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Abstract. The article aims at searching for the optimal way of emission of ice nucleating agent in convective cloud in order to prevent 

clouds and active influences on them is discussed. It is noted that at the present time studies of the regularities of the formation and 
development of clouds as a whole begin taking into account their systemic properties. The main directions of research at the next stage 
of its development are discussed. The features of the existing methods of active action on convective clouds are noted, the main tasks 
encountered in the development of methods for controlling sedimentation in convective clouds by introducing reagents are formulated. 
It is noted that research on the development of methods for active influence on clouds should be conducted on the basis of new and 
more effective approaches, which should be based on the extensive use of mathematical modeling. Some approaches to solving this 
problem are discussed. According to the authors, the most promising of them are approaches based on the theory of optimal control 
and bifurcation theory. Some results of numerical modeling of the active effect on convective clouds are given.

Keywords: physics of clouds, convective clouds, hail formation, multidimensional models of clouds, artificial modification of con-
vective clouds, optimal control, bifurcation theory.

The status of existing technology of active impact on 
the precipitation formation processes in clouds is complex 
and ambiguous. It is still based on the concepts suggested 
in 1950s-60s, rather than on methods developed as a result 
of precise studies of cloud behavior under active impacts. 
An important note is that despite the state of this technol-
ogy, there is an extensive work on the active impact on 

It is important to mention that cloud physics proceeds 
to the next development stage in a natural way, as beside 

1. Introduction

The North Caucasus and southern Russia are the most 
prone to natural disasters due to geographical features. 
More than fifty years ago, a number of paramilitary anti-
hail services were created in the USSR, including three 

and later Stavropol services — which protect an area of 
2.65 million hectares in the North Caucasus and Southern 
Federal counties.
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individual basic processes, clouds have numerous factors 
that impact cloud formation and development. They in-
clude factors whose impact on the formation and develop-
ment of clouds have been studied insufficiently, as well as 
factors whose role in the cloud and precipitation formation 
is not completely clear.

2. Study area

An analysis of the current state of the physics of clouds and 
active impacts on them in (Ashabokov et al., 2014; 2018) 
showed that this scientific line has slowed down its devel-
opment in recent decades. The publications’ authors noted 
that it is due to the current gradual shift to the study of 
regularities in cloud formation and development as a whole 
with account of their system properties. 

Publications (Bychkov & Shapovalov, 2017; Ashabo-
kov et al., 2018) approached convective clouds as sophisti-
cated physical systems and identified factors that form the 
structure of clouds. These are process interaction in clouds 
(the emergent system properties) and “cloud–atmosphere” 

The study result aggregation at the last stage of the 
cloud physics development has achieved noticeable suc-
cess: multidimensional models of clouds have been devel-
oped, as well as models with detailed processes, which can 
be used for this purpose (Ashabokov et al., 2014; 2018; 

Drofa, 2010; Clark, 1979; Cotton et al., 1982; Farley, 1987; 

1987; Straka, 2009) offer an inclusive review of publica-
tions on the numerical cloud simulation. A number of nu-
merical studies have been conducted also on the effects of 
seeding (Chae et al., 2018; Curic et al., 2019). We will limit 
ourselves to only noting that achievements in this domain 
make it possible to obtain significant fundamental and ap-
plied results.

Obtaining a new knowledge on the regularities of for-
mation and development of clouds and developing effec-
tive and scientifically justified methods for active impact 
on clouds have become very relevant problems of the phys-

-

2012; Pastushkov, 2016; Cotton et al., 1982; Farley, 1987). 
In this connection, the subsequent stages of its develop-
ment will be focused on the study of regularities of the 
macro and micro structural characteristics of clouds and 
development of new approaches to modeling active im-
pacts on them. 

Some publications studying the role of the above factors 
in the cloud and precipitation formation processes have al-

ready been released. For example, publications (Ashabok-
ov et al., 2014; Bychkov & Shapovalov, 2017; Shapovalov 
et al., 2018) provide the simulation results based on a 3D 
model of convective clouds that comprehensively accounts 
for the wind field structure impact processes on the cloud 
and precipitation formation processes in the atmosphere. 
As for the role of the interaction of cloud formation and de-
velopment processes, special models need to be developed 
for its study. Publication (Ashabokov et al., 1994) deals 
with the problem and studies the impact of the thermody-
namic parameter fields’ deformation in clouds (as a result 
of process interaction in clouds) on the formation of their 
microstructural characteristics. 

Our publication considers the main problems of the 
development of methods for the precipitation formation 
process control as regards to convective clouds and pre-
sents several solutions of this problem. It is important to 
note that the development of methodology and methods for 
the solution of the problem of active impact on convective 
clouds, which is connected with the study of the behavior 
of a very sophisticated dynamic system (convective cloud) 
for various options of reactive chemical application, has 
not yet been paid due attention. 

3. Materials and methods

3.1. Approaches to the development of methods  
for active impact on convective clouds

Considering the existing approaches to the development 
of methods for active impact on convective clouds, the 
most popular method is the simulation of various options 
of application of the reactive chemical particles in a cloud 
and selecting the most effective one in terms of achieving 
the impact goal. 

The reactive chemical input options can vary by the pa-
rameters of the added reactive chemical particles’ source. 
Depending on the method for the reactive chemical ap-
plication in a cloud, the source can be of a point or linear 
nature or be more complex. Note that very diverse models 
of clouds are used in the study based on this approach 

Clark, 1979; Cotton et al., 1982; Farley, 1987; Orville  

3.2. The goals to achieve

–  find a local region in the cloud, which has the most 
favorable conditions for active impact to achieve the 
goal;

–  identify the reactive particle concentration that 
should be achieved in such a region at each time 
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point, i.e. identify the reactive chemical application 
dynamics.

Obviously, solving these problems based on certain as-
sumptions and admissions regarding the process of pre-
cipitation formation in clouds, as is done in the existing 
concepts, is deemed impossible. Any approaches to their 
solution should be based on using numerical cloud mod-
els. However, it is also important to keep in mind that the 
simulation of various options of reactive chemical appli-
cation in clouds provides an approximate solution only. 
Especially as regards to the second problem.

4. Results and Discussion

4.1. Results of simulating an active impact on  
a hail cloud based on a 2D model 

Let us consider in more details some of the results of the 
simulation of the impact of various options of artificial 
crystal application in a cloud on the risk of hail forma-
tion. The said results show that the effect of the impact on 
the cloud is sophisticated and depends on many factors. 
These options differed by the area of application and the 
concentration of artificial crystals in this area. To estimate 
the risk of hail formation in the cloud, we used the number 
of large-size hail stones emerging in the cloud during its 
evolution. The calculation used a 2D model of hail clouds 
(Ashabokov et al., 1994, 2018). 

Table 1 provides the calculation results for the case 
of distribution of the same number of artificial crystals 
(3x1013) in each element volume (500m x 250m) of the 
application area during the impact period. The shaded ele-
ment volume in the options under consideration is located 
on the isotherm -10°C in the area of moderate updraft. 

It is obvious from Table 1 that an increase in the ap-
plication area (options 2-6) changes the seeding effect in-
significantly compared to option 1. This proves that the 
emergence of large-size hail stones can be prevented by 
only distributing crystals in the part of the cloud where the 
conditions are favorable for this purpose. It follows that the 
development of methods for the control of precipitation 
formation in convective clouds requires solving the first 
task (finding the local region in the cloud where the condi-
tions are favorable for active impact to achieve the goal). 

The hail formation risk in Table 1 in the clouds is de-
termined by the max size and intensity of hail, areas of 
hailstorms, degree of damage and losses from hail. Seeding 
effect shows how many percent the number of hail parti-
cles falling out of the cloud has decreased.

The calculation results also reveal the importance of 
determining the reactive particle concentration that needs 
to be reached in the region of application to prevent the 
formation of hazardous hail stones in the cloud.

Table 1. Seeding effect depending on volume and geometry of 
crystallizing reagent application area

Source form
Source 

intensity
(m-3s-1)

Risk 
of hail 

formation 
(%)

Seeding 
ef

fect 
(%)

1  106 14.8 85.2

2 106 8.2 91.8

3 106 4.5 95.5

4 106 8.3 91.7

5 106 8.1 91.9

6  106 10.1 89.9

Figure 1 shows the results of simulating an active im-
pact on a hail cloud by applying artificial crystals in it. We 
considered the cases when the crystal source was located at 
various points within the cloud. The calculation was based 
on a 2D model of microphysical processes in hail clouds 
with given thermodynamic properties.

Figure 1. Cloud structure for time t=18 min:

_______ isolines of concentration of large hailstones [r  1 cm];
……….. isolines the concentrations of crystals with d =2 – 5 mm;

 temperature isolines corresponding to-10°C and -25°C;
     isolines of vertical flow velocity

The results showed that an impact with a spot source 
in the region with moderate upward streams (point A in Fig.1) 
leads to a decrease in the number of large-size hail stones 
forming in the cloud during its evolution (approximately by 
30% compared to their number in case of no impact). In case 
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the source of artificial crystals was in the region marked 
by point B, we observed a significant decrease in the total 
number of large hail stones, approximately by 60%. 

The most effective option in terms of the cloud’s hail 
formation risk mitigation was the one with the source lo-
cated in point D, which is at isotherm -10°C in the region 
of moderate updraft. Moving the source of artificial crys-
tals to this point resulted in the 90% decrease of the hail 
formation risk in the cloud.

In case the source was placed at point C, we observed 
an increase in the number of formed large hail stones com-
pared to no impact, i.e. the impact results in a negative 
effect. The physics of the effect of artificial ice nuclei on 
the cloud microstructure in point D is that the effect in the 
central part of the cloud, near the ascending flow, by small 
artificial crystals at a concentration of 106 m-3 results in the 
partial or complete elimination of the liquid droplet there, 
resulting in a number of large hail decreases.

4.2. Results of simulating an active impact  
on the hail cloud based on a 3D model

Consider some of the results of simulating an active im-
pact on the hail cloud, based on a 3D model with detailed 
reproduction of thermohydrodynamic and microphysical 
processes 

Figure 2 shows vertical sections of the cloud at the 
same time point (40 min), which correspond to its devel-
opment in natural conditions and under an active impact. 
Figure 2a shows a cloud developing in natural conditions, 
while Figure 2b shows a cloud with applied crystallizing 
reactive chemical at the 30th minute of development. It is 
obvious that the active impact significantly changed the 
microstructural characteristics and radar reflectivity factor 
of the cloud in the area of artificial crystal application. Fig-

ure 2 shows that the area of large-size ice particles almost 
perished as a result of application.

This approach to the development of methods for pre-
cipitation formation control in clouds, based on the selec-
tion of various options of reactive chemical distribution, is 
not perfect. One of its drawbacks is the need to use small-
size spatial grids in calculation, as in case of its large size, 
the cloud region where the reactive particles should be dis-
tributed, can remain unnoticed. Another issue is related to 
the changing intensity of the reactive chemical distribution 
in the cloud over time. This difficulty will be especially 
sensible in case of a small size of the cloud region to dis-
tribute reactive chemicals for the precipitation formation 
control purposes (clouds in arid and semiarid areas).

4.3. Approach to simulation of an active impact  
on convective clouds in terms of the optimal  

control theory 

A more promising method for cloud precipitation formation 
control is to consider the problem in terms of the optimal 
control theory (Pontryagin et al., 1976). This approach is 
implemented in the case of hail clouds (the problem of pre-
venting the emergence of hazardous hail stones in clouds) 
(Ashabokov et al., 2014; Ashabokov & Shapovalov, 1996).

