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Growth Precipitation Cloud modification

Overview of cloud physics lecture

Atmospheric thermodynamics
gas laws, hydrostatic equation
1st law of thermodynamics
moisture parameters
adiabatic / pseudoadiabatic processes
stability criteria / cloud formation

Microphysics of warm clouds
nucleation of water vapor by condensation
growth of cloud droplets in warm clouds (condensation, fall speed
of droplets, collection, coalescence)
formation of rain, stochastical coalescence

Microphysics of cold clouds
homogeneous, heterogeneous, and contact nucleation
concentration of ice particles in clouds
crystal growth (from vapor phase, riming, aggregation)
formation of precipitation, cloud modification

Observation of cloud microphysical properties
Parameterization of clouds in climate and NWP models
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Growth Precipitation Cloud modification

Growth from the vapor phase in mixed-phase
clouds

mixed-phase cloud is dominated by super-cooled droplets
air is close to saturated w.r.t. liquid water
air is supersaturated w.r.t. ice

Example

T=-10◦C, RHl ≈ 100%, RHi ≈ 110%
T=-20◦C, RHl ≈ 100%, RHi ≈ 121%
⇒much greater supersaturations than in warm clouds

In mixed-phase clouds, ice particles grow from vapor phase much
more rapidly than droplets.
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Growth Precipitation Cloud modification

Mass growth rate of an ice crystal

diffusional growth of ice crystal similar to growth of droplet by
condensation
more complicated, mainly because ice crystals are not spherical
⇒points of equal water vapor do not lie on a sphere centered on
crystal

dM
dt

= 4πCD (ρv (∞)− ρvc)
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Growth Precipitation Cloud modification

Mass growth rate of an ice crystal

240 Cloud Microphysics

determined by the size and shape of the conductor.
For a sphere,

where �0 is the permittivity of free space (8.85 �

10�12 C2 N�1 m�2). Combining the last two expres-
sions, the mass growth rate of a spherical ice crystal
is given by

(6.36)

Equation (6.36) is quite general and can be applied
to an arbitrarily shaped crystal of capacity C.

Provided that the vapor pressure corresponding to

v(�) is not too much greater than the saturation
vapor pressure esi over a plane surface of ice, and the
ice crystal is not too small, (6.36) can be written as

(6.37)

where Si is the supersaturation (as a fraction) with
respect to ice, [e(�) � esi]�esi, and

(6.38)

The variation of GiSi with temperature for the case of
an ice crystal growing in air saturated with water
is shown in Fig. 6.39. The product GiSi attains a
maximum value at about �14 �C, which is due
mainly to the fact that the difference between the

Gi � D
v(�)
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dt
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saturated vapor pressures over water and ice is a maxi-
mum near this temperature. Consequently, ice crystals
growing by vapor deposition in mixed clouds increase
in mass most rapidly at temperatures around �14 �C.

The majority of ice particles in clouds are irregu-
lar in shape (sometimes referred to as “junk” ice).
This may be due, in part, to ice enhancement.
However, laboratory studies show that under appro-
priate conditions ice crystals that grow from the
vapor phase can assume a variety of regular shapes
(or habits) that are either plate-like or column-like.
The simplest plate-like crystals are plane hexagonal
plates (Fig. 6.40a), and the simplest column-like
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Fig. 6.39 Variation of GiSi [see Eq. (6.37)] with temperature
for an ice crystal growing in a water-saturated environment at
a total pressure of 1000 hPa.

(e)

(c)

(a)

(b)

(d)

Fig. 6.40 Ice crystals grown from the vapor phase: (a) hexa-
gonal plates, (b) column, (c) dendrite, and (d) sector plate.
[Photographs courtesy of Cloud and Aerosol Research Group,
University of Washington.] (e) Bullet rosette. [Photograph
courtesy of A. Heymsfield.]

P732951-Ch06.qxd  9/12/05  7:44 PM  Page 240

Figure from Wallace and Hobbs

Approximate form:

dM
dt

= 4πCGiSi

Maximum growth rate at
about -14◦C
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Mass growth rate of an ice crystal

3.5 Water Vapor in Air 81
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Fig. 3.8 A box (a) unsaturated and (b) saturated with respect
to a plane surface of pure water at temperature T. Dots repre-
sent water molecules. Lengths of the arrows represent the
relative rates of evaporation and condensation. The saturated
(i.e., equilibrium) vapor pressure over a plane surface of pure
water at temperature T is es as indicated in (b).

26 For further discussion of this and some other common misconceptions related to meteorology see C. F. Bohren’s Clouds in a Glass of
Beer, Wiley and Sons, New York, 1987.

27 As a rough rule of thumb, it is useful to bear in mind that the saturation vapor pressure roughly doubles for a 10 °C increase in
temperature.

to a plane surface of pure water at temperature T, and
the pressure es that is then exerted by the water vapor
is called the saturation vapor pressure over a plane
surface of pure water at temperature T.

Similarly, if the water in Fig. 3.8 were replaced by a
plane surface of pure ice at temperature T and the
rate of condensation of water vapor were equal to
the rate of evaporation of the ice, the pressure esi

exerted by the water vapor would be the saturation
vapor pressure over a plane surface of pure ice at T.
Because, at any given temperature, the rate of evapo-
ration from ice is less than from water, es(T) � esi(T).

The rate at which water molecules evaporate
from either water or ice increases with increasing
temperature.27 Consequently, both es and esi increase
with increasing temperature, and their magnitudes

depend only on temperature. The variations with
temperature of es and es � esi are shown in Fig. 3.9,
where it can be seen that the magnitude of es � esi

reaches a peak value at about �12 °C. It follows
that if an ice particle is in water-saturated air it will
grow due to the deposition of water vapor upon it.
In Section 6.5.3 it is shown that this phenomenon

It is common to use phrases such as “the air is sat-
urated with water vapor,” “the air can hold no
more water vapor,” and “warm air can hold more
water vapor than cold air.” These phrases, which
suggest that air absorbs water vapor, rather like a
sponge, are misleading. We have seen that the
total pressure exerted by a mixture of gases is
equal to the sum of the pressures that each gas
would exert if it alone occupied the total volume
of the mixture of gases (Dalton’s law of partial
pressures). Hence, the exchange of water mole-

cules between its liquid and vapor phases is
(essentially) independent of the presence of air.
Strictly speaking, the pressure exerted by water
vapor that is in equilibrium with water at a given
temperature is referred more appropriately to as
equilibrium vapor pressure rather than saturation
vapor pressure at that temperature. However, the
latter term, and the terms “unsaturated air” and
“saturated air,” provide a convenient shorthand
and are so deeply rooted that they will appear in
this book.

3.3 Can Air Be Saturated with Water Vapor?26
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Fig. 3.9 Variations with temperature of the saturation (i.e.,
equilibrium) vapor pressure es over a plane surface of pure
water (red line, scale at left) and the difference between es

and the saturation vapor pressure over a plane surface of ice
esi (blue line, scale at right).
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Figure from Wallace and Hobbs

Maximum growth rate at about
-14◦C

⇒difference between saturated
pressures over water and ice is
maximal at this temperature

⇒ice crystals grow most rapidly
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Growth Precipitation Cloud modification

Ice crystal shapes

Figure from Libbrecht 2005

ice crystals in natural
clouds have mostly
irregular shapes partly due
to ice enhancement
under appropriate
conditions, ice crystals that
grow from vapor phase can
have a variety of regular
shapes/habits (e.g.
plate-like, column-like)
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Morphology diagram

Figure from Libbrecht 2005
Cloud microphysics December 15, 2011 8 / 30



Growth Precipitation Cloud modification

Growth by accretion

6.5 Microphysics of Cold Clouds 241

crystals are solid columns that are hexagonal in cross
section (Fig. 6.40b).

Studies of the growth of ice crystals from the
vapor phase under controlled conditions in the lab-
oratory and observations in natural clouds have
shown that the basic habit of an ice crystal is
determined by the temperature at which it grows
(Table 6.1). In the temperature range between 0 and
�60 �C the basic habit changes three times. These
changes occur near �3, �8, and �40 �C. When the
air is saturated or supersaturated with respect to
water, the basic habits become embellished. For
example, at close to or in excess of water saturation,
column-like crystals take the form of long thin nee-
dles between �4 and �6 �C, from �12 to �16 �C
plate-like crystals appear like ferns, called dendrites
(Fig. 6.40c), from �9 to �12 �C and �16 to �20 �C
sector plates grow (Fig. 6.40d), and below �40 �C
the column-like crystals take the form of column
(often called bullet) rosettes (Fig. 6.40e). Because
ice crystals are generally exposed to continually
changing temperatures and supersaturations as they
fall through clouds and to the ground, crystals can
assume quite complex shapes.

(b) Growth by riming; hailstones. In a mixed
cloud, ice particles can increase in mass by colliding
with supercooled droplets that then freeze onto
them. This process, referred to as growth by riming,
leads to the formation of various rimed structures;
some examples are shown in Fig. 6.41. Figure 6.41a

shows a needle that collected a few droplets on its
leading edge as it fell through the air; Fig. 6.41b a
uniformly, densely rimed column; Fig. 6.41c a rimed

Table 6.1 Variations in the basic habits of ice crystals with temperaturea

Supersaturationb, c

Between ice and Near to or greater than
Temperature (�C) Basic habit water saturation water saturation

0 to �2.5 Plate-like Hexagonal plates Dendrites �1 to �2 �C

�3 Transition Equiaxed Equiaxed

�3.5 to �7.5 Column-like Columns Needles �4 to �6 �C
Hollow columns �6 to �8 �C

�8.5 Transition Equiaxed Equiaxed

�9 to �40 Plate-like Plates and multiple habitsd Scrolls and sector plates �9 to �12 �C
Dendrites �12 to �16 �C
Sector plates �16 to �20 �C

�40 to �60 Column-like Solid column rosettes below �41 �C Hollow column rosettes below �41 �C
a From information provided by J. Hallett and M. Bailey.
b If the ice crystals are sufficiently large to have significant fall speeds, they will be ventilated by the airflow. Ventilation of an ice crystal has a similar effect on embel-
lishing the crystal habit, as does increasing the supersaturation.
c At low supersaturations, crystal growth depends on the presence of molecular defects. As water saturation is approached, surface nucleation occurs near the crystal
edges and layers of ice spread toward the crystal interior. Growth at the edges of a crystal is limited by vapor and�or heat transfer and in the interior of a crystal by
kinetic processes at the ice–vapor interface.
d At lower supersaturations different crystal habits grow under identical ambient conditions depending on the defect structure inherited at nucleation.

(a)

(c)

(b)

(d)

(e) (f)

Fig. 6.41 (a) Lightly rimed needle; (b) rimed column;
(c) rimed plate; (d) rimed stellar; (e) spherical graupel; and
(f) conical graupel. [Photographs courtesy of Cloud and
Aerosol Research Group, University of Washington.]
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Figure from Wallace and Hobbs

ice crystals falling through cloud
of supercooled water droplets and
other ice crystals may grow by
accretion of water or of other ice
crystals
leads to rimed structures and
graupel
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Growth by aggregation

6.5 Microphysics of Cold Clouds 243

will tend to rebound. Apart from this dependence
upon habit, the probability of two colliding crystals
adhering increases with increasing temperature, with
adhesion being particularly likely above about �5 �C
at which temperatures ice surfaces become quite
“sticky.” Some examples of ice particle aggregates
are shown in Fig. 6.44.

6.5.4 Formation of Precipitation
in Cold Clouds

As early as 1789 Franklin35 suggested that “much
of what is rain, when it arrives at the surface of the
Earth, might have been snow, when it began its
descent . . .” This idea was not developed until
the early part of the last century when Wegener, in
1911, stated that ice particles would grow prefer-
entially by deposition from the vapor phase in a
mixed cloud. Subsequently, Bergeron, in 1933, and
Findeisen36, in 1938, developed this idea in a more

by a balance between the drag and the gravita-
tional forces acting on a crystal, is independent of
the diameter of a plate. Because unrimed plate-like
crystals all have similar terminal fall speeds, they
are unlikely to collide with each other (unless
they come close enough to be influenced by wake
effects). The terminal fall speeds of rimed crystals
and graupel are strongly dependent on their
degrees of riming and their dimensions. For exam-
ple, graupel particles 1 and 4 mm in diameter have
terminal fall speeds of about 1 and 2.5 m s�1,
respectively. Consequently, the frequency of colli-
sions of ice particles in clouds is enhanced greatly if
some riming has taken place.

The second factor that influences growth by aggre-
gation is whether two ice particles adhere when they
collide. The probability of adhesion is determined
primarily by two factors: the types of ice particles and
the temperature. Intricate crystals, such as dendrites,
tend to adhere to one another because they become
entwined on collision, whereas two solid plates

(d)

(a) (b)

(c)

Fig. 6.44 Aggregates of (a) rimed needles; (b) rimed columns; (c) dendrites; and (d) rimed frozen drops. [Photographs cour-
tesy of Cloud and Aerosol Research Group, University of Washington.]

35 Benjamin Franklin (1706–1790) American scientist, inventor, statesman, and philosopher. Largely self-taught, and originally a
printer and publisher by trade. First American to win international fame in science. Carried out fundamental work on the nature of elec-
tricity (introduced the terms “positive charge,” “negative charge,” and “battery”). Showed lightning to be an electrical phenomenon (1752).
Attempted to deduce paths of storms over North America. Invented the lightning conductor, daylight savings time, bifocals, Franklin stove,
and the rocking chair! First to study the Gulf Stream.

36 Theodor Robert Walter Findeisen (1909–1945) German meteorologist. Director of Cloud Research, German Weather Bureau,
Prague, Czechoslovakia, from 1940. Laid much of the foundation of modern cloud physics and foresaw the possibility of stimulating rain by
introducing artificial ice nuclei. Disappeared in Czechoslovakia at the end of World War II.
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Figure from Wallace and Hobbs

Snowflakes are formed by aggregation.
Cloud microphysics December 15, 2011 10 / 30
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Mass growth rate for accretional and
aggregational growth

dm
dt

= ĒwlπR2(v(R)− v(r))

Ē – mean collection efficiency
wl – cloud liquid water content
v – fall speed of crystals / droplets
R – radius of collector crystal
r – radius of supercooled droplets

Same approach for aggregation, with wl replaced by wi (ice water
content).
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Formation of precipitation in cold clouds

1789: Franklin suggested that “much of what is rain, when it
arrives at the surface of the Earth might have been snow, when it
began its descent ...”
1911: Wegener stated that ice particles grow preferentially by
deposition from the water phase in mixed phase clouds.
1933: Bergeron, 1938: Findeisen
First quantitative studies of formation of precipitation in cold
clouds

Bergeron-Findeisen Process
1 Deposition from vapor phase
2 Riming / aggregation

⇒precipitation sized particles can be produced in reasonable time
periods.

Cloud microphysics December 15, 2011 12 / 30
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Radar reflectivity

244 Cloud Microphysics

quantitative manner and indicated the importance
of ice nuclei in the formation of crystals. Because
Findeisen carried out his field studies in north-
western Europe, he was led to believe that all rain
originates as ice. However, as shown in Section
6.4.2, rain can also form in warm clouds by the col-
lision-coalescence mechanism.

We will now consider the growth of ice particles
to precipitation size in a little more detail.
Application of (6.36) to the case of a hexagonal
plate growing by deposition from the vapor phase
in air saturated with respect to water at �5 �C
shows that the plate can obtain a mass of �7 �g
(i.e., a radius of �0.5 mm) in half an hour (see
Exercise 6.27). Thereafter, its mass growth rate
decreases significantly. On melting, a 7-�g ice crys-
tal would form a small drizzle drop about 130 �m
in radius, which could reach the ground, provided
that the updraft velocity of the air were less
than the terminal fall speed of the crystal (about
0.3 m s�1) and the drop survived evaporation as it
descended through the subcloud layer. Calculations
such as this indicate that the growth of ice crystals
by deposition of vapor is not sufficiently fast to
produce large raindrops.

Unlike growth by deposition, the growth rates
of an ice particle by riming and aggregation
increase as the ice particle increases in size. A sim-
ple calculation shows that a plate-like ice crystal,
1 mm in diameter, falling through a cloud with a
liquid content of 0.5 g m�3, could develop into a
spherical graupel particle about 0.5 mm in radius in
a few minutes (see Exercise 6.28). A graupel parti-

cle of this size, with a density of 100 kg m�3, has a
terminal fall speed of about 1 m s�1 and would
melt into a drop about 230 �m in radius. The radius
of a snowflake can increase from 0.5 mm to 0.5 cm
in �30 min due to aggregation with ice crystals,
provided that the ice content of the cloud is
about 1 g m�3 (see Exercise 6.29). An aggregated
snow crystal with a radius of 0.5 cm has a mass
of about 3 mg and a terminal fall speed of about
1 m s�1. Upon melting, a snow crystal of this mass
would form a drop about 1 mm in radius. We
conclude from these calculations that the growth
of ice crystals, first by deposition from the vapor
phase in mixed clouds and then by riming
and/or aggregation, can produce precipitation-sized
particles in reasonable time periods (say about
40 min).

