operate in the
storm-feeder cell system. When it comes to the in-
teraction of storms distant from each other at much
larger distances than the average diameter of the
radar cell, i.e., more than Skm to 6 km, this mecha-
nism, in our opinion, is meso-f-scale convergence,
which stimulates upward motions on scales larger
than the storm scale. Such convergence is realized in
the form of polygonal mesoscale structures—MSCC
and/or mesoscale linear structures—MSCL P*%,

5.2.3. Hypothesis on the mechanism of merg-
ing of convective storms

From our analysis of 138 cases of storm mergers,
two of which were considered in the previous chap-
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ter, it becomes obvious that the merger phenomenon
is also associated with the development of storms
along the facets and at the nodes of the MSCC. This
development occurs due to feeder clouds, which are
lined up in the form of Flanking Lines whose orien-
tation also coincides with the direction of the MSCC
facets. With this in mind, we hypothesise a mecha-
nism for the merging of convective storms, which is
shown in Figure 23.

The merging process of two storms is represent-
ed as the intersection, overlapping over each other
of the feeder cloud lines of the two approaching
storms. It is important to recall that the Flanking
Line means a line on which convection in the form
of Cu cong already exists. This means that updrafts
already exist in each of the feeder cells and the pro-
cess of cloud particle aggregation has started. When
Flanking Lines overlap each other, one can expect
the strengthening of convection, as well as the ac-
celeration of manifestation as a result of merging,
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Figure 23. Storm merger hypothesis: (a) convective storm scheme; (b)—(d) storm merger patterns as a function the angle of converge

value a°.

previously invisible, and now intensified, becoming
radio echoes, feeder cells. At the same time, angle of
converge a° formed by the converging “central axes”
of storms (dashed lines) can be different: Figure 23b
and 23d show their limiting values, and Figure 23¢
shows an intermediate value. Depending on this, the
processes of “touching” and “merging” are separated
from each other both in space and time: at large an-
gles a° the place and time of “touching” and “merg-
ing” are usually close, while at small angles they are
distant. Sometimes, at small a°, the storms approach
each other only by “touching”.

Sometimes, at 45° < ° < 180°, one can observe
how, as a result of the interaction of two flanking
lines, a “free-standing” radio echo appears between
the approaching storms (this case is not presented
in the examples we have considered), which is not
in contact with any other even at the level of the
smallest Z values. In the future, this can be a kind of
“bridge” for the simultaneous merging of the three
storms. It can be seen that at large a°, the proximi-
ty of the flanking lines to each other means a faster
“manifestation” of their conjugation sites along the
entire length of the flanking lines. This is often ob-
served as an almost simultaneous manifestation of
a rather extended, linearly stretched common radio
echo. Such phenomena can be detected during the
formation of squall lines. However, this is a topic for
a separate study.
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5.3 “New” convective phenomena

In this chapter, we will present several “new”
convective phenomena not previously reported in
the literature. Perhaps, these convective phenomena
have not been described precisely because the obser-
vations were carried out exclusively in the Eulerian
coordinate system, which does not allow us in many
cases to “see” the nuances of the development of
convective storms. Earlier we showed that consid-
ering the kinematics of convective storms in the
LCS reduces the number of variations by a factor of
about 12 compared to the ECS. We believe that this
allowed us to discover some “new” convective phe-
nomena, and to look at some well-known ones, e.g.,
single-cell “storms” from a different point of view.

5.3.1. Double phenomenon: “merger-splitting”

Figure 24 presents a fragment of the TSHP from
05.08.2014, which developed under the influence
of the occlusion front at the background of the front
of the Black Sea depression. The winds by heights
were weak, not exceeding 5.5 m/s up to a height of
10 km, of variable directions. The leading flow: Ac =
319°, Vc = 9 km/h, wind shear—Iless than 1 m/s/km.
At 12:42, when both storms were recorded simulta-
neously, the distance between them was 16 km. The
integral patterns of Figure 24b show the trajectories
of S61 and S62 (ECS), while Fig. 24a shows the de-
velopment of the mentioned storms in the LCS. The
horizontal and vertical cross sections (Figure 24d—
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f*) show how these storms gradually converged. As
a result, a touchdown was observed at 13:10, and
by 13:17 the storms merged, while the individual
properties (isocontour Z tops, Zmax positions) were
not completely lost. The merged S61 + 62 slightly
strengthened (not shown in Figure 24) and, what
should be emphasised, it, being in the MSCC node,
stopped shifting (in the LSCC), i.e. its evolution rate
V.~ 0. The storm remained in the same location in
Lagrangian space until 13:31, when the separation of
the storms was noted and subsequently they began to
shift along different trajectories with evolution ve-
locities V,, up to 25-29 km/hour.

Let us emphasize the fact that the merged storms
intensified exactly in the node, receiving resources
not from the facets, but in some other way. This will
be discussed in Chapter 5.3.2, where another phe-
nomenon—the “nodal” storm—will be presented
and a hypothesis explaining this unique phenomenon
will be stated.

5.3.2. A “nodal” convective storm. Hypothesis
about the mechanism of its functioning

We understand the development of convective
storms as an inflow of cloud resource in the form

of feeder cells, the linear set of aggregate (Flank-
ing Line) is built along the facets of meso-p-scale
structures (MSCC or NSCL) P> Quch a devel-
opment is traced in the Lagrangian coordinate sys-
tem as a linear increment of the radio echo, i.e., as
motion. For this reason, the absence of motion and,
hence, development in the LCS, while the parameters
of the convective storm under consideration indicate
its intensification, requires a search for mechanisms
that could resolve this obvious contradiction.

In references >

, it was shown that the orienta-
tion of storm radio echo canopies and hail bands for
slow-moving processes coincides with the directions
of the facets of meso-f-scale structures. It is from
these directions that storms receive feeding in the
form of feeder clouds. In Chapter 5.1.2, we consid-
ered the unusual behaviour of storm S1 (Figures 18
and 19), which for 1.5 hours, remaining in place, re-
ceived convective impulses not from the MSCC fac-
ets (the convective resource on them was exhausted),
but in a different way. Based on the results of these
studies, let us also consider Figure 25, where hail
bands and their orientation (as vectors of different
colours) are presented.

Merger 13:10 12:49 561

Splitting
13:31

LCS
12:49-14:56

12:52 S62
Merger

Brichany12:00 UTC
North Moldova

. ECS
12:49 861 | 15.49:14:56

Figure 24. TSHP from 06.08.2014 Moldova. Double phenomenon: “merger-splitting”. Horizontal sections at 4.6 km altitude (T° =
—6°): (a) integral picture in LCS; (b) S61 and S62 trajectories in ECS; (¢) Brichany (North of Moldova) 12:00 UTC hodograph; (d, f, g,

h, j) horizontal sections; (d*, f*, g*, h*, j*) vertical sections.

Source: Livshits, et al ®*.
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The first small hail centre was observed at 19:11
(in the form of a circle with yellow filling). Further,
at 19:27 and 19:43 the orientation of hail bands is
directed towards the centres of MSCC 6 and MSCC
7. At 19:57, the orientation is towards the centres of
MSCC 6 and MSCC 1; at 20:15, the orientation at
MSCC 6 and MSCC 1 is retained but a direction to-
wards MSCC 2 is added. The hail process at the node
ends by 20:28 and appears as a small patch orientated
towards MSCC 2. Most often the resource comes
from different directions simultaneously (see in par-
ticular the directions of the canopies on the vertical
sections of S1 of Figure 19). It should be emphasised
that the file-by-file analysis (every 3.5 min) showed
that the change of directions of resource arrival in S1
did not occur in a continuous manner (as a result of
the gradual reversal of the hail band), but in a discrete
manner. This means that as the convective resource in
one part of the meso-B-scale structure ran out, it be-
gan to arrive from another direction or from several
directions simultaneously.

Let us turn to Figure 26, where we consider in
more detail the factors and possible mechanisms
of interaction between two convective objects: the
MSCC and severe convective storm that arose and
developed in the node for 1.5 hours.

In fragment (a), the convective storm (Cb) is la-
belled at the node, from which precipitation falls.

Due to this, a cold pool (shown as a black dashed
circle) is formed and spreads in all directions. The
leading edge of the cold pool is essentially a gust
front. Let us also assume that the MSCC edges have
already been “realised” by storms that developed
earlier, and that this area along these facets was oc-
cupied by cold pools: Let us call them conventional-
ly “old cold pools” (in fragments b) and (c)—these
are grey lenses).

