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Cloud condensation nuclei (CCN)

Adams et al., 2013
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Fig. 6.9 Ship tracks (white lines) in marine stratus clouds over the Atlantic Ocean as viewed from the NASA Aqua

satellite on January 27, 2003. Brittany and the southwest coast of England can be seen on the upper right side of

the image.

3 / 47



Cloud droplet formation

I For cloud droplets to form from nucleation of
pure water vapor, a few hundred percent RH
is required.

I Particles with solutes which dissolve in
water are most effective in lowering the
required supersaturation) most effective
as cloud condensation nuclei
(solution-vapor equilibrium described by
Köhler curve).

I Updrafts are caused by ground heating and
topography.
I adiabatic expansion of moist air

parcels cools the air below its dew
point

I supersaturations (RH>100%):
�0.1–1%; typically 0.1–0.3% in
excess of 100% RH in the marine
boundary layer

I As water vapor condenses, latent heat (of
vaporization) is released, contributing to the
continued buoyancy of the air parcel.

260 Cloud Microphysics

above the tops of clouds is enhanced by reflection
from cloud particles, thereby enhancing photochemical
reactions in these regions, particularly those involving
OH. In addition, the evaporation of cloud water
humidifies the air for a considerable distance beyond
the boundaries of a cloud. Consequently, the oxidation
of SO2 and DMS by OH, and the subsequent produc-
tion of new aerosol in the presence of water vapor (see
Section 5.4.1.d), is enhanced near clouds.

6.8.3 Nucleation Scavenging

As we have seen in Section 6.1.2, a subset of the
particles that enter the base of a cloud serve as
cloud condensation nuclei onto which water vapor
condenses to form cloud droplets. Thus, each cloud
droplet contains at least one particle from the
moment of its birth. The incorporation of particles

into cloud droplets in this way is called nucleation
scavenging. If a CCN is partially or completely solu-
ble in water, it will dissolve in the droplet that forms
on it to produce a solution droplet.

6.8.4 Dissolution of Gases
in Cloud Droplets

As soon as water condenses to form cloud droplets
(or haze or fog droplets), gases in the ambient air
begin to dissolve in the droplets. At equilibrium, the
number of moles per liter of any particular gas that is
dissolved in a droplet (called the solubility, C�, of the
gas) is given by Henry’s law (see Exercise 5.3).
Because the liquid phase is increasingly favored over
the gas phase as the temperature is lowered, greater
quantities of a gas become dissolved in water droplets
at lower temperatures.
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Fig. 6.59 Schematic of cloud and precipitation processes that affect the distribution and nature of chemicals in the atmos-
phere and the chemical compositions of cloud water and precipitation. The broad arrows indicate airflow. Not drawn to scale.
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Thermodynamics of cloud droplet formation

Equilibrium vapor pressure over a curved surface (Kelvin equation). The derivation is
general, but the application area will be for water vapor.

I Physical interpretation of Kelvin effect: less neighboring molecules at the surface
(less resistance against escape from attractive forces) leads to higher rate of
evaporation.

I Vapor pressure over a curved surface is therefore always higher than over a flat
one.

We will also derive an expression for the saturation vapor pressure over a droplet
solution (Köhler equation).
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Free energy of formation of droplet from pure vapor (for this application, G is equivalent
to the energy defined by E in Wallace and Hobbs, 2006):

∆G = Gfinal � Ginitial = Gdroplet � Gpure vapor

Definitions:
I Total number of molecules is NT , initially in the vapor phase.
I After partitioning, Nl molecules are in the droplet phase and Nv = NT � Nl

molecules remain in the vapor phase.
I g is the molecular Gibbs free energy (g = G=N).

I 4�r2
� is the free energy associated with the radius of curvature r and surface

tension �. Note that surface tension is related to surface energy (energy per unit
surface area, J=cm2).

We then get

∆G = Nv gv + Nl gl + 4�r2
� � NT gv = 4�r2

� + N(gl � gv )
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The change in (molecular) Gibbs free energy as a function of pressure at constant
temperature is given by the thermodynamic relation,

dg = vdp

where v is the molecular volume (v = V=N). Integrating over initial (vapor-phase) to
final (droplet) states,

gl � gv =

∫ e

p=es

(vl � vv )dp

where e and T are the actual vapor pressure and temperature of the system, and es is
saturation vapor pressure over flat surface. Since vv � vl and vv = kT=p (ideal gas
law for molecular rather than mole basis),

gl � gv = �kT ln
e
es
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The total number of molecules in the droplet Nl is
equal to the droplet volume Vl times the number
concentration of molecules per unit volume of
droplet n:

Nl = nVl = n
4
3
�r3

Therefore,

∆G = 4�r2
� �

4
3
�r3nkT ln

e
es

Recall the saturation ratio S = e=es .
I ∆G monotonically increases with r for

subsaturated (S < 1) conditions.
I ∆G exhibits a maximum with respect to r

for supersaturated (S > 1) conditions.

Under supersaturated conditions, the critical
radius r�, which corresponds to the metastable
point ∆G� (or ∆E�), is found by solving for
d∆G(r�)=dr = 0.

r� =
2�

nkT ln e
es

We can examine the direction for spontaneous
change from the sign of d∆G(r)=dr .
I When r < r�: droplets tend to evaporate
I When r > r�: droplets will grow

spontaneously

210 Cloud Microphysics

is concerned with the formation of water droplets
from the condensation of water vapor.

6.1.1 Theory

We consider first the hypothetical problem (as far as
the Earth’s atmosphere is concerned) of the forma-
tion of a pure water droplet by condensation from a
supersaturated vapor without the aid of particles in
the air (i.e., in perfectly clean air). In this process,
which is referred to as homogeneous nucleation of
condensation, the first stage is the chance collisions
of a number of water molecules in the vapor phase to
form small embryonic water droplets that are large
enough to remain intact.

Let us suppose that a small embryonic water droplet
of volume V and surface area A forms from pure
supersaturated water vapor at constant temperature
and pressure. If �l and �v are the Gibbs6 free energies7

per molecule in the liquid and the vapor phases, respec-
tively, and n is the number of water molecules per unit
volume of liquid, the decrease in the Gibbs free energy
of the system due to the condensation is nV(�v � �l).
Work is done in creating the surface area of the
droplet.This work may be written as A�, where � is the
work required to create a unit area of vapor–liquid
interface (called the interfacial energy between the
vapor and the liquid, or the surface energy of the liq-
uid). The student is invited to show in Exercise 6.9 that
the surface energy of a liquid has the same numerical
value as its surface tension. Let us write

(6.1)

then �E is the net increase in the energy of the sys-
tem due to the formation of the droplet. It can be
shown that8

(6.2)

where e and T are the vapor pressure and tempera-
ture of the system and es is the saturation vapor

�v � �l � kT ln 
e
es

�E � A� � nV(�v � �l)

pressure over a plane surface of water at tempera-
ture T. Therefore,

(6.3)

For a droplet of radius R, (6.3) becomes

(6.4)

Under subsaturated conditions, e � es. In this case,
ln (e�es) is negative and �E is always positive and
increases with increasing R (blue curve in Fig. 6.1).
In other words, the larger the embryonic droplet
that forms in a subsaturated vapor, the greater the
increase in the energy, �E, of the system. Because a
system approaches an equilibrium state by reducing
its energy, the formation of droplets is clearly not
favored under subsaturated conditions. Even so, due
to random collisions of water molecules, very small
embryonic droplets continually form (and evaporate)
in a subsaturated vapor, but they do not grow large
enough to become visible as a cloud of droplets.

Under supersaturated conditions, e � es, and
ln (e�es) is positive. In this case, �E in (6.4) can be
either positive or negative depending on the value
of R. The variation of �E with R for e � es is

�	 � 4
R2� �
4
3


R3nkT ln 
e
es

�E � A� � nVkT ln 
e
es

6 Josiah Willard Gibbs (1839–1903) Received his doctorate in engineering from Yale in 1863 for a thesis on gear design. From 1866 to
1869 Gibbs studied mathematics and physics in Europe. Appointed Professor of Mathematical Physics (without salary) at Yale.
Subsequently Gibbs used the first and second laws of thermodynamics to deduce the conditions for equilibrium of thermodynamic sys-
tems. Also laid the foundations of statistical mechanics and vector analysis.

7 See Chapter 2 in “Basic Physical Chemistry for the Atmospheric Sciences” by P. V. Hobbs, Camb. Univ. Press, 2000, for a discussion of
the Gibbs free energy. For the present purpose, Gibbs free energy can be considered, very loosely, as the microscopic energy of the system.

8 See Chapter 2 in “Basic Physical Chemistry for the Atmospheric Sciences” loc. cit.

R0

∆E *

∆E

 

e < es 

e > es 

r

Fig. 6.1 Increase �E in the energy of a system due to the for-
mation of a water droplet of radius R from water vapor with
pressure e; es is the saturation vapor pressure with respect to
a plane surface of water at the temperature of the system.
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Fig.6.1 Increase ∆E in the energy of a system due to the
formation of a water droplet of radius R from water vapor
with pressure e; es is the saturation vapor pressure with
respect to a plane surface of water at the temperature of
the system.
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The Kelvin equation is derived from the expression for the critical radius:

e(r�) = es exp

(
2�

nkTr�

)
Henceforth dropping the * (we can choose to represent this variable with any symbol,
for which we again choose r ): e(r) = es exp

(
2�

nkTr

)
. This can also be expressed as

e(r) = es exp

(
2�Mw

RT�w r

)
where we have additionally specified molecular and bulk properties of pure water
I Mw is the molecular weight of water
I �w is the liquid-phase mass density (note we have switched to the use of the gas

constant, R, in place of the Boltzmann constant, k ).

6.1 Nucleation of Water Vapor Condensation 211

also shown in Fig. 6.1 (red curve), where it can
be seen that �E initially increases with increasing R,
reaches a maximum value at R � r, and then
decreases with increasing R. Hence, under supersatu-
rated conditions, embryonic droplets with R � r tend
to evaporate, since by so doing they decrease �E.
However, droplets that manage to grow by chance
collisions to a radius that just exceeds r will continue
to grow spontaneously by condensation from the
vapor phase, since this will produce a decrease in �E.
At R � r, a droplet can grow or evaporate infinitesi-
mally without any change in �E. We can obtain an
expression for r in terms of e by setting d(�E)�dR � 0
at R � r. Hence, from (6.4),

(6.5)

Equation (6.5) is referred to as Kelvin’s equation,
after Lord Kelvin who first derived it.

We can use (6.5) in two ways. It can be used to cal-
culate the radius r of a droplet that is in (unstable)
equilibrium9 with a given water vapor pressure e.
Alternatively, it can be used to determine the satura-
tion vapor pressure e over a droplet of specified
radius r. It should be noted that the relative humidity
at which a droplet of radius r is in (unstable) equilib-
rium is 100e�es, where e�es is by inverting (6.5). The
variation of this relative humidity with droplet radius
is shown in Fig. 6.2. It can be seen from Fig. 6.2 that a

r �
2�

nk� ln 
e
es

pure water droplet of radius 0.01 �m requires a rela-
tive humidity of �112% (i.e., a supersaturation of
�12%) to be in (unstable) equilibrium with its envi-
ronment, while a droplet of radius 1 �m requires a
relative humidity of only 100.12% (i.e., a supersatu-
ration of 0.12%).

Exercise 6.1 (a) Show that the height of the critical
energy barrier �E* in Fig. 6.1 is given by

(b) Determine the fractional changes in �E* and r if
the surface tension, �, is decreased by 10% by adding
sodium laurel sulfate (a common ingredient in soap)
to pure water. Neglect the effect of the sodium laurel
sulfate on n and e. (c) What effect would the addition
of the sodium laurel sulfate have on the homoge-
neous nucleation of droplets?

Solution: (a) With reference to Fig. 6.1, �E � �E*
when R � r. Therefore, from (6.4),

Using (6.5)

or

Substituting for r from (6.5) into this last expression

(b) Differentiating the last equation with respect to �

d(�E*)
d�

�
16
� 2

�nkT ln 
e
es
�2

�E* �
16
�3

3�nkT ln 
e
es
�2

�E* �
4
3
 
r2�

�E* � 4
r2� �
4
3


r2(2�)

�E* � 4
r2� �
4
3


r3nkT ln 
e
es

�E* �
16
�3

3�nkT ln
e
es
�2

9 The equilibrium is unstable in the sense that if the droplet begins to grow by condensation it will continue to do so, and if the droplet
begins to evaporate it will continue to evaporate (compare with Fig. B3.4b).
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Fig. 6.2 The relative humidity and supersaturation (both
with respect to a plane surface of water) at which pure water
droplets are in (unstable) equilibrium at 5 °C.
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Fig. 6.2 The relative humidity and
supersaturation (both with respect to a plane
surface of water) at which pure water droplets
are in (unstable) equilibrium at 5 �C.

The supersaturation required to generate a stable
embryo (critical nucleus) homogeneously is
immensely large (several hundred percent).
Requires seeding (cloud condensation nuclei).
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Vapor pressures of water:
I es = vapor pressure of pure water over

a flat surface
I e = e(r) = vapor pressure of pure

water over a curved surface
I e(r) = e0 = vapor pressure of water

containing dissolved solutes, over a
curved surface

Recall Raoult’s law, previously written as
pi = xi p

�
i . We will use the notation

e0 = pwater for the vapor pressure,
e = p�water for the pure component vapor
pressure, and f = xwater for the mole
fraction of water.

e0

e
= f

http://www.its.caltech.edu/ atomic/snowcrystals/ice/ice.htm
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Let
I �

0 = density of the solution,
I r = droplet radius,
I Mw = molecular weight of water,
I mi = mass of dissolved solute i with

molecular weight Mi , and
I Φi = van’t Hoff factor (number of

dissociated ions per mole of solute).
Note that this is written as i in the
textbook.

The mole fraction of water containing a
single dissolved solute is

f =

(
4
3�r3

�
0
�mi

)
=Mw(

4
3�r3

�
0
�mi

)
=Mw +Φi mi=Mi

=

1 +
Φi mi Mw

Mi

(
4
3�r3

�
0
�mi

)
�1

We previously derived the expression for e=es ; we replace � and n with �
0 (surface

energy of solution) and n0 (number concentration of water molecules):

e0

es
=

e0

e
e
es

=

1 +
Φi mi Mw

Mi

(
4
3�r3

�
0
�mi

)
�1

exp

(
2�0

n0kTr

)

This equation describes the dependence of the relative humidity/saturation ratio in
equilibrium with a droplet as a function of its size (Köhler curve). Note that the
saturation ratio for water vapor in equilibrium with a solution is S = e0=es .
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6.1 Nucleation of Water Vapor Condensation 213

weight Ms. If each molecule of the material dissociates
into i ions in water, the effective number of moles of
the material in the droplet is i(1000 m)�Ms. If the den-
sity of the solution is 
� and the molecular weight of
water Mw, the number of moles of pure water in the
droplet is 1000 . Therefore, the mole
fraction of water in the droplet is

(6.7)

Combining (6.5)–(6.7) (but replacing � and n by ��

and n� to indicate the surface energy and number
concentration of water molecules, respectively, for
the solution) we obtain the following expression for
the saturation vapor pressure e� adjacent to a solu-
tion droplet of radius r

(6.8)

Equation (6.8) may be used to calculate the satura-
tion vapor pressure e� [or relative humidity 100e��es,

or supersaturation adjacent to a solu-

tion droplet with a specified radius r. If we plot the
variation of the relative humidity (or supersatura-
tion) adjacent to a solution droplet as a function of
its radius, we obtain what is referred to as a Köhler15

curve. Several such curves, derived from (6.8), are
shown in Fig. 6.3. Below a certain droplet radius, the
relative humidity adjacent to a solution droplet is
less than that which is in equilibrium with a plane
surface of pure water at the same temperature (i.e.,
100%). As the droplet increases in size, the solution
becomes weaker, the Kelvin curvature effect
becomes the dominant influence, and eventually the
relative humidity of the air adjacent to the droplet
becomes essentially the same as that adjacent to a
pure water droplet of the same size.

To illustrate further the interpretation of the Köhler
curves, we reproduce in Fig. 6.4 the Köhler curves for
solution droplets containing 10�19 kg of NaCl (the red
curve from Fig. 6.3) and 10�19 kg of (NH4)2SO4 (the

�e�

es
� 1� 100]

e�

es
� �exp 

2��

n�kTr� �1 �
imMw

Ms(
4
3
r3
� � m)�

�1

 � �1 �
imMw

Ms(
4
3
r3
� � m)�

�1

 f �
(4

3
r3
� � m)�Mw

[(4
3
r3 
� � m)�Mw] � im�Ms

(4
3
r3
� � m)�Mw

green curve from Fig. 6.3). Suppose that a particle of
NaCl with mass 10�19 kg were placed in air with a
water supersaturation of 0.4% (indicated by the
dashed line in Fig. 6.4). Condensation would occur on
this particle to form a solution droplet, and the droplet
would grow along the red curve in Fig. 6.4. As it does
so, the supersaturation adjacent to the surface of this
solution droplet will initially increase, but even at the
peak in its Köhler curve the supersaturation adjacent
to the droplet is less than the ambient supersaturation.
Consequently, the droplet will grow over the peak in

15 Hilding Köhler (1888–1982) Swedish meteorologist. Former Chair of the Meteorology Department and Director of the Meteorological
Observatory, University of Uppsala.
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Fig. 6.3 Variations of the relative humidity and supersatura-
tion adjacent to droplets of (1) pure water (blue) and adja-
cent to solution droplets containing the following fixed masses
of salt: (2) 10�19 kg of NaCl, (3) 10�18 kg of NaCl, (4) 10�17

kg of NaCl, (5) 10�19 kg of (NH4)2SO4, and (6) 10�18 kg of
(NH4)2SO4. Note the discontinuity in the ordinate at 100%
relative humidity. [Adapted from H. R. Pruppacher, “The role
of natural and anthropogenic pollutants in cloud and pre-
cipitation formation,” in S. I. Rasool, ed., Chemistry of the
Lower Atmosphere, Plenum Press, New York, 1973, Fig. 5, p. 16,
copyright 1973, with kind permission of Springer Science and
Business Media.]
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Fig. 6.3 Variations of the relative
humidity and supersaturation
adjacent to droplets of
(1) pure water (blue)
and adjacent to solution droplets
containing the following fixed
masses of salt:
(2) 10�19 kg of NaCl,
(3) 10�18 kg of NaCl,
(4) 10�17 kg of NaCl
(5) 10�19 kg of (NH4)2SO4, and
(6) 10�18 kg of (NH4)2SO4.
Note the discontinuity in the
ordinate at 100% relative humidity.
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Alternate form of the Köhler equation

We can present the Köhler equation in another form to make the size dependence of
the curvature and solute effects more salient. We can write:

e
es

=
e0

es

1
f
= exp

(
2vw�

0

RTr

)

v i is the partial molar volume @V=@ni where ni is the number of moles of substance i .
The total drop volume can be defined in terms of partial molar volumes:

4
3
�r3

= nw vw + nsvs

Note that ns = Φi mi=Mi , or, more generally, ns =
∑

i Φi mi=Mi , and vs its
corresponding partial molar volume.

1
f
= 1 +

ns

nw
= 1 +

nsvw

4=3�r3
� nsvs

ln

(
e0

es

)
=

2vw�
0

RTr
� ln

(
1 +

nsvw

4=3�r3
� nsvs

)
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The volume occupied by the solute is small compared to the droplet volume:
nsvs � 4=3�r3 and vw � Mw=�w :

ln

(
e0

es

)
=

2vw�
0

RTr
� ln

(
1 +

3nsMw

4��w r3

)

Mathematical property: ln(1 + x)! x as x ! 0 (dilute solution), so

ln

(
e0

es

)
=

2vw�
0

RTr
�

3nsMw

4��w r3

If we let

a =
2vw�

0

RT
and b =

3nsMw

4��w

then

ln

(
e0

es

)
=

a

r
�

b

r3

where

a=r = curvature effect

b=r3
= solute effect
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Illustration

6.1 Nucleation of Water Vapor Condensation 213

weight Ms. If each molecule of the material dissociates
into i ions in water, the effective number of moles of
the material in the droplet is i(1000 m)�Ms. If the den-
sity of the solution is 
� and the molecular weight of
water Mw, the number of moles of pure water in the
droplet is 1000 . Therefore, the mole
fraction of water in the droplet is

(6.7)

Combining (6.5)–(6.7) (but replacing � and n by ��

and n� to indicate the surface energy and number
concentration of water molecules, respectively, for
the solution) we obtain the following expression for
the saturation vapor pressure e� adjacent to a solu-
tion droplet of radius r

(6.8)

Equation (6.8) may be used to calculate the satura-
tion vapor pressure e� [or relative humidity 100e��es,

or supersaturation adjacent to a solu-

tion droplet with a specified radius r. If we plot the
variation of the relative humidity (or supersatura-
tion) adjacent to a solution droplet as a function of
its radius, we obtain what is referred to as a Köhler15

curve. Several such curves, derived from (6.8), are
shown in Fig. 6.3. Below a certain droplet radius, the
relative humidity adjacent to a solution droplet is
less than that which is in equilibrium with a plane
surface of pure water at the same temperature (i.e.,
100%). As the droplet increases in size, the solution
becomes weaker, the Kelvin curvature effect
becomes the dominant influence, and eventually the
relative humidity of the air adjacent to the droplet
becomes essentially the same as that adjacent to a
pure water droplet of the same size.

To illustrate further the interpretation of the Köhler
curves, we reproduce in Fig. 6.4 the Köhler curves for
solution droplets containing 10�19 kg of NaCl (the red
curve from Fig. 6.3) and 10�19 kg of (NH4)2SO4 (the

�e�

es
� 1� 100]

e�

es
� �exp 

2��

n�kTr� �1 �
imMw

Ms(
4
3
r3
� � m)�

�1

 � �1 �
imMw

Ms(
4
3
r3
� � m)�

�1

 f �
(4

3
r3
� � m)�Mw

[(4
3
r3 
� � m)�Mw] � im�Ms

(4
3
r3
� � m)�Mw

green curve from Fig. 6.3). Suppose that a particle of
NaCl with mass 10�19 kg were placed in air with a
water supersaturation of 0.4% (indicated by the
dashed line in Fig. 6.4). Condensation would occur on
this particle to form a solution droplet, and the droplet
would grow along the red curve in Fig. 6.4. As it does
so, the supersaturation adjacent to the surface of this
solution droplet will initially increase, but even at the
peak in its Köhler curve the supersaturation adjacent
to the droplet is less than the ambient supersaturation.
Consequently, the droplet will grow over the peak in

15 Hilding Köhler (1888–1982) Swedish meteorologist. Former Chair of the Meteorology Department and Director of the Meteorological
Observatory, University of Uppsala.
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Fig. 6.3 Variations of the relative humidity and supersatura-
tion adjacent to droplets of (1) pure water (blue) and adja-
cent to solution droplets containing the following fixed masses
of salt: (2) 10�19 kg of NaCl, (3) 10�18 kg of NaCl, (4) 10�17

kg of NaCl, (5) 10�19 kg of (NH4)2SO4, and (6) 10�18 kg of
(NH4)2SO4. Note the discontinuity in the ordinate at 100%
relative humidity. [Adapted from H. R. Pruppacher, “The role
of natural and anthropogenic pollutants in cloud and pre-
cipitation formation,” in S. I. Rasool, ed., Chemistry of the
Lower Atmosphere, Plenum Press, New York, 1973, Fig. 5, p. 16,
copyright 1973, with kind permission of Springer Science and
Business Media.]
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Fig. 6.4 Köhler curves 2 and 5 from Fig. 6.3.
Curve 2 is for a solution droplet containing 10�19

kg of NaCl, and curve 5 is for a solution droplet
containing 10�19 kg of (NH4)2SO4. The dashed
line is an assumed ambient supersaturation
discussed in the text.

Haze droplet. A droplet at point A is in equilibrium
with its supersaturated vapor phase (with respect
to water). Haze droplets in the atmosphere can
considerably reduce visibility by scattering light.

Regimes:
I peak corresponds to (rcrit;SScrit)

I r < rcrit: aerosol
I r > rcrit: cloud droplet (activated droplet)

Compare SSamb, SSeq, and SScrit:

I r < rcrit and SSeq < SSamb < SScrit:
condensational growth will increase droplet
radius and SSeq; growith is terminated
when SSeq = SSamb

I r > rcrit and SScrit < SSamb: aerosol will
activate into a cloud droplet

I r > rcrit and SSeq < SSamb: growth of
droplet will increase SSeq and further
increase the driving force for condensational
flux SSamb � SSeq, until water vapor is
eventually reduced (SSamb ! SSeq)
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Fig. 6.5 Cloud condensation
nucleus spectra in the boundary
layer from measurements near the
Azores in a polluted continental air
mass (brown line), in Florida in a
marine air mass (green line), and
in clean air in the Arctic (blue line).
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average droplet radius is significantly smaller. To
describe this distinction in another way, droplets
with a radius of about 20 �m exist in concentra-
tions of a few per cubic centimeter in the marine
clouds, whereas in continental clouds the radius has
to be lowered to 10 �m before there are droplets in
concentrations of a few per cubic centimeter. The
generally smaller droplets in continental clouds
result in the boundaries of these clouds being well
defined because the droplets evaporate quickly in
the nonsaturated ambient air. The absence of
droplets much beyond the main boundary of conti-
nental cumulus clouds gives them a “harder”
appearance than maritime clouds.17 We will see in
Section 6.4.2 that the larger droplets in marine
clouds lead to the release of precipitation in shal-
lower clouds, and with smaller updrafts, than in
continental clouds.

Shown in Fig. 6.8 are retrievals from satellite
measurements of cloud optical thickness (�c) and
cloud droplet effective radius (re) for low-level
water clouds over the globe. It can be seen that the
re values are generally smaller over the land than
over the oceans, in agreement with the aforemen-
tioned discussion.
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Fig. 6.6 (a) Vertical air velocity (with positive values indicating updrafts and negative values downdrafts), (b) liquid water con-
tent, and (c) droplet size spectra at points 1, 2, and 3 in (b), measured from an aircraft as it flew in a horizontal track across the
width and about half-way between the cloud base and cloud top in a small, warm, nonraining cumulus cloud. The cloud was
about 2 km deep. [Adapted from J. Atmos. Sci. 26, 1053 (1969).]
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Fig. 6.7 (a) Percentage of marine cumulus clouds with indi-
cated droplet concentrations. (b) Droplet size distributions in
a marine cumulus cloud. (c) Percentage of continental cumu-
lus clouds with indicated droplet concentrations. (d) Droplet
size distributions in a continental cumulus cloud. Note
change in ordinate from (b). [Adapted from P. Squires, “The
microstructure and colloidal stability of warm clouds. Part I—
The relation between structure and stability,” Tellus 10, 258
(1958). Permission from Blackwell Publishing Ltd.]

17 The formation of ice particles in clouds also affects their appearance (see Section 6.5.3).

be seen that not only is the droplet size spectrum
for the continental cumulus cloud much narrower
than that for the marine cumulus cloud, but the
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Fig. 6.6 (a) Vertical air velocity (with positive values indicating
updrafts and negative values downdrafts), (b) liquid water
content, and (c) droplet size spectra at points 1, 2, and 3 in (b),
measured from an aircraft as it flew in a horizontal track across
the width and about half-way between the cloud base and cloud
top in a small, warm, nonraining cumulus cloud. The cloud was
about 2 km deep.
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5.5.1 Some Sources of Pollutants

Combustion (in power plants, smelters, automobiles,
and of wood, vegetation, etc.) is the largest source of
air pollutants. On a global scale, fossil-fuel combus-
tion is the major source of CO, CO2, NOx, and SO2.
Many other pollutants are released into the air by
combustion. For example, about 15% of the total
emissions of hydrocarbons are from anthropogenic
sources, most notably the burning of hydrocarbon
compounds (oil, natural gas, coal, and wood). Ideal
(or complete) combustion (or oxidation) of a hydro-
carbon fuel yields only CO2 and H2O. However, for a
given quantity of fuel, a precise amount of oxygen is
required for complete combustion, and this ideal
combination of fuel and oxygen is rarely achieved.

Exercise 5.7 Determine the ratio of the mass of
dry air to the mass of isooctane (C8H18)—called the
air–fuel ratio—for ideal combustion.

Solution: The balanced chemical equation for the
ideal or complete combustion of C8H18 can be writ-
ten as

Therefore, for complete combustion, 1 mol of C8H18
reacts with 12.5 mol of O2 or, because the molecular
weights of C8H18 and O2 are 114 and 32, respectively,
114 g of C8H18 reacts with 12.5 � 32 or 400 g of O2.
We now need to calculate what mass of air contains
400 g of oxygen. The amount of oxygen in air by
volume (or by number of molecules) is 20.95% (see
Table 5.1). Because the apparent molecular weight of
dry air is 28.97, the amount of oxygen in air by mass
is 20.95 � 32�28.97 � 23%. Therefore, the mass of
air containing 400 g of oxygen is 400�0.23 � 1700 g.
Hence, for complete combustion, 114 g of C8H18
reacts with �1700 g of air. Therefore, the air–fuel
ratio for ideal combustion is 1700�114 � 15. ■

C8H18 � 12.5O2 : 8CO2 � 9H2O
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Fig. 5.11 Schematic curves of particle surface area distributions for urban polluted air (black line), continental air (red line),
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their mean residence times in the troposphere. [Adapted from Atmos. Environ. 9, W. G. N. Slinn, Atmospheric aerosol particles in
surface-level air, 763, copyright (1975), with permission from Elsevier.]
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Fig. 5.11 Schematic curves of particle surface
area distributions for urban polluted air (black
line), continental air (red line), and marine air
(blue line). Shown below the curves are the
principal sources and sinks of atmospheric
particles and estimates of their mean residence
times in the troposphere.
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average droplet radius is significantly smaller. To
describe this distinction in another way, droplets
with a radius of about 20 �m exist in concentra-
tions of a few per cubic centimeter in the marine
clouds, whereas in continental clouds the radius has
to be lowered to 10 �m before there are droplets in
concentrations of a few per cubic centimeter. The
generally smaller droplets in continental clouds
result in the boundaries of these clouds being well
defined because the droplets evaporate quickly in
the nonsaturated ambient air. The absence of
droplets much beyond the main boundary of conti-
nental cumulus clouds gives them a “harder”
appearance than maritime clouds.17 We will see in
Section 6.4.2 that the larger droplets in marine
clouds lead to the release of precipitation in shal-
lower clouds, and with smaller updrafts, than in
continental clouds.

Shown in Fig. 6.8 are retrievals from satellite
measurements of cloud optical thickness (�c) and
cloud droplet effective radius (re) for low-level
water clouds over the globe. It can be seen that the
re values are generally smaller over the land than
over the oceans, in agreement with the aforemen-
tioned discussion.
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Fig. 6.6 (a) Vertical air velocity (with positive values indicating updrafts and negative values downdrafts), (b) liquid water con-
tent, and (c) droplet size spectra at points 1, 2, and 3 in (b), measured from an aircraft as it flew in a horizontal track across the
width and about half-way between the cloud base and cloud top in a small, warm, nonraining cumulus cloud. The cloud was
about 2 km deep. [Adapted from J. Atmos. Sci. 26, 1053 (1969).]
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Fig. 6.7 (a) Percentage of marine cumulus clouds with indi-
cated droplet concentrations. (b) Droplet size distributions in
a marine cumulus cloud. (c) Percentage of continental cumu-
lus clouds with indicated droplet concentrations. (d) Droplet
size distributions in a continental cumulus cloud. Note
change in ordinate from (b). [Adapted from P. Squires, “The
microstructure and colloidal stability of warm clouds. Part I—
The relation between structure and stability,” Tellus 10, 258
(1958). Permission from Blackwell Publishing Ltd.]

17 The formation of ice particles in clouds also affects their appearance (see Section 6.5.3).

be seen that not only is the droplet size spectrum
for the continental cumulus cloud much narrower
than that for the marine cumulus cloud, but the
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Fig. 6.7 (a) Percentage of marine cumulus
clouds with indicated droplet concentrations. (b)
Droplet size distributions in a marine cumulus
cloud. (c) Percentage of continental cumulus
clouds with indicated droplet concentrations. (d)
Droplet size distributions in a continental cumulus
cloud. Note change in ordinate from (b).
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Coupled heat and mass transfer

Condensation/evaporation: equilibrium concentration at surface cs = cs(Ts) is a function of temperature. When
Ts 6= T

1
is unknown, solve coupled heat and mass transfer equation.

The latent heat released at the surface is balanced by the rates of heat conduction into the gas and particle surface.

∆vapH(4�R2
p )J̃A;r=Rp

= k
(

dT
dr

)
r=Rp

(4�R2
p ) + kp

(
dTp

dr

)
r=Rp

(4�R2
p )

k and kp are the thermal conductivies of the air and particle, respectively, and J̃A;r = �Dg (@c=@r ).

Continuity equation for Q = �cpT (inernal heat
energy per unit volume) ) neglect convection for
dilute system (Stefan flow) ) steady-state heat
transfer (Laplace equation) in 1-D:

d2T

dr2 +
2
r

dT
dr

= 0

Solve subject to constraints:

T (Rp) = Ts

T (1) = T
1

Solution is

T (r) = T
1
�

Rp

r
(T

1
� Ts)

Steady-state solution to c(r) is

c(r) = c
1
�

Rp

r

(
c
1
� cs

)
Steady-state solution to energy balance:

Ts � T
1

=
∆vapH Dg

k
(c
1
� cs)

where cs = cs(Ts).

The temperature at the surface will be higher than
surrounding environment due to the latent heat
released during condensation (c

1
� cs ).
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Radiative broadening (broadening of size distribution) due to phenomena in larger
droplets:
I loss of heat when Ts > T1
I lowered saturation vapor pressure, more condensation
I proportional to surface area; dependent on ability for droplet to lose heat

When can the change in Ts be neglected? (approximately isothermal conditions)
I slowly evaporating species
I small heat of vaporization
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6.4 Growth of Cloud Droplets in Warm Clouds 223

eventually reaches saturation with respect to liquid
water. Further uplift produces supersaturations that
initially increase at a rate proportional to the updraft
velocity. As the supersaturation rises, CCN are acti-
vated, starting with the most efficient. When the rate at
which water vapor in excess of saturation, made avail-
able by the adiabatic cooling, is equal to the rate at
which water vapor condenses onto the CCN and
droplets, the supersaturation in the cloud reaches a
maximum value. The concentration of cloud droplets is
determined at this stage (which generally occurs within
100 m or so of cloud base) and is equal to the concen-
tration of CCN activated by the peak supersaturation
that has been attained. Subsequently, the growing
droplets consume water vapor faster than it is made
available by the cooling of the air so the supersatura-
tion begins to decrease. The haze droplets then begin
to evaporate while the activated droplets continue to
grow by condensation. Because the rate of growth of a
droplet by condensation is inversely proportional to its
radius [see (6.21)], the smaller activated droplets grow
faster than the larger droplets. Consequently, in this
simplified model, the sizes of the droplets in the cloud
become increasingly uniform with time (i.e., the
droplets approach a monodispersed distribution). This
sequence of events is illustrated by the results of theo-
retical calculations shown in Fig. 6.16.

Comparisons of cloud droplet size distributions
measured a few hundred meters above the bases of
nonprecipitating warm cumulus clouds with droplet
size distributions computed assuming growth by con-
densation for about 5 min show good agreement
(Fig. 6.17). Note that the droplets produced by con-
densation during this time period extend up to only
about 10 �m in radius. Moreover, as mentioned ear-
lier the rate of increase in the radius of a droplet
growing by condensation decreases with time. It is
clear, therefore, as first noted by Reynolds19 in 1877,
that growth by condensation alone in warm clouds is
much too slow to produce raindrops with radii of sev-
eral millimeters. Yet rain does form in warm clouds.
The enormous increase in size required to transform
cloud droplets into raindrops is illustrated by the
scaled diagram shown in Fig. 6.18. For a cloud droplet
10 �m in radius to grow to a raindrop 1 mm in radius
requires an increases in volume of one millionfold!
However, only about one droplet in a million (about
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Fig. 6.16 Theoretical computations of the growth of cloud
condensation nuclei by condensation in a parcel of air rising
with a speed of 60 cm s�1. A total of 500 CCN cm�1 was
assumed with im�Ms values [see Eq. (6.8)] as indicated. Note
how the droplets that have been activated (brown, blue, and
purple curves) approach a monodispersed size distribution
after just 100 s. The variation with time of the supersatura-
tion of the air parcel is also shown (dashed red line). [Based
on data from J. Meteor. 6, 143 (1949).]
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Fig. 6.17 Comparison of the cloud droplet size distribution
measured 244 m above the base of a warm cumulus cloud
(red line) and the corresponding computed droplet size distri-
bution assuming growth by condensation only (blue line).
[Adapted from Tech. Note No. 44, Cloud Physics Lab., Univ.
of Chicago.]

19 Osborne Reynolds (1842–1912) Probably the outstanding English theoretical mechanical engineer of the 19th century. Carried out
important work on hydrodynamics and the theory of lubrication. Studied atmospheric refraction of sound. The Reynolds number, which he
introduced, is named after him.
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Fig. 6.16 Theoretical computations of the growth of cloud
condensation nuclei by condensation in a parcel of air
rising with a speed of 60 cm s�1. A total of 500 CCN
cm�1 was assumed with im=Ms values as indicated.
Note how the droplets that have been activated (brown,
blue, and purple curves) approach a monodispersed size
distribution after just 100 s. The variation with time of the
supersaturation of the air parcel is also shown (dashed
red line).
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eventually reaches saturation with respect to liquid
water. Further uplift produces supersaturations that
initially increase at a rate proportional to the updraft
velocity. As the supersaturation rises, CCN are acti-
vated, starting with the most efficient. When the rate at
which water vapor in excess of saturation, made avail-
able by the adiabatic cooling, is equal to the rate at
which water vapor condenses onto the CCN and
droplets, the supersaturation in the cloud reaches a
maximum value. The concentration of cloud droplets is
determined at this stage (which generally occurs within
100 m or so of cloud base) and is equal to the concen-
tration of CCN activated by the peak supersaturation
that has been attained. Subsequently, the growing
droplets consume water vapor faster than it is made
available by the cooling of the air so the supersatura-
tion begins to decrease. The haze droplets then begin
to evaporate while the activated droplets continue to
grow by condensation. Because the rate of growth of a
droplet by condensation is inversely proportional to its
radius [see (6.21)], the smaller activated droplets grow
faster than the larger droplets. Consequently, in this
simplified model, the sizes of the droplets in the cloud
become increasingly uniform with time (i.e., the
droplets approach a monodispersed distribution). This
sequence of events is illustrated by the results of theo-
retical calculations shown in Fig. 6.16.

Comparisons of cloud droplet size distributions
measured a few hundred meters above the bases of
nonprecipitating warm cumulus clouds with droplet
size distributions computed assuming growth by con-
densation for about 5 min show good agreement
(Fig. 6.17). Note that the droplets produced by con-
densation during this time period extend up to only
about 10 �m in radius. Moreover, as mentioned ear-
lier the rate of increase in the radius of a droplet
growing by condensation decreases with time. It is
clear, therefore, as first noted by Reynolds19 in 1877,
that growth by condensation alone in warm clouds is
much too slow to produce raindrops with radii of sev-
eral millimeters. Yet rain does form in warm clouds.
The enormous increase in size required to transform
cloud droplets into raindrops is illustrated by the
scaled diagram shown in Fig. 6.18. For a cloud droplet
10 �m in radius to grow to a raindrop 1 mm in radius
requires an increases in volume of one millionfold!
However, only about one droplet in a million (about
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Fig. 6.16 Theoretical computations of the growth of cloud
condensation nuclei by condensation in a parcel of air rising
with a speed of 60 cm s�1. A total of 500 CCN cm�1 was
assumed with im�Ms values [see Eq. (6.8)] as indicated. Note
how the droplets that have been activated (brown, blue, and
purple curves) approach a monodispersed size distribution
after just 100 s. The variation with time of the supersatura-
tion of the air parcel is also shown (dashed red line). [Based
on data from J. Meteor. 6, 143 (1949).]
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Fig. 6.17 Comparison of the cloud droplet size distribution
measured 244 m above the base of a warm cumulus cloud
(red line) and the corresponding computed droplet size distri-
bution assuming growth by condensation only (blue line).
[Adapted from Tech. Note No. 44, Cloud Physics Lab., Univ.
of Chicago.]

19 Osborne Reynolds (1842–1912) Probably the outstanding English theoretical mechanical engineer of the 19th century. Carried out
important work on hydrodynamics and the theory of lubrication. Studied atmospheric refraction of sound. The Reynolds number, which he
introduced, is named after him.
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Fig. 6.17 Comparison of the cloud droplet size
distribution measured 244 m above the base of a warm
cumulus cloud (red line) and the corresponding computed
droplet size distribution assuming growth by condensation
only (blue line).
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Cloud liquid water content (LWC)
in cumulus clouds

LWC:
I Adiabatic LWC = theoretical value of

liquid water condensed when air
parcel is lifted adiabatically

I True LWC is below adiabatic LWC
because subsaturated air is entrained
into cumulus clouds, primarily from top

Entrainment: Evaporation leads to cooling
and loss of buoyancy! descent of air
parcel! pockets of low LWC

6.3 Cloud Liquid Water Content and Entrainment 219

instruments that can reveal the fine structures of
clouds (Figs. 6.10 and 6.11), indicate that adiabatic
cores, if they exist at all, must be quite rare.

Air entrained at the top of a cloud is distributed to
lower levels as follows. When cloud water is evapo-
rated to saturate an entrained parcel of air, the parcel
is cooled. If sufficient evaporation occurs before the
parcel loses its identity by mixing, the parcel will sink,
mixing with more cloudy air as it does so. The sinking
parcel will descend until it runs out of negative buoy-
ancy or loses its identity. Such parcels can descend
several kilometers in a cloud, even in the presence of
substantial updrafts, in which case they are referred to
as penetrative downdrafts. This process is responsible
in part for the “Swiss cheese” distribution of LWC in
cumulus clouds (see Fig. 6.6). Patchiness in the distri-
bution of LWC in a cloud will tend to broaden the
droplet size distribution, since droplets will evaporate
partially or completely in downdrafts and grow again
when they enter updrafts.

Over large areas of the oceans stratocumulus
clouds often form just below a strong temperature
inversion at a height of �0.5–1.5 km, which marks
the top of the marine boundary layer. The tops of the
stratocumulus clouds are cooled by longwave radia-
tion to space, and their bases are warmed by long-
wave radiation from the surface. This differential
heating drives shallow convection in which cold
cloudy air sinks and droplets within it tend to evapo-
rate, while the warm cloudy air rises and the droplets
within it tend to grow. These motions are responsible
in part for the cellular appearance of stratocumulus
clouds (Fig. 6.13).
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Fig. 6.11 Blue dots are average liquid water contents (LWC)
measured in traverses of 802 cumulus clouds. Squares are the
largest measured LWC. Note that no adiabatic LWC was
measured beyond �900 m above the cloud base. Cloud base
temperatures varied little for all flights, which permitted this
summary to be constructed with a cloud base normalized to a
height of 0 m. [Adapted from Proc. 13th Intern. Conf. on Clouds
and Precipitation, Reno, NV, 2000, p. 106.]

Entrainment

Rising thermal

Fig. 6.12 Schematic of entrainment of ambient air into a
small cumulus cloud. The thermal (shaded violet region) has
ascended from cloud base. [Adapted from J. Atmos. Sci. 45,
3957 (1988).]
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Fig. 6.12 Schematic of entrainment of ambient
air into a small cumulus cloud. The thermal
(shaded violet region) has ascended from cloud
base.
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instruments that can reveal the fine structures of
clouds (Figs. 6.10 and 6.11), indicate that adiabatic
cores, if they exist at all, must be quite rare.

Air entrained at the top of a cloud is distributed to
lower levels as follows. When cloud water is evapo-
rated to saturate an entrained parcel of air, the parcel
is cooled. If sufficient evaporation occurs before the
parcel loses its identity by mixing, the parcel will sink,
mixing with more cloudy air as it does so. The sinking
parcel will descend until it runs out of negative buoy-
ancy or loses its identity. Such parcels can descend
several kilometers in a cloud, even in the presence of
substantial updrafts, in which case they are referred to
as penetrative downdrafts. This process is responsible
in part for the “Swiss cheese” distribution of LWC in
cumulus clouds (see Fig. 6.6). Patchiness in the distri-
bution of LWC in a cloud will tend to broaden the
droplet size distribution, since droplets will evaporate
partially or completely in downdrafts and grow again
when they enter updrafts.

Over large areas of the oceans stratocumulus
clouds often form just below a strong temperature
inversion at a height of �0.5–1.5 km, which marks
the top of the marine boundary layer. The tops of the
stratocumulus clouds are cooled by longwave radia-
tion to space, and their bases are warmed by long-
wave radiation from the surface. This differential
heating drives shallow convection in which cold
cloudy air sinks and droplets within it tend to evapo-
rate, while the warm cloudy air rises and the droplets
within it tend to grow. These motions are responsible
in part for the cellular appearance of stratocumulus
clouds (Fig. 6.13).
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measured in traverses of 802 cumulus clouds. Squares are the
largest measured LWC. Note that no adiabatic LWC was
measured beyond �900 m above the cloud base. Cloud base
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summary to be constructed with a cloud base normalized to a
height of 0 m. [Adapted from Proc. 13th Intern. Conf. on Clouds
and Precipitation, Reno, NV, 2000, p. 106.]
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Fig. 6.12 Schematic of entrainment of ambient air into a
small cumulus cloud. The thermal (shaded violet region) has
ascended from cloud base. [Adapted from J. Atmos. Sci. 45,
3957 (1988).]
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Fig. 6.10 High-resolution liquid water content
(LWC) measurements (black line) derived from a
horizontal pass through a small cumulus cloud.
Note that a small portion of the cumulus cloud
had nearly an adiabatic LWC. This feature dis-
appears when the data are smoothed (blue line)
to mimic the much lower sampling rates that were
prevalent in older measurements.
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instruments that can reveal the fine structures of
clouds (Figs. 6.10 and 6.11), indicate that adiabatic
cores, if they exist at all, must be quite rare.

Air entrained at the top of a cloud is distributed to
lower levels as follows. When cloud water is evapo-
rated to saturate an entrained parcel of air, the parcel
is cooled. If sufficient evaporation occurs before the
parcel loses its identity by mixing, the parcel will sink,
mixing with more cloudy air as it does so. The sinking
parcel will descend until it runs out of negative buoy-
ancy or loses its identity. Such parcels can descend
several kilometers in a cloud, even in the presence of
substantial updrafts, in which case they are referred to
as penetrative downdrafts. This process is responsible
in part for the “Swiss cheese” distribution of LWC in
cumulus clouds (see Fig. 6.6). Patchiness in the distri-
bution of LWC in a cloud will tend to broaden the
droplet size distribution, since droplets will evaporate
partially or completely in downdrafts and grow again
when they enter updrafts.

Over large areas of the oceans stratocumulus
clouds often form just below a strong temperature
inversion at a height of �0.5–1.5 km, which marks
the top of the marine boundary layer. The tops of the
stratocumulus clouds are cooled by longwave radia-
tion to space, and their bases are warmed by long-
wave radiation from the surface. This differential
heating drives shallow convection in which cold
cloudy air sinks and droplets within it tend to evapo-
rate, while the warm cloudy air rises and the droplets
within it tend to grow. These motions are responsible
in part for the cellular appearance of stratocumulus
clouds (Fig. 6.13).
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Fig. 6.11 Blue dots are average liquid water contents (LWC)
measured in traverses of 802 cumulus clouds. Squares are the
largest measured LWC. Note that no adiabatic LWC was
measured beyond �900 m above the cloud base. Cloud base
temperatures varied little for all flights, which permitted this
summary to be constructed with a cloud base normalized to a
height of 0 m. [Adapted from Proc. 13th Intern. Conf. on Clouds
and Precipitation, Reno, NV, 2000, p. 106.]

Entrainment

Rising thermal

Fig. 6.12 Schematic of entrainment of ambient air into a
small cumulus cloud. The thermal (shaded violet region) has
ascended from cloud base. [Adapted from J. Atmos. Sci. 45,
3957 (1988).]
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Fig. 6.11 Blue dots are average liquid water
contents (LWC) measured in traverses of 802
cumulus clouds. Squares are the largest
measured LWC. Note that no adiabatic LWC was
measured beyond �900 m above the cloud base.
Cloud base temperatures varied little for all flights,
which permitted this summary to be constructed
with a cloud base normalized to a height of 0 m.
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Droplet growth mechanisms

222 Cloud Microphysics

gradient in water vapor density, the rate of increase in
the mass of the droplet is given by

where 
v is the water vapor density at distance
x(�r) from the droplet. Because, under steady-
state conditions, dM�dt is independent of x,
the aforementioned equation can be integrated as
follows

or

(6.19)

Substituting , where 
l is the density of
liquid water, into this last expression we obtain

Finally, using the ideal gas equation for the water
vapor, and with some algebraic manipulation,

(6.20)

where e(�) is the water vapor pressure in the ambi-
ent air well removed from the droplet and e(r) is the
vapor pressure adjacent to the droplet.18

Strictly speaking, e(r) in (6.20) should be
replaced by e�, where e� is given by (6.8). However,
for droplets in excess of 1 �m or so in radius it can
be seen from Fig. 6.3 that the solute effect and the
Kelvin curvature effect are not very important so
the vapor pressure e(r) is approximately equal to
the saturation vapor pressure es over a plane
surface of pure water (which depends only on

dr
dt

�
1
r
 
D
v(�)

l e(�)

 [e(�) � e(r)]

dr
dt

�
D
r
l

 [
v(�) � 
v(r)]

M � 4
3
r3 
l

dM
dt

� 4
rD[
v(�) � 
v(r)]

dM
dt
�x��

x�r

dx
x2 � 4
D�
v(�)


v(r) d
v

dM
dt

� 4
x2D 
d
v

dx

temperature). In this case, if e(�) is not too differ-
ent from es,

where S is the supersaturation of the ambient air
(expressed as a fraction rather than a percentage).
Hence (6.20) becomes

(6.21)

where

which has a constant value for a given environment.
It can be seen from (6.21) that, for fixed values of G�

and the supersaturation S, dr�dt is inversely propor-
tional to the radius r of the droplet. Consequently,
droplets growing by condensation initially increase in
radius very rapidly but their rate of growth dimin-
ishes with time, as shown schematically by curve (a)
in Fig. 6.15.

In a cloud we are concerned with the growth of a
large number of droplets in a rising parcel of air. As
the parcel rises it expands, cools adiabatically, and

G� �
D
v(�)


l

r 
dr
dt

� G�S

e(�) � e(r)
e(�)

	
e(�) � es

es
� S

18 Several assumptions have been made in the derivation of (6.20). For example, we have assumed that all of the water molecules that
land on the droplet remain there and that the vapor adjacent to the droplet is at the same temperature as the environment. Due to the
release of latent heat of condensation, the temperature at the surface of the droplet will, in fact, be somewhat higher than the temperature
of the air well away from the droplet. We have also assumed that the droplet is at rest; droplets that are falling with appreciable speeds will
be ventilated, which will affect both the temperature of the droplet and the flow of vapor to the droplet.
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Fig. 6.15 Schematic curves of droplet growth (a) by con-
densation from the vapor phase (blue curve) and (b) by
collection of droplets (red curve).
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Fig. 6.15 Schematic curves of droplet growth (a)
by condensation from the vapor phase (blue
curve) and (b) by collection of droplets (red
curve).

Droplet growth is rapid but does not permit
enough growth! converges on a single
size

Droplet collision-coalescence is slow but
ultimately leads to largest droplets! leads
to divergence in size and broadening of
cloud droplet size distribution
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Contrast with aerosol mechanisms

Condensation/evaporation modeling of water onto cloud droplets:
I Kn� 1; continuum regime (droplets are much larger than mean free path of gas)
I Consider effect of latent heat released during condensation on surface

temperature

Droplet coalescence (coagulation between two liquid particles/droplets) :
I includes gravitational scavenging in addition to collision under turbulent conditions

(rather than Brownian motion)
I also consider coalescence efficiency
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Growth by condensation

Recall that we calculated the growth of an aerosol
due to net condensation (molecular flux) for
aerosols. The condensation of water vapor onto
cloud droplet follows the same theory.

dM
dt

= 4�r2D
d�v

dr

We can integrate between the equilibrium vapor
density �v (=concentration) at the droplet surface
and bulk gas phase concentration (1)
uninfluenced by the droplet:

dM
dt

∫
1

r 0=r

dr 0

r 0
2 = 4�D

∫
�v (1)

�v (r)
d�v

The solution can be written as

dM
dt

= 4�rD[�v (1)� �v (r)]

or, as a function of droplet radius and water vapor
pressure (recall relationship between pressure
and concentration for an ideal gas):

dr
dt

=
1
r

D�v (1)

�l e(1)
[e(1)� e(r)]

�l is the liqud water density.

Note that e(r) = e0, but e(r) � es as r !1

(r > 1 �m). If additionally, es � e(1), the
supersaturation is approximated as

e(1)� e(r)
e(1)

�
e(1)� es

es
= S

We can rewrite the growth equation as

r
dr
dt

= Gl S

where Gl is a term that has a constant value for a
given environment.

Gl =
D�v (1)

�l
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Terminal velocity of a cloud droplet
gravitational settling/sedimentation

Deriving the terminal velocity for a spherical
particle/droplet:

Fdrag = (�pVp � �airVair)

For a droplet of radius Rp ,

Fdrag =
4
3
�R3

p g
(
�air � �p

)
For spheres with Rp � 20�m, Stokes’ drag force
is

Fdrag = 6��Rpvt

where vt is the terminal velocity of the particle,
which can be written (for �p � �air) as

vt =
2
9

R2
p

(
�p � �air

)
g

�
�

2
9

R2
p�pg

�

As the droplet increases in size (� 20�m),
becomes increasingly nonspherical and leaves
an increasing wake! larger drag force than
given here.

224 Cloud Microphysics

1 liter�1) in a cloud has to grow by this amount for
the cloud to rain. The mechanism responsible for the
selective growth of a few droplets into raindrops in
warm clouds is discussed in the next section.

6.4.2 Growth by Collection

In warm clouds the growth of some droplets from the
relatively small sizes achieved by condensation to the
sizes of raindrops is achieved by the collision and
coalescence of droplets.20 Because the steady settling
velocity of a droplet as it falls under the influence of
gravity through still air (called the terminal fall speed
of the droplet) increases with the size of the droplet
(see Box 6.2), those droplets in a cloud that are
somewhat larger than average will have a higher
than average terminal fall speed and will collide with
smaller droplets lying in their paths.

Typical raindrop
r = 1000   n = 1   v = 650

Large cloud
droplet

r = 50  n = 103

v = 27

Conventional
borderline
between cloud
droplets and
raindrops
r = 100
v = 70

Typical cloud droplet
r = 10  n = 106  v = 1

CCN
r = 0.1  n = 106  
v = 0.0001

Fig. 6.18 Relative sizes of cloud droplets and raindrops; r is
the radius in micrometers, n is the number per liter of air, and
v is the terminal fall speed in centimeters per second. The cir-
cumferences of the circles are drawn approximately to scale,
but the black dot representing a typical CCN is 25 times
larger than it should be relative to the other circles. [Adapted
from J. E. MacDonald, “The physics of cloud modification,”
Adv. Geophys. 5, 244 (1958). Copyright 1958, with permission
from Elsevier.]

20 As early as the 10th century a secret society of Basra (“The Brethren of Purity”) suggested that rain is produced by the collision of
cloud drops. In 1715 Barlow21 also suggested that raindrops form due to larger cloud drops overtaking and colliding with smaller droplets.
These ideas, however, were not investigated seriously until the first half of the 20th century.

21 Edward Barlow (1639–1719) English priest. Author of Meteorological Essays Concerning the Origin of Springs, Generation of Rain,
and Production of Wind, with an Account of the Tide, John Hooke and Thomas Caldecott, London, 1715.

22 Galileo Galilei (1564–1642) Renowned Italian scientist. Carried out fundamental investigations into the motion of falling bodies and
projectiles, and the oscillation of pendulums. The thermometer had its origins in Galileo’s thermoscope. Invented the microscope. Built a
telescope with which he discovered the satellites of Jupiter and observed sunspots. Following the publication of his “Dialogue on the Two
Chief Systems of the World,” a tribunal of the Catholic Church (the Inquisition) compelled Galileo to renounce his view that the Earth
revolved around the sun (he is reputed to have muttered “It’s true nevertheless”) and committed him to lifelong house arrest. He died the
year of Newton’s birth. On 31 October 1992, 350 years after Galileo’s death, Pope John Paul II admitted that errors had been made by the
Church in the case of Galileo and declared the case closed.

By dropping objects of different masses from the
leaning tower of Pisa (so the story goes), Galileo
showed that freely falling bodies with different
masses fall through a given distance in the same
time (i.e., they experience the same accelera-
tion). However, this is true only if the force act-
ing on the body due to gravity is much greater
than the frictional drag on the body due to the
air and if the density of the body is much greater
than the density of air. (Both of these require-
ments were met by the heavy, dense objects used
by Galileo.)

Consider, however, the more general case of a
body of density 
� and volume V� falling through
still air of density 
. The downward force acting
on the body due to gravity is 
�V��, and the
(Archimedes’) upward force acting on the body
due to the mass of air displaced by the body is

V�. In addition, the air exerts a drag force Fdrag
on the body, which acts upward. The body will
attain a steady terminal fall speed when these
three forces are in balance, that is


�V�� � 
V�� � Fdrag

6.2 Was Galileo22 Correct? Terminal Fall Speeds of Water Droplets in Air

Continued on next page
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Fig. 6.18 Relative sizes of cloud droplets and
raindrops; r is the radius in micrometers, n is the
number per liter of air, and v is the terminal fall
speed in centimeters per second. The
circumferences of the circles are drawn
approximately to scale, but the black dot
representing a typical CCN is 25 times larger
than it should be relative to the other circles.
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Flattening of settling velocities due to
nonsphericity

Houze, 2014

Differential settling velocities leads to
collision

Nugent et al.
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Collision efficiency

Here we switch notation from Rp to r to
indicate droplet radius.

For a droplet of radius r1 overtaking a
smaller droplet of radius r2 with effective
cross section of y , the collision efficiency E
is

E =
�y2

�(r1 + r2)
2 =

y2

(r1 + r2)
2

I r2=r1 � 1, smaller droplets follow
streamlines around the collector drop

I 0:6 < r2=r1 < 0:9, vt;1 � vt;2 so E
falls off

I r2=r1 ! 1, two nearly equal sized
drops interact strongly

Note that wake effects can produce values
of E greater than unity.

6.4 Growth of Cloud Droplets in Warm Clouds 225

Consider a single drop23 of radius r1 (called the
collector drop) that is overtaking a smaller droplet of
radius r2 (Fig. 6.19). As the collector drop approaches
the droplet, the latter will tend to follow the stream-
lines around the collector drop and thereby might
avoid capture. We define an effective collision cross
section in terms of the parameter y shown in
Fig. 6.19, which represents the critical distance
between the center fall line of the collector drop and
the center of the droplet (measured at a large
distance from the collector drop) that just makes a
grazing collision with the collector drop. If the center

of a droplet of radius r2 is any closer than y to the
center fall line of a collector drop of radius r1, it will
collide with the collector drop; conversely, if the cen-
ter of a droplet of radius r2 is at a greater distance
than y from the center fall line, it will not collide with
the collector drop. The effective collision cross
section of the collector drop for droplets of radius r2
is then 
y2, whereas the geometrical collision cross
section is 
(r1 � r2)2. The collision efficiency E of a
droplet of radius r2 with a drop of radius r1 is there-
fore defined as

(6.25)

Determination of the values of the collision effi-
ciency is a difficult mathematical problem, particu-
larly when the drop and droplet are similar in size,
in which case they strongly affect each other’s
motion. Computed values for E are shown in
Fig. 6.20, from which it can be seen that the collision
efficiency increases markedly as the size of the col-
lector drop increases and that the collision efficien-
cies for collector drops less than about 20 �m in
radius are quite small. When the collector drop is
much larger than the droplet, the collision efficiency
is small because the droplet tends to follow closely

E �
y2

(r1 � r2)2

6.2 Continued

or, if the body is a sphere of radius r, when

(6.22)

For spheres with radius �20 �m

(6.23)

where v is the terminal fall speed of the body and
� is the viscosity of the air. The expression for
Fdrag given by (6.23) is called the Stokes’ drag
force. From (6.22) and (6.23)

v �
2
9

 
�(
� � 
)r2

�

Fdrag � 6
�rv

4
3

 
r3�(
� � 
) � Fdrag

or, if 
� �� 
 (which it is for liquid and solid objects),

(6.24)

The terminal fall speeds of 10- and 20-�m-radius
water droplets in air at 1013 hPa and 20 �C are 0.3
and 1.2 cm s�1, respectively. The terminal fall speed
of a water droplet with radius 40 �m is 4.7 cm s�1,
which is about 10% less than given by (6.24). Water
drops of radius 100 �m, 1 mm, and 4 mm have ter-
minal fall speeds of 25.6, 403, and 883 cm s�1,
respectively, which are very much less than given by
(6.24). This is because as a drop increases in size, it
becomes increasingly nonspherical and has an
increasing wake. This gives rise to a drag force that
is much greater than that given by (6.23).

v �
2
9
 
�
�r2

�

23 In this section, “drop” refers to the larger and “droplet” to the smaller body.

r1

Radius r2

y

Fig. 6.19 Relative motion of a small droplet with respect to
a collector drop. y is the maximum impact parameter for a
droplet of radius r2 with a collector drop of radius r1.
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Fig. 6.19 Relative motion of a small droplet with
respect to a collector drop. y is the maximum
impact parameter for a droplet of radius r2 with a
collector drop of radius r1.
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Coalescence efficiency

It is known from laboratory experiments that droplets can bounce off one another or off
a plane surface of water. We introduce another coefficient, E 0, which considers
whether a droplet is captured when it collides with a larger drop.

226 Cloud Microphysics

the streamlines around the collector drop. As the
size of the droplet increases, E increases because
the droplet tends to move more nearly in a straight
line rather than follow the streamlines around the
collector drop. However, as r2�r1 increases from
about 0.6 to 0.9, E falls off, particularly for smaller
collector drops because the terminal fall speeds of
the collector drop and the droplets approach one
another so the relative velocity between them is

very small. Finally, however, as r2�r1 approaches
unity, E tends to increase again because two nearly
equal sized drops interact strongly to produce a
closing velocity between them. Indeed, wake effects
behind the collector drop can produce values of E
greater than unity (Fig. 6.20).

The next issue to be considered is whether a
droplet is captured (i.e., does coalescence occur?)
when it collides with a larger drop. It is known from
laboratory experiments that droplets can bounce off
one another or off a plane surface of water, as
demonstrated in Fig. 6.21a. This occurs when air
becomes trapped between the colliding surfaces so
that they deform without actually touching.24 In
effect, the droplet rebounds on a cushion of air. If the
cushion of air is squeezed out before rebound occurs,
the droplet will make physical contact with the drop
and coalescence will occur (Fig. 6.21b).26 The coales-
cence efficiency E� of a droplet of radius r2 with a
drop of radius r1 is defined as the fraction of colli-
sions that result in a coalescence. The collection effi-
ciency Ec is equal to EE�.

The results of laboratory measurements on coales-
cence are shown in Fig. 6.22. The coalescence effi-
ciency E� is large for very small droplets colliding
with larger drops. E� initially decreases as the size
of the droplet being collected increases relative to
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Fig. 6.20 Calculated values of the collision efficiency, E, for
collector drops of radius r1 with droplets of radius r2. [Adapted
from H. R. Pruppacher and J. D. Klett, Microphysics of Clouds and
Precipitation, Kluwer Academic Pub., 1997, Fig. 14-6, p. 584,
Copyright 1997, with kind permission of Springer Science and
Business Media. Based on J. Atmos. Sci. 30, 112 (1973).]

24 Lenard25 pointed out in 1904 that cloud droplets might not always coalesce when they collide, and he suggested that this could be
due to a layer of air between the droplets or to electrical charges.

25 Phillip Lenard (1862–1947) Austrian physicist. Studied under Helmholtz and Hertz. Professor of physics at Heidelberg and Kiel.
Won the Nobel prize in physics (1905) for work on cathode rays. One of the first to study the charging produced by the disruption of water
(e.g., in waterfalls).

26 Even after two droplets have coalesced, the motions set up in their combined mass may cause subsequent breakup into several
droplets (see Box 6.2).

(a) (b)

Fig. 6.21 (a) A stream of water droplets (entering from the right), about 100 �m in diameter, rebounding from a plane surface
of water. (b) When the angle between the stream of droplets and the surface of the water is increased beyond a critical value, the
droplets coalesce with the water. [Photograph courtesy of P. V. Hobbs.]
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Fig. 6.21 (a) A stream of water droplets (entering from the right), about 100 �m in diameter,
rebounding from a plane surface of water. (b) When the angle between the stream of droplets and
the surface of the water is increased beyond a critical value, the droplets coalesce with the water.
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Collection efficiency
The collection efficiency Ec between two droplets is a product of the collision efficiency
E and the coalescence efficiency E 0:

Ec = EE 0
226 Cloud Microphysics

the streamlines around the collector drop. As the
size of the droplet increases, E increases because
the droplet tends to move more nearly in a straight
line rather than follow the streamlines around the
collector drop. However, as r2�r1 increases from
about 0.6 to 0.9, E falls off, particularly for smaller
collector drops because the terminal fall speeds of
the collector drop and the droplets approach one
another so the relative velocity between them is

very small. Finally, however, as r2�r1 approaches
unity, E tends to increase again because two nearly
equal sized drops interact strongly to produce a
closing velocity between them. Indeed, wake effects
behind the collector drop can produce values of E
greater than unity (Fig. 6.20).

The next issue to be considered is whether a
droplet is captured (i.e., does coalescence occur?)
when it collides with a larger drop. It is known from
laboratory experiments that droplets can bounce off
one another or off a plane surface of water, as
demonstrated in Fig. 6.21a. This occurs when air
becomes trapped between the colliding surfaces so
that they deform without actually touching.24 In
effect, the droplet rebounds on a cushion of air. If the
cushion of air is squeezed out before rebound occurs,
the droplet will make physical contact with the drop
and coalescence will occur (Fig. 6.21b).26 The coales-
cence efficiency E� of a droplet of radius r2 with a
drop of radius r1 is defined as the fraction of colli-
sions that result in a coalescence. The collection effi-
ciency Ec is equal to EE�.

The results of laboratory measurements on coales-
cence are shown in Fig. 6.22. The coalescence effi-
ciency E� is large for very small droplets colliding
with larger drops. E� initially decreases as the size
of the droplet being collected increases relative to
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Fig. 6.20 Calculated values of the collision efficiency, E, for
collector drops of radius r1 with droplets of radius r2. [Adapted
from H. R. Pruppacher and J. D. Klett, Microphysics of Clouds and
Precipitation, Kluwer Academic Pub., 1997, Fig. 14-6, p. 584,
Copyright 1997, with kind permission of Springer Science and
Business Media. Based on J. Atmos. Sci. 30, 112 (1973).]

24 Lenard25 pointed out in 1904 that cloud droplets might not always coalesce when they collide, and he suggested that this could be
due to a layer of air between the droplets or to electrical charges.

25 Phillip Lenard (1862–1947) Austrian physicist. Studied under Helmholtz and Hertz. Professor of physics at Heidelberg and Kiel.
Won the Nobel prize in physics (1905) for work on cathode rays. One of the first to study the charging produced by the disruption of water
(e.g., in waterfalls).

26 Even after two droplets have coalesced, the motions set up in their combined mass may cause subsequent breakup into several
droplets (see Box 6.2).

(a) (b)

Fig. 6.21 (a) A stream of water droplets (entering from the right), about 100 �m in diameter, rebounding from a plane surface
of water. (b) When the angle between the stream of droplets and the surface of the water is increased beyond a critical value, the
droplets coalesce with the water. [Photograph courtesy of P. V. Hobbs.]
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Fig. 6.20 Calculated values of the collision
efficiency, E , for collector drops of radius r1 with
droplets of radius r2.

6.4 Growth of Cloud Droplets in Warm Clouds 227

the collector drop, but as the droplet and drop
approach each other in size, E� increases sharply.
This behavior can be explained as follows. Whether
coalescence occurs depends on the relative magni-
tude of the impact energy to the surface energy of
water. This energy ratio provides a measure of the
deformation of the collector drop due to the impact,
which, in turn, determines how much air is trapped
between the drop and the droplet. The tendency for
bouncing is a maximum for intermediate values of
the size ratio of the droplet to the drop. At smaller
and larger values of the size ratio, the impact energy
is relatively smaller and less able to prevent contact
and coalescence.

The presence of an electric field enhances coales-
cence. For example, in the experiment illustrated in
Fig. 6.21a, droplets that bounce at a certain angle of
incidence can be made to coalesce by applying an
electric field of about 104 V m�1, which is within
the range of measured values in clouds. Similarly,
coalescence is aided if the impacting droplet carries
an electric charge in excess of about 0.03 pC. The
maximum electric charge that a water drop can
carry occurs when the surface electrostatic stress
equals the surface tension stress. For a droplet
5 �m in radius, the maximum charge is �0.3 pC;
for a drop 0.5 mm in radius, it is �300 pC.
Measured charges on cloud drops are generally
several orders of magnitude below the maximum
possible charge.

Let us now consider a collector drop of radius r1
that has a terminal fall speed v1. Let us suppose that

this drop is falling in still air through a cloud of equal
sized droplets of radius r2 with terminal fall speed v2.
We will assume that the droplets are uniformly dis-
tributed in space and that they are collected uni-
formly at the same rate by all collector drops of a
given size. This so-called continuous collection model
is illustrated in Fig. 6.23. The rate of increase in the
mass M of the collector drop due to collisions is
given by

(6.26)

where wl is the LWC (in kg m�3) of the cloud droplets
of radius r2. Substituting into (6.26), where

l is the density of liquid water, we obtain

(6.27)

If v1 �� v2 and we assume that the coalescence effi-
ciency is unity, so that Ec � E, (6.27) becomes

(6.28)

Because v1 increases as r1 increases (see Box 6.2),
and E also increases with r1 (see Fig. 6.20), it follows
from (6.28) that dr1�dt increases with increasing r1;
that is, the growth of a drop by collection is an accel-
erating process. This behavior is illustrated by the
red curve in Fig. 6.15, which indicates negligible
growth by collection until the collector drop has
reached a radius of �20 �m (see Fig. 6.20). It can be
seen from Fig. 6.15 that for small cloud droplets,
growth by condensation is initially dominant but,
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Fig. 6.22 Coalescence efficiencies E� for droplets of radius
r2 with collector drops of radius r1 based on an empirical fit
to laboratory measurements. [Adapted from J. Atmos. Sci. 52,
3985 (1995).]
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Fig. 6.23 Schematic illustrating the continuous collection
model for the growth of a cloud drop by collisions and
coalescence.
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Fig. 6.22 Coalescence efficiencies E for droplets
of radius r2 with collector drops of radius r1 based
on an empirical fit to laboratory measurements.
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Continuous collection model
Change in droplet mass M with time as two
droplets (denoted as 1 and 2) collide:

dM
dt

= �r2
1 (v1 � v2)wl Ec

where M =
4
3
�r3

1 �l

wl is the liquid water content of droplets
with r2 and �l is the liquid water density. If
v1 � v2 and E 0 � 1 (Ec = E),

dr1

dt
=

v1wl E
4�l

For steady updraft velocity w ,

dz
dt

= w � v1

Change radius as function of height

dr1

dz
=

v1wl E
4�l (w � v1)

Efficient collectors � 20 �m in deep clouds
!�1 h for growth to raindrops.
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the collector drop, but as the droplet and drop
approach each other in size, E� increases sharply.
This behavior can be explained as follows. Whether
coalescence occurs depends on the relative magni-
tude of the impact energy to the surface energy of
water. This energy ratio provides a measure of the
deformation of the collector drop due to the impact,
which, in turn, determines how much air is trapped
between the drop and the droplet. The tendency for
bouncing is a maximum for intermediate values of
the size ratio of the droplet to the drop. At smaller
and larger values of the size ratio, the impact energy
is relatively smaller and less able to prevent contact
and coalescence.

The presence of an electric field enhances coales-
cence. For example, in the experiment illustrated in
Fig. 6.21a, droplets that bounce at a certain angle of
incidence can be made to coalesce by applying an
electric field of about 104 V m�1, which is within
the range of measured values in clouds. Similarly,
coalescence is aided if the impacting droplet carries
an electric charge in excess of about 0.03 pC. The
maximum electric charge that a water drop can
carry occurs when the surface electrostatic stress
equals the surface tension stress. For a droplet
5 �m in radius, the maximum charge is �0.3 pC;
for a drop 0.5 mm in radius, it is �300 pC.
Measured charges on cloud drops are generally
several orders of magnitude below the maximum
possible charge.

Let us now consider a collector drop of radius r1
that has a terminal fall speed v1. Let us suppose that

this drop is falling in still air through a cloud of equal
sized droplets of radius r2 with terminal fall speed v2.
We will assume that the droplets are uniformly dis-
tributed in space and that they are collected uni-
formly at the same rate by all collector drops of a
given size. This so-called continuous collection model
is illustrated in Fig. 6.23. The rate of increase in the
mass M of the collector drop due to collisions is
given by

(6.26)

where wl is the LWC (in kg m�3) of the cloud droplets
of radius r2. Substituting into (6.26), where

l is the density of liquid water, we obtain

(6.27)

If v1 �� v2 and we assume that the coalescence effi-
ciency is unity, so that Ec � E, (6.27) becomes

(6.28)

Because v1 increases as r1 increases (see Box 6.2),
and E also increases with r1 (see Fig. 6.20), it follows
from (6.28) that dr1�dt increases with increasing r1;
that is, the growth of a drop by collection is an accel-
erating process. This behavior is illustrated by the
red curve in Fig. 6.15, which indicates negligible
growth by collection until the collector drop has
reached a radius of �20 �m (see Fig. 6.20). It can be
seen from Fig. 6.15 that for small cloud droplets,
growth by condensation is initially dominant but,
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Fig. 6.22 Coalescence efficiencies E� for droplets of radius
r2 with collector drops of radius r1 based on an empirical fit
to laboratory measurements. [Adapted from J. Atmos. Sci. 52,
3985 (1995).]
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Fig. 6.23 Schematic illustrating the continuous collection
model for the growth of a cloud drop by collisions and
coalescence.
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Fig. 6.23 Schematic illustrating the continuous collection
model for the growth of a cloud drop by collisions and
coalescence.
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How can efficent collectors be formed from
approximately monodisperse droplets �10
�m?

How do broad cloud droplet sizes result?

Proposed mechanisms:
I Giant CCN (large collector drops)
I Effects of turbulence and

inhomogeneities
I Radiative broadening (enhancement

of water uptake by larger particles)
I Stochastic collection (Fig. 6.24))

Higher CCN concentrations over continent
! less likely to rain (Fig. 6.25)

230 Cloud Microphysics

(d) Stochastic collection. In the continuous collec-
tion model, it is assumed that the collector drop
collides in a continuous and uniform fashion with
smaller cloud droplets that are distributed uni-
formly in space. Consequently, the continuous col-
lection model predicts that collector drops of the
same size grow at the same rate if they fall through
the same cloud of droplets. The stochastic (or statis-
tical) collection model allows for the fact that colli-
sions are individual events, distributed statistically
in time and space. Consider, for example, 100
droplets, initially the same size as shown on line 1 in
Fig. 6.24. After a certain interval of time, some of
these droplets (let us say 10) will have collided with
other droplets so that the distribution will now be
as depicted in line 2 of Fig. 6.24. Because of their
larger size, these 10 larger droplets are now in a
more favored position for making further collisions.
The second collisions are similarly statistically dis-
tributed, giving a further broadening of the droplet
size spectrum, as shown in line 3 of Fig. 6.24 (where
it has been assumed that in this time step, nine of
the smaller droplets and one of the larger droplets
on line 2 each had a collision). Hence, by allowing
for a statistical distribution of collisions, three size
categories of droplets have developed after just two
time steps. This concept is important, because it
not only provides a mechanism for developing
broad droplet size spectra from the fairly uniform
droplet sizes produced by condensation, but it also
reveals how a small fraction of the droplets in a
cloud can grow much faster than average by statisti-
cally distributed collisions.

The growth of drops by collection is also accel-
erated if they pass through pockets of higher than

average LWC. Even if such pockets of high LWC
exist for only a few minutes and occupy only a few
percent of the cloud volume, they can produce
significant concentrations of large drops when aver-
aged over the entire cloud volume. Measurements
in clouds reveal such pockets of high LW (e.g.,
Fig. 6.10).

Much of what is presently known about both
dynamical and microphysical cloud processes can
be incorporated into computer models and numer-
ical experiments can be carried out. For example,
consider the growth of drops, by condensation and
stochastic collisions, in warm cumulus clouds in
typical marine and continental air masses. As
pointed out in Section 6.2, the average droplet sizes
are significantly larger, and the droplet size spectra
much broader, in marine than in continental cumu-
lus clouds (Fig. 6.7). We have attributed these differ-
ences to the higher concentrations of CCN present
in continental air (Fig. 6.5). Figure 6.25 illustrates
the effects of these differences in cloud microstruc-
tures on the development of larger drops. CCN
spectra used as input data to the two clouds were
based on measurements, with continental air having
much higher concentrations of CCN than marine air
(about 200 versus 45 cm�3 at 0.2% super-satura-
tion). It can be seen that after 67 min the cumulus
cloud in marine air develops some drops between
100 and 1000 �m in radius (i.e., raindrops), whereas
the continental cloud does not contain any droplets
greater than about 20 �m in radius. These markedly
different developments are attributable to the fact
that the marine cloud contains a small number of
drops that are large enough to grow by collection,
whereas the continental cloud does not. These
model results support the observation that a marine
cumulus cloud is more likely to rain than a conti-
nental cumulus cloud with similar updraft velocity,
LWC, and depth.Line 1

Line 2

Line 3

100
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9

Fig. 6.24 Schematic diagram to illustrate broadening of
droplet sizes by statistical collisions. [Adapted from J. Atmos. Sci.
24, 689 (1967).]
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Fig. 6.25 Numerical predictions of the mass spectrum of
drops near the middle of (a) a warm marine cumulus cloud
and (b) a warm continental cloud after 67 min of growth.
(B. C. Scott and P. V. Hobbs, unpublished.)
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Fig. 6.24 Schematic diagram to illustrate
broadening of droplet sizes by statistical
collisions.

230 Cloud Microphysics

(d) Stochastic collection. In the continuous collec-
tion model, it is assumed that the collector drop
collides in a continuous and uniform fashion with
smaller cloud droplets that are distributed uni-
formly in space. Consequently, the continuous col-
lection model predicts that collector drops of the
same size grow at the same rate if they fall through
the same cloud of droplets. The stochastic (or statis-
tical) collection model allows for the fact that colli-
sions are individual events, distributed statistically
in time and space. Consider, for example, 100
droplets, initially the same size as shown on line 1 in
Fig. 6.24. After a certain interval of time, some of
these droplets (let us say 10) will have collided with
other droplets so that the distribution will now be
as depicted in line 2 of Fig. 6.24. Because of their
larger size, these 10 larger droplets are now in a
more favored position for making further collisions.
The second collisions are similarly statistically dis-
tributed, giving a further broadening of the droplet
size spectrum, as shown in line 3 of Fig. 6.24 (where
it has been assumed that in this time step, nine of
the smaller droplets and one of the larger droplets
on line 2 each had a collision). Hence, by allowing
for a statistical distribution of collisions, three size
categories of droplets have developed after just two
time steps. This concept is important, because it
not only provides a mechanism for developing
broad droplet size spectra from the fairly uniform
droplet sizes produced by condensation, but it also
reveals how a small fraction of the droplets in a
cloud can grow much faster than average by statisti-
cally distributed collisions.

The growth of drops by collection is also accel-
erated if they pass through pockets of higher than

average LWC. Even if such pockets of high LWC
exist for only a few minutes and occupy only a few
percent of the cloud volume, they can produce
significant concentrations of large drops when aver-
aged over the entire cloud volume. Measurements
in clouds reveal such pockets of high LW (e.g.,
Fig. 6.10).

Much of what is presently known about both
dynamical and microphysical cloud processes can
be incorporated into computer models and numer-
ical experiments can be carried out. For example,
consider the growth of drops, by condensation and
stochastic collisions, in warm cumulus clouds in
typical marine and continental air masses. As
pointed out in Section 6.2, the average droplet sizes
are significantly larger, and the droplet size spectra
much broader, in marine than in continental cumu-
lus clouds (Fig. 6.7). We have attributed these differ-
ences to the higher concentrations of CCN present
in continental air (Fig. 6.5). Figure 6.25 illustrates
the effects of these differences in cloud microstruc-
tures on the development of larger drops. CCN
spectra used as input data to the two clouds were
based on measurements, with continental air having
much higher concentrations of CCN than marine air
(about 200 versus 45 cm�3 at 0.2% super-satura-
tion). It can be seen that after 67 min the cumulus
cloud in marine air develops some drops between
100 and 1000 �m in radius (i.e., raindrops), whereas
the continental cloud does not contain any droplets
greater than about 20 �m in radius. These markedly
different developments are attributable to the fact
that the marine cloud contains a small number of
drops that are large enough to grow by collection,
whereas the continental cloud does not. These
model results support the observation that a marine
cumulus cloud is more likely to rain than a conti-
nental cumulus cloud with similar updraft velocity,
LWC, and depth.Line 1
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Fig. 6.24 Schematic diagram to illustrate broadening of
droplet sizes by statistical collisions. [Adapted from J. Atmos. Sci.
24, 689 (1967).]
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Fig. 6.25 Numerical predictions of the mass spectrum of
drops near the middle of (a) a warm marine cumulus cloud
and (b) a warm continental cloud after 67 min of growth.
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Fig. 6.25 Numerical predictions of the mass
spectrum of drops near the middle of (a) a warm
marine cumulus cloud and (b) a warm continental
cloud after 67 min of growth.
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Breakup and raindrop size distributions

6.4 Growth of Cloud Droplets in Warm Clouds 231

Raindrops in free fall are often depicted as tear
shaped. In fact, as a drop increases in size above
about 1 mm in radius it becomes flattened on
its underside in free fall and it gradually changes
in shape from essentially spherical to increas-
ingly parachute (or jellyfish)-like. If the initial
radius of the drop exceeds about 2.5 mm, the
parachute becomes a large inverted bag, with a
toroidal ring of water around its lower rim.
Laboratory and theoretical studies indicate that
when the drop bag bursts to produce a fine spray
of droplets, the toroidal ring breaks up into a
number of large drops (Fig. 6.26). Interestingly,
the largest raindrops ever observed at diameters

of �0.8–1 cm must have been on the verge of
bag breakup.

Collisions between raindrops appears to be
a more important path to breakup. The three
main types of breakup following a collision are
shown schematically in Fig. 6.27. The proba-
bilities of the various types of breakup shown
in Fig. 2.77 are sheets, 55%; necks, 27%; and
disks, 18%. Bag breakup may also occur follow-
ing the collision of two drops, but it is very rare
(�0.5%).

The spectrum of raindrop sizes should reflect
the combined influences of the drop growth
processes discussed earlier and the breakup
of individual drops and of colliding drops.
However, as we have seen, individual drops have
to reach quite large sizes before they break up.
Also, the frequency of collisions between rain-
drops is quite small, except in very heavy rain.
For example, a drop with a radius of �1.7 mm in
rain of 5 mm h�1 would experience only one
collision as it falls to the ground from a cloud
base at 2 km above the ground. Consequently, it
cannot be generally assumed that raindrops have
had sufficient time to attain an equilibrium size
distribution.

6.3 Shape, Breakup, and Size Distribution of Raindrops

Continued on next page

0 5 cm

Fig. 6.26 Sequence of high-speed photographs (start-
ing at upper left and moving down and to the right)
showing how a large drop in free fall forms a parachute-
like shape with a toroidal ring of water around its lower
rim. The toroidal ring becomes distorted and develops
cusps separated by threads of water. The cusps eventu-
ally break away to form large drops, and the thin film of
water that forms the upper part of the parachute bursts
to produce a spray of small droplets. Time interval
between photographs � 1 ms. [Photograph courtesy of
B. J. