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Abstract An increasing number of countries are planning to carry out rain-
enhancement activities in response to water shortages and other societal needs. Rain
enhancement canworkwith reasonable cost–benefit ratios under the right conditions.
However, many components of the technology need improvement and testing, and
many physical processes are not yet fully understood due to their complexity. Global
research on cloud-seeding technology indicates that precipitation can be increased up
to 15% of the annual norm, depending on the available cloud resources and technical
systems used. However, there is still ambiguity in the results of the studies conducted
and the effects and scale of the rain enhancement. When evaluating the results of
rain enhancement projects, it is necessary to adhere to rigorous scientific approaches
and proven methods.
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2.1 Introduction

The Earth’s atmosphere contains about 13,000 km3 of water in the vapor phase, the
source of which is evaporation from the surface of the oceans, seas, soil moisture, and
transpiration from plants. These water-vapor reserves are continuously renewed due
to the circulation of evaporation–condensation andprecipitation,making eight to nine
hydrological cycles annually (Bengtsson 2010). Thus, the water vapor present in the
atmosphere is an infinite freshwater source and an opportunity for rain enhancement
(RE).

Cloud seeding (CS) has been used for more than 75 years for the purpose of RE,
hail suppression (HS), fog dispersion, and the improvement of weather conditions.
Under pertinent conditions, CS involves the application of extensive technology
for the modification of the precipitation regime in convective clouds, large-scale
stratus clouds, and ground fogs, by dispersing special glaciogenic or hygroscopic
substances within clouds or in their vicinity. These particles enable water droplets
or ice crystals to activate on heterogeneous nuclei through water-vapor condensa-
tion–freezing processes (Flossmann et al. 2019). Subsequent collision–coalescence
growth of water droplets and ice crystals leads to the formation of large rain-sized
hydrometeors (drops, graupels, hailstones, snowflakes, etc.) that fall as precipitation.

Some estimates show that only up to 10–15% of the total cloud water content of
typical cumulonimbus convective clouds is released to the ground as precipitation,
while the rate of precipitation from these clouds varies in the range of 10,000 to
50,000 t/min (Abshaev et al. 2009), a number that exceeds the capacity of all currently
operational desalination plants (Eke et al. 2020) and suggests the huge potential of
RE technologies.

This chapter focuses on rain enhancement through CS and provides concise
information on: the basics; a variety of technical options for its execution; and
on unresolved scientific aspects. The main objective is to briefly convey to the
reader the potential and the limitations of CS methods for addressing global water
scarcity. A major part of the chapter stems from a report of the World Meteorolog-
ical Organization (Flossmann et al. 2018), which was funded by the United Arab
Emirates.

2.2 History

For thousands of years, people have sought tomodify weather and climate to increase
water resources and mitigate severe weather. Aristotle was already able to formalize
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the observations of weather accumulated by the 3rd century BC, which gave mete-
orology the status of a science (Burtsev et al. 2018). From his work, even in those
days, he was studying the mechanisms of precipitation, particularly that of hail.

The modern technology of weather modification (WM) was launched by the
discovery in the late 1940s that supercooled cloud droplets could be converted to
ice crystals by the insertion of a cooling agent such as dry ice or an artificial ice
nucleus such as silver iodide (AgI). About 80 years of subsequent research has
greatly enhanced our knowledge about themicrophysics, dynamics, and precipitation
processes of natural clouds (rain, hail, snow) and the impacts of human interventions
on those processes (Rauber et al. 2019).

The main obstacle has always been the need for enormous amounts of energy
to manage meteorological processes. For example, the energy associated with the
formation of convective clouds is equivalent to several of the largest hydroelectric
power plants. If we want to change the direction of the wind within a 100-km region,
then we would need to use energy generated by all the power plants in the world.
Moreover, if we decided to change the weather of a territory or a small country, the
current total global energy generation would not be sufficient.

However, in addition to the enormous energy needs, the unstable state is necessary
to govern different evolutionary processes that are favorable through small impulses
in themeteorological processes. In other words, the only credible approach tomodify
weather is to take advantage of microphysical and dynamic sensitivities through
human interventions. It is assumed that a relatively small human-induced disturbance
in the system can substantially alter the natural evolution of atmospheric processes.
Currently, there are three instability states in clouds that are being utilized by human
interventions; (1) Colloidal instability, which is a condensation–coagulation growth
of droplets in clouds and rainfall from warm clouds; (2) thermodynamic (liquid–ice
phase) instability of colloidal systems in clouds and fogs containing supercooled
water; and (3) convective instability of the atmosphere.

The scientific basis ofWMdepends on the understanding of how clouds composed
of tiny droplets evolve into precipitation. One principal path is provided by the fact
that the ice particles in the presence of supercooled cloud drops can constitute a
nonequilibrium state that results in the growth of the ice and evaporation of the drops.
The German meteorologist Alfred Wegener was the first researcher who addressed
WM(Wegener 1910, 1912). Later in 1933, theBergen schoolmeteorologist TorBerg-
eron at the Lisbon meeting of the International Union of Geodesy and Geophysics
developed the argument that relatively few ice particles in a supercooled cloud could
individually grow large enough to provide a release as precipitable particles. Berg-
eron’s hypothesis that rain can have its origin in snowflakes was a cornerstone for
cloud physics. The acceptance and rapid further development of this hypothesis
was greatly advanced by the work of another German scientist Walter Findeisen
(1938) and others contributing to the theoretical development of cloud physics and
its application to WM in the 1940s and 1950s (Al Mandous et al. 2006).

In the former USSR, the basis of condensation growth of particles was devel-
oped through experimental/theoretical studies of precipitation-formation processes
in clouds and coagulation phenomena and studies in the microstructure of clouds
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and precipitation, obtained in the early 1930s at the Leningrad Institute of Experi-
mental Meteorology under the supervision of V.N. Obolensky. Later, the first data
on the water content and the size of droplets in clouds were obtained, and empir-
ical and numerical models of clouds were created at the Voeikov Main Geophysical
Observatory, using aircraft meteorological laboratories. This new knowledge about
the processes taking place in cloud systems made it possible to construct a concept
of the increase in liquid precipitation based on an artificial increase in the concen-
tration of crystallization nuclei in a cloud. To check and clarify the provisions of
the concept, a technically equipped experimental test site was created. As a result
of research and development work of scientific teams of the former-USSR National
Hydrometeorological Service, reagents that can be dispersed have been developed
and used as artificial crystallization nuclei and, in some cases, as condensation nuclei.
Further research was conducted on methodological techniques and technical means
for bringing them into clouds, as well as the development of criteria to assess the
degree of readiness of the cloud to produce additional precipitation (Burtsev et al.
2018).

In 1946, Vincent Schaefer demonstrated that dry ice dropped into supercooled
clouds rapidly transformed the droplets into ice crystals. The same effect at cloud
temperatures below −10 °C was demonstrated by his colleague Bernard Vonnegut
at the General Electric Laboratory using AgI particles in 1947. These experiments
were carried out under the direction of Nobel Laureate Irving Langmuir, who was
also instrumental in promoting a five-year series of field experiments (Langmuir
1950). Those experiments, plus similar experiments carried out during the same
year, yielded convincing visual proof that cloud-seeding induced changes in cloud
composition depth and other characteristics can be readily achievable. Experiments
and CS operations commenced all over the world and many continue to this day.
The precipitation-forming processes in clouds from which substantial amounts of
precipitation might be expected are much more complex than the simple ones where
visible evidence of seeding might be provoked. Thus, it has proven to be a much
greater challenge to quantify microphysical seeding signatures and to obtain statis-
tical documentation of added precipitation on the ground. Each of the two has been
achieved separately, but their combination, which is necessary for maximum scien-
tific credibility, has not yet been fully achieved. It was found, however, that the energy
involved in weather systems is so large that it is impossible to create entire artificial
rainstorms or to alter wind patterns to transport water vapor into a region.

In themid-latitudes, hail damages exceed three billion dollars per year worldwide,
and for many countries HS is an attempt to reduce economic damages in agriculture.
Reduction of hail damage by CS became a major part of WM activities after the
introduction of the concept of “beneficial competition” (Sulakvelidze et al. 1965) at
the HighMountain Geophysical Institute (Nalchik, former USSR) in the early 1960s.
The idea was to introduce large numbers of artificial embryos (using rockets and/or
artillery cannons), which compete for the limited water content in clouds and, as a
result, reduce the size of the growing hailstones. As revealed by later research, the
complexities of hailstorms and the details of hailstone growth turned out to be much
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more complex than itwas assumed in the simple notions underlying the idea of benefi-
cial competition. Hereafter, in the 1970s, Magomet Abshaev proposed a new concept
of “premature precipitation” (Abshaev 1966, 1994), artificially induced in feeder
clouds of mature hailstorms earlier than it would occur naturally; this would lead
to the depletion of a cloud’s liquid-water content required for hail growth. Another
concept of “trajectory lowering” was proposed by Brant G. Foote from the National
Center for Atmospheric Research in the USA, which anticipated limiting the hail
growth level by the enlargement of artificial ice particles in hailstorms (Borland et al.
1977). Implementation of CS for hail-damage mitigation has evolved considerably,
though modification of mature hailstorms is still controversial.