As is known, the solution of optimal control problems 
is always hindered by serious difficulties. These difficulties 
do not allow to study the possibility to control the cloud 
microstructure formation using certain control models, 
which have been recorded based on a sufficiently complete 
cloud models. Therefore, the problem of optimal control of 
hail cloud evolution in these publications was considered 
for a system of equations describing microphysical pro-
cesses in the clouds against the background of the given 
thermohydrodynamics (Ashabokov et al., 2013):

 
a) 

 
b) 

Figure 2. Isolines of radar reflectivity (dBZ) during natural cloud evolution (a) and when seeding with crystallizing reagent (b). Inside 
the cloud is a zone of localization large ice particles. Figures a, b show additional horizontal and vertical auxiliary grids 
with 2x2 km cells.
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0 0 0 0x L , z L , m ,t ,x z  

where f1(x,z,m,t) and f2(x,z,m,t) are drop and ice particle 
mass spectrum in the cloud at time point t at point (x,z). 
Summands I1 (x,z,m,t) and I2(x,z,m,t) in the right parts of the 
equations describe the drop and crystal sources in natural 
conditions, u(x,z,m,t) is the source of artificial crystals. The 
cloud’s microstructure evolution is controlled by including 
the source of artificial crystals. The rest summands in the 
right parts of the equations describe the change in function 
f1(x,z,m,t) by the processes of drop coagulation, accretion, 
fractioning, and freezing, function f2(x,z,m,t) by accretion 
and freezing of overcooled drops, as well as the change 
in these functions due to the turbulent transport. Turbu-
lent intensity increases with height in deep clouds while 
remaining approximately constant in shower clouds (Feist 
et al., 2019). 

The following conditions are met at the boundary of 
the space region:

1 2( , , , ) ( , , , ) 0f x z m t f x z m t
for x=0, x=Lx, z=Lz,    (2)

1 2( , , , ) / ( , , ) / 0f x z m t z f x z m z for z=0. 

The the drop and ice particle mass spectrum at the ini-
tial time point is known 

1

2

0

1

0

2

0

0

f (x,z,m, ) f x,z,m

f x,z,m, f x,z,m
           (3)

Thus, function u(x,z,m,t) is the control in the problem, 
describing the source of artificial crystals. Proceeding from 
the fact that in real situations only a certain part of the 
cloud is affected by the impact at each time point, we write 
down u(x,z,m,t) as a point source:

u(x,z,m,t)= u0(m,t) (x-x0(t)) (z-z0(t)),  (4)

where x0(t) and z0(t) are the coordinates of the spectrum 
by axes OX and OZ, u0(m,t) is the intensity of the artificial 
crystal source, the distribution of which is given,  is the 
delta function. Limitations are obvious for 

u0(m,t), x0(t) and z0(t):
u0(m,t)  0,
x0(t) [0,Lx],
z0(t) [h1,h2],

where h1 h2 are the upper and lower boundaries of the 
region, in which the ice-forming activity of the reactive 
chemical takes place (when z < h1, crystals do not emerge 
due to the high temperature, while at z > h2, there are many 
natural crystals).

Task (1) – (3) with the given control function (4) re-
produces in its solution the evolution of the cloud particle 
system for a specific control type. The process proceeds 
naturally at u (x, z, m, t)=0. The cloud development path 
depends on control (4), while its quality is determined by 
the extent of the impact goal achievement. The number of 
large-size particles emerging in the cloud for the time of 
evolution [0, T] was used as the composite function used 
for estimating the impact goal achievement:

2
0 0 0

u(x,z,m,t) , , ,
x z

k

L L T

m

F f x z m t dx dz dm dt , (5)

where mk is the mass of a hail stone that reaches the ground 
and able to cause any damage.

In this case, the control function u(x,z,m,t) is included 
in the right part of the expression for the distribution func-
tion of ice particles by masses f2(x,z,m,t), and affects the 
change of this parameter with time. Changing the func-
tion u(x,z,m,t) we obtain the change f2(x,z,m,t) on the phase 
trajectory of the cloud particle system, and as a result the 
integral index F[u] changes.

In this case, the problem of optimal control of the cloud 
microstructure is formulated as follows: find the admissi-
ble form of control function (4), which brings a minimum 
to composite function (5), for controlled system (1)–(3):

F [u

This approach allows studying the behavior of func-
tion u (x, z, m, t) over time. As cloud particle distribution 
functions f1 (x, z, m, t) and f2 (x, z, m, t) describing the state 
of the distribution object (the cloud microstructure), and 
control function u (x, z, m, t) are of distributed nature, we 
have a problem of optimal control with distributed param-
eters (Pontryagin et al., 1976). 

