
Microphysics of Cold Clouds

• Cold clouds extend above 0 oC.

• Liquid droplets below 0 oC are supercooled.

• A mixed-phase cloud contains both ice 
particles and supercooled droplets.

• A glaciated cloud contains only ice.



Homogeneous nucleation

♦Homogeneous nucleation – freezing of a water droplet that 
contains no foreign particles
– Ice embryo must exceed a critical size to produce a decrease in total 

energy and allow entire droplet to freeze

– If critical size is not reached, ice embryo breaks up and cloud droplet 
does not freeze

– Number and sizes of embryos increases with decreasing temperature

– Homogeneous nucleation occurs
• ~ -36°C for droplets between 20 and 60 microns in radius
• ~ -39°C for droplets smaller than 20 microns in radius

– At –40°C, water is usually frozen 



Heterogeneous nucleation

♦Heterogeneous nucleation – Freezing of a droplet that 
contains a foreign particle known as a freezing nucleus

♦Analogous to cloud droplet formation, freezing nucleus allows 
water to freeze by decreasing the energy needed to move 
from the water to ice phase

♦Allows droplets to freeze at higher temperatures than 
homogeneous nucleation (but not necessarily 0°C)
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symbols in Fig. 6.29. It appears from these results
that homogeneous nucleation occurs at about !41 "C
for droplets about 1 #m in diameter and at about
!35 "C for drops 100 #m in diameter. Hence, in the
atmosphere, homogeneous nucleation of freezing
generally occurs only in high clouds.

If a droplet contains a rather special type of par-
ticle, called a freezing nucleus, it may freeze by a
process known as heterogeneous nucleation30 in which
water molecules in the droplet collect onto the sur-
face of the particle to form an ice-like structure that
may increase in size and cause the droplet to freeze.
Because the formation of the ice structure is aided by
the freezing nucleus, and the ice embryo also starts
off with the dimensions of the freezing nucleus,
heterogeneous nucleation can occur at much higher
temperatures than homogeneous nucleation. The
red symbols in Fig. 6.29 show results of laboratory
experiments on the heterogeneous freezing of water
droplets. The droplets consisted of distilled water
from which most, but not all, of the foreign particles
were removed. A large number of droplets of each of

the sizes indicated in Fig. 6.29 were cooled, and the
temperature at which half of the droplets had frozen
was noted. It can be seen that this median freezing
temperature increases as the size of the droplet
increases. The size dependence reflects the fact that
a larger drop is more likely to contain a freezing
nucleus capable of causing heterogeneous nucleation
at a given temperature.

We have assumed earlier that the particle that
initiates the freezing is contained within the droplet.
However, cloud droplets may also be frozen if a
suitable particle in the air comes into contact with
the droplet, in which case freezing is said to occur by
contact nucleation, and the particle is referred to as a
contact nucleus. Laboratory experiments suggest that
some particles can cause a drop to freeze by contact
nucleation at temperatures several degrees higher
than if they were embedded in the drop.

Certain particles in the air also serve as centers upon
which ice can form directly from the vapor phase.
These particles are referred to as deposition nuclei. Ice
can form by deposition32 provided that the air is super-
saturated with respect to ice and the temperature is
low enough. If the air is supersaturated with respect to
water, a suitable particle may serve either as a freezing
nucleus (in which case liquid water first condenses
onto the particle and subsequently freezes) or as a dep-
osition nucleus (in which case there is no intermediate
liquid phase, at least on the macroscopic scale).

If we wish to refer to an ice nucleating particle in
general, without specifying its mode of action, we will
call it an ice nucleus. However, it should be kept in
mind that the temperature at which a particle can
cause ice to form depends, in general, on the mecha-
nism by which the particle nucleates the ice as well as
on the previous history of the particle.

Particles with molecular spacings and crystallo-
graphic arrangements similar to those of ice (which
has a hexagonal structure) tend to be effective as ice
nuclei, although this is neither a necessary nor a suffi-
cient condition for a good ice nucleus. Most effective
ice nuclei are virtually insoluble in water. Some inor-
ganic soil particles (mainly clays) can nucleate ice
at fairly high temperatures (i.e., above !15 "C) and

30 Studies of the heterogeneous nucleation of ice date back to 1724 when Fahrenheit31 slipped on the stairs while carrying a flask of
cold (supercooled) water and noticed that the water had become full of flakes of ice.

31 Gabriel Daniel Fahrenheit (1686–1736) German instrument maker and experimental physicist. Lived in Holland from the age of 15
but traveled widely in Europe. Developed the thermometric scale that bears his name. Fahrenheit knew that the boiling point of water
varies with atmospheric pressure [see Eq. (3.112)] and he constructed a thermometer from which the atmospheric pressure could be deter-
mined by noting the boiling point of water.