The role of the ice phase in producing precipita-
tion in cold clouds is demonstrated by radar obser-
vations. For example, Fig. 6.45 shows a radar screen
(on which the intensity of radar echoes reflected
from atmospheric targets are displayed) while
the radar antenna was pointing vertically upward
and clouds drifted over the radar. The horizontal
band (in brown) just above a height of 2 km was
produced by the melting of ice particles. This is
referred to as the “bright band.” The radar reflec-
tivity is high around the melting level because,
while melting, ice particles become coated with a
film of water that increases their radar reflectivity
greatly. When the crystals have melted completely,
they collapse into droplets and their terminal
fall speeds increase so that the concentration of
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Fig. 6.45 Reflectivity (or “echo”) from a vertically pointing radar. The horizontal band of high reflectivity values (in brown),
located just above a height of 2 km, is the melting band. The curved trails of relatively high reflectivity (in yellow) emanating from
the bright band are fallstreaks of precipitation, some of which reach the ground. [Courtesy of Sandra E. Yuter.]
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Reflectivity (or “echo”) from a vertically pointing radar.

Figure from Wallace and Hobbs, Courtesy of S.E. Yuter

The horizontal band of high reflectivity values (brown) is the melting band.
The curved trails of relatively high reflectivity (yellow) emanating from the
bright band are fallstreaks of precipitation, some of which reach the ground.
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Radar reflectivity

bright band, melting band:
radar reflectivity is high because, while melting, ice particles
become coated with film of water that increases their radar
reflectivity greatly.

when ice crystals have melted completely, their terminal fall
speed increases, concentration of particles decreases
⇒sharp decrease in radar reflectivity below melting band

Cloud microphysics December 15, 2011 14 / 30
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Fall speeds
6.6 Artificial Modification of Clouds and Precipitation 245

A relatively simple classification into 10 main
classes is shown in Table 6.2.

6.6 Artificial Modification
of Clouds and Precipitation
As shown in Sections 6.2–6.5, the microstructures
of clouds are influenced by the concentrations of
CCN and ice nuclei, and the growth of precipitation
particles is a result of instabilities that exist in the
microstructures of clouds. These instabilities are of
two main types. First, in warm clouds the larger
drops increase in size at the expense of the smaller
droplets due to growth by the collision-coalescence
mechanism. Second, if ice particles exist in a certain
optimum range of concentrations in a mixed cloud,
they grow by deposition at the expense of the
droplets (and subsequently by riming and aggrega-
tion). In light of these ideas, the following tech-
niques have been suggested whereby clouds and
precipitation might be modified artificially by so-
called cloud seeding.

• Introducing large hygroscopic particles or water
drops into warm clouds to stimulate the growth
of raindrops by the collision-coalescence
mechanism.

• Introducing artificial ice nuclei into cold clouds
(which may be deficient in ice particles) to
stimulate the production of precipitation by
the ice crystal mechanism.

• Introducing comparatively high concentrations
of artificial ice nuclei into cold clouds to reduce
drastically the concentrations of supercooled
droplets and thereby inhibit the growth of ice
particles by deposition and riming, thereby
dissipating the clouds and suppressing the
growth of precipitable particles.

6.6.1 Modification of Warm Clouds

Even in principle, the introduction of water drops
into the tops of clouds is not a very efficient method
for producing rain, since large quantities of water
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Fig. 6.46 Spectra of Doppler fall speeds for precipitation
particles at ten heights in the atmosphere. The melting level is
at about 2.2 km. [Courtesy of Cloud and Aerosol Research
Group, University of Washington.]

37 Doppler radars, unlike conventional meteorological radars, transmit coherent electromagnetic waves. From measurements of the
difference in frequencies between returned and transmitted waves, the velocity of the target (e.g., precipitation particles) along the line of
sight of the radar can be deduced. Radars used by the police for measuring the speeds of motor vehicles are based on the same principle.

particles is reduced. These changes result in a sharp
decrease in radar reflectivity below the melting
band.

The sharp increase in particle fall speeds pro-
duced by melting is illustrated in Fig. 6.46,
which shows the spectrum of fall speeds of pre-
cipitation particles measured at various heights
with a vertically pointing Doppler radar.37 At
heights above 2.2 km the particles are ice with
fall speeds centered around 2 m s�1. At 2.2 km the
particles are partially melted, and below 2.2 km
there are raindrops with fall speeds centered
around 7 m s�1.

6.5.5 Classification of Solid Precipitation

The growth of ice particles by deposition from the
vapor phase, riming, and aggregation leads to a
very wide variety of solid precipitation particles.
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Figure from Wallace and Hobbs, Courtesy of Cloud and Aerosol Research
Group, Uni Washington

Doppler radar: Measures
frequency difference between
returned and transmitted waves
⇒from this fall speed can be
derived
Spectra of fall speeds for
precipitation particles at 10
heights.
Melting level at about 2.2 km
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Classification of solid precipitation
246 Cloud Microphysics

are required. A more efficient technique might be
to introduce small water droplets (radius 	30 �m)
or hygroscopic particles (e.g., NaCl) into the base
of a cloud; these particles might then grow by
condensation, and then by collision-coalescence, as
they are carried up and subsequently fall through
a cloud.

In the second half of the last century, a number of
cloud seeding experiments on warm clouds were
carried out using water drops and hygroscopic parti-
cles. In some cases, rain appeared to be initiated by

the seeding, but because neither extensive physical
nor rigorous statistical evaluations were carried out,
the results were inconclusive. Recently, there has
been somewhat of a revival of interest in seeding
warm clouds with hygroscopic nuclei to increase
precipitation but, as yet, the efficacy of this tech-
nique has not been proven.