1 1 1 1 1 1 1 1 1
1 1

2 2 2 2 2 2 2
2 2

x z

x z

f f f f f f f f f
V (V V ) K K I ,

t x z t t t t x x z z
f f f f f f f

V (V V ) K K I u
t x z t t x x z z

 (1) 
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Figure 3 shows the view of optimal control function 
obtained for a specific hail cloud. 

(t)u1
0 , (t)y0 , and 

(t)z0  

It is obvious that function u (x, z, m, t) changes over 
time according to a sophisticated pattern. Function u0 (m, 
t) (the intensity of the artificial artificial ice nuclei source), 
for example, decreases quickly from its value at the initial 
time point and shortly after the impact start almost reaches 
zero, i.e. the application of artificial crystals is ceased. 

Then, after a while, the source intensity starts increas-
ing and after achieving a certain value remains constant. As 
is seen in the figure, the point coordinates after the applica-
tion of artificial crystals also change according to a com-
plex pattern after the beginning of active impact. How-
ever, they stabilize after a while and remain unchanged 
over time. Note that the transition of the source of arti-

ficial crystals (function u (x, z, m, t)) into a fixed state 
after a certain period from the beginning of active impact 
is due to the peculiar features of the numerical method 
of the optimal control problem solution (the method of 
spatial approximations in the control space) (Ashabokov  
& Shapovalov, 1996). 

For relatively late time points, the view of the con-
trol functions remains equal to their initial approximations 
given in the model. This is an evidence of the fact that the 
cloud eventually better reacts to an earlier impact, rather 
than to a later one.  In fact, the provided option should 
have the reactive chemical applied just one minute before 
the beginning of its impact.

4.4. Simulation of an active impact on convective 
clouds based on the bifurcation theory

The third approach to the development of methods for cloud 
precipitation formation control, which is being developed 
by the High Mountain Geophysical Institute currently, is 
the approach based on the bifurcation theory. In our opin-
ion, this approach can essentially facilitate the solution of 
this problem. Bifurcation theory tells us that the existence 
of bifurcation points (he parameter values at which the 
system’s dynamics suddenly changes) is preserved under 
small deformations of the model equations, but the numeri-
cal values may change (Bathiany et al., 2016; Dortmans 
et al., 2019). Qualitatively there is good reason to believe 
that the existence of the bifurcation points in the model 
will be preserved in similar more refined models and in the 
real world 

The problem of development of a method for hail cloud 
impact can have as a parameter of bifurcation, for example, 
the source parameters describing its position in the cloud 
and the intensity of artificial crystal distribution, as well as 
the parameters of the mass spectrum based on the artificial 
crystals’ size. The problem is solved by finding the values 
of these parameters (bifurcation parameters), at which the 
cloud converts from the hail state to non-hail state.

Research aiming to find such bifurcation points is fo-
cused on two trends: 

(1) these points are found by using the distributed pa-
rameter model, i.e. the specified above model of micro-
physical processes in hail clouds with given thermohydro-
dynamics.

(2) using the model with concentrated parameters, 
which is obtained as a result of conversion by the method 
of Galerkin, used in the first trend of the model of micro-
physical processes in hail clouds. This approach is better 
optimized than the former currently. 
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5. Conclusions 

The study allowed us to conclude that the described ap-
proaches to the development of control methods for the 
precipitation formation in clouds are universal, i.e. they 
can be used for the development of both hail damage pre-
vention and precipitation control methods. 

It should be noted that the solution of the optimal con-
trol problem (1)-(5) faces more difficulties than a simula-
tion of the cloud formation and development, based on 
model (1)-(3). However, despite the difficulty in solving 
problem (1)-(5), optimal control approach is very produc-
tive and ensures more promising results. In particular, it al-
lows studying the change in the artificial crystal source 
intensity over time. The approach based on the bifurca-
tion theory using the model with concentrated parameters 
is better optimized than the one with finding bifurcation 
points using the distributed parameter model.

As a result of a comparative analysis of these approach-
es, we will determine the more effective one and use it for 
further research and development of methods for the con-
trol of precipitation formation in convective clouds. This 
will be accompanied by a transition to more sophisticated 
models of clouds, e.g. a 3D model with a comprehensive 
consideration of processes. 
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