32 The transfer of water vapor to ice is sometimes referred to as sublimation by cloud physicists. However, since chemists use this term
more appropriately to describe the evaporation of a solid, the term deposition is preferable and is used here.
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Fig. 6.29 Median freezing temperatures of water samples as
a function of their equivalent drop diameter. The different
symbols are results from different workers. The red symbols
and red line represent heterogeneous freezing, and the blue
symbols and line represent homogeneous freezing. [Adapted
from B. J. Mason, The Physics of Clouds, Oxford Univ. Press,
Oxford, 1971, p. 160. By permission of Oxford University Press.]
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Nucleation of Ice Particles

• Freezing of a 
supercooled droplet

• Homogeneous nucleation

• No foreign particles

• Occurs between -35oC 
and -41oC

• Heterogeneous nucleation

• Droplet contains a 
freezing nucleus

• Freezing temperature 
increases with droplet 
size



Nucleation of Ice Particles

• Deposition of vapor 
requires

• supersaturation 

• temperature < 0oC

• deposition nuclei

• water supersaturated: 
vapor condenses onto 
freezing nuclei then freezes

• water subsaturated:    
vapor deposits onto 
deposition nuclei as ice
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probably play an important role in nucleating ice in
clouds. For example, in one study, 87% of the snow
crystals collected on the ground had clay mineral
particles at their centers and more than half of these
were kaolinite. Many organic materials are effective
ice nucleators. Decayed plant leaves contain copious
ice nuclei, some active as high as !4 "C. Ice nuclei
active at !4 "C have also been found in sea water
rich in plankton.

The results of laboratory measurements on
condensation-freezing and deposition shown in
Fig. 6.30 indicate that for a variety of materials
the onset of ice nucleation occurs at higher tem-
peratures under water-supersaturated conditions (so
that condensation-freezing is possible) than under
water-subsaturated conditions (when only ice deposi-
tion is possible). For example, kaolinite serves as
an ice nucleus at !10.5 "C at water saturation, but
at 17% supersaturation with respect to ice (but sub-
saturation with respect to water), the temperature
has to be about !20 "C for kaolinite to act as an ice
nucleus.

In some cases, after a particle has served as an ice
nucleus and all of the visible ice is then evaporated
from it but the particle is not warmed above !5 "C
or exposed to a relative humidity with respect to ice
of less than 35%, it may subsequently serve as an ice
nucleus at a temperature a few degrees higher than it
did initially. This is referred to as preactivation. Thus,
ice crystals from upper level clouds that evaporate
before reaching the ground may leave behind preac-
tivated ice nuclei.

Several techniques have been used for measuring
the concentrations of particles in the air that are
active as ice nuclei at a given temperature. A com-
mon method is to draw a known volume of air into
a container and to cool it until a cloud is formed. The
number of ice crystals forming at a particular tem-
perature is then measured. In expansion chambers,
cooling is produced by compressing the air and then
suddenly expanding it; in mixing chambers, cooling is
produced by refrigeration. In these chambers par-
ticles may serve as freezing, contact, or deposition
nuclei. The number of ice crystals that appear in the
chamber may be determined by illuminating a cer-
tain volume of the chamber and estimating visually
the number of crystals in the light beam, by letting
the ice crystals fall into a dish of supercooled soap or
sugar solution where they grow and can be counted,
or by allowing the ice crystals to pass through a small
capillary tube attached to the chamber where they
produce audible clicks that can be counted electroni-
cally. In another technique for detecting ice nuclei, a
measured volume of air is drawn through a Millipore
filter that retains the particles in the air. The number
of ice nuclei on the filter is then determined by plac-
ing it in a box held at a known supersaturation and
temperature and counting the number of ice crystals
that grow on the filter. More recently, ice nucleation
has been studied using diffusion chambers in which
temperature, supersaturation, and pressure can be
controlled independently.

Worldwide measurements of ice nucleus con-
centrations as a function of temperature (Fig. 6.31)
indicate that concentrations of ice nuclei tend to be
higher in the northern than in the southern hemi-
sphere. It should be noted, however, that ice nucleus
concentrations can sometimes vary by several orders
of magnitude over several hours. On the average, the
number N of ice nuclei per liter of air active at tem-
perature T tends to follow the empirical relationship

(6.33)

where T1 is the temperature at which one ice
nucleus per liter is active (typically about !20 "C)
and a varies from about 0.3 to 0.8. For a # 0.6,
(6.32) predicts that the concentration of ice nuclei
increases by about a factor of 10 for every 4 "C
decrease in temperature. In urban air, the total con-
centration of aerosol is on the order of 108 liter!1 and
only about one particle in 108 acts as an ice nucleus
at !20 "C.

ln N # a(T1 ! T )

0 –5 –10 –15 –20 –25
0

5

10

15

20

25

30

Temperature (°C)
Ic

e 
su

pe
rs

at
ur

at
io

n 
(%

)

Deposition

Water saturation

Condensation-freezing

Fig. 6.30 Onset of ice nucleation as a function of tempera-
ture and supersaturation for various compounds. Conditions
for condensation-freezing and ice deposition are indicated. Ice
nucleation starts above the indicated lines. The materials
are silver iodide (red), lead iodide (blue), methaldehyde (violet),
and kaolinite (green). [Adapted from J. Atmos. Sci. 36, 1797
(1979).]
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Nucleation of Ice Particles

• Ice nuclei concentrations (N) 
versus temperature (T):

• It follows that the median 
freezing temperature of a 
droplet population should vary 
with diameter as shown in a 
previous figure.

lnN = a(T1 − T )
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Exercise 6.4 If the concentration of freezing nuclei
in a drop that are active at temperature T is given by
(6.33), show that the median freezing temperature of
a number of drops should vary with their diameter
as shown by the red line in Fig. 6.29. [If a drop
contains n active freezing nuclei, assume that the
probability p that it freezes in a given time interval is
given by the Poisson distribution for random events,
namely p ! 1 " exp ("n).]

Solution: From (6.33) the number of active freezing
nuclei at temperature T in 1 liter of a drop is

where T1 is the temperature at which N ! 1 per liter.
Therefore, the number of active freezing nuclei n
at temperature T in a drop of diameter D (in meters)
is equal to the volume of the drop (in m3) multiplied
by the number of active freezing nuclei per m3 (i.e.,
103 N). Therefore

(6.34)

The probability p that a drop of diameter D, con-
taining n freezing nuclei, is frozen is given by

p ! 1 " exp ("n)

n !
4
3

# !D
2 "

3
103 exp [a(T1 " T )]

N ! exp [a(T1 " T)]

When half of the drops are frozen (i.e., p ! 0.5) n
(and therefore ln n) are constants. Hence, from (6.34)

or

where (since p ! 0.5) T is now the median freezing
temperature. It follows from this last expression that

Therefore, ln D plotted against the median freezing
temperature T for drops of diameter D should be a
straight line, as shown by the red line in Fig. 6.29. !

As we have seen, the activity of a particle as a
freezing or a deposition nucleus depends not only on
the temperature but also on the supersaturation of the
ambient air. Supersaturation was not well controlled
in many of the measurements shown in Fig. 6.31, on
which (6.33) is based. The effect of supersaturation
on measurements of ice nucleus concentrations is
shown in Fig. 6.32, where it can be seen that at a

T ! (constant) ln D $ (constant)

3 ln D $ a(T1 " T ) ! constant

ln n ! constant ! ln #4
3
 # !D

2 "
3 

103 exp [a(T1 " T )]$
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Fig. 6.32 Ice nucleus concentration measurements versus ice
supersaturation; temperatures are noted alongside each line. The
red line is Eq. (6.35). [Data reprinted from D. C. Rogers, “Mea-
surements of natural ice nuclei with a continuous flow diffusion
chamber,” Atmos. Res. 29, 209 (1993) with permission from
Elsevier—blue squares, and R. Al-Naimi and C. P. R. Saunders,
“Measurements of natural deposition and condensation-freezing
ice nuclei with a continuous flow chamber,” Atmos. Environ. 19,
1872 (1985) with permission from Elsevier—green squares.]
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Fig. 6.31 Measurements of average ice nucleus concentra-
tions at close to water saturation in the northern and southern
hemispheres. Southern hemisphere, expansion chamber (red);
southern hemisphere, mixing chamber (blue); northern hemi-
sphere, expansion chamber (green); northern hemisphere,
mixing chamber (black square); Antarctica, mixing chamber
(brown). Vertical lines show the range and mean values (dots)
of ice nucleus concentrations based on Millipore filter meas-
urements in many locations around the world.

P732951-Ch06.qxd  9/12/05  7:43 PM  Page 235



Nucleation of Ice Particles

• Ice nuclei concentrations (N) 
versus ice supersaturation (Si):
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Exercise 6.4 If the concentration of freezing nuclei
in a drop that are active at temperature T is given by
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contains n active freezing nuclei, assume that the
probability p that it freezes in a given time interval is
given by the Poisson distribution for random events,
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Therefore, the number of active freezing nuclei n
at temperature T in a drop of diameter D (in meters)
is equal to the volume of the drop (in m3) multiplied
by the number of active freezing nuclei per m3 (i.e.,
103 N). Therefore
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The probability p that a drop of diameter D, con-
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When half of the drops are frozen (i.e., p ! 0.5) n
(and therefore ln n) are constants. Hence, from (6.34)

or

where (since p ! 0.5) T is now the median freezing
temperature. It follows from this last expression that

Therefore, ln D plotted against the median freezing
temperature T for drops of diameter D should be a
straight line, as shown by the red line in Fig. 6.29. !

As we have seen, the activity of a particle as a
freezing or a deposition nucleus depends not only on
the temperature but also on the supersaturation of the
ambient air. Supersaturation was not well controlled
in many of the measurements shown in Fig. 6.31, on
which (6.33) is based. The effect of supersaturation
on measurements of ice nucleus concentrations is
shown in Fig. 6.32, where it can be seen that at a
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Fig. 6.32 Ice nucleus concentration measurements versus ice
supersaturation; temperatures are noted alongside each line. The
red line is Eq. (6.35). [Data reprinted from D. C. Rogers, “Mea-
surements of natural ice nuclei with a continuous flow diffusion
chamber,” Atmos. Res. 29, 209 (1993) with permission from
Elsevier—blue squares, and R. Al-Naimi and C. P. R. Saunders,
“Measurements of natural deposition and condensation-freezing
ice nuclei with a continuous flow chamber,” Atmos. Environ. 19,
1872 (1985) with permission from Elsevier—green squares.]
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Fig. 6.31 Measurements of average ice nucleus concentra-
tions at close to water saturation in the northern and southern
hemispheres. Southern hemisphere, expansion chamber (red);
southern hemisphere, mixing chamber (blue); northern hemi-
sphere, expansion chamber (green); northern hemisphere,
mixing chamber (black square); Antarctica, mixing chamber
(brown). Vertical lines show the range and mean values (dots)
of ice nucleus concentrations based on Millipore filter meas-
urements in many locations around the world.

