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 The four authors are sen-
ior members of the Cloud Phys-
ics and Weather Modification
group of the Bulgarian National 
Institute of Meteorology and Hy-
drology (NIMH). Since gradua-
tion they have worked within the 
NIMH as scientific collaborators
for more than 30 years dealing 
with cloud physics applications 
to weather modification, includ-
ing use of radars and effective-
ness of the seeding reagents. All have participated in the WMO-PEP in Spain. During 1973-1988 they all have taken part in 
numerous sessions for exchange of experience in hail suppression with scientific groups in ex-USSR and Hungary. They have
contributed to all eight WMO Scientific Conferences on Weather Modification (1973-2003) and to number of other international
workshops and seminars. Those four scientists have numerous scientific publications and did strive to implement scientific plan-
ning, execution and evaluation of the national hail suppression and rain enhancement projects.
 
 Petio T. Simeonov was born in Bulgaria (1944) got his MSc in physics and meteorology (1968) at University of Sofia 
and PhD in 1987. His dissertation was on Complex regime of hailstorms and effects of hail suppression. Since 1990 he is Assoc. 
Prof. and currently he is the Deputy Director for Meteorology of the NIMH. Simeonov participated in the WMO Precipitation 
Enhancement Project (PEP) in Spain (1981), He is invited member of the International Assessment Team for HS project in 
Mendoza (Argentina). Simeonov was invited speaker at the WMO Workshops on HS in South Africa (1995), on precipitation 
enhancement in Monseliche (1999), and on both HS and PE in Damascus (2003). He has more than 60 scientific publications.
 
 Petko R. Boev was born in Bulgaria (1946) got his MSc in physics and meteorology (1969) at University of Sofia and 
PhD in 1979. His dissertation was on Physical-statistical approach for analyses and forecasting of hail processes. He has study 
mostly structure and evolution of thunderstorms and methods of their modification. In the early 1980 was Deputy-Director of
the National HS Department in Ministry of Agriculture. Since 1986 he is Assoc. Prof. and presently is Head of the Central Me-
teorological Observatory in Sofia. He participated in the WMO Precipitation Enhancement Project (PEP) in Spain (1981), Boev
was invited speaker to the WMO Workshop on HS in Nalchik (2003). He has more than 65 scientific publications.
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 Peter G. Konstantinov was born in Bulgaria (1946) got his MSc in Physics (1969) at University of Plovdiv. In the 1970s 
he did work on ice nucleation and hail crystal growth under supervision of Prof. Krastanov and Dr. Nancy Knight (NCAR). 
Since that time he is Head of the NIMH Laboratory for microphysics of clouds and precipitation in Plovdiv, and has made major 
contributions to the studies of hailstorm embryos and ice forming properties of pyrotechnical compounds containing PbI2 and 
AgI. Since 1994 is Director of the NIMH Branch for Southern Bulgaria – Plovdiv and an Assoc. Prof. in the University (2000). 
Konstantinov participated in the WMO Precipitation Enhancement Project (PEP) in Spain (1980), He has more than 28 scien-
tific papers and a patent pending publication.

 Rangel D. Petrov was born in Bulgaria (1944) got his MSc in Physics (1968) at University of Plovdiv and PhD in Sofia
in 1981. His dissertation was on Radar back-scattering from non-spherical hydrometeors. Since 1986 he is Assoc. Prof. and 
Head of the Remote–sensing Group in NIMH. He participated in the WMO Precipitation Enhancement Project (PEP) in Spain 
(1979), In 1981 Petrov was for few months visiting NCAR. In March 2001 he was on WMO mission for upgrading of Abu 
Dhabi meteorological radar and in 2003 was invited speaker at WMO Workshop on HS in Nalchik. Petrov has more than 84 
scientific publications.

Evaluators  committe Citation

Dr. Petjo Simeonov with Peter Konstantinov, Petko Boev and Rangel Petrov, (Cloud Physics and Weather Modifica-
tion team of the National Institute for Meteorology and Hydrology with Bulgarian Academy of Sciences) receive the 
UAE Prize for developing a very efficient fast acting seeding agent and in recognition of more than 35 years of
well planned research in weather modification.

 Cloud physics research in Bulgaria has developed since the 1940s following Academician Krastanov’s funda-
mental work on cloud microphysics and nucleation. The principals are his students who have advanced field experi-
ments by cloud seeding for hail suppression and precipitation enhancement applying modern knowledge. Research 
oriented weather modification activities applied dense meteorological and hailpad networks and occasionally avail-
able aircraft. In addition, a cold room laboratory for hailstone structure studies and a laboratory for testing of nucleus 
activation and efficiency were available.
 
 The main revolutionary contribution by the group was the discovery of a very efficient, fast acting AgI–based
ice-nucleating agent. Internationally tested it produced ~2x1013 nuclei at –10oC and ~2x1012 at –3.5oC. The agent 
is used in several countries with the Bulgarian LOZA rockets. Other achievements include developments of regional 
criteria (radar and physical-meteorological) for optimal conditions for hail suppression and meticulous planning and 
conducting of precipitation enhancement experiment.

 Awarding this group is in recognition of innovative developments of seeding reagent as well as for encourage-
ment to continue science oriented weather modification research.

Cloud Modification in Bulgaria
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1.Introduction

 The interest of Bulgarian meteorologists of the re-
sults of various theoretical and experimental studies of cloud 
physics and weather modification has grown up following
the academician Krastanov’s fundamental works on cloud 
microphysics starting in the 1940s [e.g. Krastanov, 1941a, b, 
1943, 1944, 1947, 1952, 1957, 1970]. Since the late 1960s, 
further research of synoptic and thermodynamic conditions 
for clouds and hail clouds formation and their modification,
has been carried out by a core team of research scientists 
at the National Institute of Meteorology and Hydrology 
(NIMH), Bulgaria. 
 Based on the referred fundamental results [e.g. Lud-
lam, 1958; List, 1960, 1961; Macklin, 1962; Pruppacher, 
1967; Vali, 1971a] and present knowledge of clouds and pre-
cipitation microphysics [see e.g. Hobbs, 1974, Pruppacher 
and Klett ,1997] a laboratory equipped for a hailstone struc-
ture study, and for testing of the seeding agent efficiency was
established. It contributed to the discovery of a very efficient,

fast acting AgI–based ice-nucleating composition for a new 
seeding agent. 
 Well-planned field experiments, comprehensive in-
vestigations and critical assessments of cloud modification
by cloud seeding, were carried out during a 30-years period 
in an area in South Bulgaria, notable by its agricultural pro-
duction. The studies took place over an area varying between 
2,000 and 40,000 km2 depending on the specific research
tasks.  The research effort was aimed at two main weather 
modification activities: hail suppression (HS) and precipi-
tation enhancement (PE). The regional criteria (radar and 
physical-meteorological) of optimal conditions for hail sup-
pression and planning and conducting of precipitation en-
hancement experiment were developed, applying digitized 
meteorological radar, dense meteorological and hailpad net-
works as well as occasionally available aircraft-laboratory. 
 The application of that new glaciogenic agents for 
HS in the protected area (about 16,000 km2 covered by ob-
servation from 10 radars) showed a significant decrease of
the rockets consumption.

 | Research and Operational Cloud Modification Activities in
Bulgaria |

Petio Simeonov, Petar Konstantinov, Petko Boev and Rangel Petrov 
National Institute of Meteorology and Hydrology,
66, Tsarigradsko Chaussee, Sofia-1784, Bulgaria, e-mail petio.simeonov@meteo.bg