Seeding with hygroscopic particles has been used
in attempts to improve visibility in warm fogs.
Because the visibility in a fog is inversely propor-
tional to the number concentration of droplets and

Table 6.2 A classification of solid precipitationa,b,c

Typical forms Symbol Graphic symbol

F1

F2

F3

F4

F5

F6

F7

F8

F9

F10

a Suggested by the International Association of Hydrology’s commission of snow and ice in 1951. [Photograph courtesy of
V. Schaefer.]
b Additional characteristics: p, broken crystals; r, rime-coated particles not sufficiently coated to be classed as graupel; f, clusters,
such as compound snowflakes, composed of several individual snow crystals; w, wet or partly melted particles.
c Size of particle is indicated by the general symbol D. The size of a crystal or particle is its greatest extension measured in millimeters.
When many particles are involved (e.g., a compound snowflake), it refers to the average size of the individual particles.
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Figure from Wallace and Hobbs
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to their total surface area, visibility can be
improved by decreasing either the concentration or
the size of the droplets. When hygroscopic particles
are dispersed into a warm fog, they grow by con-
densation (causing partial evaporation of some of
the fog droplets) and the droplets so formed
fall out of the fog slowly. Fog clearing by this
method has not been widely used due to its
expense and lack of dependability. At the present
time, the most effective methods for dissipating
warm fogs are “brute force” approaches, involving
evaporating the fog droplets by ground-based
heating.

6.6.2 Modification of Cold Clouds

We have seen in Section 6.5.3 that when super-
cooled droplets and ice particles coexist in a cloud,
the ice particles may increase to precipitation size
rather rapidly. We also saw in Section 6.5.1 that in
some situations the concentrations of ice nuclei may
be less than that required for the efficient initiation
of the ice crystal mechanism for the formation of
precipitation. Under these conditions, it is argued,
clouds might be induced to rain by seeding them
with artificial ice nuclei or some other material that
might increase the concentration of ice particles.
This idea was the basis for most of the cloud

Description

A plate is a thin, plate-like snow crystal the form of which more or less resembles a hexagon or, in rare cases, a triangle.
Generally all edges or alternative edges of the plate are similar in pattern and length.

A stellar crystal is a thin, flat snow crystal in the form of a conventional star. It generally has 6 arms but stellar crystals with 3
or 12 arms occur occasionally. The arms may lie in a single plane or in closely spaced parallel planes in which case the arms are
interconnected by a very short column.

A column is a relatively short prismatic crystal, either solid or hollow, with plane, pyramidal, truncated, or hollow ends.
Pyramids, which may be regarded as a particular case, and combinations of columns are included in this class.

A needle is a very slender, needle-like snow particle of approximately cylindrical form. This class includes hollow bundles of par-
allel needles, which are very common, and combinations of needles arranged in any of a wide variety of fashions.

A spatial dendrite is a complex snow crystal with fern-like arms that do not lie in a plane or in parallel planes but extend in
many directions from a central nucleus. Its general form is roughly spherical.

A capped column is a column with plates of hexagonal or stellar form at its ends and, in many cases, with additional plates at
intermediate positions. The plates are arranged normal to the principal axis of the column. Occasionally, only one end of the
column is capped in this manner.

An irregular crystal is a snow particle made up of a number of small crystals grown together in a random fashion. Generally the com-
ponent crystals are so small that the crystalline form of the particle can only be seen with the aid of a magnifying glass or microscope.

Graupel, which includes soft hail, small hail, and snow pellets, is a snow crystal or particle coated with a heavy deposit of rime. It may
retain some evidence of the outline of the original crystal, although the most common type has a form that is approximately spherical.

Ice pellets (frequently called sleet in North America) are transparent spheroids of ice and are usually fairly small. Some ice
pellets do not have a frozen center, which indicates that, at least in some cases, freezing takes place from the surface inward.

A hailstoned is a grain of ice, generally having a laminar structure and characterized by its smooth glazed surface and its translu-
cent or milky-white center. Hail is usually associated with those atmospheric conditions that accompany thunderstorms.
Hailstones are sometimes quite large.
d Hail, like rain, refers to a number of particles, whereas hailstone, like raindrop, refers to an individual particle.
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Cloud seeding

Proposed techniques to artificially modify clouds and precipitation
(cloud seeding):

introduce large hygroscopic particles or water drops into warm
clouds to stimulate growth of raindrops by collision/coalescence
mechanism
introduce artificial ice nuclei into cold clouds to stimulate
precipitation by Bergeron-Findeisen process
introduce high concentration of artificial ice nuclei into cold
clouds
⇒reduce drastically concentration of supercooled droplets
⇒inhibit growth of ice particles
⇒dissipate clouds and surpress growth of precipitable particles
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Modification of warm clouds

introduction of water drops into tops of clouds not efficient for
producing rain, because very large amount of water required
introduction of small droplets (r≈30µm) or hygroscopic particles
into base of cloud is more efficient:

particles grow by condensations as they are carried up
then grow by collision/coalescence when falling down

Several cloud seeding experiments have been carried out ⇒so far no
significant results
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Modification of cold clouds

Experiment by Langmuir and Schäfer (1946)
Laboratory

when small piece of dry ice (e.g. CO2) is dropped into cloud of
supercooled droplets, numerous small ice crystals are produced
and glaciated quickly
dry ice causes homogeneous nucleation since its temperature is
-78◦C
pellet of dry ice of 1cm diameter falling through air at -10◦C
produces approximately 1011 ice crystals

Field experiment: Project Cirrus 1946
1.5kg of crushed dry ice was dropped along line of 5km into layer
of supercooled altocumulus cloud
snow was observed to fall out from the base of seeded cloud,
evaporated 0.5km below cloud base
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Cloud overseeding

because of large number of ice crystals that a small amount of
dry ice may produce, method is suitably for overseeding the
cloud
overseeded cloud converts completely into ice crystals
many small crystals, no supersaturated droplets, low
supersaturation⇒crystals tend to evaporate
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Cloud overseeding with dry ice

248 Cloud Microphysics

seeding experiments carried out in the second half
of the 20th century.

A material suitable for seeding cold clouds was
first discovered in July 1946 in Project Cirrus,
which was carried out under the direction of Irving
Langmuir.38 One of Langmuir’s assistants, Vincent
Schaefer,39 observed in laboratory experiments
that when a small piece of dry ice (i.e., solid carbon
dioxide) is dropped into a cloud of supercooled
droplets, numerous small ice crystals are produced
and the cloud is glaciated quickly. In this transfor-
mation, dry ice does not serve as an ice nucleus in
the usual sense of this term, but rather, because it
is so cold (�78 �C), it causes numerous ice crystals
to form in its wake by homogeneous nucleation.
For example, a pellet of dry ice 1 cm in diameter
falling through air at �10 �C produces about 1011

ice crystals.
The first field trials using dry ice were made in

Project Cirrus on 13 November 1946, when about
1.5 kg of crushed dry ice was dropped along a line
about 5 km long into a layer of a supercooled altocu-
mulus cloud. Snow was observed to fall from the base
of the seeded cloud for a distance of about 0.5 km
before it evaporated in the dry air.

Because of the large numbers of ice crystals that
a small amount of dry ice can produce, it is most
suitable for overseeding cold clouds rather than
producing ice crystals in the optimal concentrations
(�1 liter�1) for enhancing precipitation. When a
cloud is overseeded it is converted completely into
ice crystals (i.e., it is glaciated). The ice crystals in a
glaciated cloud are generally quite small and,
because there are no supercooled droplets present,
supersaturation with respect to ice is either low or
nonexistent. Therefore, instead of the ice crystals
growing (as they would in a mixed cloud at water
saturation) they tend to evaporate. Consequently,

seeding with dry ice can dissipate large areas of
supercooled cloud or fog (Fig. 6.47). This technique is
used for clearing supercooled fogs at several interna-
tional airports.

Following the demonstration that supercooled
clouds can be modified by dry ice, Bernard Vonnegut,40

who was also working with Langmuir, began searching
for artificial ice nuclei. In this search he was guided by
the expectation that an effective ice nucleus should
have a crystallographic structure similar to that of ice.
Examination of crystallographic tables revealed that
silver iodide fulfilled this requirement. Subsequent lab-
oratory tests showed that silver iodide could act as an
ice nucleus at temperatures as high as �4 �C.

The seeding of natural clouds with silver iodide was
first tried as part of Project Cirrus on 21 December
1948. Pieces of burning charcoal impregnated with
silver iodide were dropped from an aircraft into
about 16 km2 of supercooled stratus cloud 0.3 km
thick at a temperature of �10 �C. The cloud was
converted into ice crystals by less than 30 g of silver
iodide!

38 Irving Langmuir (1881–1957) American physicist and chemist. Spent most of his working career as an industrial chemist in the GE
Research Laboratories in Schenectady, New York. Made major contributions to several areas of physics and chemistry and won the Nobel
Prize in chemistry in 1932 for work on surface chemistry. His major preoccupation in later years was cloud seeding. His outspoken
advocacy of large-scale effects of cloud seeding involved him in much controversy.

39 Vincent Schaefer (1906–1993) American naturalist and experimentalist. Left school at age 16 to help support the family income.
Initially worked as a toolmaker at the GE Research Laboratory, but subsequently became Langmuir’s research assistant. Schaefer
helped to create the Long Path of New York (a hiking trail from New York City to Whiteface Mt. in the Adirondacks); also an expert on
Dutch barns.

40 Bernard Vonnegut (1914–1997) American physical chemist. In addition to his research on cloud seeding, Vonnegut had a lifelong
interest in thunderstorms and lightning. His brother, Kurt Vonnegut the novelist, wrote “My longest experience with common decency,
surely, has been with my older brother, my only brother, Bernard . . . We were given very different sorts of minds at birth. Bernard could
never be a writer and I could never be a scientist.” Interestingly, following Project Cirrus, neither Vonnegut nor Schaefer became deeply
involved in the quest to increase precipitation by artificial seeding.

Fig. 6.47 A �-shaped path cut in a layer of supercooled
cloud by seeding with dry ice. [Photograph courtesy of
General Electric Company, Schenectady, New York.]
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Figure from Wallace and Hobbs, courtesy of General Electric Company, New
York

Photo: Path cut into a layer
of supercooled cloud by
seeding with dry ice.
technique can also be used
to dissipate supercooled
fog, applied at airports
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Artificial ice nuclei

Vonnegut searched for artificial ice nuclei in laboratory, found
silver iodide to be appropriate (similar crystallographic structure)
Cirrus Project (1948):

pieces of burning charcoal inpregnated with silver iodide were
dropped from aircraft into supercooled stratus cloud (0.3 km thick,
T=-10◦C, area 16 m2)
cloud was converted into ice by less than 30g AgI
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Modification of cold clouds

Many experiments have been performed
Result: cloud seeding yields enhancement in ice crystal
concentration

Open question: Under which conditions (if any) can seeding with
artificial ice nuclei be employed to produce significant increases
in precipitation on the ground in predictable manner and over a
large area?
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Other mechanisms

overseeding⇒ cloud becomes glaciated⇒ release of latent
heat⇒ buoyancy added to cloudy air
might be sufficient to push cloud through inversion up to level of
free convection
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Cloud overseeding

6.6 Artificial Modification of Clouds and Precipitation 249

(a) (b)

(c) (d)

Fig. 6.48 Causality or chance coincidence? Explosive growth of cumulus cloud (a) 10 min; (b) 19 min; 29 min; and 48 min
after it was seeded near the location of the arrow in (a). [Photos courtesy of J. Simpson.]

Many artificial ice nucleating materials are now
known (e.g., lead iodide, cupric sulfide) and some
organic materials (e.g., phloroglucinol, metaldehyde)
are more effective as ice nuclei than silver iodide.
However, silver iodide has been used in most cloud
seeding experiments.

