
Next class

❖  Ice nucleation 

❖  Ice multiplication

Today’s lecture

❖   Read W&H pp. 238 - 245



Mixed-phase clouds

❖  A co-existence of both ice crystals and cloud droplets 
is possible between 00C and -400C. 

❖  Clouds with both cloud droplets and ice crystals are 
called mixed-phase clouds (from 00C to -400C).

Figure 8.2: Conceptual diagrams of the spatial distribution of phase inhomo-
geneities in mixed-phase clouds: (a) cloud droplets and ice particles are mixed
homogeneously; (b) droplets and ice particles are inhomogeneously mixed and
form single-phase clusters.
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Formation of ice phase precipitation

• Freeze of a cloud droplet

• Direct formation from the vapor phase

How? 
Are nucleation process necessary?



Homogeneous ice nucleation

❖  An analog to homogeneous cloud droplet 
nucleation.

supersaturated and tends to condense into the liquid state. For p = p

2

= p

s

(T ),
both states have identical G and neither the gaseous nor the liquid state can be
identified as the more favorable state. For p

1

(p < p

s

), vapor is the preferred state.
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p1liquid
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Figure 6.1: Schematic of the Gibbs free energy of a substance as a function of the
volume that the substance occupies for three different pressure levels at a given T .
Adopted from Kashchiev (2000).

.

The fact that metastable states are separated from stable states by an “energy
barrier” leads to a kinetic inhibition of the phase transitions, i.e. phase transitions
do not occur spontaneously, but only on a time scale which increases with increas-
ing height of the energy barrier. This means that a supersaturated vapor phase can
exist on average for a time shorter than the timescale of the phase transition to
the liquid state. The existence of an energy barrier is common to first order phase
transitions, which are characterized by a jump in density. Examples for first order
phase transitions are condensation, deposition, evaporation, melting, sublimation
and freezing. Second order phase transitions are characterized by changes in heat
capacity, for instance when a glass is formed. They are not discussed here.

Regarding the minimum principle for G, there is thermodynamically no rea-
son why a system in a metastable state should increase its Gibbs free energy and
cross the energy barrier to reach the stable state. In fact, the process of phase tran-

162

Energy barrier



Can homogeneous ice nucleation happen?

❖  Much higher supersaturations with respect to ice than 
supersaturations with respect to water (>130%) 

❖  The Gibbs free energy barrier for homogeneous nucleation 
strongly decreases with decreasing temperature.

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).



Homogeneous ice nucleation

Figure 8.5: Gibbs free energy barriers (�G in J) that need to be overcome in case
of homogeneous freezing of a water droplet, homogeneous droplet nucleation and
homogeneous ice nucleation from the vapor phase as a function of temperature
and the saturation ratio with respect to water S

w
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Homogeneous (blue) vs. heterogeneous 
(red)  ice nucleation
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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.]



Heterogeneous ice nucleation

❖ Heterogeneous nucleation of ice is initiated with the 

help of ice nuclei (IN)

Figure 8.8: Schematic of the contact angle ↵ of an ice germ on a solid ice nucleus.
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Heterogeneous freezing modes

❖ Deposition nucleation (Si > 1) 
❖ Immersion freezing (Condensation freezing)- 
freezing that is initiated from within a droplet 
❖ Contact freezing - collision of an IN with a 
supercooled cloud droplet

234 Cloud Microphysics

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 )
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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).]

Ostwald’s rule: 
a supersaturated phase (water 
vapor) does not directly 
transform into the most stable 
phase (ice), but rather into the 
next most stable or metastable 
phase (supercooled water)



Dependence of ice nucleation on 

temperature and supersaturation6.5 Microphysics of Cold Clouds 235

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.
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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.



Requirement of IN

❖ Solid state of IN - mineral dust, biological particles 
and soot, crystalline ammonium sulcate and some 
organics.  

❖ Size of IN. - the larger the IN surface, the larger the 
probability that a critical cluster forms on it. 

❖ Crystalline structure of IN and molecular bindings 
with water 

❖ Active sites of IN



Concentrations of ice particles

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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duced by permission of The Royal Meteorological Society.]
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Ice multiplication

❖ How are small ice splinters generated?

Riming - freezing of supercooled 
droplets onto an ice particle

Stage 1

Stage 2
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increase in number without the action of ice nuclei,
by what are termed ice multiplication (or ice enhance-
ment) processes. For example, some ice crystals are
quite fragile and may break up when they collide
with other ice particles. However, the strongest con-
tender for an ice enhancement process in clouds is
one that involves water droplets freezing. When a
supercooled droplet freezes in isolation (e.g., in free
fall) or after it collides with an ice particle (the freez-
ing of droplets onto an ice particle is called riming),
it does so in two distinct stages. In the first stage,
which occurs almost instantaneously, a fine mesh of
ice shoots through the droplet and freezes just
enough water to raise the temperature of the droplet
to 0 !C. The second stage of freezing is much slower
and involves the transfer of heat from the partially
frozen droplet to the colder ambient air. During the
second stage of freezing an ice shell forms over the
surface of the droplet and then thickens progres-
sively inward. As the ice shell advances inward, water
is trapped in the interior of the droplet; as this water
freezes it expands and sets up large stresses in the ice
shell. These stresses may cause the ice shell to crack
and even explode, throwing off numerous small ice
splinters.

Exercise 6.5 Determine the fraction of the mass of
a supercooled droplet that is frozen in the initial
stage of freezing if the original temperature of the
droplet is "20 !C. What are the percentage increases
in the volume of the droplet due to the first and
to the second stages of freezing? (Latent heat of
melting # 3.3 $ 105 J kg"1; specific heat of liquid
water # 4218 J K"1 kg"1; specific heat of ice #
2106 J K"1 kg"1; density of ice # 0.917 $ 103 kg m"3.)

Solution: Let m be the mass (in kg) of the droplet
and dm the mass of ice that is frozen in the initial
stage of freezing. Then the latent heat (in joules)
released due to freezing is 3.3 $ 105 dm. This heat
raises the temperature of the unfrozen water and the
ice from "20 to 0 !C (at which temperature the first
stage of freezing ceases). Therefore,

Hence

dm
m

#
4218

(3.3 $ 105/20) " 2106 % 4218
# 0.23

[4218 $ 20(m " dm)]
3.3 $ 105 dm # (2106 $ 20 dm) %

Therefore, 23% of the mass of the droplet is frozen
during the initial stage of freezing.

Because the density of water is 103 kg m"3, when
mass dm of water freezes the increase in volume is
[(1!0.917) " 1] dm!103. The fractional increase in
volume of the mixture is therefore [(1!0.917) " 1] dm!
(103V), where V is the volume of mass m of water.
However, m!V # 103 kg m"3. Therefore, the frac-
tional increase in volume produced by the initial
stage of freezing is

If the fraction of the mass of the droplet that is
frozen in the initial stage of freezing is 0.23, the
fraction that is frozen in the second stage of freezing
is 0.77. Therefore, the fractional increase in volume
produced by the second stage of freezing is

■

Because an ice particle falling through a super-
cooled cloud will be impacted by thousands of
droplets, each of which might shed numerous ice
splinters as it freezes onto the ice particle, ice splinter
production by riming is potentially much more
important than ice splinter production during the
freezing of isolated droplets. Laboratory experiments
indicate that ice splinters are ejected during riming,
provided the droplets involved have diameters
&25 'm, temperatures are between "2.5 and "8.5 !C
(with peak ice splinter production from "4 to "5 !C),
and the impact speed (determined in a cloud by the
fall speed of the ice particle undergoing riming) is
between "0.2 and 5 m s"1 with peak splinter produc-
tion at impact speeds of a few m s"1. For example,
laboratory measurements show that for a droplet
spectrum characterized by 50 drops cm"3 with
droplets ranging in diameter from "5 to 35 'm, a
LWC of 0.2 g m"3, a temperature of "4.5 !C, and an
impact speed of 3.6 m s"1, "300 ice splinters are pro-
duced for every microgram of rime that is accumu-
lated (for a spherical ice particle 1 mm in radius, 1 'g
of accumulated rime corresponds to a layer of ice
"0.1 'm thick).

The high concentrations of ice particles (100 liter"1

or more) observed in some clouds (see Fig. 6.34) are
associated primarily with older clouds. Young cumu-
lus towers generally consist entirely of water droplets

 #0.070 or 7.0%
 [(1/0.917) " 1] dm/m # [(1/0.917) " 1]0.77

 #0.021 or 2.1%
 [(1/0.917) " 1] dm/m # [(1/0.917) " 1]0.23