ABSTRACT. Hail damages in Bulgaria are frequent and severe, with annual costs of losses for the national economy, reaching 
up to 60 million Euros. The average number of hail days in the country is 65 per year. Ten operational hail suppression (HS) 
ranges and one of them for experimental studies are providing wide database for analysis. Studies on cloud physics and cloud 
modification were carried out through national research programmes. A brief overview of the activities is starting with academi-
cian Krastanov’s fundamental cloud-microphysics studies as well some well-known referred studies outlining the development 
of weather modification (WM) activities in Bulgaria especially about the contribution of laboratory research on the nucleation
activity of new compositions for cloud seeding. This was followed by participation in the creation of very efficient, fast acting
AgI –based ice-nucleating agent which at international tests produced ~2x1013 nuclei at –100C and ~2x1012 at –3.50C per gram 
of agent mixture. Field and laboratory microphysical research on hailfall and hailstone structure and morphology as an addi-
tional way for hail suppression (HS) efficiency assessments is presented. The development of HS operational project (based on
a “beneficial competition” hypothesis) and well planned and executed a semi-randomized experiment for rainfall enhancement
from convective non-hail bringing clouds (based on the hypothesis for precipitation acceleration) are described in the paper. 
The research results about climate of hailfall and hailstorms environment, clouds and precipitation as well as the classification
of clouds and cloud systems using continuous radar observations are discussed as well. Change of the seeding agent after 1994 
by new one (with AgI content) has lead to reduction of 4-6 times of the average rocket’s consumption used in the operative HS 
projects. The project implementation on precipitation stimulation from convective clouds in real conditions (over an area of 
2000 km2 in South Bulgaria) shows an increase of convective precipitation by 11 to 15 %. A perspective for new HS-PE local 
experiment based on the newest very effective glaciogenic agent and means for cloud seeding as well current climatological, 
physical and microphysical investigations on clouds and precipitation are noted.
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2. Research on formation of ice crystals in atmosphere 

 In the early 1940s Professor L. Krastanov introduced 
the molecular kinetic theory and the kinetic approach for the 
formation of nuclei [Stranski and Kaishev 1935, Krastanov, 
1941a, b, 1943, 1944, and 1947] of the transition between 
different phases of water in the atmosphere. In a series of 
theoretical works Krastanov was the first to identify the role
of condensation nuclei in the formation of water droplets and 
ice crystals by showing that under atmospheric conditions 
they act as nuclei for the formation of cloud elements. He 
defined three mechanisms for the formation of ice crystals in
the atmosphere – sublimation, condensation of water drop-
lets with subsequent freezing and freezing of water droplets. 
Under cloudy conditions, it is more energy-efficient to first
form supercooled droplets and as a secondary product ice 
crystals form of the heterogeneous freezing of those super-
cooled droplets. The nucleus form of ice crystals was devel-
oped as well as its forms of growth considering the interac-
tion with the three neighbors of the ice crystal. For the first
time investigations were carried out for the formation of ice 
nuclei on (0001 for basic surface) and (0101 for prismatic 
surface) of ice crystals and surfaces of β AgI [Krastanov et 
al. 1965, Krastanov and Levkov 1976].
 Later the approaches of Krastanov were used by his 
students to investigate the freezing water droplets [Miloshev 
and Krastanov 1965] and sublimation of nuclei with cubic, 
tetragonal [Krastanov and Miloshev 1976], and hexagonal 
lattices [Konstantinov, 1978]. The theoretical fundament for 
ice forming on the aerosol particles is published in a mono-
graph [Krastanov and Miloshev 1976].
                                          
 In the microphysical research connected with WM 
we assess the important stimuli originated in the fundamen-
tal studies by Krastanov’s as well as in number of foreign 
theoretical and experimental studies [e.g. Vali, 1968; 1977; 
Hobbs, 1974]. They have shown the essential and compli-
cated role of ice nucleus in the precipitation (hail and rain) 
forming processes. The clarifications of the processes for
the genesis of water droplets [e.g. Krastanov, 1957] and ice 
crystals in the presence of other nuclei [e.g. Krastanov et 
al., 1965] have direct influence in the planning and under-
standing of the WM through cloud seeding. Furthermore, an 
establishment of expressions for the energy necessary for a 
wetted nucleus to generate active nuclei permitted to study 
and understands the efficacy and optimal forms and sizes of
the condensation nuclei. All those fundamental works pro-
voked rapid development of the laboratory and field inves-
tigations for finding more effective seeding compositions
(agents) as well as the proving of facilities and optimizing 
of methodology for cloud seeding for precipitation enhance-
ment, hail growth prevention and fog dispersion as well.
                                                                                               
                                           

The thermodynamics of ice crystals was examined consider-
ing the interaction between the first neighbors [Konstantinov 
1978]. In this case the ice crystal is formed from the basic 
and prismatic surfaces [Krastanov 1944]. The equilibrium 
form shown in Figure 1 was assumed as a right hexagonal 
prism with basic surface in the plane with axis marked by 
a-a and prismatic surface located upon the axe c.

                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                      
Figure 1. Equilibrium form of ice crystal used in theoretical calcula-
tions where n1 and n3 are the numbers of water molecules on the edges of 
basic surface (0001) and prismatic surface (0101) respectively. (Source 
Krastanov and Miloshev, 1976)

 Subsequently applying the molecular kinetic ap-
proach of Stranski and Kaishev [1935-1936] and the Becker-
Döring method used in the nuclei formation on nuclei with 
cubic lattice we get the thermodynamic conditions under 
which the configurations from Figure 2 are achieved. Us-
ing the kinetics of sublimation forming the hexagonal crystal 
on the isomorphic nuclei Konstantinov, [1979] has obtained 
that the most probable configurations are the ones shown in
b and c of Figure 2. The appearance of these two configura-
tions depends on the ratio between nuclei sizes m1 and m3, 
and embryo sizes (function of the supersaturation).                                  
 The distributions between the nucleus and isomor-
phic nucleus are presented in Figure 2. The sublimation for-
mation is performed with visible speed (1 nucleus per sec-
ond) only in case the water vapor system comprises nuclei 
with dimensions equal to the critical dimensions for certain 
saturation. The speed for the nuclei formation is determined 
in the stationery case, i.e., a constant quantity of vapor is 
maintained in the system. The nuclei formed with time are 
constantly being discharged from the system.
 The calculations continue by determining the critical 
temperature in the sense of [Fletcher, 1958] and the results 
are presented in Figure 3                         
 It is seen that under atmospheric conditions only nu-
clei having dimensions over cm can actually participate in 

Cloud Modification in Bulgaria



91

the sublimation mechanism. Upon sublimation the produc-
tivity of aerosols having the same density as AgI at tempera-
tures higher than –12.7 ºC is practically equal to zero in 
                                                                                                
                                                                                                 
                                                                                                
                                                                                                 
                                                                                                
                                                                                                 
                                                                                                 
                                                                                                 
                                                                                                 
                                                                                                 
                                                                                                 
                                                                                                
                                                                                                 
                                                                                                
                                                                                                
                                                                                                
                                                                                                               
Figure 2. Possible configurations between ice crystal with a number of
molecules in basic and prismatic surfaces n1, n3, on isomorphic nuclei 
with dimensions Н1, Н3. (Source Konstantinov 1979).

                                                                                                
                                                                                                
                                                                                                
                                                                                               
                                                                                               
                                                                                                               

 Figure 3. Critical supercooling of ΔТ for formation of one ice crystal 
for s–1 depending on size of the nuclei Ra and wetting angle θ: Fletcher 
curves (dotted lines) and curves received from our calculations. (Source 
Konstantinov 1980).

                                                                                                
                                                                                               
                                                                                               
                                       

                                                                                                
                                                                                               
                                                                                               
                                                                       

                                                                                            

Figure 4. Maximum number of ice crystals formed from AgI nuclei af-
ter sublimation: Fletcher curve (1) and molecular kinetic approach (2). 
(Source Konstantinov 1980) (Figure 4). That is considered as a specifi-
cation of Krastanov’s [1941] issues from threshold temperature condi-
tions for ice crystal and drops formation in the atmosphere. Using the 
Krastanov’s results for the activity of the equilibrium-shaped faces of ice 
[Krastanov et al. 1965] it has been obtained that nuclei in size interval 
{10-6, 10-7 cm} form ice crystals after sublimation in the temperature in-
terval {-10°C, -14°C}. 