P732951-Ch06.qxd  9/12/05  7:43 PM  Page 235

lnN = a + b[100(Si − 1)]

Temperatures are noted alongside each line.



Concentrations of Ice Particles

• Ice particles occur more frequently as T decreases below 0oC.
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Concentrations of Ice Particles
• Ice multiplication processes can produce many ice particles 

per ice nucleus.

236 Cloud Microphysics

constant temperature the greater the supersaturation
with respect to ice, the more particles serve as ice
nuclei. The empirical equation to the best-fit line to
these measurements (the red line in Fig. 6.32) is

(6.35)

where N is the concentration of ice nuclei per liter, Si
is the supersaturation with respect to ice, a ! "0.639,
and b ! 0.1296.

6.5.2 Concentrations of Ice Particles in
Clouds; Ice Multiplication

The probability of ice particles being present in a
cloud increases as the temperature decreases below
0 #C. Results shown in Fig. 6.33 indicate that the
probability of ice being present is 100% for cloud top
temperature below about "13 #C. At higher temper-
atures the probability of ice being present falls off
sharply, but it is greater if the cloud contains drizzle

N ! exp {a $ b [100 (Si " 1)] }

or raindrops. Clouds with top temperatures between
about 0 and "8 #C generally contain copious super-
cooled droplets. It is in clouds such as these that
aircraft are most likely to encounter severe icing
conditions, since supercooled droplets freeze when
they collide with an aircraft.

Shown in Fig. 6.34 are measurements of the concen-
trations of ice particles in clouds. Also shown are the
concentrations of ice nuclei given by (6.33) with
a ! 0.6 and T1 ! 253 #K. It can be seen that (6.33)
approximates the minimum values of the maximum
concentration of ice particles. However, on many
occasions, ice particles are present in concentrations
several orders of magnitude greater than ice nucleus
measurements. At temperatures above about "20 #C,
marine clouds show a particular propensity for ice par-
ticle concentrations that are many orders of magnitude
greater than ice nucleus measurements would suggest.

Several explanations have been proposed to
account for the high ice particle concentrations
observed in some clouds. First, it is possible that
current techniques for measuring ice nuclei do not
provide reliable estimates of the concentrations of
ice nuclei active in natural clouds under certain con-
ditions. It is also possible that ice particles in clouds
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Fig. 6.33 Percentage of clouds containing ice particle con-
centrations greater than about 1 per liter as a function of
cloud top temperature. Note that on the abscissa tempera-
tures decrease to the right. Blue curve: continental cumuliform
clouds with base temperatures of 8 to "18 °C containing no
drizzle or raindrops prior to the formation of ice. [Data from
Quart. J. Roy. Met. Soc. 120, 573 (1994).] Red curve: clean
marine cumuliform clouds and clean arctic stratiform clouds
with base temperatures from 25 to "3 °C containing drizzle
or raindrops prior to the formation of ice. [Based on data
from Quart. J. Roy. Met. Soc. 117, 207 (1991); A. L. Rangno and
P. V. Hobbs, “Ice particles in stratiform clouds in the Arctic
and possible mechanisms for the production of high ice con-
centrations,” J. Geophys. Res. 106, 15,066 (2001) Copyright
2001 American Geophysical Union. Reproduced by permission
of American Geophysical Union; Cloud and Aerosol Research
Group, University of Washington, unpublished data.]
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Fig. 6.34 Maximum concentrations of ice particles versus
cloud top temperature in mature and aging marine cumuliform
clouds (blue dots) and in continental cumuliform clouds (red
dots). Note that on the abscissa temperatures decrease to the
right. Symbols along the abscissa indicate ice concentrations
%1 liter"1, which was the lower limit of detection. The green
line shows ice nucleus concentrations predicted by Eq. (6.33)
with a ! 0.6 and T1 ! 253 K. The black line shows ice nucleus
concentrations from (6.35) assuming water-saturated condi-
tions. [Data from J. Atmos. Sci. 42, 2528 (1985); and Quart. J.
Roy. Met. Soc. 117, 207 (1991) and 120, 573 (1994). Repro-
duced by permission of The Royal Meteorological Society.]
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Concentrations of Ice Particles
Ice development in small cumulus clouds

238 Cloud Microphysics

and generally require about 10 min before showing
signs of plentiful ice particles. It also appears from
measurements in clouds that high ice particle con-
centrations occur after the formation of drops with
diameters !25 "m and when rimed ice particles
appear. These observations are consistent with the
hypothesis that the high ice particle concentrations
are due to the ejection of ice splinters during riming.
However, calculations based on the results of labo-
ratory experiments on ice splinter production during
riming suggest that this process is too slow to explain
the explosive formation of extremely high concen-
trations of ice particles observed in some clouds.
As indicated schematically in Fig. 6.35, an additional
“super” ice enhancement mechanism may sometimes
operate, but the exact nature of this mechanism
remains a mystery.