Since the first cloud seeding experiments in the
1940s, many more experiments have been carried
out all over the world. It is now well established that
the concentrations of ice crystals in clouds can be
increased by seeding with artificial ice nuclei and
that, under certain conditions, precipitation can be
artificially initiated in some clouds. However, the
important question is: under what conditions (if any)
can seeding with artificial ice nuclei be employed
to produce significant increases in precipitation on
the ground in a predictable manner and over a large
area? This question remains unanswered.

So far we have discussed the role of artificial ice
nuclei in modifying the microstructures of cold
clouds. However, when large volumes of a cloud
are glaciated by overseeding, the resulting release
of latent heat provides added buoyancy to the
cloudy air. If, prior to seeding, the height of a
cloud were restricted by a stable layer, the release
of the latent heat of fusion caused by artificial seed-
ing might provide enough buoyancy to push the
cloud through the inversion and up to its level of

free convection. The cloud top might then rise to
much greater heights than it would have done natu-
rally. Figure 6.48 shows the explosive growth of a
cumulus cloud that may have been produced by
overseeding.

Seeding experiments have been carried out in
attempts to reduce the damage produced by hail-
stones. Seeding with artificial nuclei should tend to
increase the number of small ice particles competing
for the available supercooled droplets. Therefore,
seeding should result in a reduction in the average size
of the hailstones. It is also possible that, if a hailstorm
is overseeded with extremely large numbers of ice
nuclei, the majority of the supercooled droplets in the
cloud will be nucleated, and the growth of hailstones
by riming will be reduced significantly. Although these
hypotheses are plausible, the results of experiments on
hail suppression have not been encouraging.

Exploratory experiments have been carried
out to investigate if orographic snowfall might
be redistributed by overseeding. Rimed ice parti-
cles have relatively large terminal fall speeds
(�1 m s�1), therefore they follow fairly steep tra-
jectories as they fall to the ground. If clouds on
the windward side of a mountain are artificially
over-seeded, supercooled droplets can be virtually
eliminated and growth by riming significantly
reduced (Fig. 6.49). In the absence of riming, the ice
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Figure from Wallace and Hobbs, courtesy of J. Simpson

Causality or coincidence? Explosive growth of cumulus cloud (a) 10 min,
(b) 19 min, (c) 29 min, (d) 48 min.
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Cloud seeding to reduce damage by hailstones

more ice nuclei⇒increase number of small particles
⇒competition for available supercooled droplets⇒average size
of hailstones should be reduced

Results of field experiements so far not encouraging!
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Redistribution of orographic snowfall

rimed ice particles have relatively large terminal fall speeds
(≈ 1m/s) and follow steep trajectories to the ground
overseeding eliminates supercooled droplets and reduces growth
by riming:

particles grow by deposition from vapor phase, fall speed reduced
by factor of ≈2
wind alofts may carry crystals further before they reach ground
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Cloud seeding250 Cloud Microphysics

Large cities can affect the weather in their vicini-
ties. Here the possible interactions are extremely
complex since, in addition to being areal sources of
aerosol, trace gases, heat, and water vapor, large
cities modify the radiative properties of the Earth’s

(a)

(c)

(b)

(d)

Fig. 6.49 (a) Large rimed irregular particles and small water droplets collected in unseeded clouds over the Cascade
Mountains. (b) Cloud bow produced by the refraction of light in small water droplets. Following heavy seeding with arti-
ficial ice nuclei, the particles in the cloud were converted into small unrimed plates (c) which markedly changed the appear-
ance of the clouds. In (d) the uniform cloud in the foreground is the seeded cloud and the more undulating cloud in the
background is the unseeded cloud. In the seeded cloud, optical effects due to ice particles (portion of the 22° halo, lower
tangent arc to 22° halo, and subsun) can be seen. [Photographs courtesy of Cloud and Aerosol Research Group, University
of Washington.]

Fig. 6.50 The cloud in the valley in the background formed
due to effluents from a paper mill. In the foreground, the
cloud is spilling through a gap in the ridge into an adjacent
valley. [Photograph courtesy of C. L. Hosler.]

particles grow by deposition from the vapor phase
and their fall speeds are reduced by roughly a fac-
tor of 2. Winds aloft can then carry these crystals
farther before they reach the ground. In this way, it
is argued, it might be possible to divert snowfall
from the windward slopes of mountain ranges
(where precipitation is often heavy) to the drier
leeward slopes.

6.6.3 Inadvertent Modification

Some industries release large quantities of heat,
water vapor, and cloud-active aerosol (CCN and ice
nuclei) into the atmosphere. Consequently, these
effluents might modify the formation and structure
of clouds and affect precipitation. For example, the
effluents from a single paper mill can profoundly
affect the surrounding area out to about 30 km
(Fig. 6.50). Paper mills, the burning of agricultural
wastes, and forest fires emit large numbers of CCN
(�1017 s�1 active at 1% supersaturation), which can
change droplet concentrations in clouds downwind.
High concentrations of ice nuclei have been
observed in the plumes from steel mills.
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Figure from Wallace and Hobbs, Courtesy of Cloud and Aerosol Reasearch Group, University of Washington

(a) large rimed irregular particles collected in unseeded cloud, (b) cloud bow, due to
supercooled droplets in unseeded cloud, (c) after seeding with artificial ice nuclei, cloud
is converted into small unrimed plates, (d) halos visible due to ice crystal scattering
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Inadvertant cloud modification

250 Cloud Microphysics

Large cities can affect the weather in their vicini-
ties. Here the possible interactions are extremely
complex since, in addition to being areal sources of
aerosol, trace gases, heat, and water vapor, large
cities modify the radiative properties of the Earth’s

(a)

(c)

(b)

(d)

Fig. 6.49 (a) Large rimed irregular particles and small water droplets collected in unseeded clouds over the Cascade
Mountains. (b) Cloud bow produced by the refraction of light in small water droplets. Following heavy seeding with arti-
ficial ice nuclei, the particles in the cloud were converted into small unrimed plates (c) which markedly changed the appear-
ance of the clouds. In (d) the uniform cloud in the foreground is the seeded cloud and the more undulating cloud in the
background is the unseeded cloud. In the seeded cloud, optical effects due to ice particles (portion of the 22° halo, lower
tangent arc to 22° halo, and subsun) can be seen. [Photographs courtesy of Cloud and Aerosol Research Group, University
of Washington.]