Now let us consider two situations in more detail.
The first is when the gust front propagates towards
the flows from the centre of the MSCC (fragment b),
direction Cb—(B). In this case, the two flows from
the collapsing part of Cb and from the MSCC meet,
which favours the initiation of upward convective
motions and the appearance of feeder cells in the
form of an arc along the gust front. The second is
when the gust front propagates along the MSSS fac-
et, and there is no counterflow on this path, so con-
vection does not occur. As the feeder cells develop,
they enter the radar body of the storm and the radio
echo canopy(s) on one or the other side of the storm
is observed. As for the Flanking Line, its location in
a kind of semicircle on the gust front makes this sit-
uation unusual. As a rule, the Flanking Line is lined
up on the gust front in the form of a “ladder” with a
length of 20-30 km, but in this case it forms a semi-
circle adjacent directly to the storm.
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Figure 25. TSHP from 22.06.2019 in Moldova. Changes in the orientation of S1 (Figures 18 and 19) hail bands at different moments
of time: (a) fragment of the meso-f-scale structure (LCS); (b) orientation of S1 hail bands as vectors of different colour.

Source: Livshits !
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Figure 26. “Nodal” convective storm: (a) fragment of the MSCC horizontal cross-section, (b) vertical cross-section of the “nodal”

storm along line A—B; (c¢) vertical cross-section of the “nodal” storm along line C-D.

Source: Livshits, et al >,

This type of Flanking Line, as it can be assumed,
took place in this particular case. A possible confir-

78 who

mation of this is the research of Bluestein
found 3 types of Flanking Lines, one of which he
called a “Vertical Flanking Line”. Such an Flanking
Line adjoins directly to the storm in the form of an
arc, as shown in Figure 26.

The described “ideal” mechanism of interaction
of different flows (from storm and to storm) depend-
ing on the configuration of MSCC elements (facets
and nodes) is also superimposed on the dynamics of
formation of cold pool fields on the real underlying
surface. Indeed, here we deal with the superposition
of the processes occurring in the moving troposphere
(Lagrangian coordinate system) and the trace in the
form of precipitation and cold pools left by moving
convective storms on the earth’s surface (Eulerian
coordinate system). It is the interaction of these pro-
cesses in the two spaces that can make adjustments
to the “ideal” scheme: in one case to promote the oc-
currence of convective storms of any type, including
“nodal” storms, in the other—to prevent it.

5.4 Single-cell convective “storms”—Myth or
reality?

[2

In reference ', we described the results of obser-

vations of the initial moments of convection devel-
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opment on the MRL 5 radar with a wavelength of 3.2
cm with R? correction switched off within a radius of
up to 10 km. This gave a “gain” in radar sensitivity of
> 20 dBZ, which allowed us to detect objects inside
the Cu cong at the moments of their transition to the
initial Cb stage. Objects called “nuclei” were detected,
400-1000 m across, tightly adjoining each other. The
diameter of such clusters of nuclei was 4-5 km. On a
vertical section they looked like symmetrical objects
from the condensation level to a height of several
kilometres. At switching on the device of multicontour
radio echo display all this picture disappeared and was
outlined by only one contour (= —20 dBZ). When con-
vection intensified, the picture described above quick-
ly disappeared and the “thin” structure was no longer
distinguished. Thus, it turned out that the radar objects
that looked like single-cell objects were not actually
such, but consisted of many smaller objects—"“nu-
clei”. It was concluded that the “single-cell” clouds
were in fact multicell clouds, but for technical reasons
their multicellularity was not obvious.

In reference ”, the authors studied a large num-
ber of “single-cell” storms in the North Caucasus.
One of the important observations they noted, as
did the Abshaev et al ¥, is that “single-cell” storms
in processes with weak winds (up to 25 km/hour)
moved in any direction at different speeds, i.e. their
“chaotic behaviour” was observed. The reason for
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this they consider the influence of rough terrain.
At the same time, when these objects moved from
mountainous areas to plains, where the influence of
altitude difference and slope orientation can be ne-
glected, they “behaved” also “unpredictably”.

Let us consider one of the TSHP episodes of
22.06.2019 in Moldavia, which could be categorised
as a process with “single-cell” convective storms.
The aerosynoptic context of this TSHP is described
in Section 3, so we will go straight to the description
of the part of the process we are interested in. We
turn to Figure 27, which shows a fragment of the
precipitation distribution map for the entire TSHP.
Since the leading flow (Ac =113°, Vc = 10 km/hour)
is weak, and the time of existence of the considered
storms is significantly less than an hour, the integra-
tion of precipitation does not significantly “blur” the
final picture. Let us pay attention to the part of the
precipitation field located in the eastern half-plane
from the radar, since it is here that the storms of in-
terest to us developed. The most powerful of them,
producing hail of different intensity, are marked with
circles with crossing. The progress of the parameters
of individual storms are presented on the side panels.