6.5.3 Growth of Ice Particles in Clouds

(a) Growth from the vapor phase. In a mixed cloud
dominated by suprecooled droplets, the air is close to
saturated with respect to liquid water and is there-
fore supersaturation with respect to ice. For example,
air saturated with respect to liquid water at #10 $C is
supersaturated with respect to ice by 10% and at
#20 $C it is supersaturated by 21%. These values are

much greater than the supersaturations of cloudy air
with respect to liquid water, which rarely exceed 1%.
Consequently, in mixed clouds dominated by super-
cooled water droplets, in which the cloudy air is close
to water saturation, ice particles will grow from the
vapor phase much more rapidly than droplets. In
fact, if a growing ice particle lowers the vapor pres-
sure in its vicinity below water saturation, adjacent
droplets will evaporate (Fig. 6.36).

Explosive formation of
~10–100’s per liter of regular
and irregular crystals.
Liquid water content 
>0.5 g m–3.

Intense aggregation and fallout
of ice particles. Concentrations
of ice particles begin to decline
and liquid water is depleted.

Small aggregates
and single ice crystals.
No liquid water. Particle size

sorting produces
filaments and virga.

>~

Large fast-falling 
ice particles.

>~ 

Frozen drizzle
drops and /or small
graupel, isolated
single and irregular ice
crystals ~0.1–20 per
liter.

ICE ENHANCEMENT

“SUPER” 
ICE ENHANCEMENT
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0 to 11°C

–5 to –20°C

<3 km >3 km
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Fig. 6.35 Schematic of ice development in small cumuliform clouds. [Adapted from Quart. J. Roy. Meteor. Soc. 117, 231 (1991).
Reproduced by permission of The Royal Meteorological Society.]

Fig. 6.36 Laboratory demonstration of the growth of an ice
crystal at the expense of surrounding supercooled water
drops. [Photograph courtesy of Richard L. Pitter.]

P732951-Ch06.qxd  9/12/05  7:43 PM  Page 238



Growth of Ice Particles in Clouds

• Growth from the vapor phase by deposition:                       
ice crystals and snowflakes

• Growth by riming (accretion and freezing of 
supercooled cloud droplets):                                
graupel and hail

• Growth by aggregation:                
snowflakes



Growth of Ice Particles in Clouds

dM

dt
=

C

�0
GiSi

where Si is supersaturation with
respect to ice:

Si =
e(∞)− esi

esi
,

and
Gi = Dρv(∞).
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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(%)

dM
dt

'
C
!0

GiSi

dM
dt

'
DC
!0

 [$v(%) # $vc]

C
!0

' 4(r

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.]
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and generally require about 10 min before showing
signs of plentiful ice particles. It also appears from
measurements in clouds that high ice particle con-
centrations occur after the formation of drops with
diameters !25 "m and when rimed ice particles
appear. These observations are consistent with the
hypothesis that the high ice particle concentrations
are due to the ejection of ice splinters during riming.
However, calculations based on the results of labo-
ratory experiments on ice splinter production during
riming suggest that this process is too slow to explain
the explosive formation of extremely high concen-
trations of ice particles observed in some clouds.
As indicated schematically in Fig. 6.35, an additional
“super” ice enhancement mechanism may sometimes
operate, but the exact nature of this mechanism
remains a mystery.

6.5.3 Growth of Ice Particles in Clouds

(a) Growth from the vapor phase. In a mixed cloud
dominated by suprecooled droplets, the air is close to
saturated with respect to liquid water and is there-
fore supersaturation with respect to ice. For example,
air saturated with respect to liquid water at #10 $C is
supersaturated with respect to ice by 10% and at
#20 $C it is supersaturated by 21%. These values are

much greater than the supersaturations of cloudy air
with respect to liquid water, which rarely exceed 1%.
Consequently, in mixed clouds dominated by super-
cooled water droplets, in which the cloudy air is close
to water saturation, ice particles will grow from the
vapor phase much more rapidly than droplets. In
fact, if a growing ice particle lowers the vapor pres-
sure in its vicinity below water saturation, adjacent
droplets will evaporate (Fig. 6.36).

Explosive formation of
~10–100’s per liter of regular
and irregular crystals.
Liquid water content 
>0.5 g m–3.

Intense aggregation and fallout
of ice particles. Concentrations
of ice particles begin to decline
and liquid water is depleted.

Small aggregates
and single ice crystals.
No liquid water. Particle size

sorting produces
filaments and virga.

>~

Large fast-falling 
ice particles.

>~ 

Frozen drizzle
drops and /or small
graupel, isolated
single and irregular ice
crystals ~0.1–20 per
liter.

ICE ENHANCEMENT

“SUPER” 
ICE ENHANCEMENT

~10 min

~10 min
~20 min

~10 min

~5 min

0 to 11°C

–5 to –20°C

<3 km >3 km

Virga

Fig. 6.35 Schematic of ice development in small cumuliform clouds. [Adapted from Quart. J. Roy. Meteor. Soc. 117, 231 (1991).
Reproduced by permission of The Royal Meteorological Society.]

Fig. 6.36 Laboratory demonstration of the growth of an ice
crystal at the expense of surrounding supercooled water
drops. [Photograph courtesy of Richard L. Pitter.]
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Growth of an ice crystal and evaporation 
of nearby supercooled droplets.

Growth from the vapor phase:



Vapor deposition (Bergeron-Findeisen Process)

♦ Saturation vapor pressure for ice is lower than that for water
♦ Air is near saturation for water, but is supersaturated for ice
♦ Ice crystals/snowflakes grow by vapor deposition
♦ Cloud droplets may lose mass to evaporation
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Cumulus turrets containing relatively large ice
particles often have ill-defined, fuzzy boundaries,
whereas turrets containing only small droplets have
well-defined, sharper boundaries, particularly if the
cloud is growing (Fig. 6.37). Another factor that
contributes to the difference in appearance of ice
and water clouds is the lower equilibrium vapor
pressure over ice than over water at the same tem-
perature, which allows ice particles to migrate for
greater distances than droplets into the nonsaturated
air surrounding a cloud before they evaporate. For
the same reason, ice particles that are large enough
to fall out of a cloud can survive great distances
before evaporating completely, even if the ambient
air is subsaturated with respect to ice; ice particles
will grow in air that is subsaturated with respect to
water, provided that it is supersaturated with respect
to ice. The trails of ice crystals so produced are called
fallstreaks or virga (Fig. 6.38).

The factors that control the mass growth rate of an
ice crystal by deposition from the vapor phase are

similar to those that control the growth of a droplet
by condensation (see Section 6.4.1). However, the
problem is more complicated because ice crystals are
not spherical and therefore points of equal vapor
density do not lie on a sphere centered on the crystal
(as they do for a droplet). For the special case of
a spherical ice particle of radius r, we can write, by
analogy with (6.19),

where !vc is the density of the vapor just adjacent to
the surface of the crystal and the other symbols were
defined in Section 6.4.1. We can derive an expression
for the rate of increase in the mass of an ice crystal of
arbitrary shape by exploiting the analogy between
the vapor field around an ice crystal and the field of
electrostatic potential around a charged conductor of
the same size and shape.33 The leakage of charge
from the conductor (the analog of the flux of vapor to
or from an ice crystal) is proportional to the electro-
static capacity C of the conductor, which is entirely

dM
dt

" 4#rD [!v ($) % !vc]

Fig. 6.37 The growing cumulus clouds in the foreground
with well-defined boundaries contained primarily small
droplets. The higher cloud behind with fuzzy boundaries is an
older glaciated cloud full of ice crystals. [Photograph courtesy
of Art Rangno.]

Fig. 6.38 Fallstreaks of ice crystals from cirrus clouds. The
characteristic curved shape of fallstreaks indicates that the
wind speed was increasing (from left to right) with increasing
altitude. [Photograph courtesy of Art Rangno.]

33 This analogy was suggested by Harold Jeffreys.34

34 Harold Jeffreys (1891–1989) English mathematician and geophysicist. First to suggest that the core of the Earth is liquid. Studied
earthquakes and the circulation of the atmosphere. Proposed models for the structure of the outer planets and the origin of the solar system.
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whereas turrets containing only small droplets have
well-defined, sharper boundaries, particularly if the
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contributes to the difference in appearance of ice
and water clouds is the lower equilibrium vapor
pressure over ice than over water at the same tem-
perature, which allows ice particles to migrate for
greater distances than droplets into the nonsaturated
air surrounding a cloud before they evaporate. For
the same reason, ice particles that are large enough
to fall out of a cloud can survive great distances
before evaporating completely, even if the ambient
air is subsaturated with respect to ice; ice particles
will grow in air that is subsaturated with respect to
water, provided that it is supersaturated with respect
to ice. The trails of ice crystals so produced are called
fallstreaks or virga (Fig. 6.38).

The factors that control the mass growth rate of an
ice crystal by deposition from the vapor phase are

similar to those that control the growth of a droplet
by condensation (see Section 6.4.1). However, the
problem is more complicated because ice crystals are
not spherical and therefore points of equal vapor
density do not lie on a sphere centered on the crystal
(as they do for a droplet). For the special case of
a spherical ice particle of radius r, we can write, by
analogy with (6.19),

where !vc is the density of the vapor just adjacent to
the surface of the crystal and the other symbols were
defined in Section 6.4.1. We can derive an expression
for the rate of increase in the mass of an ice crystal of
arbitrary shape by exploiting the analogy between
the vapor field around an ice crystal and the field of
electrostatic potential around a charged conductor of
the same size and shape.33 The leakage of charge
from the conductor (the analog of the flux of vapor to
or from an ice crystal) is proportional to the electro-
static capacity C of the conductor, which is entirely
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Fig. 6.37 The growing cumulus clouds in the foreground
with well-defined boundaries contained primarily small
droplets. The higher cloud behind with fuzzy boundaries is an
older glaciated cloud full of ice crystals. [Photograph courtesy
of Art Rangno.]