Fig. 6.50 The cloud in the valley in the background formed
due to effluents from a paper mill. In the foreground, the
cloud is spilling through a gap in the ridge into an adjacent
valley. [Photograph courtesy of C. L. Hosler.]

particles grow by deposition from the vapor phase
and their fall speeds are reduced by roughly a fac-
tor of 2. Winds aloft can then carry these crystals
farther before they reach the ground. In this way, it
is argued, it might be possible to divert snowfall
from the windward slopes of mountain ranges
(where precipitation is often heavy) to the drier
leeward slopes.

6.6.3 Inadvertent Modification

Some industries release large quantities of heat,
water vapor, and cloud-active aerosol (CCN and ice
nuclei) into the atmosphere. Consequently, these
effluents might modify the formation and structure
of clouds and affect precipitation. For example, the
effluents from a single paper mill can profoundly
affect the surrounding area out to about 30 km
(Fig. 6.50). Paper mills, the burning of agricultural
wastes, and forest fires emit large numbers of CCN
(�1017 s�1 active at 1% supersaturation), which can
change droplet concentrations in clouds downwind.
High concentrations of ice nuclei have been
observed in the plumes from steel mills.
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Figure from Wallace and Hobbs, Courtesy of C.L. Hosler

Cloud in the valley in the background formed due to effluents from a paper
mill. In the foreground, the cloud is spilling through a gap in the ridge into an
adjacent valley.

Paper mills, burning of agricultural wastes and forest fires produce high
concentrations of CCN.
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Holes in clouds

6.6 Artificial Modification of Clouds and Precipitation 251

Photographs of holes (i.e., relatively large clear
regions) in thin layers of supercooled cloud, most
commonly altocumulus, date back to at least
1926. The holes can range in shape from nearly
circular (Fig. 6.51a) to linear tracks (Fig. 6.51b).
The holes are produced by the removal of super-
cooled droplets by copious ice crystals
(�100–1000 per liter) in a similar way to the for-
mation of holes in supercooled clouds by artifi-
cial seeding (see Fig. 6.41). However, the holes of
interest here are formed by natural seeding from
above a supercooled cloud that is intercepted by
a fallstreak containing numerous ice particles
(see Fig. 6.45) or by an aircraft penetrating the
cloud.

In the case of formation by an aircraft, the ice
particles responsible for the evaporation of the
supercooled droplets are produced by the rapid
expansion, and concomitant cooling, of air in the
vortices produced in the wake of an aircraft
(so-called aircraft produced ice particles or
APIPs). If the air is cooled below about �40 �C,
the ice particles are produced by homogeneous
nucleation (see Section 6.5.1). With somewhat
less but still significant cooling, the ice crystals
may be nucleated heterogeneously (see Section
6.5.2). The crystals so produced are initially quite
small and uniform in size, but they subsequently
grow fairly uniformly at the expense of the
supercooled droplets in the cloud (see Fig. 6.36).
The time interval between an aircraft penetrating
a supercooled cloud and the visible appearance
of a clear area is �10–20 min.

APIPs are most likely at low ambient tem-
peratures (at or below �8 �C) when an aircraft is
flown at maximum power but with gear and
flaps extended; this results in a relatively low air-
speed and high drag. Not all aircraft produce
APIPs.

6.4 Holes in Clouds

(a)

(b)

Fig. 6.51 (a) A hole in a layer of supercooled altocumulus
cloud. Note the fallout of ice crystals from the center of
the hole. [Copyright A. Sealls.] (b) A clear track produced
by an aircraft flying in a supercooled altocumulus cloud.
[Courtesy of Art Rangno.]

surface, the moisture content of the soil, and the
surface roughness. The existence of urban “heat
islands,” several degrees warmer than adjacent less
populated regions, is well documented. In the
summer months increases in precipitation of
5–25% over background values occur 50–75 km
downwind of some cities (e.g., St. Louis, Missouri).

Thunderstorms and hailstorms may be more fre-
quent, with the areal extent and magnitude of the
perturbations related to the size of the city. Model
simulations indicate that enhanced upward air
velocities, associated with variations in surface
roughness and the heat island effect, are most
likely responsible for these anomalies.

The shape of the hole in a cloud depends
on the angle of interception of the fallstreak
or the aircraft flight path with the cloud. For
example, if an aircraft descends steeply through
a cloud it will produce a nearly circular hole
(Fig. 6.51a), but if the aircraft flies nearly hori-
zontally through a cloud it will produce a linear
track (Fig. 6.51b).
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Figure from Wallace and Hobbs

a Holes are produced by removal of
supercooed droplets by large amount of
ice crystals (≈ 100–1000 per liter)
ice crystals originate from a cloud
above, cloud is intercepted by fallstreak

b produced by aircraft:
ice crystals are produced by rapid
expansion (and cooling) of air in
vortices produced by wake of an aircraft
if air is cooled below -40◦C, ice crystals
are form by homogeneous freezing
initially small crystals, grow at expense
of supercooled droplets
time between aircraft penetrating cloud
and visible area of clear air:
≈10–20 min.

Cloud microphysics December 15, 2011 30 / 30


	Growth
	Growth from the vapor phase

	Precipitation
	Formation of precipitation in cold clouds

	Cloud modification
	Cloud seeding