In general, we can see a certain structure of the
precipitation field, along the linear elements of which
the most powerful convective storms are concentrated.

Several convective storms from the panels (S3, 6,
9, 17) could be classified as “single-cell” if we rely
on the radar parameter AHZ, which shows us one
cycle of the object’s development, while others (S15,
22) are classified as multi-cell.

As an example with which to review important
details of the dynamics and kinematics, we turn to
the horizontal cross-section S6 shown in panel (a).
The structure of the radio echo: quasi-vertical and
axisymmetric, the horizontal is quasi-symmetric cir-
cular. Everything corresponds to the ideal description
of a “single-cell” storm . The time course of the
AHZ parameter, which is responsible, among other
things, for the processes of hail formation and fallout
(note especially the course of the AH55 parameter),
indicates to us, together with the parameters of the
vertical structure of the radio echo, the beginning of
hail fallout at about 13:52. The inset fragment (b)
shows two clear almost separate spots of hail fall-
ing, which tells us about two convective cells in this
storm. We observe the same pattern in other storms.

THSP dated 22.06.2019 Moldova. Synjereya radar station. Map of
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Figure 27.

THSP precipitation map of 22.06.2019 in Moldova from 13:22 to 22:02. Cross-hatched circles show the position of

individual convective storms. The black lines depict the facets of the MSCC. The panels on the left and right show the course of the

AHZ parameters of the individual storms. Box a) shows two hail spots in the hail band S6 structure. The red vertical bar in the S6

panel corresponds to the time of hail fall beginning at 14:03.
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The pattern of storms development in different
directions with different velocities is quite similar
to the “chaos” discussed in references ®*, but the
fact that the development of these storms is directed
along linear fragments of structures or they are con-
centrated in the area of nodes speaks not of “chaos”
but of regularity. Recall that the terrain over which
the convective storms developed is practically flat,
with height differences of no more than 100-150
metres, which cannot significantly affect their dy-
namics and kinematics.

Thus, having analysed all dynamical and kine-
matic parameters, we did not detect “single-cell”
convective storms in this TSHP. Note that in our
long-term practical work we have never managed to
detect “single-cell” convective objects.

In summary, we can state that those objects that
many authors call “single-cell convective storms”,
in particular, Chisholm et al. 24 and Abshaev “con-

vective cells” P!

, are in fact not such and consist of
many small cells (updrafts flows), which are not dis-
tinguished by radar. This means that the “single-cell”
storms can be classified as multicell storms with “weak
evolution” in the same way as the multicell storms
and all supercell storms in Foot and Frank ** were di-
vided into storms with “weak” and “strong” evolution.
Vasiloff et al. ®'!, observing the processes of tran-
sition of multicellular storms into supercellular storms
and vice versa, consider that the structure of these two
types of storms is almost identical and can be consid-
ered as a certain “continuum”. In Section I, we have
shown that the shape of the hail bands clearly shows
hail falling simultaneously from several cells of a su-
percell storm. This means that the supercell is also, in
fact, a multicell storm with weak evolution.
Summarizing, it can be stated that multicellularity
is the only form of existence of vertical development
clouds, and all these three groups of storms should
be referred to the multicellular class by the main
“genetic” feature of their similarity. For convenience
and paying tribute to tradition, we can adopt the
classification of Chisholm et al. **, bearing in mind
that the first group of storms—*“single-cell” (if they
exist), are essentially multicellular with “weak” evo-
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lution. Lemon %, referring to Henderson "), states
that the latter has repeatedly observed flanking lines
near “single-cell” storms.

The very facts suggest that these objects, called
“single-cell” by the authors mentioned above, can
only be multicell storms with “weak” evolution,
and therefore evolve along the MSCC facets due to
the merging of feeder cells with storms. As shown

. 54,55,60,6
in our works P*+33606

¥, the convergence lines that
form the image of meso-fB-scale polygonal structures
visible in the precipitation field are located at some
angles to each other. The “chaotic” occurrence and
displacement of “single-cell” storms along these
convergence lines makes these processes explainable
and most predictable, emphasizing the multicellular-

ity of “single-cell” storms.