3. Experimental studies on ice-forming properties of aer-
osol particles 

 In the period 1974-2004 the crystallization properties 
of the aerosol particles obtained by burning of PbI2 and AgI 
pyrotechnic compositions have been studied. These compo-
sitions were used in the hail suppression system of Bulgaria. 
The following mechanisms of ice-forming have been repro-
duced: surface nucleation – the aerosol particles are on the 
surface of droplets; contact nucleation – freezing of droplets 
upon contact with aerosol particles; deposition or conden-
sation with subsequent freezing – the aerosol particles are 
in overcooled droplets environment [Krastanov and Levkov 
1976, Genadiev et al. 1974,1976, Konstantinov et al. 1990, 
2000].
 The methods of single droplets [Genadiev 1970], 
methods of multiple droplets [Konstantinov et al. 2000] and 
methods of Central Aerological Observatory (CAO in Mos-
cow) [Plaude and Sosnikova 1988] have been used in the 
studies. 

Cloud Modification in Bulgaria
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3.1. Crystallization Analyses 

 The dependence of the threshold temperatures (Tth) 
upon surface nucleation with aerosol particles on the temper-
ature of droplets (Td) at the moment of application of aerosol 
thereon has been studied. It has been found that the change 
of Td from 0ºС to +16 ºС for PbI2 presented in Figure 5a 
[Konstantinov et al. 1990] changes the crystallization prop-
erties of the 40%PbI2 agent particles. 
 In the same conditions varying Td from 0 to +10ºС 
for 10.8% and 40% AgI as can be seen in Figure 5b, Tth does 
not change of surface nucleation [Konstantinov et al. 2000]. 
Consequently, the ice crystals forming through the mecha-
nisms of condensation with following freezing and contact 
nucleation depend on the percentage of AgI content in the 
pyrotechnic composition. For the same composition the var-
iation of cloud interior temperature between 0 and +10ºС 
does not change.
  

    (a)

   
    (b)
Figure 5. Dependence of freezing temperatures of droplets on their tem-
perature at freezing point with aerosol particles: (a) for 40%PbI2 and (b) 

for 10.8%AgI (in red color) and 40%AgI in black. (Source Konstantinov 
et al. 1990, 2000).

3.2. Determination of ice crystal production (N) per gram 
pyrotechnic mixture

 The experimental complex of laboratory equipment 
was created in the NIMH-Plovdiv for the assessment of ice 
crystals productivity per gram pyrotechnic mixture. In that 
base the stationary statement of ice heterogeneous nucleation 
theoretically studied by Krastanov [1941] was modeled.
An original thermostatic cloud chamber (TCC) [Konstanti-
nov et al. 2000], has been used following the methods of 
CAO [Plaude and Sosnikova 1988]. An additional mist 
chamber (MC) has been placed in the TCC, above the TCC 
in such way as to enable constant droplet moisture along the 
time.
 The dimensions and number of supercooled droplets 
are determined under the method of imprints. The range of 
overcooled droplets varies from 2 to 20μm. It has also an 
abrupt maximum at d=5μm. The frequency distributions of 
the supercooled mist droplets by sizes are very similar at dif-
ferent temperatures (as -7ºC, -10ºC, -12ºC, and -20ºC) into 
the chamber. The obtained modal value is about 2.5μm. Ice 
crystals grow at the constant temperature condition and mist 
droplet sizes [Konstantinov et al., 2000].
 The N of pyrotechnic compositions of 2%, 10.8% 
and 40% AgI content at droplet moisture from 0.8g/m³ to 
2.0g/m³ has been investigated (Figure 7).

                                                                                                

Figure 6. Thermostatic cloud chamber (TCC): 1- aerosol chamber; 2- 
mist chamber (MC); 3- crystallization analysis chamber (CAC). (Source 
Konstantinov et al. 2000).
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Figure 7. Ice crystals production obtained from 1 gram pyrotechnic 
composition having different percentage of AgI content: (◊), (□) and (∆) 
– for droplet moisture changing by time; (x) and (+) - for droplet mois-
ture constant by time. (Source Konstantinov et al. 2000).
 
 A monotonous increase of 108 to 1013 crystals per 
1 gram of pyrotechnical composition has been obtained 
upon changing of supercooled mist temperature from –0.5 
to –19ºС. N depends on the percentage of AgI content. By 
increasing the AgI value in the content, N increases as this 
dependence is registered utmost at temperature ranging from 
–0.5 to –5ºС.

3.3. Pyrotechnic mixture with AgI content - 2002

 As a result of the above reviewed experiments with 
different pyrotechnical mixtures based on AgI, after 2002 the 
research was directed to searching optimal composites with 
percentage of AgI content higher than 10.8%. The Stroy-
project Company commercially made those compositions. 
Finally, a new composition with 12.6% AgI content was 
determined as optimal. The composite contains also 50% 
NH4ClO4 and 6.3% NH4I. The composition has been loaded 
into the Bulgarian anti-hail rocket “LOZA” [Yordanov, Kon-
stantinov and Krusharski 2003]. Crystallization analyses of 
the composition have been carried out and the productivity 
within the temperature range of –0.5 to –22.5ºС has been de-
termined. The composition has undergone a parallel analysis 
at the specialized laboratory of CAO [Chernikov et al. 2004]. 
The threshold temperature for ice particles formation on the 
aerosol is –2.7ºС. The content shows high productivity (N) 
per 1 gram at temperatures ranging from –1 to –5ºС. Thus 
at temperature of –1.1ºС N is equal to 5,0.1011, at –3ºС – N 
is 2,0.1012 nuclei, at –5 ºС  N is (5,2 ± 2,3).1012 nuclei and 
at –100C ~2x1013 nuclei. The results obtained by using TCC 
in NIMH have been compared to those obtained in CAO. 
The analysis carried out in CAO shows a slightly less pro-
ductivity which may be due to the fact that constant droplet 
moisture is maintained at the TCC. The analysis carried out 
in CAO shows a constancy of N (of about 1 x 1013) from –8 

to –20ºС (see in Fig. 8). 
                                                                                               

  
Figure 8. Productivity N per gram of pyrotechnic composition of 12.6% 
AgI content independently tested in NIMH (red) and CAO laboratories 
(dotted line). (Source Yordanov et al. 2003, Chernikov et al. 2004) 

4.  Hailstone embryos - temperature conditions for their 
formation

4.1. Hail embryo classification

 This field-laboratory experimental research was real-
ized on the base of obtained results and skill mainly from the 
experiments in Canada and USA [see List 1961, 1965, 1977, 
Macklin 1977, Knight, C. A., N. C. Knight 1970, 1977].
 The samples of hailstones were collected in the re-
gion between 23° 48’- 26° 31’E and 41° 22’- 42° 53’ N  
which has moderate-continental climate. The meteorological 
network of NIMH - Branch Plovdiv was used. It is located in 
south Bulgaria (Thracian lowland, Sredna Gora and Rodope 
mountains).The rocket’s sites of 3 hail suppression ranges 
are located also in this region (see the R1 and closed two R 
marked HSR on the map in Fig. 11.
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(a)
                                                                                                

                                                          
(b)
                                                                                                

                                                                         
(c)
                                                                                                
Figure 9. Cold room, instruments for hailstone morphological analyses 
in laboratory at NIMH branch Plovdiv (a); hailstone cross sections with 
embryo “frozen drop” under the transparent light (on the left) and polar-
ized light on the right (b) and the embryo “graupel” spherical on the left 

and conical on the right (c). (Source Konstantinov  1990, 1991)            

 The hail collecting points were having altitudes from 
130 m up to 1920 m above the sea level. The samples were 
gathered manually, kept in refrigerators and transported to 
the cold room in thermoses. The storm’s hailstone samples 
were divided into three groups: samples of non seeded storms 
developed over Thracian lowland (SLP < 800m above sea 
level), samples from points located in the mountain (SMP) 
and samples from the points after storm track that have been 
seeded for hail suppression (SSP). The details of this contin-
ued experiment are reported in [Konstantinov 1991].
 The studies of the hailstones were performed in a cold 
room using specially made circular saw, cutting machine for 
ice surface and polarized table described in [Konstantinov 
et al. 1982] (see Fig. 9a). The morphological analyses have 
been organized with personal methodical help of Dr. Nancy 
Knight (NCAR-Boulder) since 1982. Hailstone embryos are 
classified according to the morphological features of frozen
drop or graupel. The type of embryo has been determined in 
central orientated ice pads which includes structural cent-
ers.
 Following the first study of a hailstone structure the
results were summarized from hail samples (3,775 hail-
stones) of 40 storms during the period 1982-1997. The re-
cent results show that the ratio of embryo “frozen drop” to 
“graupel” is different in the three above mentioned groups: 

 * For non seeded samples from land points (SLP)
    65% of the cases is due to frozen drop’s embryo.
     In SLP: drop’s embryos dominate in all sizes of
      hail.
 * For non seeded samples from mountain points   

    (SMP): 65% of the cases is due to graupel embryo;
 * For seeded from land points (SSP) 61% of the
    cases is due to graupel embryo. In SMP and 
    SSP the graupel embryos dominate in the hail 
   stones smaller than 2.5 cm, unless the “drop” 
     embryos dominate in those bigger than 3 cm.