Fig. 6.38 Fallstreaks of ice crystals from cirrus clouds. The
characteristic curved shape of fallstreaks indicates that the
wind speed was increasing (from left to right) with increasing
altitude. [Photograph courtesy of Art Rangno.]

33 This analogy was suggested by Harold Jeffreys.34

34 Harold Jeffreys (1891–1989) English mathematician and geophysicist. First to suggest that the core of the Earth is liquid. Studied
earthquakes and the circulation of the atmosphere. Proposed models for the structure of the outer planets and the origin of the solar system.
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glaciated: 
ice crystals

small droplets fallstreaks of ice crystals



Glaciation

♦ Glaciation – Conversion from liquid to  
mixed-phase (water and ice) cloud
– Gotta happen for snow

♦ But! Water doesn’t freeze at 32°F/0°C
– Supercooled cloud droplets – exist at 

temperatures below 0°C
– They need an ice nucleus to freeze
– Number of ice nuclei is low when you are 

just below freezing
– Clouds with “warm” cloud tops 

• May have a difficult time glaciating 
• May rime instead of snow

– Need cold cloud tops, or “ice 
multiplication” for cloud to glaciate

Mainly ice

Mainly water

Jay Shafer
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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(%)

dM
dt

'
C
!0

GiSi

dM
dt

'
DC
!0

 [$v(%) # $vc]

C
!0

' 4(r

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.]
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Vapor deposition (Bergeron-Findeisen Process)

♦ Habits – types of ice crystal shapes 
created by vapor deposition)

Sector plate Stellar dendrite Dendritic sector plate Hollow column

Needle

Snowcrystals.net



Growth of Ice Particles in Clouds
• Basic habit of an ice crystal is determined 

by the temperature at which it grows

Temperature (oC) Basic habit

0 to -2.5 Plate-like

-3 Transition

-3.5 to -7.5 Column-like

-8.5 Transition

-9 to -40 Plate-like

-40 to -60 Column-like



Vapor deposition (Bergeron-Findeisen Process)

♦ Habit type is a function of
– Temperature
– Supersaturation relative to ice

Snowcrystals.net



Growth of Ice Particles in Clouds
Growth by riming:

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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spherical graupel conical graupel

• Ice particles grow by 
colliding with super-cooled 
droplets that freeze onto 
them to form rimed crystals 
or graupel.
• Hailstones are the 
ultimate in riming growth.

viewed between crossed polarizing filters; see inset
to Fig. 6.42) can also reveal whether wet growth
has occurred. It can be seen from Figs. 6.42 and 6.43
that the surface of a hailstone can contain fairly
large lobes. Lobe-like growth appears to be more
pronounced when the accreted droplets are small
and growth is near the wet limit. The development of
lobes may be due to the fact that any small bumps on
a hailstone will be areas of enhanced collection effi-
ciencies for droplets.

(c) Growth by aggregation. The third mechanism
by which ice particles grow in clouds is by colliding
and aggregating with one another. Ice particles can
collide with each other, provided their terminal fall
speeds are different. The terminal fall speed of
an unrimed column-like ice crystal increases as the
length of the crystal increases; for example, the fall
speeds of needles 1 and 2 mm in length are about
0.5 and 0.7 m s!1, respectively. In contrast, unrimed
plate-like ice crystals have terminal fall speeds that
are virtually independent of their diameter for the
following reason. The thickness of a plate-like crys-
tal is essentially independent of its diameter, there-
fore, its mass varies linearly with its cross-sectional
area. Because the drag force acting on a plate-like
crystal also varies as the cross-sectional area of the
crystal, the terminal fall speed, which is determined

242 Cloud Microphysics

plate; and Fig. 6.41d a rimed stellar crystal. When
riming proceeds beyond a certain stage it becomes
difficult to discern the original shape of the ice crys-
tal. The rimed particle is then referred to as graupel.
Examples of spherical and conical graupel are
shown in Figs. 6.41e and 6.41f, respectively.

Hailstones represent an extreme case of the growth
of ice particles by riming. They form in vigorous con-
vective clouds that have high liquid water contents.
The largest hailstone reported in the United States
(Nebraska) was 13.8 cm in diameter and weighed
about 0.7 kg. However, hailstones about 1 cm in
diameter are much more common. If a hailstone
collects supercooled droplets at a very high rate, its
surface temperature rises to 0 "C and some of the
water it collects remains unfrozen. The surface of the
hailstone then becomes covered with a layer of water
and the hailstone is said to grow wet. Under these
conditions some of the water may be shed in the
wake of the hailstone, but some of the water may be
incorporated into a water-ice mesh to form what is
known as spongy hail.