Another area of application of RE has been for extinguishing forest fires. Meteo-
rological observations on the state of the atmosphere in forest-fire zones made by the
Research Institute of Forestry (Russia) showed that powerful convective clouds with
volumes of tens of cubic kilometers that do not produce precipitation often appear
above forest fires. Each km3 of clouds contains an average of 1,000 t of water, so
clouds above regions of active forest fires are natural reserves of water. In the former
USSR, back in the late 1960s, amethod for extinguishing forest fires using artificially
induced precipitation was proposed (Burtsev et al. 2018). Experimental and practical
work in various regions of Siberia indicated prospects for its application.

Over the 80-year history of WM experimentation, the interest in WM has varied
significantly. There was a major increase in commercial CS activities in the early
1950s. Since numerous attempts to modify weather systems did not produce verifi-
able positive outcomes, it became obvious that some basic questions had yet to be
addressed. Consequently, intense research activities were undertaken in the univer-
sities and government agencies during the 1960s and the early 1970s (Al Mandous
et al. 2006).

One major international effort toward deeper understanding of the effects of CS
on cloud and precipitation development was the World Meteorological Organiza-
tion (WMO)-initiated major international RE Project in Spain in the late 1970s and
early 1980s (WMO 1985). Through more than 30 relevant reports, the RE Project
established important scientific principles for the planning and execution of such
experiments. Currently, according to theWMORegisters, there are dozens of nations
operating hundreds of WM projects, particularly in arid and semi-arid regions. More
than 70 countries have expressed their interest in how to use RE as part of their water
resource-management strategy.

2.3 Status

The development of new equipment—such as weather radars, satellites, microwave
radiometers, wind profilers, automated rain gauges, mesoscale network stations, and
aircraft platforms with microphysical and air-motion measuring systems—has intro-
duced new dimensions into WM operations and research over the last three decades.
Equally important are the advances in computer systems and algorithms for cloud
processes that permit higher resolution and more physically based simulations to
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be run in relatively short times. New field observations used in conjunction with
increasingly sophisticated numerical cloud models have helped in testing various
WM hypotheses. Through some of these innovative facilities, a better understanding
of clouds and precipitation climatology can be achieved to test seeding hypotheses
prior to the commencement of WM projects.

The complexity andvariability of clouds cause certain difficulties in understanding
and detecting the effects of artificially modifying clouds. The ability to influence
cloud microstructures has been demonstrated in the laboratory, simulated by numer-
ical models, and verified through physical measurements in some natural systems
such as fogs, stratus, and cumulus clouds. The confidence level in being able to
generate predictable results is quite high for the dissipation of supercooled fog and
moderate to high for increasing snowfall fromorographic clouds. However, statistical
evidence for the degree of artificial modification on precipitation, hail, lightning, or
winds is limited. Experiments have suggested a positive effect on individual convec-
tive cells, but conclusive evidence that such seeding can increase rainfall over large
areas has yet to be established.

The expected effects of seeding are often within the range of natural variability
(low signal-to-noise ratio), and our ability to predict the natural behavior is still
limited. Randomization methods, augmented by physical predictors, are considered
to be the most desirable for detecting cloud-seeding effects. Coupling of physical
experiments with ongoing operational projects would be a productive and cost-
effective approach to collect information for the clarification of questions related
to WM. RE projects are generally expected to yield increases of 10-20%, however
that level of success is difficult to achieve in measurements and in the simulation of
precipitation.

The success ofWMdepends on the understanding of the related disciplines (cloud
physics and dynamics, mesoscale weather forecasting, numerical modelling of cloud
processes, and measuring technology). This explains why progress has been slow
in establishing the validity of WM results. There is growing evidence that the basic
concepts are correct and that successful implementation is feasible.

2.4 Technological Interventions

The purpose of CS is to change the microphysical processes in clouds to increase
the efficiency of precipitation formation. This can be obtained by accelerating the
condensation–coalescence–collision–freezing processes that promote early develop-
ment of precipitation and thus harvest more of the available water from clouds.

The CS operation can be divided into six basic elements (Fig. 2.1). As a first
step, suitable clouds or cloud clusters need to be identified. Cloud characteristics
such as type, vertical depth of the cold and warm parts, liquid-water content, spatial
dimensions, tendencies of development, etc. must be observed and evaluated to select
a suitable cloud. The second step is to select proper seedingmaterials (SM) depending
on the cloud type (warm/cold or mixed phase). Glaciogenic agents are used for
clouds with high super cooled liquid-water content (SLW) in the cold part, while



2 Rain Enhancement Through Cloud Seeding 27

Fig. 2.1 Simplified
components of cloud seeding
through six basic elements Target 
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hygroscopic agents are the only option for warm clouds. An optimal delivery system
should then be selected (e.g., aircraft, artillery shells, rockets, ground generators,
etc.). A seeding strategy is implemented to determine the optimal location, time,
and dosage of seeding, as well as its frequency, until a decision is made to stop the
seeding. The next element in the chain is the seeding operation itself, and the last is the
measurement of the seeding response based on the analysis of radar-satellite-ground
data.

2.4.1 Seeding Materials

Most WM methods are based on the introduction of a large amount of special arti-
ficial aerosol particles into the cloud environment. According to the principle of
action, such particles called seeding materials can be divided into two large classes:
glaciogenic and hygroscopic. Glaciogenic seeding introduces ice-nucleating parti-
cles (INP) into the cloud to enhance the ice/mixed phase, while hygroscopic seeding
introduces cloud-condensation nuclei (CCN) to enhance the formation of larger drops
and activate the coalescence process. Depending on the type of cloud and the purpose
of the WM, one or the other is selected.

For glaciogenic seeding, AgI and dry ice are still the most widely used SM.
Both materials enhance ice-crystal concentrations in clouds by either nucleating new
crystals or by freezing cloud droplets. AgI nucleates ice particles at temperatures
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below −2 °C to a minimum of −10 °C. Based on past experiments, two seeding
concepts have been proposed, namely, the “static” and “dynamic” (Braham 1986).
While the first attempts to increase precipitation embryos, the latter attempts to
increase the buoyancy in the cloud through the release of latent heat due to the
freezing of supercooled liquid drops (National Research Council 2003).

Silver iodide can be dispersed either by pyrotechnic flares from generators at the
surface or in the air. For the ejectable flare, ignition occurs as it leaves the aircraft.
Pyrotechnic flares typically produce 10–100 g of active seeding agents per minute
of burn, whereas aerial acetone generators produce 2–3 g of active seeding agent per
minute. In anti-hail rockets, AgI is sublimated in a special chamber in the head of
the rocket or in its engine combustor (Abshaev et al. 2014).

The earliest experiments on CS used pellets of dry ice dropped from aircrafts
(Dennis 1980). Dry ice is dispensed through openings located in the floor of baggage
compartments of CS aircraft. Dispensers disperse pelletized (0.6–2.5 cm) or small
particles of dry ice. Dry-ice pellets have a surface temperature of around −78 °C,
and so they freeze any cloud droplets in their paths, and they also activate cloud-
condensation nuclei to form droplets that freeze through homogeneous nucleation.

Hygroscopic seeding is potentially applicable to all clouds that have a liquid
region. Typically, hygroscopic seeding particles are larger (a few microns) and more
hygroscopic than the natural aerosol particles. The resulting droplets grow to larger
than normal sizes through condensation, and then they rapidly grow further through
collisions with other droplets (Cooper et al. 1997), initiating the rain process within
the convective cell. There are two main concepts under consideration regarding
hygroscopic seeding: the competition effect and the tail effect (Segal et al. 2007).
The tail effect envisages the droplets’ spectrum broadening by large seed particles,
while competition is based on more efficient droplet formation compared to natural
CCN.

Hygroscopic seeding in convective clouds is carried out with the help of aircraft-
based flares through a burning process or the dispersion of prepared micro-powders
of either pulverized salt; alternatively, or pyrotechnic flares are used. The principle
of hygroscopic flare seeding is based on the flares producing effective CCN particles
in larger sizes (large or giant nuclei) than occur in the natural environment (Bruintjes
et al. 2012). Hygroscopic flares contain sodium chloride or calcium chloride, which
produce small salt particles in the size range of 0.1–10 µm in diameter.

Cooper et al. (1997) found that an optimum particle size of 1 µm is required to
formdrizzle drops and to enhance collision-coalescence processes. The optimumsize
of soluble particles was found to be 1–5µm (Segal et al. 2004; Rosenfeld et al. 2010).
It is also important to have information on the particle-size distribution of naturally
present aerosols, recognizing that, if the procedure occurs close to a coastline, it can
be dominated by the already large sea-salt aerosols.

Drofa et al. (2013) studied the effect of seeding of a cloudy environment with
salt powder in a large cloud chamber (3,200 m3) in conditions corresponding to the
formation of convective clouds and observed that the introduction of salt powder
before a cloud is formed in the chamber results in the formation of a “tail” of addi-
tional large drops. In this case, seeding with the salt powder also leads to an increase
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in size of the entire population of cloud drops and to a decrease of their total concen-
tration as compared to a cloud that is formed of background aerosols, showing that
a salt powder milled to a size of several µm is more effective in initiating warm
rain than hygroscopic flares. While the chamber experiments and numerical simu-
lations provide some evidence of the effects of salt-powder seeding, their validation
in the real atmosphere is still needed. Belyaeva et al. (2013) showed with numer-
ical simulations that the use of polydispersed salt powders has an advantage over
hygroscopic agents from pyrotechnic flares and that precipitation could be induced
from warm convective clouds of moderate thickness that do not precipitate naturally.
Zhekamukhov and Abshaev (2009a and b) showed that anti-hail rockets equipped
with hygroscopic micro-powders could be effectively used for seeding the cores of
developed cumulus-congestus clouds for the purpose of RE. The optimum suggested
size of NaCl crystals is 7.5–10 µm because these “salty” droplets can rapidly grow
to raindrops size through condensation–coalescence mechanisms.

In recent years, new formulations of SM are being developed for release from
pyrotechnic flares (National Research Council 2003). These materials require less
AgI than previous formulations, and they are much more active in ice nucleation at
temperatures colder than about−5 °C.Considerablework to improve the efficiencyof
SM is being carried out by numerous groups using complex chemical compositions,
nano-technologies, various types of cloud chambers, and full-size testing stands of
seeding devices (Drofa et al. 2013; Liang et al. 2019; Tai et al. 2017).

2.4.2 Transport and Dispersion

Seeding material can be dispersed into clouds and their surroundings by aircraft,
artillery shells, small-sized rockets, high-altitude fireworks, unmanned aircraft,
balloons, and ground-based generators (Figs. 2.2 and 2.3).

Any CS program should first determine the transport, dispersion, and dilution of
SM in the clouds to supply the right quantities at the right time to the right place in the
clouds. The temperature range, cloud type, delivery mechanism, and seeding targets
are all crucial factors to be considered. Seeding materials act locally and dissipate
with time due to thermodynamics, transport by advection–convection forces, and
turbulent mixing.

There is no universally ideal delivery system, and eachmethod has advantages and
disadvantages. Aircrafts are used to disperse SM from the sub cloud and cloud-top
levels and directly in super cooled regions of winter orographic clouds. However,
penetrations of convective clouds are rarely practiced for safety reasons, as well as
nocturnal flights, because of the limited visual contact. Due to the risks associated
with carrying flammable liquids on aircraft, pyrotechnic flares have been developed
for aircraft-based seeding (Dennis 1980). For seeding fromcloudbase or top, a certain
period of time is required (5–10 min) until the SM reaches the level of maximum
water content. Aircrafts enable coverage of large areas and the measurement of
meteorological characteristics along the flight path. Hygroscopic seeding is mainly
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Fig. 2.2 Rain enhancement through could seeding using aviation, rocket, or ground-based gener-
ators of nuclei for crystallization or condensation: a refers to seeding options and b indicates the
intended outcome of the seeding. The seeding options include: (1) cloud-base aircraft; (2) rockets;
(3) cloud-top aircraft; (4) ground generators; and (5) direct cloud penetration by aircraft (Flossmann
et al. 2019; © American Meteorological Society. Used with permission)

dispensed from aircraft at the cloud base through flares or salt powders, while dry
ice and ejectable flares are used for cloud-top applications.

Rockets and artillery shells are used for direct and almost simultaneous seeding
of the required cloud part in the required dosage in 24/7 mode irrespective of
cloud conditions (turbulence, lightning activity, heavy solid/liquid precipitation).
One rocket site serves a ground circle of 100–300 km2. But this requires well-
developed infrastructure and logistics on the ground maintained by personnel. State-
of-the-art progress now makes possible robotizing ground sites using automated
rocket launchers without personnel (Abshaev et al. 2011a). Launching is prohibited
when ground-level winds exceed 20–25 m/s. Rocket launch permission should first
be obtained from the regional aviation authorities.

Ground-based generators mainly apply AgI in pyrotechnic flares or in acetone.
The main problem here is the large temporal and spatial distance from the aerosol
generator to the cloud. Only a fraction of the SM, if at all, reaches the cloud base
when airflows are favorable. Deactivation of SM due to the impact of high humidity,
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Fig. 2.3 Technical systems for delivering seeding materials into clouds and their environments:
a airborne pyroflares; b small-sized anti-hail rocket “Alazan-6” and automated anti-hail launcher
“ELIA-2”; c liquid acetone-based ground generator. Sources a National Center of Meteorology of
the United Arab Emirates; bMagomet Abshaev; c Viktor Korneev; all used with permission
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ambient aerosol and ultraviolet is another challenge when employing this method
(Shilin et al. 2015).

A tracer (chaff and/or SF6) can be used as a tag for a seeded region to understand
the dispersion and transport of the SM. Chaffs can be monitored by radar (Reinking
and Martne 1995), while detection of the SF6 is done by aircraft (Rosenfeld et al.
2010). SF6 tracers have been used by Rosenfeld et al. (2010) for identifying seeding
signature in convective clouds over Texas in the USA.

Studies of the transport and dispersion of SM in convective cloudswere conducted
in Moldova for 20 consecutive summers. Special tracers based on deuterium 210Po
and D2O (Dinevich and Shalaveyus 2010) were introduced into the clouds by rockets
and aircrafts. A dual-wavelength radar MRL-5 was used to measure cloud charac-
teristics, while rain gauges and laboratory equipment were used to detect tracers in
precipitation on the ground.

2.4.3 Seeding Strategies

The selection of a seeding strategy predominantly depends on the type and char-
acteristics of the clouds, SM, and delivery methods. Hygroscopic seeding involves
seeding summer time convective clouds below the cloud base with pyrotechnic flares
that produce salt particles (~0.5µm) that are larger than naturally available CCN. The
particles are supposed to activate at lower supersaturations and condense water more
readily, as well as limit the total number of droplets activated. The degree of concen-
tration of the background aerosol population needs to be considered (Semeniuk et al.
2014). Cloud droplets should nucleate preferentially on the seeding particles, and
this inhibits smaller natural CCN from activation, resulting in a broader-than-natural
droplet spectrum near the cloud base, triggering collision coalescence within 15 min
(Cooper et al. 1997), and initiating the rain process earlier within the 30-min lifetime
of a typical cumulus cloud. This is expected to increase the potential for precipitation
to develop earlier and more efficiently in the lifetime of the cloud.

For glaciogenic seeding, introducing INP close to cloud base will yield an effect
like hygroscopic seeding because the AgI particles are large enough (~0.1 µm;
Dessens et al. 2016) to serve also as CCN. Reaching higher altitudes, the INP
freeze the SLW drops and trigger precipitation via the formation of graupel particles.
Depending on the height of the freezing level, the particles will melt before reaching
the ground. Because the direct penetration of the SLW is dangerous for aircraft,
the release of SM is realized from sub cloud or cloud-top levels for the majority
of aircraft-based seedings of convective clouds. Applying this seeding strategy, one
must account for the time required for the SM to attain the necessary levels of SLW
in the cloud, which can take several minutes. Artillery shells (Zhekamukhov and
Abshaev 2012) and anti-hail rockets (Abshaev et al. 2014) are widely used to deliver
glaciogenic SM directly to a specific altitude for the SLW of convective clouds in
the required dosage. Dispersed from sub-cloud and cloud-top levels or directly into



2 Rain Enhancement Through Cloud Seeding 33

regions of SLW, deposition of water vapor onto the introduced INP is supposed to
be the main mechanism for the growth of ice particles.

Given the variability of operating conditions, it is important to ensure that seeding
generators produce a steady flow of SM and that the particle-size distribution and
number and mass concentrations of the SM are documented (Huggins et al. 2008).
These precautions are needed to ensure that any seeding effects can be related accu-
rately to the source characteristics. It is also vital to ensure that the plumes fromgener-
ators are dispersed into regions of the cloud where they can interact with available
SLW.

The targeting and dispersion of SM remains an important issue in seeding exper-
iments and needs to be validated by observations and numerical model simulations
(Xue et al. 2013a; French et al. 2018; Abshaev et al. 2004, 2011b). Routine targeting
is achieved using a suitable model, which can vary from rather simple dispersion-
microphysical models to full three-dimensional numerical models. A CS parame-
terization in the weather research and forecasting model used by Xue et al. (2013b)
suggests that the effects of aircraft-based and ground-based seedings are different.
For aircraft-based seeding, where the SM is dispersed directly into regions of SLW,
deposition of water vapor onto the introduced ice nuclei is the main mechanism for
the growth of ice particles. However, for ground-based seeding, where the SM must
be mixed vertically into the SLW region, the dominant effect is probably from AgI
acting as CCN when temperatures are warmer and subsequent immersion freezing
because the introduced ice nuclei are incorporated into the SLW droplets before
freezing occurs. Three-dimensional modelling by Xue et al. (2013b) confirms that in
general direct (by aircraft, rockets, and artillery shells) and near cloud (by aircraft)
methods of CS are more efficient.

Recent advances in technology provide a new dimension to the targeting and
evaluation of CS experiments. Radar polarimetric parameters can be used to identify
the zones of hydrometeor classes that may be targeted with more precision and
may help with the selection of the areas for seeding. High-quality real-time radar
observations illustrating various types of hydrometers and other analytical products
from dual polarization radar networks in the world seem to have a large potential for
the targeting and evaluation of CS experiments.

The new generation of geostationary satellites enables tracking of clouds at higher
resolutions, and so cloud tops and other spatial structures will be discernible. Infor-
mation on cloud types and microphysics during potential seeding days, especially
the relationship between cloud-top temperature and effective radius (Rosenfeld and
Lensky 1998), together with estimates of vertical velocity and CCN information, can
be derived. This information, together with sophisticated numerical modelling, gives
guidance for seeding decisions.

Optimal seeding conditions may be determined based on guidance from high-
resolution weather-forecast radar visualization using improved analysis tools (such
as TITAN, ASU-MRL, etc.) that can handle the selection of variable target/control
areas or individual radar cells (Woodley et al. 2003; Abshaev et al. 2010).



34 A. M. Abshaev et al.

2.4.4 Seeding Operation

Cloud Seeding is usually done at the cloud base and top and by direct introduction of
the reagent at the desired height inside the cloud. The reagent delivery is carried out
by light and medium-sized aircrafts, small-sized rockets, artillery shells, or ground
generators (Fig. 2.2).

2.4.5 Response and Impacts of Cloud Seeding

Quantifying the impact of CS has been a longstanding challenge and has been
attempted via many methods (Rauber et al. 2019). The main problem is to detect
the signal caused by CS against the background of natural variability in the develop-
ment of cloud processes (noise). For this purpose, various statistical methods have
often been used (Woodley et al. 2003; Brier et al. 1973; Yao 2006; Guo 2015;Manton
et al. 2011; Breed et al. 2014; Rasmussen et al. 2018; and others). However, relatively
small sample sizes have limited the conclusiveness of these statistical approaches
(Rauber et al. 2019).

The seeding response of clouds is often understood as a change in their micro-
and macro-physical parameters (Abshaev et al. 2014, 2009; Al Mandous et al. 2006;
Bruintjes 1999; Flossmann et al. 2019; Koloskov et al. 2011), and attempts have
been made to measure these parameters to physically detect the response. Specific
parameters expected to be impacted by CS vary depending on the type and purpose
of seeding, but include the cloud’s liquid and ice-water content, the vertical extent
of the cloud, the volume of the cloud, the intensity and amount of precipitation,
the area covered by precipitation, the precipitation path, radar reflectivity, and other
parameters measured in situ (Fig. 2.4), remote-sensing (weather radars, microwave
satellite and ground radiometers, lidars, etc.) and ground-based instruments (rain
gauges, river runoff, snow depth, etc.). For example, for the purpose of detecting
physical efficacy of cloud seeding for hail mitigation, Abshaev et al. (2003) suggest
applying map of hail kinetic energy (E, J/m2) integrated over relatively long periods
in terms of month and years calculated based on radar data (Fig. 2.5). Comparison
of integrated E multiplied by square of protected and adjacent (control) areas can be
used for estimation of physical effect of HS.

A novel approach is to use numerical cloud models to augment statistical and
experimental cloud-seeding programs (Geresdi et al. 2017; Segal et al. 2004; Xue
et al. 2013a; Zhekamukhov andAbshaev 2009a). Recent improvements in the sophis-
tication of numerical models, aided by the advances in supercomputing, make
possible very high-resolution three-dimensional simulations that have the capa-
bility to simulate cloud seeding in a physically meaningful manner and account
for model uncertainty using ensemble modeling methods (Rasmussen et al. 2018).
Newly obtained observations of the seeding impact in winter orographic clouds
(French et al. 2018, Tessendorf et al. 2019) have provided unprecedented datasets
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Fig. 2.4 Highly equipped middle-sized research aircraft “ROSHYDROMET YAK-42D” of the
Russian Hydrometeorological Service for measurement of atmospheric and cloud characteristics
and cloud seeding, using various types of seeding materials: a external view; b sensors for aerosol,
cloud droplets, and ice crystals spectrum, temperature, humidity, water content. Source Viktor
Petrov; used with permission

to thoroughly quantify the physical response of precipitation production to seeding
(Friedrich et al. 2020; Fig. 2.6) and to validate numerical models (Rauber et al. 2019).

Recently, French et al. (2018) carried out complex measurements of orographic
clouds seeded from aircraft using ground-based X-band radars, an airborne W-band
cloud radar, and instrumented aircraft for employing in-situ cloud-physics probes.
They found the strongest evidence for the initiation and growth of ice crystals as a
result of glaciogenic seeding with AgI, leading to precipitation (snow) on a moun-
tain surface within a specific target region. These observations, in two separate cases,
showed the initial appearance of cloud-seeding signatures within 30 min following
the release of AgI in the cloud. Seeding lines were tracked, and the evolution of
ice crystals to precipitating snow was documented (Fig. 2.7). These comprehensive
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Fig. 2.5 Example of radar-measured kinetic energy (E, J/m2) of hail in the Stavropol district of
Russia, collected from 1May to 20 September 2004. The black contour denotes the area where hail
clouds were seeded (Source Abshaev et al. 2006)

observations provide unambiguous evidence that glaciogenic seeding of a super-
cooled liquid cloud can enhance natural precipitation growth in a seeded cloud,
leading to precipitation that would otherwise not fall within the targeted region.

2.5 Could-Seeding Conditions

It is important to specify the environmental conditions that must be satisfied before
the seeding is commenced. For example, these seedability criteria need to ensure
that there is SLW that can be converted into ice crystals by the glaciogenic SM in
the cloud. In turn, the ice crystals can grow and ultimately fall into the target area.
To ensure that the SM properly interacts with the SLW, there are also conditions on
the dispersion and targeting of the SM, with the specific conditions dependent upon
the seeding strategy. The targeting conditions require a range of wind speeds and
directions to allow for the mixing of SM from ground-based generators to a level
where the SM activates ice nuclei. Manton et al. (2011) found that seeding from
ground-based generators was not effective at low wind speeds.
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Fig. 2.6 Distribution of accumulated liquid-equivalent snowfall (S) attributed to parallel cloud
seeding lines over the observational period between a 1705 and 1806 UTC on 19 January; b 0042
and 0315 UTC on 20 January; and c 2117 and 2151 UTC on 31 January 2017, using the best-match
Ze–S relationship for that day. Data are shown on a 100× 100 m grid. Total accumulations over the
entire domain and observational period are highlighted (Source Friedrich et al. (2020), used with
permission of PNAS)

Also, the aerosol particle population of the ambient air needs to correspond to
the selected seeding method, potentially excluding certain population scenarios for
mixed-phase clouds. The dispersion of SM to interact with available SLW is the
first step to ensuring that any enhanced precipitation falls into the target area. SM
such as AgI leads to ice nucleation at temperatures colder than about −5 °C, and
so it is usual to require cloud-top temperatures to be less than about −8 °C (Breed
et al. 2014). By considering the ratio of seeded to unseeded precipitation in the target
area, it is often implicitly assumed that the seeding impact is multiplicative. This
assumption implies that there needs to be some natural precipitation during seeding
that is enhanced by seeding. Manton et al. (2017) demonstrated that there was a
negligible impact of seeding when the natural precipitation was low, and so it was
preferable that some precipitation was falling at the time of seeding commencement.
Related to this condition is the need for a forecast of seedable conditions to persist
over the duration of seeding. Such forecasts are usually developed through analysis
of numerical-model results.

2.6 Economics

The economic benefits of RE arise from the value of the increased water reaching the
ground. That water will either directly feed agricultural crops or more likely lead to
increased runoff into regional hydrological systems. However, the major challenge
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Fig. 2.7 Radar reflectivity from the ground-based Doppler radar located at Packer John moun-
taintop for four time periods more than 60 min after beginning seeding: a 0030, b 0100, c 0115, and
d 0130 UTC. The scans were conducted at a 2° elevation angle and, therefore, show the reflectivity
just above ground level close to the radar to roughly 1.7 km above ground level at 50-km range.
The red line indicates the track of the seeding aircraft, which was repeated eight times. Wind barbs
plotted on the aircraft track illustrate mean wind direction and speed (in m per sec) at flight level.
Each barb is 10 m s−1. (Source French et al. (2018), used with permission from PNAS)

is that the physical processes extend across an extremely large range of spatial and
temporal scales. The spatial scales range from submicron to synoptic scale, while
the temporal scales can range from microseconds to several hours or longer. One of
the often-neglected issues in RE is the scaling up from small to larger scales. This
relates to the consideration, explanation, and provision of proof through each link in
the chain of events, from the seeding intervention tomore precipitation on the ground,
in such a way that the result has an acceptable impact with a desirable benefit–cost
ratio. This challenge should be viewed in tandem with all the practical and logistical
considerations when scaling up from single-cloud experiments to area-wide impacts.
The recent observations of French et al. (2018) provide substantial evidence of this
chain of events for wintertime orographic seeding. This issue is especially critical
and difficult when dealing with convective clouds. Some of these issues were studied
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by Terblanche et al. (2000) during a semi-operational RE experiment in SouthAfrica.
The authors attempted to link the apparent positive storm-scale seeding effect to an
observed larger-scale rainfall anomaly observed in the rainfall records in the area
of seeding. However, simple calculations proved that there was a “two orders of
magnitude challenge” between what could have been realistically expected from
the seeding interventions on a storm scale and what was observed in the area-wide
rainfall records for the rainfall season. They concluded that the interventions and
observations were probably unrelated. In a similar scenario, Terblanche et al. (2005)
attempted to calculate the cost–benefit ratio of additional rainfall in a continuation
of semi-operational experiments in South Africa. For this purpose, he studied the
storm climatology to estimate how many storms will have to be treated in a rainfall
season to have the desired area effect if the storm effect they observed could be
used as the basis for calculation. From these studies, it became evident that rainfall
enhancement could be more favorable than other options to address water stress in
South Africa, but there could be several logistical challenges in treating the number
of storms required, even though there appear to be sufficient candidate storms for
treatment. As most storms develop in a short period of time in the afternoon, the
authors concluded that new, more efficient ways to deliver SM (other than standard
aircraft) will have to become a priority for the future. Even for winter orographic
CS, careful calculation is needed to ensure that the benefit outweighs the cost.

For both the Snowy Rain Enhancement Research Project (Manton et al. 2011) in
Australia and the Wyoming Weather Modification Pilot Project (Breed et al. 2014)
in the USA, the fractional increase in precipitation for seedable events is on the
order of 15%. But seedable events generally make up only a fraction of the overall
annual or seasonal precipitation.Moreover, the transformation of precipitation on the
ground into hydrological streamflow incurs losses fromevaporation and rechargingof
groundwater, as well as delays, as the water passes through the complex hydrological
system.