From a microphysical point of view we should consider that 
this result confirms a positive effect when hail cloud seed-
ing by glaciogenic agent is applied. This experimental fact 
is also a confirmation of theoretical issues about ice crystals
forming as a secondary product of the supercooled droplets 
freezing [Krastanov 1941a b, 1944]. 
 The size distribution of hailstones and frozen drop’s 
embryo are well described by a log-normal distribution, re-
spectively: for hailstones m= 0.71 and s= 0.67 and for drop’s 
embryo: m= 0.52 and s=0.60.

4.2. Temperature conditions for formation of hailstone 
embryos 

 This experiment is based on the theoretical conclu-
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sion of Krastanov [1941a, b, 1943] that ice crystals are 
formed as a secondary product of the heterogeneous freez-
ing of supercooled droplets The heterogeneous nucleation of 
water have been researched thoroughly by Vali [e.g. 1966, 
1968, 1971a, 1971b]. He developed an approach for deter-
mination of ice-forming nuclei quantity in the precipitation 
samples discussing the difficulties in these experiments in
field conditions [see Vali, 1977] and assuming the freezing 
as stochastic process. The exponent shape of nuclei distribu-
tion by the temperature in the liquid water experiments and 
the polynomial shape in the hailstone samples (melted hail-
stones) were obtained. 
 Such studies on the properties of freezing nuclei in 
hailstone embryos outlined the opportunities for the temper-
ature assessments of the hailstone formation and growth in 
the cloud.
 The temperature conditions for the formations of 
embryo “graupel” (freezing of micron droplets) and embryo 
“drops” (freezing of millimeter drops) have been examined 
using two freezing chambers:
 * Chamber in witch the freezing of drops with sizes
    between 100mm and 1000mm was examined;
 * chamber in which the freezing of drops with sizes
    from 1000mm up to 5000mm was examined.

 The freezing process of supercooling drop’s ensem-
bles with equal sizes is investigated in those two chambers. 
The drops are hanged on glass fibers and supercooled in the
air environment by constant velocity of 0.5°C/minute.  The 
moment of freezing determined in polarized field as the net
with hanged drops is placed between two polaroid’s. The 
threshold temperature Tth for freezing of 50% of drop’s 
sample was recorded.
 The hail embryos were separated from the hail thin 
sections and have been kept in solid state. Every sample is 
formed from about 20-25 embryos. The sample is melted and 
using syringe the drops (with sizes of 100mm – 5000mm) 
are formed on the glass fibers.
 The relationship between the obtained volumes of 
modeled drops and threshold temperatures T50% (for 50% 
frozen drops of its samples from distilled water and melted 
hail embryos type “frozen drop”) was investigated. The mod-
eled drops are distributed through 100µm in the 150÷1000µm 
size interval and through 1000µm in the 1000÷5000 µm (Fig. 
10). The following regressions describe those dependences:
lnV = 25.86 - 1.65 T50%, at 98% level of confidence (for
distillated water drops) and
lnV = 23.35 - 12.36 lnT50%, at 95% level of confidence (for
hail embryo “frozen drop”)
where V is the volume of the modelled drops and T50% is 
the threshold temperature for freezing the 50% of drop’s 
sample-size.
                                                                                             

Figure 10. Relationship between supercooling and drop sizes at 50% of sample 
frozen: for samples of distilled water drops and sample of melted hail embryos 
“frozen drop” (dotted line). (Source Konstantinov 1990).
 
 In this way the temperatures for the different sizes 
formation of hailstone embryos “frozen drop” into the cloud 
are obtained.

5.  Bulgarian field experiments of cloud seeding for hail
suppression (HS) and precipitation enhancement (PE)

 Research for HS was designed according to needs 
for optimizing the initial operative HS projects by field and
laboratory experiments. These included studies of climate 
of hail phenomena and environment conditions; cloud and 
precipitation resources in regional scale; forecasting of hail 
events and intensity of hail-storms. The structure, evolution 
and classification of hail-storms; methods for radar detec-
tion of hail dangerous clouds and schemes for cloud seed-
ing; climatology and morphology of hail embryos; Ice nu-
clear activity of seeding pyrotechnic mixtures; physical and 
physical-statistical assessments of HS efficiency were also
studied. Main results in above areas are published in a mono-
graph by Simeonov et al. [1990] and were implemented in 
the operational HS activities. Criteria and optimizing of hail 
cloud seeding were carried on the base of the hypotheses of 
“beneficial competition”.
 The design, conduct and evaluation of precipitation 
enhancement of the convective clouds (PECC) project were 
following the steps and scientific principles endorsed in the
PEP Planning Reports by WMO [see Bojkov, 2003 a,b ]. The 
phases for PE include the following research activities:
 * Assessment of pre-conditions for PE by climatolo-
    gical study of synoptic situations and upper-air co-
    nditions for clouds and precipitation, time-space
    and frequency distribution of local cloudiness and
     precipitation in the process of site selection in Up-
    per Thracian Lowland: as pre-experimental stage
     for aircraft-laboratory in-situ experiment [Tech. R-
    eport, 1989].
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 * Using the radar records of cloud observations for
  the classification of cloud systems and their
   precipitability [e.g. Boev and Petrov 1992]. They 
  served also as local resource contributing to 
   the planning, execution and evaluation the effects 
   of cloud seeding for PE, as well as in assessing the 
  efficiency of combined PE and HS experiments.
 * Design of experiment (including the choice of see- 
    ding means and agent) based on convective cloud 
     climatology and the present knowledge of cloud
    macro- and microphysics and cloud modification
    after seeding with glaciogenic agent as well as on 
      the skill in cloud seeding for HS. 
 * Implementation of an experiment with randomiza-
    tion, using extensive radar measurements and data
     analyses with the purpose to verify the “precipita-
    tion acceleration” hypotheses for non hail-bearing
    convective cloud seeding by glaciogenic agent in
    real (field) conditions [see Boev et al. 1994]. 

 The previous climatological type investigations on 
time-space and frequency distribution of clouds, storms, rain-
fall and hailfall and their environmental conditions as well as 
some other current research in NIMH briefly reviewed by
Simeonov [2003b] presents a good base for design, execu-
tion and evaluation of a combined HS-PE project over target 
area marked by WM in Figure 11.

5.1. Hail Suppression

 The goal was to assess, prove and make more ef-
ficient the operational hail suppression activity based on a
“beneficial competition” hypothesis [e.g. Sulakvelidze 1967; 
Sulakvelidze et al., 1964, 1965] by applying later available 
modern knowledge.

Figure 11. Hail Suppression target area in Bulgaria, covered by 10 HS 
ranges (collocated with 10 MRL-5 Radar Centers as in 2001) and one 

perspective WM range (the area in SSE contoured by dashed line). The 
location of the research radar (headquarter of NIMH range) is marked 
by R1.

                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                            
Figure 12. Typical synoptic situation of cut-off Mediterranean low pres-
sure system and wind flow at 700-hPa level (dashed arrows) over Bul-
garia that produce frontal precipitation and hail. The large arrows mark 
the main directions of frontal hail/rain storms passage over the target 
area.