6. Renewal Band (RB) in convective
storms. Flanking Line (FL)

The development of convective storms is associ-
ated with the inflow of cloud resource into the storm
system in the form of feeder cells, which usually
form a kind of “ladder” 20-30 km long (Flanking
Line) with increasing cloud height as they approach
the radar body of the storm. As we have already
mentioned, the direction of the Flanking Line coin-
cides with the direction of the evolution vector V: It
is therefore important to compare the perceptions of
researchers who have studied the correlation of ele-
ments of different types of convective storms. Stud-
ies of the dynamics and kinematics of multicell and
supercell convective storms by Browning and Lud-
lam "), were developed by Chisholm and Renick **
and by Marwitz "', These works laid the foundation
of modern concepts of the inner cell and flow struc-
ture of convective storms.

6.1 RB and FL studies in supercell storms based
on data in Moldova and the North Caucasus

Figure 28 shows a fragment of TSHP in the
North Caucasus, the synoptic and aerological con-
text of which can be found in reference **. This
was a powerful convective process, in which two
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supercells were noted, producing hail paths of sever-
al hundred kilometers with a hail diameter of 5 and
more centimeters, and in some places a tornado was
noted. We touched upon some aspects of this process
in this paper (Chapters 3.3 and 3.7), as well as in our
works 91 Tn this case, we are interested in the
way in which one of the supercells, which was as-
signed the conditional number 2, was updated at the
expense of feeder cells. At some moments, the re-
newal process was recorded by radar. The dynamics
of these episodes consisted in the fact that the 1st FC
strip was built along the vector of the leading flux,

covering the updating edge of the supercell in a kind
of semicircle. The process of “absorption” of the 1st
FC line (radiolocationally it is seen as a flow of radio
echo towards the south and a general delineation by
large values of reflectivity isocontours of this 1st FC
line) is followed by the manifestation of the 2nd FC
line, etc. The vertical section through the feeder cells
line adjacent to the radar body of the storm (section
5) shows the shape of this line in the form of a “lad-
der”, the height of which increases from left to right,
and the height of feeder cells and their power also
increase from left to right.
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Figure 28. THSP of 08.19.2015 in the North Caucasus: (a) horizontal section of a supercell at an altitude of 5.4 km (T-6°); (b)
renewal band; (¢, d, f, g, h) vertical sections through feeder cells (red dotted arrows); vertical section numbers are indicated by

numbers from 1 to 5. Scale grid on a 10 x 10 km horizontal cross-section.

Source: Livshits, et al %,

Figure 29. THSP of 18.06. 2016 in Moldova. All designations are similar to Figure 28.

Source: Livshits, et al %,
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We see exactly the same picture of supercell re-
newal in Figure 29, reflecting a similar situation in
the TSHP of 18.06.2016 in Moldova (the aerosynop-
tic context of this supercell process is given in *>*%),
only the manifestation of the supercell renewal pro-
cess here looks even more convincing.

It is important to note that the ratio of the driving
vectors (V_c), V_; and 7;) are also identical: the over-
all orientation of the 1st FC line is almost the same
as the direction of the leading flow vector (V_c) and V:
indicates the general direction of the storm update. It
is noticeable (Figure 28b and 29b) that the update
process in the LCS manifests itself as a band with a
width comparable to that of a radio echo with Z > 45
dBZ, and the direction of this band coincides with
the update vector (V;). We call this band the “renewal
band” because new FCs “feeding” the storm appear
within it. The FCs in the direction of storm renewal
also line up in the form of a “ladder”.

The striking similarity of supercell renewal pro-
cesses in different regions (North Caucasus and Mol-
dova) convinces us that it is not accidental, but regu-
lar and allows to hypothesise a “fine structure” of the
renewal band, which will be discussed in Chapter 6.5.

6.2 RB and FL studies in multicell storms based
on data in Moldova

Figure 30 presents two examples of multicell
storm renewals in Moldova. Note that TSHP of
05.08.2014 developed in the slow-moving tropo-
sphere with wind shear in height significantly less
than 1 m/sec/km, while THSP of 02.08.2021—in the
fast-moving troposphere (the leading flow reached
17.5 m/sec with a total shear up to 2 m/sec/km). On
the horizontal and vertical sections in both cases,
the field of FCs was clearly visible, the first row of
which covered the renewal part of the radio echo in
the form of a semicircle. The repetition of the renew-
al cycles that retained some uniformity at different
tropospheric velocities and wind shear is shown by
the renewal band (broad arrow in panels (a) and (d),
respectively). These and other relatively few facts
(meaning the possibility of FC detection by radar)
allowed us to hypothesize the cell structure of the
update band, which will be discussed in Chapter 6.5.