The relatively small precipitation signal and the complexity of the hydrological
system mean that it is very unlikely that the impact of CS could be detected directly
in measurements of streamflow or dam volume. Detailed rainfall–runoff modelling
is needed to estimate the actual increase in annual streamflows due to CS. On the
other hand, the increasing scarcity of potable water around the world means that
the potential benefits of CS will continue to increase, while the costs should remain
constant or decrease due to technological and scientific advances.

It is not uncommon for communities to seek relief from drought through CS
activities. Indeed, Yoshida et al. (2009) found that seeding in Japan may be effective
for drought relief. On the other hand, in many countries especially those affected
by the El Nino-Southern Oscillation phenomenon (Nicholls and Wong 1990), the
variability of precipitation is so high that periods of drought are associated with an
essential absence of clouds suitable for seeding. Thus, the cost–benefit analysis for
a project needs to account for the prevailing climatic conditions. On the other hand,
despite the lack of evidence of area-wide and seasonal-scale impacts, seeding is often
carried out on convective clouds based on the potential for a significant benefit at
a relatively low cost (Bruintjes 1999). Such strategies are viewed as a component



40 A. M. Abshaev et al.

of an overall approach to risk management of water resources, bearing in mind the
substantial scientific uncertainties.

2.7 Redistribution and “Negative Enhancement”
of Precipitation

The areas affected by CS remain an open question, especially with regard to convec-
tive systems. Related uncertainties pertain to the issue of “extra-area” effects, that is,
whether seeding can affect the weather beyond the targeted temporal or spatial range.
The persistent effects of CS claimed by Bigg (1995) should be carefully assessed,
as should the statistical results from experiments in Thailand (Woodley et al. 2003)
and Israel (Brier et al. 1973), which claimed effects beyond a few hours.

Some professionals argue that increasing precipitation in one region could reduce
precipitation downwind (by “stealing” the atmospheric water vapor); for example,
recent modelling studies by Geresdi et al. (2017) suggest that in some circumstances
there may be a decrease in precipitation on the leeside of a mountain, even when
there is an overall increase over the whole domain. On the other hand, analysis by
Long (2001) suggests that enhanced downwind precipitation may be promoted by
the transport of ice nuclei and ice crystals or by the dynamic invigoration of clouds
through the release of latent heat. Overall, further quantitative studies are needed to
resolve these issues, bearing in mind the uncertainties in assessing the impacts of
seeding in a designated area.

Givati and Rosenfeld (2004) suggested that urban air pollution in California
and Israel may reduce annual rainfall by about 15–25%. According to Khain et al.
(2005), smallCCNmayproduce small droplets,whichhave small collision efficiency,
thereby reducing precipitation from deep convective clouds. Introducing superfine
hygroscopic SM into the clouds would then initiate the formation of small droplets
that compete with existing cloud droplets in the water-vapor absorption process
within the cloud. This method may prevent the development of precipitation in some
cases. On the other hand, introducing giant hygroscopic SM into clouds can increase
the collision efficiency of droplets and lead to the rapid development of rain. This
mechanism can be applied to developing upwind clouds with the potential to produce
rain over a substantial target area. This “jumping processmechanism” can then reduce
the potential of the cloud to develop rain over a target area.

During the last 30 years, considerable work has been done in Russia on precipita-
tion redistribution above megalopolises and neighboring areas to prevent rain occur-
rences during important local events. More than 80 projects have been completed
on national holidays (Koloskov et al. 2011), with various (cold and warm) types
of clouds (stratus and convective) being seeded by 6–12 aircrafts dispersing AgI,
liquid nitrogen, solid carbonic acid, coarse-dispersion powders, and hygroscopic
particles. Four different methods are commonly used, depending on the synoptic
situation: (a) dispersion of stratiform clouds; (b) destruction of convective clouds or



2 Rain Enhancement Through Cloud Seeding 41

reduction of the intensity of shower rains and thunderstorms; (c) premature initia-
tion of precipitation from clouds on the upwind side of the target area to create a
“precipitation shadow” over the given site; (d) reduction of rainfall intensity over
the target area by intensive seeding of the rain-producing clouds moving toward it;
this is aimed at weakening the mechanism of precipitation formation through “over-
seeding”, i.e., by creating excessive concentrations of ice crystals. However, further
quantitative substantiation of precipitation redistribution is needed, especially for
convective rainfall.

Debates about the effects of seeding beyond the target area point to the fact that
WM can be viewed as more than just a means to increase local precipitation. Rather,
it can be viewed as a means to alter natural hydrological cycles by increasing the
number of times that atmospheric water is recycled at the Earth’s surface. As more
is learned about the global water balance, and as new tools enable cloud scientists
to better understand clouds and their response to seeding, the question of extended
area effects will likely become better defined and understood. All these effects will
have to be considered against the background of climate change and the associated
changes in precipitation in time and space globally.

2.8 Environmental Issues

By design, precipitation enhancement aims to alter the natural environment, and so
there is a potential for undesirable changes to the environment. Dennis (1980) gave a
critical analysis of the risks associated with CS, including toxicological, ecological,
sociological, and legal challenges. He noted an absence of evidence of environ-
mental hazards, and this conclusion has been confirmed over the ensuing decades.
Lincoln-Smith et al. (2011) studied the potential risk of the SM (particularly silver
and indium) to the overall environment of the SnowyMountains in Australia. Obser-
vations at the generator sites showed that levels of seeding chemicals were well
below any trigger levels for health concerns and there was no indication of accu-
mulated impacts over a five-year period. Abshaev et al. (2014) analyzed the results
of measurements of AgI and PbI2 in air, soil, water reservoirs, and precipitation in
regions with long-term (more than 40 years) implementation of artillery and rocket
HS technology in specific areas (Northern Caucasus, Moldova, and Georgia), and
found that themaximum concentration of these hazardous pollutants is several orders
below the maximum allowable concentration specified by the World Health Organi-
zation. Moreover, Korneev et al. (2017) showed that the utilization of AgI in aircraft
seeding in Russian investigations did not lead to measurable increases in the level
of these chemicals due to natural and anthropogenic sources. They suggested that
seeding has extremely low impacts on the environment, and they did not observe any
extra-area effects. Therefore, studies conducted in Russia suggest that direct delivery
of SM into clouds should cause no ecological concern even after decades of imple-
mentation. On the other hand, Fajardo et al. (2016) used laboratory studies to suggest
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that some biota could be adversely affected if “large amounts of SM accumulated in
the environment”.

2.9 Planning Rain Enhancement Projects

Given the state of knowledge aboutWM, it is important to consider how to plan activ-
ities so that they might gain both social and scientific acceptance. The preference of
the scientific approach for WM experiments is to carry out well-designed long-term
experiments involving proper physical and statistical controls and cloud-physics
measurements prior to and during the operations. At each stage in the planning,
execution, and evaluation of a WM experiment, it is necessary to consider meteoro-
logical and cloud-physics aspects, statistical approaches, and economic, social, and
environmental aspects.

Economic analyses have shown that successful RE operations could have real
economicbenefit, but the impacts of operations have still not beenproperly quantified.
Despite some of the uncertainties of WM, RE remains a potential option and should
be viewed as a part of an integratedwater-resourcemanagement strategy. Eachproject
should be treated as a possible tool among others for water-resourcemanagement and
should be considered as a scientific project with the inclusion of these four phases:
(a) feasibility study using the climatology of clouds and precipitation in the process
of site selection; (b) design of the experiment as a function of this climatology and the
present knowledge of cloud physics and WM; (c) implementation of an experiment
with randomization, using extensive physical measurements and statistical controls;
and (d) objective and independent evaluation of the results. Government decision-
makers and funding agencies should be aware that such projects need considerable
funding and well-trained personnel, as well as time to obtain conclusive results.

It is necessary to consider systematically all aspects of the set-up and proper
conduction of the project, consistent with a desirable location, climatology, season,
SM, delivery criteria, etc. The results of several “rain-making” projects have
been inconclusive because of the lack of sound scientific planning, operation, and
evaluation.

The pre-eminent need for a WM project to be planned free of non-scientific influ-
ences is very important and must be observed in the procedure for selecting the
location and the season for conducting the project. Detailed feasibility studies of
meteorological, climatological, hydrological, social, and environmental considera-
tions, including the availability of logistical support are the prerequisites for the
selection of an appropriate site and season to maximize the chances of achieving
the objectives of RE. The RE site should be in a relatively homogeneous area for
two reasons: to minimize errors in estimates of mean precipitation in the target and
control areas, and to decrease the natural spatial rainfall variability, which is very
important for the assessment of the results. It should be acceptable to have at least
one control area with characteristics like those of the target area.

The basic measurements to evaluate and support a seeding hypothesis should be
vigorously carried out.Operations should includemeasurements of physical response
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variables and should be randomized when possible to allow for an independent eval-
uation. Finally, attention should be given to the participants’ education and training
in cloud physics and associated sciences, which should be an essential component
of any RE project. The RE may be economically viable and may contribute to allevi-
ating the adverse effects of severe water shortages, but this is still to be demonstrated
to the national water managers and policymakers.