       The physical concept for effective HS requires one to 
look for a week-link in the mechanism of hail formation. 
Such vulnerable part is the phase and colloidal instability of 
the cloud environment. Experimental HS with rockets and 
artillery shells have started in USSR in 1958-1960 and are 
reported by Gavoronsky and Sergin (1962); Bartishvili et al., 
(1963) and by Sulakvelidze et al., 1964, 1965,1967) respec-
tively.
 Intensive scientific work in Bulgaria was initiated
(1976-1996) at the NIMH by incorporation of an experimen-
tal/operative hail suppression range (HSR) and research ra-
dar MRL-5 located in Gelemenovo (see Fig. 11). This HSR 
was chosen to be our experimental base, favorable for re-
search and implementation in WM because it is opened from 
western sector (predominant direction of coming storms) 
and covers a part of the river Maritza catchment’s area. The 
radius of 50 and 100km, representative for radar cloud and 
precipitation observations is shown also in Fig. 11. This 
HSR together with other 9 HSR aim to mitigate hail over 
about 11,000 km2 of a very intensive agricultural area. The 
hail losses over this target crop area could reach up to 40% 
of the whole country crop area during a severe hail season.
In the frame of the Scientific Coordination Program for HS
(1981-1988) significant part of results from these investiga-
tions was obtained and presented in the monograph Prob-
lems of HS in Bulgaria [Simeonov et al. 1990].
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5.1.1. Climate of hail phenomena and related environmen-
tal conditions

 The climatic study of hail phenomena shows as av-
erage 65 hail days per year. The 71% of the hail days occur 
in the period 15 May - 31 July with maximum frequency 
in June. Hail falls predominate in the western and close to 
mountain regions. The most severe hailstorms are developed 
upon the primary and secondary cold fronts slow moving in 
the western sector (see Fig.12) and cause about 70% of the 
crop hail damages [Simeonov et al. 1990]. 
 The local research was carried out using the data for 
355 days with hailstorms (1972-1981) over a target of 5,000 
km2 in the southwestern sector (first four HSR from left to
right in Fig. 11). It was designed to use all the available data 
from frequent upper-air sounding (two times per day, placed 
in R1 Center), radar MRL-5, meteorological data from a 
dense surface network of 16 climate stations and 70 rain-
gauge stations [see Simeonov 1984b, Simeonov et al. 1990].  
All data were collected in the NIMH Meteorological Data-
base and was used for the complex study on climatic charac-
teristics of hailstorms, precipitation and related environmen-
tal characteristics. There were created two hailpad networks, 
close to each other into the northern part of the HSR R1 and 
the eastern one (R) shown in Fig.13 and described by Sime-
onov [1984a] and Brunzov [1988].  The design was to col-
lect hailpad data for seeded and non-seeded cases (when the 
seeding of hail clouds was missed) and to use such hailfall 
data for comparisons and physical effect assessments.
 Important climatic characteristics of hail storms and 
meteorological parameters were obtained. These included: 
vertical temperature profiles, humidity, wind, energy of in-
stability, lapse rates,

Figure 13. Map of two closed hailpad networks: one hailpad is placed 
on average of 4 km2 area. The material (Styrofoam covered by aluminum 
foil) and calibration procedure with steel balls are similar to that used in 
Colorado NHRE. (Source Simeonov et al. 1990).

predominant hailstorms passage (see Fig. 12), distributions 
of summer total precipitation, hail days and days with thun-

derstorms, mesostructure of the surface temperature and 
humidity fields, spatial-time distributions of various charac-
teristics of hail clouds development (life time, hail danger-
ous stage, direction and velocity of motion), etc. Statistically 
were determined the 5-days periods with highest probability 
for hailfall occurrence (minimum one hail day occurrence in 
the five-day period). These were in descending order: 26-31
May, 1-5 June, 26-30 June and etc. These results contributed 
to the better design of a new stage in HS development, and 
for the improvement of the technology for cloud modifica-
tion. 

5.1.2. Structure and classification of convective clouds
andstorms

 The research on regional conditions for the develop-
ment of complicated structures of hail storms,  hail clouds, 
and hail cells was started with local cloud observations using 
one-wave S-band radar [Petrov and Boev 1982]. On the base 
of the theoretical model for radar backscattering from non-
spherical hydrometeors the relationships between in-cloud 
characteristics and radar reflectivity were obtained. A data
from field observations was used about the shapes, sizes,
concentration and distribution of the hydrometeors [Petrov 
1983a, 1983b]. By this way the structure of convective 
clouds can be interpreted using the standard radio-echo iso-
conturs [Petrov and Boev 1982, 1984, Simeonov et al. 1990 
(Chapter III)].
 For better classification of convective clouds and
storms, indication of hail-threatening clouds and optimiza-
tion of the seeding process the next step was to implement 
and interpret the standard reflectivity contours (15, 25, 35, 45
and 55 dBZ) as well some characteristics of the radar echo 
at the heights (Н25, Н35 and Н45). Their supercooled parts 
(the differences with zero isotherm level H0 - DH25, DH35 
and DH45), horizontal cloud cross-section area (S25, S35, 
S45 and S55) at the levels -5°C and -10°C and maximum ra-
dar reflectivity Zm were determined as an indication for the
internal and space structure of a convective cloud [Petrov 
and Boev 1989; Boev and Petrov 1991b]. 
The success of HS operation in most cases depends on timely 
and precise determination of potential hail cells, the correct 
location of the place for seeding with ice crystals forming 
agent and the exact determination of the initial and final time
of seeding. 
 Hailstorms are classified as single-cell, multicells,
“weak evolution” and suppercell [see Foot 1984, Abshaev 
1984] according to the number of hail cells and their time-
space evolution [Boev and Petrov 1991a]. Radar observa-
tions by MRL-5 are interpreted on this basis and the ten-
dency of shifting and propagation of hail-potential zone is 
determined. Following this scheme the hail clouds are brack-
eted into three groups.
 Group I - hail cells have not any or are with unde-
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fined hail potential zone (HPZ) tendency. The hail cells from
this group consist of single-cell hailstorms or not organized 
multi-cells hailstorms. Usually this cells are with low inten-
sity and growth, and the HPZ has symmetric or semi-sym-
metric forms with not large area (S35 = 8 ¸ 50 km2).
 Group II – hail-threatening cells with a defined HPZ
tendency to develop downwind of the main flow (MF) and to
the right or downwind and to the left of MF. Most of the cells 
belong to well organized multi-cell hailstorms. The hail cells 
are stronger and more intensively growing, with higher regu-
lar development of new cells and their movement, according 
to MF. The HPZ is asymmetrical (S35 =18 ¸ 80 km2).
 Group III – hail cells with a clearly defined HPZ ten-
dency to develop downwind and to the right or only to the 
right of MF. This group comprises all suppercell storms and 
storms with so called “weak evolution” (intermediate type), 
characterized with powerful hail cells, asymmetrical HPZ, 
condensed and distorted contours in the tendency region, a 
relatively large area (S35 = 80 ¸ 220 кm2).
 The selection of convective clouds (in hail dangerous 
stage) for hail suppression seeding is done according to the 
following criteria:
a) Hail dangerous clouds
 * DH25 ≥ 4.0 km, DH35 ≥ 3.8 km, DH45 ≥ 2.0 km,
 with additional criteria for seeding S35 ≥ 8.0 km2 (or 
radius of S35 ≥ 1.5 km).
b) In addition to the above-mentioned cases, a seeding is 
performed on the convective clouds in a hail-potential stage. 
By this methodology, this condition is defined according to
the following criteria:
 * Isolated convective cells exist in the height 
    DH25 ≥ 2.0 km, so-called “first radar echo”.
    In some cases (severe hailstorms), these cells 
    arise in the condensing contour area;
 * When DH25 ≥ 4.0 km and DH35 ≥ 3.8 km;
In both cases: 25 dBZ ≤ Zm < 45 dBZ. At this hail-poten-
tial stage there are no hail cells with hailstones forming, but 
suitable conditions exist for hail-embryo generation and 
growth. 
 The modern concepts of hail formation, structure, dy-
namics and evaluation of hail processes and the existing con-
cepts for hail suppression are taken into consideration when 
the second problem of the “seeding area” is determined by 
the radar information [Boev and Petrov 1991a]. A sample of 
hail cloud seeding scheme by the rocket injection of glacio-
genic agent is presented on Fig. 14. 
 The use of an automated radar system (ARS) signifi-
cantly increases the possibility for continuous measurements 
of the cloud and precipitation parameters, for localization of 
different clouds, or groups of clouds, in the radar’s reflectiv-
ity field, and for following the evolution of these formations
over relatively large regions.

                                                                                                
                                                                                                 
                                                                                                
                                                                                                 
                                                                                                
                                                                                                
                                                                                                               

                                                                                                
                                                                                               
                                                                                               
                                                                                               
Figure 14. Model scheme for seeding cells from Group III: the case with 
weak evolution” (the new cell formation is contoured by 25 dBZ in blue 
color) is illustrated on the right; RS – rocket sites for seeding; the rectan-
gle outlines the area for seeding (Source Boev and Petrov, 1991a). 

 The height of the convective cell H25, the maximal 
radar reflectivity Zm, and the criteria for hail-danger are the
basis of a new simple scheme for classification of the deep
convective clouds (Cu cong-Cb). By means of this scheme, 
a sample of 2,136 clouds and 1,200 convective storms are 
divided into 5 classes [Boev 1996b, 1999]. The statistical 
characteristics for basic cloud and precipitation parameters 
and relative portion of precipitation for each class (clouds 
or storms) in the total convective precipitation are obtained. 
The statistically significant differences between the above
mentioned classes of convective clouds and storms indicate 
that the proposed classification can be applied successfully
to investigations of convective clouds, as well as for estima-
tion of the differences between the cloud and precipitation 
parameters, due to the cloud seeding (see also items 5.1.4 
and 5.2.2).

5.1.3. Physical-statistical method for prediction of hail 
events and severity of hail storms 

First results from such approach with application of 1D-
steady state jet model [Stoyanov 1975] of convective clouds 
with cloud microphysics processes were discussed in [Boev 
and Stoyanov 1984]. The input data (such as upper-air sound-
ing data, surface precipitation and radar data closely by time 
and space to the events) were elaborated for two types of 
days: with hail and with convective rain. After data process-
ing (for 1971-1983) the output statistical variables for ther-
modynamics and some microphysics characteristics of cloud 
convection were obtained for three categories of stormy days. 
These include the days with strong convection (160), days 
with hailstorms (160), and days with severe hailstorms (60). 
By using a consecutive iterance and a logical-informational 
method it was obtained a classification function Lkp for op-
timal separation of hail from non-hail samples [Simeonov et 
al. 1990 (Chapter II), Boev 1991]. The variables used are:
 ΔТ500 - the temperature difference between the in-
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cloud temperature Ti and the environmental temperature Te 
at the 500 hPa level;
 ΔН15 - the depth of the layer with updraft speed ω ≥ 
15 m/s;
 ΔНq (ΔНq = Нq – Нo) is the difference between the 
level Нq in the cloud where the specific water content is re-
duced to 0.1 g/kg and the zero isotherm level Нo.
 A graphical variant of a method for severe hail storms 
prediction was developed taking into account the role of ther-
modynamic and microphysical conditions in the convective 
cloud evolution (function L). The influence of the synoptic
situations is assessed by using the vertical lapse rate of the 
wind speed and the frequency parameter for air mass, frontal 
or local micro-cyclone cases. The results from the diagnostic 
verification of several methods for hail processes forecast
show the qualities and priority of the proposed physical-sta-
tistical method: 96 % average skill-score, small number of 
misleading non-hail forecasts, high reliability (more than 92 
%) of hail situation forecast. This method for prediction of 
hail and their severity is applied in the NIMH Branches of 
synoptic service of all HS operations. The method is very 
useful in preparatory work for seeding action. 

5.1.4. Several approaches to the effects assessment of 
cloud seeding for HS

 Utilizing the complex criteria obtained from radar 
observations of clouds, surface hailpads measurements of 
hail for number of seeded and non seeded cases, the results 
were compared and described in [Simeonov et al. 1990, 
Chapter IV]. The opportunities of this approach are demon-
strated through the analysis for physical effects of 9 storms 
with- and 3 storms without -seeding. Ranging in order of 
both radar parameters of clouds and parameters of hailstone 
distribution was obtained the difference between these two 
samples in the terms of the physical effects. The obtained re-
sults using the criteria for analyzing complex characteristics, 
such as the hailstone microstructure and content of agent and 
cloud modeling showed a positive effect as a result of cloud 
seeding for HS.
 The representative hailpad data from the two hail-
pad networks (Fig. 14) for seven years was treated as group 
A (26 seeded storms and 67,911 measured hailstones) and 
group B (unseeded 4 storms and 7,463 measured hailstones) 
in [Brunzov, 1988]. The following seeding effects are ob-
tained:
 * The relative number of small hailstones increases 
on the account of those with larger sizes. The probability of 
this statement is 97%;
 * The mean kinetic energy of the hailfall decreases. 
The probability of this statement is 94%;
 * The mean number of hailstones per unit area can be 
considered unchanged at the 0.05 significance level
The shift of hailstone size-distribution (Fig. 15) to an increase 

of smaller hail stones and the same effect about kinetic en-
ergy was obtained by Simeonov [1987, 1996] as evidence of 
the positive effect from hail cloud seeding.

                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                
                                                                                               
                                                                                               
                                                        
Figure 15. Distribution frequency of hailstone size from 33,185 hits on 
hailpads in 7 seeded days (Source Simeonov 1996).

 Following the Bayes test, the empirical distribution 
of probabilities (probability integral) is best fitted with the
inverse Rayleigh distribution

 where: D is the midpoint of its interval of hailstones 
sizes in cm. 
 Let us recall Konstantinov’s [1991] research on hail-
stone structure from hailfall samples of 40 storms during the 
period 1982-1997. As described in part 4.1 above, his results 
from land samples did show 61% of seeded cases are hail-
stones with graupel embryo and 65% of non seeded cases is 
due to frozen drop’s embryo. These facts are a confirmation
for the positive effect when hail cloud seeding by glacio-
genic agent is applied.
 Another approach for effect assessment was ap-
plied using the data of cloud observations during the second 
phase (1993-1994) of the experiment for precipitation en-
hancement from convective clouds (PECC).
 The results of the physical-statistical comparison, 
between seeded (60 hail dangerous clouds) and non-seeded 
(152 hail clouds) showed the following changes. After seed-
ing for HS it was obtained: reductions of the clouds lifetime 
Dt by 13%, of hail-dangerous stages Dt1 by 52% as well as 
a decrease of maximal rainfall intensity by 15%, of total pre-
cipitation area So by 13% and of total precipitation amount 
Qo by 18% [Boev 1996a, Boev and Petrov 2003]. 
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Figure 16. Comparison between average values of cloud and precipita-
tion characteristics for 60 seeded hail dangerous clouds and 152 non 
seeded hail clouds.

 The estimated changes of the cloud and precipitation 
parameters are statistically significant and the Zero hypoth-
eses is rejected at the level of 0.05.The changes of four pa-
rameters are presented on Fig. 16.
Physical-statistical method (PSM) and statistical ap-
proaches for evaluation of HS efficiency.
 The PSM for assessment of HS efficiency was de-
veloped and used in an independent research taking into ac-
count hail severity. By using a programme for processing 
upper-air soundings with surface meteorological data close 
to the beginning of storms by time and place a step-wise 
regression analysis of 45 thermodynamic and humidity vari-
ables were tested [Simeonov et al. 1990 (Chapter IV), Sime-
onov 1996]. Using the best obtained regression relations 
between the thermodynamic indices of atmosphere, the hail 
damaged area DA and equivalent area to 100% loss RDA 
(from pre-hail suppression 120 daily data) the assessment of 
hail damages changes after seeding for three hail suppres-
sion ranges (including the experimental R1) for the evaluat-
ed period 1972-1980 was done. The result obtained was that 
the reduction range for those HSR is between 43 and 55 % 
in the mean annual hail damaged area DA and RDA related 
to three above mentioned hail protected areas for the evalu-

ated period. The reduction of the days with hail damages was 
similar: 46 and 55 % at тhе level of significance p ≤ 0.05.
This approach also shows reduction of the ratio between the 
damaged crop area and the crop area only in 6 from sixteen 
seeded cases of the selected severe hailstorms (Fig. 17).

                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                      

Figure 17. Relationship between SDT74 and DA/CA for 41 
non-seeded severe hailstorms (o) and for 16 seeded severe 
storms (▲).The term SDT74 is the sum of temperature dif-
ferences between the temperature curve and the adiabatic 
curve at the 700-, 500-, and 400-hPa levels and DA/CA is 
the normalised crop hail damaged area to crop area (Source 
Simeonov 1996).

 A representative statistical comparison for the study 
of the well known insurance index loss-to-risk ratio L/R 
using historical (pre-seeding period 1952-1971) data and 
control area data for seeded clouds in 1972-1979 showed 
a reduction of 45 % in L/R at a significant level p = 0.01
[Simeonov, 1992]. The bivariate test and double mass ratio 
were used as Dessens [1986] approach to assessment the L/
R ratio of South France data.
 Another approach useful for assessment of seasonal 
hail severity is based on the diagnostic processing of ther-
modynamic and synoptic characteristics (such as instabil-
ity indices of atmosphere and frontal/air mass ratio as well as 
seeded hail dangerous days and cell frequency). Then each 
hail season is rated in three categories: weak, moderate and 
severe. By this way we can find analogs between past HS
seasons and could compare with the new one to assess the 
range of the rocket consumption changes after new tech-
niques implementation - see Simeonov [1999, 2003a]. 
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Figure 18. Annual variations of consumption of seeding-agent mass per 
unite target area (RM/TA), the ratio (RDA/CA) and mean precipitation 
amount from 59 stations (Q mean) during 29 HS seasons (Source Sime-
onov 2003a).
                                                                                  
 The reduction of agent consumption after starting to 
use 10.8% AgI from 1994 and applying new methodology 
is shown on Fig. 18 where 1993 (a season with very seldom 
seeding) and 1996 (no seeding) are excluded. The positive 
results can be seen in Table 1 by comparison of HS seasons 
1990-1992 with the next seasons with implementation of 
new agent and rockets in operative seeding. For example, 

the reduction of rocket consumption from 3 to 6 times per 
seeded day and from 5 to 7 times per seeded cell has been 
realized. The results on the mitigation rate of hail damage 
area (as RDA/CA ratio) remained the same or were better 
than before.
 Those positive results in the economical terms en-
couraged the Bulgarian researchers and manufacturers to 
develop a new rocket LOZA (based on MTT 9M) and the 
new 12.6% AgI composition which laboratory tests started 
in 2002. The tests have shown generation of extremely high 
rate of nuclei per gram seeding agent at relatively high tem-
peratures as documented by the tests mentioned early.

 Some problems with the evaluation of the operational 
HS projects have to be emphasized:

Unsatisfactory results from seeding of severe hailstorms 
still exist. The main reasons are: incomplete knowledge 
about the cloud physics and the dynamic of processes in 
the severe storms over different regions, the use of only 
one hypothesis and the application of only one rocket’s 
technique for hail suppression seeding.
Week real-time coordination between the radar and 
rocket launching sites and lack of reliable records for 
post-storm analyses.
Limitations for shooting sectors and height of anti-hail 
rockets imposed by the air traffic controls of the air force

Year 

CA
Crop
Area

km2

D
Seed 
days

G*
Da-

maged
days

NC 
Seed 
cells

NR 
Rockets

(total 
number 
used)

NR/D 
Rockets 
per day

NR/NC 
Rockets 
per cell

RDA 
Da-

maged 
area
km2

RDA 
/CA

%

Degree of
seasonal

hail severity

1990 10,721 27 7 141 5,405 200 38.3 20.05 0.19 Weak

1991 10,570 35 14 284 13,518 386 47.6 148.09 1.40 Moderate

1992 10,796 45 19 451 19,101 424 42.4 37.54 0.35 Moderate

1994 10,246 42 15 441 3,577 85 8.1 14.97 0.15 Moderate

1995* 7,562 29 8 333 3,076 106 9.2 67.62 0.67 Moderate

1997* 6,468 20 6 131 1,188 59 9.1 8.03 0.08 1/2 of Mod.

1998 10,082 40 16 406 3,497 87 8.6 15.74 0.16 Moderate

1999* 10,349 32 12 406 2,596 81 6.4 27.22 0.26 ≈ Moderate

2000 9,196 33 9 303 2,274 69 7.5 7.36 0.08 Weak

2001 9,450 49 12 627 3,647 74 5.8 9.19 0.10 Moderate.

2002 9,463 51 14 649 3,649 72 5.6 12.96 0.14 Moderate to 
severe

Note: (*) Hail suppression activity has been started later in that seasonin that season

Table 1. Trend in rocket consumption in Bulgarian Hail Suppression Project after seeding agent change from 1994.

*

*

*
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and civil aviation are another obstacle for implementa-
tion of optimal methodology for cloud seeding.
Permanent changes in the structure of agricultural and 
insurance system since mid-90’s that lead to great limi-
tations of the opportunities for economical evaluation of 
hail suppression operations.

5.2. Research and application aimed at precipitation en-
hancement

5.2.1. Study of cloud and precipitation resources oriented to-
ward cloud seeding design for PE

 Detailed studies on the structure and evolution of the 
cloud systems and precipitation based on MRL-5 radar ob-
servation, as well as synoptic and upper-air sounding data 
began with cloud observations in 424 days during the period 
of 1986-1989 over the experimental area R1 (see Fig. 11). 
Following a well known scheme of cloud systems classifica-
tion from WMO/PEP in Spain [WMP/PEP Report No. 28] 
Aw, Ac, B, C, and D, Boev and Petrov [1992] enriched the 
appropriate classes with additional mixed classes Aw/C, Aw/
D, Ac/C, and Ac/D taking into account the specific condi-
tions of the cloud formation and their evolution over the re-
gion. The conclusion from this pre-seeding stage of PE was 
that the cloud classes Aw/Ac, Ac, Ac/C, Aw/C, Ac/D and part 
of Aw (with temperature at the cloud top level Tm < -10°C) 
are having a good potential for an effective cloud seeding. 
The investigated clouds representing 75% of the observed 
cloud systems are convenient for rain enhancement by cloud 
seeding [see Boev et al. 1999]. 
 The local cloud microphysics and dynamics were in-
vestigated through in-cloud measurements, executed by two 
rented aircrafts Yak-40”Meteo” (from NIGMI, Ukraine) and 
IL-18D”Cyclon”(from CAO, Moscow) in 1988 and 1989, 
respectively. Field meteorological and radar observations 
were also carried out [Tech. Report, 1989]. The final results
were completed with the local climate of synoptic situations, 
cloudiness (incl. radar characteristics for above mentioned 
classes) and precipitation. Additional microphysical charac-
teristics were obtained from field measurements (1979-1988)
on ice nuclei and condensation nuclei. The main conclusions 
after this field pre-PEP experiment are the following:                                                                                        

The observed clouds in Upper Thracian lowland are 
placed in layers (with thickness 1-2 km and more) be-
tween -5°C  and -20°C isotherms;
Supper-cooled droplet’s content was observed at -10°C 
in 40% of clouds and at -20°C in 20% of clouds;
In these terms, the observed clouds (Sc, Cu cong, As, 
Ns, small Cb) in the region are suitable for seeding 
aiming rain enhancement;
The average liquid water content (in droplet zone of 
the clouds) proved to be more than that observed in the 
European areas of  ex- USSR;

The clouds’ characteristics (microphysical structure, 
forms, top-cloud altitude and temperature) in the re-
gion were considered to be most suitable in March and  
April for the purpose of PE using AgI based agent.