6.3 Classical representations

In order to compare different ideas about the re-
lationship between the FL and radar positions of the

3 | L L L
| Vertical section through FL |

| Vertical section through FL |

12 1

/)

[y
bl

y

LISl |

4 12 20 28

12 20 28 km

Figure 30. Structure of multicellular storm renewal bands in Moldova: (a, b) TSHP from 05.08.2014; (¢, d) TSHP from 02.08.2021.

The motion vectors for each of the storms are shown by vectors of different colours: red— V_c) (vector of leading flow), black—V,

blue— 7;

Source: Livshits, et al >,

28



Journal of Atmospheric Science Research | Volume 07 | Issue 03 | July 2024

storm body in different types of convective storms,
we have analysed many comprehensive studies. In
particular, we analysed in detail: the supercell storm
Fleming storm (Browning et al. "), Acme storm
(Krauss et al. **); the multicell storm Raymer storm
(Browning et al. ™, Chalon et al. **); and a “hybrid”
storm that combined features of both multicell and
supercell storms (Hoeller et al. **). Figure 31 shows
the location of the radar body and FL for different
supercell types: a) low precipitation (LP) supercell,
(b)—-classical (CS), (c) heavy precipitation (HP) su-
percell . Panel (d) shows the position of the LFO rel-
ative to the multicell storm ™. These schemes are the
result of summarising and combining data from air-
craft, satellite imagery, visual and radar observations.
Common for almost all of these storms is that FL
is oriented perpendicular to the direction of storm
moving (on the panels this direction is indicated
as a white vector). The direction of storm moving
coincides with the direction of the weak radio echo
region (in the Russian interpretation - the direction
of the radio echo canopy) relative to the main precip-
itation area, i.e. relative to the precipitation centroid.

[22,82]

The Raymer storm example seemed to be out of

this picture, since the vectors V; and V—s) coincided.

This was because the new cells in this storm were
not formed in the usual way—ahead of the course
of the storm. In Chapter 3.6, we showed that such
storms are relatively rare and their recurrence in
Moldova, the North Caucasus, and southern Brazil
does not exceed 10%. At the same time, it should be
noted that such collisions belong exclusively to mul-
ticell storms, which is confirmed by the analysis of
the extensive world literature and confirms the main
conclusion: the FL for storms of all types is always

oriented along the evolution Vector—ve).

6.4 Representations of the Russian school

Russian technology of anti-hail service (RT AHS)
is based on the concept of acceleration of precipitation
formation due to Agl impact on the first ones from the
radar body of the storm FC. Flanking Line is assumed
to be an extension of the radio echo canopy.

Figure 32 shows the scheme of the supercell ac-
cording to Abshaev *. Externally, it looks the same
as in foreign researchers “**" but one important
detail is very different: the location of the Flanking
I'it is called Leading Clouds) is
in the extension of the radio echo canopy.

Line (in the author

LOW PRECIPITATION SUPERCELL (LP)

Light Rain
and or
Small Hail

oderate Rain
or Light Hail

CLASSIC SUPERCELL (CS)

Figure 31. Stylised structure of supercell (a, b, ¢) and multicell storms (d). White arrow—direction of storm moving.

Source: Moller, et al ***,

29



Journal of Atmospheric Science Research | Volume 07 | Issue 03 | July 2024

ZdBZ

30 km

10 X020
Ve

Figure 32. Russian scheme of a supercell with hail based on radar observations: (a)—vertical profile AB (in the direction of

thunderstorm movement), (b)—vertical profile along CD (perpendicular to thunderstorm movement), (¢)—horizontal profile at an
altitude of 5 km (T = —6°C), (d)—horizontal profile at an altitude of 6 km (T = —12°C); I-—the area of creation of conditions for hail
formation, Il - hail nucleation area., [ll—area of hail growth, IV - area of maximum hail and V—strong updraft area.

Source: Abshaev, et al .