If a thin section is cut from a hailstone and viewed
in transmitted light, it is often seen to consist of
alternate dark and light layers (Fig. 6.42). The dark
layers are opaque ice containing numerous small air
bubbles, and the light layers are clear (bubble-free)
ice. Clear ice is more likely to form when the hail-
stone is growing wet. Detailed examination of the
orientation of the individual crystals within a hail-
stone (which can be seen when the hailstone is

Fig. 6.42 Thin section through the center of a hailstone.
[From Quart. J. Roy. Met. Soc. 92, 10 (1966). Reproduced by
permission of The Royal Meteorological Society.]

Fig. 6.43 Artificial hailstone (i.e., grown in the laboratory)
showing a lobe structure. Growth was initially dry but tended
toward wet growth as the stone grew. [Photograph courtesy
of I. H. Bailey and W. C. Macklin.]
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Accretion (riming)

♦ Growth of a hydrometeor by collision with supercooled 
cloud drops that freeze on contact

♦ Graupel – Heavily rimed snow particles
– 3 types: cone, hexagonal, lump

Graupel (UCLA)

Hexagonal Lump Cone

Magono and Lee (1966)



Riming

♦ Favored by
– Warmer temperatures (more cloud 

liquid water, less ice)
– Maritime clouds (fewer, but bigger, 

cloud droplets)
– Strong vertical motion (larger cloud 

droplets lofted, less time for 
droplet cooling and ice nuclei 
activation)



Accretion (riming)

Rimed Plate

Rimed Dendrite

Graupel

USDA Beltsville Agricultural Research Center 

“Riming is not good for skiing”
- Jim Steenburgh



Growth of Ice Particles in Clouds
Growth by aggregation:

• Ice particles can collide if their fall speeds differ.
• The fall speed of plates does not depend on size.
•The fall speeds of rimed crystals and graupel strongly 
depends on size.

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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• Probability of ice 
particles adhering 
after colliding 
depends on:

• type of particle
• temperature



Formation of Precipitation in Cold  Clouds

• Growth by deposition
• Hexagonal plate; water saturation at T = -5oC
• In 0.5 h: mass = 7 ug,  r=0.5 mm (Ex. 6.27)
• Melted radius = 130 um
• Cannot produce large raindrops

• Growth by riming
• Plate, 1 mm eff. diam, falls through cloud with LWC=0.5 g/m3

• In a few minutes: spherical graupel particle, r=0.5 mm, (Ex. 6.28)
• Density = 100 kg/m3, melted r=230 um

• Growth by aggregation
• In 0.5 h: snowflake radius increases from 0.5 mm to 0.5 cm 
when IWC = 1 g/m3

• Mass = 3 mg, melted r=1 mm
• Deposition followed by riming and/or aggregation 
can produce precipitation in about 40 minutes.



The cold cloud precipitation process

♦ Condensational growth of cloud droplets
♦ Some accretional growth of cloud droplets
♦ Development of mixed phase cloud as ice nuclei are activated and ice 

multiplication process occurs
♦ Crystal growth through Bergeron-Findeisen process (deposition)

– Creates pristine ice crystals
– Most effective at –10 to –15 C

♦ Other possible effects
– Accretion of supercooled cloud droplets onto falling ice crystals or snowflakes

• Snowflakes will be less pristine or evolve into graupel
• Favored by 

– Warm temperatures (more cloud liquid water)
– Maritime clouds (bigger cloud droplets)
– Strong vertical motion

– Aggregation
• Entwining or sticking of ice crystals



Formation of Precipitation in Cold  Clouds

“Bright band” or melting band

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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Formation of Precipitation in Cold  Clouds

Fall speeds 
increase below 
melting level  
(at 2.2 km)

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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Summary

♦Precipitation is not produced solely by condensation
♦A cloud condensation nuclei is needed to initially help cloud 

droplets grow
♦Collision-coalescence is needed for cloud droplets to grow into 

rain if cloud >0°C
♦ In mixed phase clouds

• Mix of ice crystals and supercooled liquid water
• Ice crystals form when cloud droplets are activated by an ice nuclei or through ice 

multiplication
• Ice crystals grow “at expense” of cloud drops (Bergeron-Findeisen)
• Accretion can increase the density of falling snow and SWE at ground
• Aggregation can further increase hydrometeor size

♦Most mid-latitude, continental rain is produced by mixed-
phase clouds and involve ice-phase processes



Summary of how mother nature creates precipitation

♦Condensational growth of cloud droplets
♦Some growth of cloud droplets due to collision-coalescence
♦Development of a mixed-phase cloud (glaciation)
♦Crystal growth through vapor deposition

– Most effective at –10 to –15 C
♦Other possible effects

– Accretion of supercooled cloud droplets onto snowflakes
• Snowflakes will be less pristine or evolve into graupel
• Favored by 

– Warm temperatures (more cloud liquid water)
– Maritime clouds (bigger cloud droplets)
– Strong vertical motion

– Aggregation
• Entwining or sticking of ice crystals, particularly at warm temperatures