 All the observed spectrum of convective clouds dur-
ing 1993 and 1994 was divided in five classes by criteria
proposed by Boev [1996b, 1999]. The relative rainfall por-
tion in total convective precipitation was evaluated from the 
clouds of each class. It was obtained that the clouds from 
III-rd class (clouds with 25 dBZ ≤ Zm < 45 dBZ and H25 ≥ 
4 km) as favorable for seeding have the highest frequency of 
occurrence (40% of cases) but their portion of precipitation 
in totals is about 20%. 
 An extended research on clouds and cloud systems 
structure as a potential resource for PE planning continued 
on the ARC data base that was recorded during the autumn 
and winter months of 1993-1999. A simple scheme for clas-
sification of clouds in dependence on the spatial structure of
the radar echo and the horizontal size of the clouds are pro-
posed. The scheme permitted to distinguish the clouds in the 
area of radar reflectivity, to follow the evolution of clouds
and to define their parameters [Boev, 2003a]. Assessing the 
favorability of those cloud classes for PE and separating 
them into three categories (unsuitable, suitable and clouds 
with considerable natural rainfall) it was obtained that we 
should had suitable conditions for effective seeding in 66% 
of the cases [Boev, 2003b].

5.2.2. Precipitation enhancement from convective clouds 
(PECC) - project execution          
                                                                                
 PECC was carefully planned and designed on the ba-
sis of previous study of the classification of cloud and pre-
cipitation resources (following the principals and require-
ments ensued for PEP in Spain). PECC was carried out in 
parallel with an operational hail suppression project.
 Under the PECC it was planned to verify the work-
ing hypotheses of “stimulation of the dynamic growth of 
convective clouds and precipitation acceleration process” 
by means of rocket injection into the cloud with AgI based 
glaciogenic-seeding material. PECC was conducted during 
April-September 1990-1994 over a territory of 2000 km2 

marked with R1 in Fig. 11.
 A randomized procedure was implemented by toss-
ing a coin (heads-seeding or tails-non) only for each odd 
number of clouds, assuming for every next even number a 
cloud alternative decision. The application of such randomi-
zation leads to approximately equal samples of seeded and 
non seeded clouds at nearly identical environmental condi-
tions.
 Suitable clouds for seeding were chosen according to 
the criteria presented in [Boev et al. 1994]:
-10 > TH5 >-30°C (4.0 < H5 < 9.0 km) and Ze ≥ 35 dBZ (in 

*

*

*

*

*

*

*
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the presence of potential precipitable zone into the cloud). 
Here H5 is the cloud height at the reflectivity threshold of 5
dBZ, TH5 is air temperature at the level H5, and Ze is radar 
reflectivity in dBZ.
 The first phase of the experiment (1990-1992) in-
cluded investigations of suitable convective clouds, and was 
accomplished in 52 days. In that period 44 clouds were seed-
ed during 30 days [Boev et al. 1994]. In the course of the 
second phase (1993-1994) the use of information from ARS 
(digitized radar MRL-5 on R1) became possible [Petrov et 
al. 1994]. One “movie” program presented previous infor-
mation and permitted to observe and record the space cloud 
evolution. Thus it was obtained an objective assessment of 
precipitation from each cloud, or a cloud cell separately over 
a large territory. The cloud observations and analyses were 
carried out in 88 days during the second phase of PECC. 
Cloud seeding experiments were carried in 28 days.

Changes in cloud and precipitation characteristics after 
the seeding.
 The mean values of the characteristics for each cloud 
were used in two samples seeded (s) and non seeded (ns) for 
two data series. For the seeding effect assessment the mean 
values of each (s and ns) cloud and precipitation parameters 
were put to the test as statistical unit analyses and comparison 
[see Boev et al 1993, Boev and Petrov 1994, 1995, 2003]. It 
was shown that the changes caused after seeding the clouds 
with glaciogenic agent are as follows: 10% higher cloud 
growth, prolongation of rainfall duration of 69%; increase of 
maximum rainfall intensity of 58%; changes in structure of 
precipitation field.
 The obtained results are statistically significant
changes (zero-hypothesis is verified by t-Student test at level
p ≤ 0.05).
 The physical effect of seeding is expressed in stimu-
lation of cloud convection, and enhancement and redistribu-
tion of precipitation. This effect is illustrated in Fig. 19.

                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
                                                                                                
Figure 19. Comparison between average values of cloud and precipita-
tion characteristics for 74 seeded and 74 non seeded convective clouds 
during PECC- II phase: Dt is rainfall duration and Im is maximum rain-
fall intensity.

 The next purpose was to evaluate the opportunity for 
convective precipitation change after cloud seeding over the 
same target area (TA) for PE and HS [Boev 1996b, Boev and 
Petrov 2003]. During the IInd phase of PECC and opera-
tive HS project 706 convective clouds (Cu cong-Cb) were 
observed and classified in five classes [Boev, 1996b] as fol-
lows: 
* Ist and IInd classes with 190 clouds commonly - not   
 suitable for PE seeding;
* IIIrd class with 326 clouds suitable for PE seeding   
 (74 of them were seeded for PE);
* IVth class with 126 clouds – with showers and thun-  
 derstorms (non hail dangerous);
* Vth class with 64 clouds - hail dangerous (36 of  them  
 were seeded for HS).
 
 The relative portion of precipitation M in the con-
vective precipitation totals over the target area is calculat-
ed for clouds of each class. The total precipitation from all 
clouds is defined by ΣQ0 = ΣQ0i where i=1,…5 cloud classes. 
The assessment of the cloud seeding effect on the precipita-
tion change is performed by using the ratio ΣQ0i/ΣQ0 where 
j=1,…10. The following are some of different variants and 
obtained results:
 M1– randomized experiment only for PE with an in-
crease of convective rainfalls by 8%; 
 M2 – HS project only with a reduce of convective 
precipitation by 6%;
 M3 – really conducted seeding operations for PE and 
HS during the same period with an increase of convective 
precipitation by 2%.
 There were also other scenarios for the assessment 
of the possibility for precipitation change by cloud seeding 
such as:
 M6 – if all hail dangerous and potentially precipitable 
clouds should be seeded (maximum effect) with an increase 
of convective precipitation by 24%.
 M7 and M8 – only PE project if 50% or 60% of fa-
vorable clouds would be seeded that leads to an increase of 
convective rainfalls by 17% or 21%, respectively;
 M9 and M10 – joint project like variant PEP (M7 and 
M8) and operative HS leads to an increase of convective 
rainfalls by 11% or 15%, respectively.

6. Conclusion and perspectives

 * A permanent laboratory for microphysics investiga-
tion of the glaciogenic agent’s activities based on Krastanov’s 
fundamental studies lead to creation and implementation for 
cloud seeding of the super efficient (especially at –30 –50C ) 
12.6% AgI composition. 
 * The use of AgI based agent brought to reduction by 
4-6 times of the rocket’s consumption in the operational HS 
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projects. 
 * As a result of physical and statistical analyses of 
cloud and precipitation characteristics and their evolution 
after the applied seeding method the hypothesis of precipita-
tion enhancement in convective clouds with rain potential 
was explained, based on cloud physics facts.
 * The enhancement and redistribution of precipita-
tion as well as the reduction of the hail stage demonstrate 
positive effects from the performed seeding of the convec-
tive clouds. Proper planning and execution of cloud seed-
ing based on physical understanding of the processes may 
contribute to a decrease of the negative impact from heavy 
rains and hailstorms. The accumulated experience should be 
expanded as methodological guidance to the operational HS 
activities.
 * The authors consider to focus future activities on 
WM using present knowledge of cloud physics and cloud 
modification, as well as available innovations (for example,
the new Bulgarian based on 12.6% AgI glaciogenic seeding 
material and weather modification rocket LOZA) to design
new weather modification experiments. The projects could
be designed based on our experience, using cloud model 
for assessment of dynamical and microphysical effects af-
ter seeding as well as following the international scientific
standards, as recommended by WMO and recently discussed 
in [List 2004]. 
 * The obtained research and operational results of 
weather modification activities in Bulgaria are considered as
economically beneficial. They also create a better scientific
basis for the design and development of future weather mod-
ification activities in Bulgaria, eventually applicable in other
regions or countries with similar meteorological conditions. 
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