The literature analysis as well as our studies (Sec-
tion 1) have shown that the occurrence of FC ahead
along the storm track, i.e., in the canopy direction, is
a very rare phenomenon, the recurrence of which is
no more than 10% and refers exclusively to multicell
storms. Supercells with renewals ahead of the storm
have not been reported in the world literature.

Thus, there is a significant discrepancy between
the two schools of thought about the mutual location
of the LFO and the radar body of storms. The Flank-
ing Line direction according to foreign (and our) ide-
as coincides with the direction of the evolution vector
and differs from the Flanking Line direction accord-
ing to Russian ideas by = 90° to the right (left). In our
opinion, such representations of the Russian school
are speculative, since no airplane methods were used
in storm studies, which allow us to compare visual
and radar pictures. These differences also lead to the
fact that the seeding sites are also different.

In Chapters 6.1 and 6.2, we considered the re-
newal process of supercell and multicell storms on
the examples of the North Caucasus and Moldova. It
was emphasised that the striking similarity of the re-
newal processes in the two supercells from different
regions is not accidental, but natural. The renewal
of two multicell storms in the slow-moving (at wind
shear less than 1m/sec/m) and in the fast-moving
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troposphere (at wind shear greater than 2 m/sec/m) is
also quite similar.

Based on these facts and rather disparate but im-
portant information from the literature, we present
the author’s view of the fine structure of the renewal
band (RB) in Figure 33.

Panel a) shows the generalised RB structure for
multicell storms in the form of a triangle whose
base rests on the renewal part of the storm. The ori-
entation of the long axis of the triangle is along the
evolution vector. The storm canopy, whose orienta-
tion coincides with the direction of its displacement,
makes an angle =~ 90° with the evolution vector.

In panel c), the RB structure for the supercell
storm looks like a “comma” whose arc faces the
direction of the storm’s displacement. This is due
to the presence of a mesocyclone in the supercells,
whose rotation causes a “deformation” of the RB,
and its orientation generally corresponds to the evo-
lution vector. The angle between the storm trajectory
and the RB direction is also equal to = 90°.

Panel b) shows the structure of the RB supercell,
which, as we showed in reference * when analysing
the Fleming storm, also contained FCs. They were
lined up in an unusual way—in the form of an arc,
tightly “pinned” to the radar body of the storm. A
gust front in such cases should move at a rate of re-
newal of storm.
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Radio echo of
the FC

Visually detectable
Feeder Cells (FC)

Gust front

Figure 33. Renewal band (RB) structure: (a) RB as “triangle” in multicell storms: (b) with RB as “arc” in supercells; (¢) with RB as

“comma” in supercells. Gust fronts in the corresponding parts are labelled with black triangles (cold) and red semicircles (warm) (a)

and (c)). Motion vectors: red—V_c), black—?s, blue—V;.

Source: Livshits, et al .

To explain this phenomenon, we propose a hy-
pothesis suggesting that the renewal process is con-
centrated in the form of a narrow arc-shaped band.
This band cannot unfold, as it is prevented by the
gust front “enclosing” all the renewal processes be-
hind the front of the supercell cold pool. Normally
in supercells, the gust front “unfolds” as a Flanking
Line oriented perpendicular to the storm displace-
ment vector, but in this case it “roll up” as an arc.
The presence of the Vertical Flanking Line, which

has been repeatedly observed by Bluestein 7,

may
have occurred in this particular case.

The hypotheses expressed here regarding the
structure of the renewal band for different types of
storms need to be confirmed by in-situ observations.
Nevertheless, the first step we have taken in this direc-
tion gives an idea of the possible mechanisms of the
renewal band organisation and contributes to a deeper

understanding of the physics of these processes.

7. Conclusions

The article outlines the results of our studies of
the last few years, for which we also involved ma-
terials of foreign and Russian authors. These studies
are based on the hypothesis of translation of cellular
convection (of the Rayleigh-Benard convection type)
from the surface layer to the upper layers of the trop-
osphere.

31

The dynamics and kinematics of convective
storms are sufficiently well studied in the Eulerian
coordinate system. However, the presence of tropo-
spheric displacement under the action of winds does
not allow us to obtain an adequate picture of the
development of convective structures TSHP in this
coordinate system

The verification of the above hypothesis required a
different approach. And such an approach was found:
the Lagrange principle, which consists in that the
observer is “placed” in the centre of this coordinate
system and moves together with it against the leading
flow and with the velocity of the leading flow.