2.10 Conclusions

Fromnumerous reports, there is probabilistic evidence that RE canworkwith reason-
able cost–benefit ratios. However, many components of RE processes must be clar-
ified and proven. Experience in applying CS in numerous countries has shown that
precipitation can be increased, ranging from essentially zero to more than 15% of
the annual norm, depending on the available cloud resources, reagents, and delivery
methods. Higher values tend to be associated with direct delivery of SM to the clouds
utilizing aircrafts and rockets. However, the reasons for the large variation in impacts
are not well understood, and estimates of impacts are sensitive to the estimation of
the natural precipitation in the target area.

The current challenge is to provide a credible scientific footing for the planning
of WM experiments. To be successful, any WM project should combine the efforts
of funding administrators, scientists planning and working as seeding operators, and
the scientific committee that assesses the scientific integrity of the project and/or
evaluators.

Focusing on better understanding of the aerosol–cloud interactions (natural,
anthropogenic, and seeded aerosols) and cloud microphysical and dynamical
processes will bring progress also in solving problems related to the role of clouds
in precipitation forecasting and climate change. Advances in cloud physics could
clarify the human influence on the environment (e.g., brown-cloud, precipitation
change issues), and they are not only beneficial to the field of WM but also to
weather forecasting and climate issues.

It is important to emphasize that CS technology is not a “cure” for droughts.
The technology requires suitable clouds for the success of a program. Unfortunately,
when a drought is in progress, these types of clouds are often not available.

Well-conducted RE programs should have a systematic approach covering a wide
range of factors, among which are:

• continuously evolving understanding of cloud and precipitation processes
emerging from ongoing studies;

• adequate seeding hypotheses, subjecting refined seeding techniques to rigorous
field testing with numerical modeling, where appropriate;

• sophisticated measuring instruments (radars, rain gauges, satellite data);
• proper SM and their cloud delivery devices;
• proven methods for assessing physical and economic efficacy, and
• regular personnel training.



44 A. M. Abshaev et al.

Without stable, long-term support, relevant expertise, as well as a sound and
systematic scientific approach, such programs will not succeed. The sustained docu-
mentation, experimentation of emerging technologies, better reagents and dispersal
methodologies, and more accurate forecasting facilities to support decision making
for the RE are the key factors.

Scientific understanding of cloud processes continues to increase around theworld
through the sharing of data and knowledge. The design, implementation, and evalu-
ation of a catchment-scale RE experiment require a major investment of funds and
resources. The sharing of the data and results of these experiments through publi-
cation in the international scientific literature provides the feedback that will help
resolve the remaining uncertainties associated with CS science.

The WM has seen more than 70 years of development from Schaefer’s use of
dry ice pellets to produce holes in supercooled stratus by snow-out, to the present-
day use of digitized radar networks and sophisticated seeding methods showing
success in the RE and HS when scientific designs are applied, and proper cloud
conditions exist. In the long run, the future of science-based weather modification
is real. There is a growing evidence that the basic concepts are correct and that
successful implementation is feasible.

The achievements are the product of international collaboration between hundreds
of enthusiastic scientists working in the field. An example is to the thorough planning
of theWMORainEnhancement Project (REP) in Spainwhich producedmore than 30
reports on various aspects of rain enhancement. The facilitating role of the already ten
quadrennial WMO Scientific Conferences on WM for the exchange of information
and establishment of collaborative studiesmust be noted. The IndianGovernment has
conducted a detailed science experiment named CAIPEEX to cater to the scientific
evaluation of cloud seeding by both statistical and physical means. Two key national
cloud-seeding projects are being carrying out in China (Yao 2006; Guo 2015), one
consists of the orographic cloud-seeding experiment in six provinces of Northwest
China, and the other is the Chinese Randomized Precipitation Enhancement Exper-
iment (CRPEEX) (2014–the present) in four provinces. The experiences and results
from these key projects guide and support local operational cloud-seeding activities
in China. In recent years, the UAE has made an additional contribution to the scien-
tific and practical development of rainfall-enhancement technology through the UAE
Research Program forRainEnhancement Science (AlMazroui et al. 2017).Under the
UAE’s National Center of Meteorology, the program has brought together a cohort
of leading scientists and institutions from around the world to untangle the complex-
ities of the natural rainfall process and augment rainfall amounts (http://www.uae
rep.ae/). A total of nine three-year distinct research projects have been funded, lever-
agingmultiple disciplines, includingmaterial science, bio-geo-engineering, artificial
intelligence, and unmanned aircraft systems. In less than five years, the program has
stimulated wide research interest in the field of WM, specifically rainfall enhance-
ment, among the international scientific community. The projects have produced
state-of-the-art measurements, advanced numerical models, innovative prototypes,

http://www.uaerep.ae/
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and proof-of-concept field demonstrations. Furthermore, the use of field operational
programs as a platform for basic research efforts continues to be an excellent oppor-
tunity for both scientists and students to conduct a broad range of studies and enhance
the knowledge base of RE, as well as the aerosol–cloud interaction which are among
the least understood physical processes in weather and climate models.

Confronting already existing or imminent water shortages, meteorologists and
their national meteorological services in semi-arid regions can explore the scientific
basis for carrying out RE projects. In this connection, they can inform their govern-
ments that the United Nations Convention to Combat Desertification (Art.17) also
mentions RE as one of the methods for water management. Advances and limitations
of RE should be clearly stated. Onlywell-informed governments and/or communities
will provide adequate funding needed for the beneficial application of WM projects.

References

Abshaev MT (1966) Concentration of hailstones and hail embryos. Proc High Mountain Geophys
Inst 3(5):191–196

Abshaev MT (1994) A new concept of hailstorm modification. Paper presented at 6th WMO
Conference on Weather Modification, 30 May–4 June 1994, Paestum, Italy

AbshaevMT,Malkarova AM, Tebuev AD (2003) Radar estimation of hail damage. Paper presented
at the 8th WMO science conference on weather modification, 7–12 April 2003, Casablanca,
Morocco

Abshaev AM, Abshaev MT, Sadykhov YA (2004) Diffusion of artificial aerosol in Cu cong clouds.
Russ Meteorol Hydrol 9:18–24

Abshaev MT, Sulakvelidze GK, Burtsev II, Fedchenko LM, Jekamukhov MK, Abshaev AM,
Kuznetsov BK, Malkarova AM, Tebuev AD, Nesmeyanov PA, Shakirov IN, Shevela GF (2006)
Development of rocket and artillery technology for hail suppression, pp 109–127. AlMandous A,
BojkovR,AlMazrouiA,AlMuhairiM (eds). Achievements inweathermodification.Department
of Atmospheric Studies, Abu Dhabi, UAE

Abshaev MT, Abshaev AM, Malkarova AM et al (2009) Radar estimation of water content in
cumulonimbus clouds. Izv Atmos Ocean Phys 45:731–736. https://doi.org/10.1134/S00014338
09060061

Abshaev MT, Abshaev AM, Malkarova AM et al (2010) Automated radar identification, measure-
ment of parameters, and classification of convective cells for hail protection and storm warning.
Russ Meteorol Hydrol 35:182–189. https://doi.org/10.3103/S1068373910030040

Abshaev MT, Abshaev AM, Kuznecov BK, Kotelevich AF, Guzoev TH, Balakova N, Chochaev
HH, Yakushkin BV, Ponomarenko RN, Trifonov VS (2011a) New advances in automation of
anti-hail rocket technology. Paper presented at Tenth WMO conference on weather modification,
4–7 October 2011, Bali, Indonesia

Abshaev AM, Sadykhov YA,Malkarova AM (2011b) On the choice of diffusion schemes in numer-
ical simulation of crystallizing aerosol propagation in the cloud medium. Russ Meteorol Hydrol
36:737–746. https://doi.org/10.3103/S1068373911110057

Abshaev MT, Abshaev AM, Barekova MV, Malkarova AM (2014) Manual on organization and
execution of hail suppression projects, Nalchik, 508 pp

Al Mandous A, Bojkov R, Al Mazroui A, Al Muhairi M (2006) Achievements in weather
modification. Department of Atmospheric Studies, Abu Dhabi, P. 186

https://doi.org/10.1134/S0001433809060061
https://doi.org/10.3103/S1068373910030040
https://doi.org/10.3103/S1068373911110057


46 A. M. Abshaev et al.

AlMazroui A (2017a) Advancing the science, technology and implementation of rain enhancement.
Project of water security solutions in arid and semi-arid regions and beyond. https://doi.org/10.
13140/RG.2.2.34696.21762

Belyaeva MV, Drofa AS, Ivanov VN (2013) Efficiency of stimulating precipitation from convective
clouds using salt powders. Izvestiya Atmosph Oceanic Phys 49(2):154–161. https://doi.org/10.
1134/S0001433813010039

Bengtsson L (2010) The global atmospheric water cycle. J Environ Res Lett 5:025202. https://doi.
org/10.1088/1748-9326/5/2/025202

Bigg EK (1995) Tests for persistent effects of CS in a recent Australian experiment. J ApplMeteorol
Climatol 34(11):2406–2411. https://doi.org/10.1175/1520-0450(1995)034%3c2406:TFPEOC%
3e2.0.CO;2

Borland SW, Browning KA, Changnon SA, Cooper WA, Danielsen EF, Dennis AS, … Young KC
(1977)Hail: a review of hail science and hs. hail: a review of hail science andHS. JAmerMeteorol
Soc. https://doi.org/10.1007/978-1-935704-30-0

Braham RR (1986) Precipitation enhancement—a scientific challenge. Precipitation enhance-
ment—a scientific challenge. Amer Meteorol Soc 43:1–5

Breed D, Rasmussen R, Weeks C, Boe B, Deshler T (2014) Evaluating winter orographic CS:
design of the wyoming weather modification pilot project (WWMPP). J Appl Meteorol Climatol
53(2):282–299. https://doi.org/10.1175/JAMC-D-13-0128.1

Brier GW, Grant LO, Mielke Jr. PW (1973) An evaluation of extended area effects from attempts
to modify local clouds and cloud systems. Proc WMO/IAMAP scientific conference on weather
modification, Tashkent, Uzbekistan, WMO, 439–447

Bruintjes RT (1999) A review of CS experiments to enhance precipitation and some new prospects.
Bullet Amer Meteorol Soc 80:805–820

Bruintjes RT, Salazar V, Semeniuk TA, Buseck P, Breed DW, Gunkelman J (2012) Evaluation of
hygroscopic cloud seeding flares. J Weather Modificat 44(1):69–94. Available at http://journalof
weathermodification.org/index.php/JWM/article/view/85

Burtsev II, Ugryumov AI, Dyadyuchenko VN, Martanov VV, Zakharov VM, Shulyakovsky GE,
Stasenko VN,…Korneev VP (2018) Essays on the history of weather modification in the USSR
and the post-soviet territory. St.Petersburg, RSHMU, 2017. 352 pp. Retrieved from http://mig-
journal.ru/toauthor?id=4644

Cooper WA, Bruintjes RT, Mather GK (1997) Calculations pertaining to hygroscopic seeding
with flares. J ApplMeteorol Climatol 36(11):1449–1469. https://doi.org/10.1175/1520-0450(199
7)036%3c1449:CPTHSW%3e2.0.CO;2

Dennis AS (1980) Weather Modification by CS. Academic Press, 267 pp., 1980. Retrieved from
https://digitalcommons.usu.edu/water_rep/670

Dessens J, Sánchez JL, Berthet C,Hermida L, Merino A (2016) Hail prevention by ground-based
silver iodide generators: results of historical andmodern field projects. AtmosphRes 170:98–111.
https://doi.org/10.1016/j.atmosres.2015.11.008

Dinevich LA, Shalaveyus SS (2010) Experience in the use of tracers to study the spread of chemicals
in the artificial effect on convective clouds, Modern problems of science and education, No. 12,
pp 64–86

Drofa AS, Eran’kov VG, Ivanov VN, Shilin AG, Iskevich GF (2013) Experimental investigations
of the effect of cloud-medium modification by salt powders. Izvestiya Atmosph Oceanic Phys
49(3):298–306. https://doi.org/10.1134/S0001433813030043

Eke J, Yusuf A, Giwa A, Sodiq A (2020). The global status of desalination: an assessment of
current desalination technologies, plants and capacity. J Desalination 495:114633. https://doi.
org/10.1016/j.desal.2020.114633

Fajardo C, Costa G, Ortiz LT, Nande M, Rodríguez-Membibre ML, Martín M, Sánchez-Fortún, S
(2016). Potential risk of acute toxicity induced by AgI cloud seeding on soil and freshwater biota.
Ecotoxicol Environ Saf 133:433–441. https://doi.org/10.1016/j.ecoenv.2016.06.028

Findeisen W (1938) Die Kolloid-meteorologische Vorgänge bei der Neiderschlags-bildung.
Meteorologische Zeitschrift. Meteorol 55:121–133

https://doi.org/10.13140/RG.2.2.34696.21762
https://doi.org/10.1134/S0001433813010039
https://doi.org/10.1088/1748-9326/5/2/025202
https://doi.org/10.1175/1520-0450(1995)034%3c2406:TFPEOC%3e2.0.CO;2
https://doi.org/10.1007/978-1-935704-30-0
https://doi.org/10.1175/JAMC-D-13-0128.1
http://journalofweathermodification.org/index.php/JWM/article/view/85
http://mig-journal.ru/toauthor%3fid%3d4644
https://doi.org/10.1175/1520-0450(1997)036%3c1449:CPTHSW%3e2.0.CO;2
https://digitalcommons.usu.edu/water_rep/670
https://doi.org/10.1016/j.atmosres.2015.11.008
https://doi.org/10.1134/S0001433813030043
https://doi.org/10.1016/j.desal.2020.114633
https://doi.org/10.1016/j.ecoenv.2016.06.028


2 Rain Enhancement Through Cloud Seeding 47

Flossmann AI, Manton M, Abshaev A, Bruintjes R, Murakami M et al (2018) Peer review report
on global precipitation enhancement activities. Research Report. WMO, Geneva

Flossmann AI, Manton M, Abshaev A, Bruintjes R, Murakami M, Prabhakaran T, Yao Z
(2019). Review of advances in precipitation enhancement research. Bullet Amer Meteorol Soc
100(8):1465–1480. https://doi.org/10.1175/bams-d-18-0160.1

French JR, Friedrich K, Tessendorf SA, Rauber RM, Geerts B, Rasmussen RM, Xue L, Kunkel
ML, BlestrudDR (2018) Precipitation formation from orographic CS. Proceedings of the national
academy of sciences of theUnited States of America, 115(6):1168–1173. https://doi.org/10.1073/
pnas.1716995115

Friedrich K, Ikeda K, Tessendorf SA, French JR, Rauber RM, Geerts B,… Parkinson S (2020).
Quantifying snowfall from orographic cloud seeding. Proceedings of the national academy of
sciences of the United States of America 117(10):5190–5195. DOI https://doi.org/10.1073/pnas.
1917204117

Geresdi I, Xue L, Rasmussen R (2017). Evaluation of orographic CS using a bin microphysics
scheme: two-dimensional approach. J Appl Meteorol Climatol 56(5):1443–1462. https://doi.org/
10.1175/JAMC-D-16-0045.1

Givati A, Rosenfeld D (2004) Quantifying precipitation suppression due to air pollution. J
Appl Meteorol Climatol 43(7):1038–1056. https://doi.org/10.1175/1520-0450(2004)043%3c1
038:QPSDTA%3e2.0.CO;2

Guo XL, Fu DH, Li XY, Hu ZX, Lei HC, Xiao H, Hong YC (2015) Advances in cloud physics
and weather modification in China. Adv Atmosph Sci 32(2), 230–249. https://doi.org/10.1007/
s00376-014-0006-9

Huggins AW, Kenyon SL, Warren L, Peace AD, Billish SP, Manton MJ (2008) The Snowy rain
enhancement research project. A description and preliminary results. J Weather Modificat 40(1),
28–53. Retrieved from https://journalofweathermodification.org/index.php/JWM/issue/view/55

Khain A, Rosenfeld D, Pokrovsky A (2005). Aerosol impact on the dynamics and microphysics of
deep convective clouds. J Royal Meteorol Soc 131(611):2639–2663. https://doi.org/10.1256/qj.
04.62

Koloskov BP, Korneev VP, Petrov VV, Beryulev GP, Danelyan BG, Shchukin GG (2011) Some
results of activities on the improvement of weather conditions over metropolises. J Russian
Meteorol Hydrol 36(2):117–123. https://doi.org/10.3103/S1068373911020063

Korneev VP, Potapov EI, Shchukin GG (2017) Environmental aspects of cloud seeding. Russian
Meteorol Hydrol 42(7), 477–483. https://doi.org/10.3103/S106837391707007X

Langmuir I (1950) Control of precipitation from cumulus clouds by various seeding techniques.
Science 112(2898):35. https://doi.org/10.1126/science.112.2898.35

Liang H, Abshaev MT, Abshaev AM, Huchunaev BM, Griffiths S, Zou L (2019) Water vapor
harvesting nanostructures through bioinspired gradient-driven mechanism. Chem Phys Lett 728,
167–173. https://doi.org/10.1016/j.cplett.2019.05.008

Lincoln-SmithM,DyeA,KemsleyK,Denholm J (2011)Environmentalmonitoring and assessment.
A statistical analysis of concentrations of silver and indiumat generator locations. JWeatherModi-
ficat 43(1):1–8. From https://www.journalofweathermodification.org/index.php/JWM/article/vie
w/145

Long AB (2001) Review of downwind extra-area effects of precipitation enhancement. J Weather
Modif 33(1):24–45. From https://journalofweathermodification.org/index.php/JWM/article/vie
w/237

Manton MJ, Warren L, Kenyon SL, Peace AD, Bilish SP, Kemsley K (2011) A Confirmatory
snowfall enhancement project in the snowy mountains of Australia. Part I: project design and
response variables. J Appl Meteorol Climatol 50(7):1432–1447. https://doi.org/10.1175/2011JA
MC2659.1

Manton MJ, Peace AD, Kemsley K, Kenyon SL, Speirs JC, Warren L, Denholm J (2017) Further
analysis of a snowfall enhancement project in the Snowy Mountains of Australia. Atmosph Res
193:192–203. https://doi.org/10.1016/j.atmosres.2017.04.011

https://doi.org/10.1175/bams-d-18-0160.1
https://doi.org/10.1073/pnas.1716995115
https://doi.org/10.1073/pnas.1917204117
https://doi.org/10.1175/JAMC-D-16-0045.1
https://doi.org/10.1175/1520-0450(2004)043%3c1038:QPSDTA%3e2.0.CO;2
https://doi.org/10.1007/s00376-014-0006-9
https://journalofweathermodification.org/index.php/JWM/issue/view/55
https://doi.org/10.1256/qj.04.62
https://doi.org/10.3103/S1068373911020063
https://doi.org/10.3103/S106837391707007X
https://doi.org/10.1126/science.112.2898.35
https://doi.org/10.1016/j.cplett.2019.05.008
https://www.journalofweathermodification.org/index.php/JWM/article/view/145
https://journalofweathermodification.org/index.php/JWM/article/view/237
https://doi.org/10.1175/2011JAMC2659.1
https://doi.org/10.1016/j.atmosres.2017.04.011


48 A. M. Abshaev et al.

National Research Council (2003) Critical issues in weather modification research. Washington,
DC: The National Academy Press 131. DOI https://doi.org/10.17226/10829

Nicholls N, Wong KK (1990) Dependence of rainfall variability on mean rainfall, latitude, and the
southern oscillation. J Climate 3(1):163–170. https://doi.org/10.1175/1520-0442(1990)003%3c0
163:DORVOM%3e2.0.CO;2

Rasmussen RM, Tessendorf SA, Xue L, Weeks CE, Ikeda K, Landolt S, Lawrence B (2018) Eval-
uation of the wyoming weather modification pilot project (WWMPP) using two approaches:
traditional statistics and ensemble modeling. J Appl Meteorol Climatol 57:2639–2660. https://
doi.org/10.1175/JAMC-D-17-0335.1

Rauber RM, Geerts B, Xue L, French J, Friedrich K, Rasmussen RM, Tessendorf SA, Blestrud DR,
Kunkel ML, Parkinson S (2019) Wintertime orographic cloud seeding-a review. J Appl Meteorol
Climatol 58:2117–2140. https://doi.org/10.1175/JAMC-D-18-0341.1

Reinking RF, Martner BE (1995) Feeder-cell ingestion of seeding aerosol from cloud base deter-
mined by tracking radar chaff. J Appl Meteorol Climatol 35(9):1402–1415. https://doi.org/10.
1175/1520-0450(1996)035%3c1402:FCIOSA%3e2.0.CO;2

Rosenfeld D, Lensky IM (1998) Satellite—based insights into precipitation formation processes
in continental and maritime convective clouds. Bullet Amer Meteorol Soc 79(11):2457–2476.
https://doi.org/10.1175/1520-0477(1998)079%3c2457:SBIIPF%3e2.0.CO;2

Rosenfeld D, Axisa D, Woodley WL, Lahav R (2010) A quest for effective hygroscopic CS. J Appl
Meteorol Climatol 49(7):1548–1562. https://doi.org/10.1175/2010JAMC2307.1

Segal Y, Khain A, Pinsky M, Rosenfeld D (2004) Effects of hygroscopic seeding on raindrop
formation as seen from simulations using a 2000-bin spectral cloud parcel model. Atmospher
Res 71:3–34. https://doi.org/10.1016/j.atmosres.2004.03.003

Segal Y, Pinsky M, Khain A (2007). The role of competition effect in the raindrop formation.
Atmosph Res 83:106–118. https://doi.org/10.1016/j.atmosres.2006.03.007

Semeniuk TA, Bruintjes R, Salazar V, Breed D, Jensen T, Buseck PR (2014) Individual aerosol
particles in ambient and updraft conditions below cloud bases in the Oman mountain region. J
Geophys Res Atmosph 119:2511–2528. https://doi.org/10.1002/2013JD021165

Shilin AG, Fedorenko AI, Ivanov VN, Savchenko AV (2015) A study of ageing processes in
ice-forming aerosols containing silver iodide and organic ice-forming substances, Collected
papers “Problems of cloud physics” in the memory of N.O. Journal of Plaude, Russian
Hydrometeorological Service, Central Aerological Observatory, Moscow, p 342–347, ISBN:
978-5-901579-62-6

SulakvelidzeGK,Bibilashvili NS, LapchevaVP (1965) Formation of precipitation andmodification
of hail processes. Leningrad, Hydrometizdat 203. (Translation available from National Technical
Inform. Service, Springfield, VA, USA)

Tai Y, Liang H, Zaki A, El Hadri N, Abshaev AM, Huchinaev BM, Griffiths S, Jouiad M, Zou L
(2017). Core/shell microstructure induced synergistic effect for efficient water-droplet formation
and cloud-seeding application. J ACS Nano 11(12):12318–12325. Retrieved from http://pubs.
acs.org/doi/abs/10.1021/acsnano.7b06114

Terblanche DE, Mittermaier MP, Burger RP, De Waal KJP, Ncipha XG (2005) The South African
rainfall enhancement programme: 1997–2001. Water SA 31(3):291–298. Retrieved from http://
hdl.handle.net/10520/EJC116273

Terblanche DE, Steffens FE, Fletcher L, Mittermaier MP, Parsons RC (2000) Toward the oper-
ational application of hygroscopic flares for rainfall enhancement in South Africa. J Appl
Meteorol Climatol 39(11):1811–1821. https://doi.org/10.1175/1520-0450(2001)039%3c1811:
TTOAOH%3e2.0.CO;2

Tessendorf SA, French JR, Friedrich K, Geerts B, Rauber RM, Rasmussen RM, Bruintjes R (2019)
A transformational approach to winter orographic weather modification research: the SNOWIE
project. Bullet Amer Meteorol Soc, 71–92. https://doi.org/10.1175/BAMS-D-17-0152.1

Wegener A (1910) On the condensation processes in the atmosphere. Meteorol. Zeitschrift, p 354–
374

https://doi.org/10.17226/10829
https://doi.org/10.1175/1520-0442(1990)003%3c0163:DORVOM%3e2.0.CO;2
https://doi.org/10.1175/JAMC-D-17-0335.1
https://doi.org/10.1175/JAMC-D-18-0341.1
https://doi.org/10.1175/1520-0450(1996)035%3c1402:FCIOSA%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(1998)079%3c2457:SBIIPF%3e2.0.CO;2
https://doi.org/10.1175/2010JAMC2307.1
https://doi.org/10.1016/j.atmosres.2004.03.003
https://doi.org/10.1016/j.atmosres.2006.03.007
https://doi.org/10.1002/2013JD021165
http://pubs.acs.org/doi/abs/10.1021/acsnano.7b06114
http://hdl.handle.net/10520/EJC116273
https://doi.org/10.1175/1520-0450(2001)039%3c1811:TTOAOH%3e2.0.CO;2
https://doi.org/10.1175/BAMS-D-17-0152.1


2 Rain Enhancement Through Cloud Seeding 49

Wegener A (1912) Thermodynamik der Atmosphäre. Nature 90:31. https://doi.org/10.1038/090
031a0

Woodley WL, Rosenfeld D, Silverman BA (2003) Results of on-top glaciogenic cloud seeding
in Thailand. Part I: The demonstration experiment. J Appl Meteorol Climatol 42(7):920–938.
https://doi.org/10.1175/1520-0450(2003)042%3c0920:ROOGCS%3e2.0.CO;2

World Meteorological Organization (1985) Synopsis of the WMO Precipitation Enhancement
Project. Precipitation Enhancement Project Report No. 34, Geneva, Switzerland

Xue L, Hashimoto A,MurakamiM, Rasmussen R, Tessendorf SA, Breed D, Parkinson S, Holbrook
P, Blestrud D (2013a) Implementation of a silver iodide cloud-seeding parameterization in WRF.
Part I: model description and idealized 2D sensitivity tests. J Appl Meteorol Climatol 52:1433–
1457. https://doi.org/10.1175/JAMC-D-12-0148.1

Xue L, Tessendorf SA, Nelson E, Rasmussen R, Breed D, Parkinson S, Holbrook P, Blestrud D
(2013b) Implementation of a silver iodide cloud-seeding parameterization in WRF. Part II: 3D
simulations of actual seeding events and sensitivity tests. J Appl Meteorol Climatol 52(6):1458–
1476. https://doi.org/10.1175/JAMC-D-12-0149.1

Yao Z (2006) Review of weather modification research in chinese academy of meteorological
sciences. J Appl Meteorol Sci 17(6):786–795

Yoshida Y, Murakami M, Kurumisawa Y, Kato T, Hashimoto A, Yamazaki T, Haneda N (2009)
Evaluation of snow augmentation by cloud seeding for drought mitigation. J Japan Soc Hydrol
Water Resour 22(3):209–222. https://doi.org/10.3178/jjshwr.22.209

Zhekamukhov MK, Abshaev AM (2009a) Simulation of rocket seeding of convective clouds with
coarse-dispersion hygroscopic aerosol. 1. Condensational growth of the cloud droplets at the salt
crystals. Russ Meteorol Hydrol 34:228–235. https://doi.org/10.3103/S1068373909040050

Zhekamukhov MK, Abshaev AM (2009b) Simulation of rocket seeding of convective clouds with
coarse-dispersion hygroscopic aerosol. 2. Condensation and coagulation in a cloud seeded with
hygroscopic particles. Russ Meteorol Hydrol 34:293–300. https://doi.org/10.3103/S10683739
09050045

ZhekamukhovMK,AbshaevAM (2012) Dispersion of crystallizing reagents by detonationmethod.
Part I: Detonation product expansion and kinetics of critical-size embryo droplet formation. Russ
Meteorol Hydrol 37:448–454. https://doi.org/10.3103/S1068373912070035

https://doi.org/10.1038/090031a0
https://doi.org/10.1175/1520-0450(2003)042%3c0920:ROOGCS%3e2.0.CO;2
https://doi.org/10.1175/JAMC-D-12-0148.1
https://doi.org/10.1175/JAMC-D-12-0149.1
https://doi.org/10.3178/jjshwr.22.209
https://doi.org/10.3103/S1068373909040050
https://doi.org/10.3103/S1068373909050045
https://doi.org/10.3103/S1068373912070035