This approach allows us to detect and trace the
dynamics of mesoscale cellular convection, which is
found to have a net structure. Precisely as a result of
the Lagrangian approach, it was possible to establish
that the manifestation of all convective phenomena is
determined by the configuration and dynamics of the
meso-B-scale structure of the TSHP, and the number
of different variants of the manifestation of convec-
tive phenomena is reduced by more than an order of
magnitude compared to the Euler coordinate system.

It was found that the orientation of the canopies
of radio echoes of convective storms practically co-
incides with the trajectories of storm displacement.

It was shown that the renewal of all types of
convective storms occurs in the renewal band in the
direction of the evolution vector due to feeder cells.
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In the most powerful hail storms with a stationary
canopy of radio echoes, the evolution vector deviates
from the storm displacement vector by 80°—135°.

The internal structure of renewal bands, consist-
ing of feeder cells that line up in certain structures,
was shown. These internal structures of renewal
bands depend on the type of storm, and their forma-
tion is related to the peculiarities of airflow interac-
tion with the MSCC structure in the storm system.

As a result of a detailed analysis of one of the su-
percell storms (Fleming storm), a hypothesis is for-
mulated to explain the Flanking Line configuration
in the form of a vertical wall arranged in an arc near
the radar body of the supercell storm.

It is shown that the orientation of the hail bands
indicates the direction of the convective storm devel-
opment, which coincides with the evolution vector,
which can serve as an indicator of the Flanking Line
orientation, and the elongation of hail bands with
lengths greater than 5—6 km also indicates the multi-
cellularity of even supercells.

It was found that the mutual orientation of the
anvils of powerful convective storms can serve as
an indicator of their kinematic characteristics. Two
mnemonic rules were proposed that allow us to
determine left- or right-moving storms and the con-
vergence or divergence of their trajectories from the
simultaneous pattern of two storm anvil orientation
and their mutual location.

Based on radar observations of the unique dis-
placement of a multi-cell storm in the North Cau-
casus, we derive a scheme of the structure of a cold
front of the 2nd kind and formulate a hypothesis ex-
plaining this structure.

We study in detail the splitting of convective
storms, which we link to the processes occurring in the
MSCC nodes: the deviation of the MSCC edges from
the nodal region leads to the renewal of the storm on
different flanks and its subsequent separation.

Three new convective phenomena are found,
which complete the known classification of the types
of convective storm development at MSCC elements:

- splitting of a multi-cell convective storm in a
low-moving and low-shear troposphere, in which
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one storm moves along its trajectory, while the sec-
ond storm remains in place after splitting (the “drop-
let splitting” phenomenon);

- the development of a convective “nodal” storm
that is updated from the inner parts of the MSCC; a
hypothesis has been proposed to explain this unique
phenomenon;

- “double” convective “merger-splitting” phe-
nomenon.

The process of merging of convective storms has
been studied. An algorithm is proposed that allowed
us to distinguish between two fundamentally dif-
ferent phenomena: the merger of convective storms
with feeder cells and the merger of storms them-
selves.

A typification of the consequences of the mergers
was carried out. In contrast to the generally accepted
opinion that almost all storm mergers lead to their
intensification and development, we found that 2/3
of all hail storms dissipate after merging, and only
1/3 develop.

It was hypothesised that there is a mechanism of
merging of convective storms, which is associated
with a certain configuration of MSCC facets and
nodes. The main “actors” of the merger process are
Flanking Lines, whose mutual orientation affects
both the speed and the consequences of mergers.

The existence of so-called “single-cell convec-
tive storms” is considered. It is concluded that “sin-
gle-cell convective storms” are the same as multicell
storms, only with weak evolution. In contrast to the
view of some researchers of single-cell storms that
their behaviour is “chaotic” and “unpredictable”,
we consider their behavior to be completely natural
and predictable. We also conclude that all types of
convective storms constitute the class of multicell
storms, since the only form of existence of convec-
tive storms is their multicellularity.

The obtained results are applicable in the practice
of modifying convective clouds, in the system of
storm warning of the population, for rescue services
and other state organisations.

We associate the further prospect of research with
the study of processes occurring at the junction of
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two spaces—Eulerian and Lagrangian. This will help
to discover more reliable predictors for ultra-short-
term forecasts of the dynamics and kinematics of
convective storms of any type and related hazardous
weather phenomena.
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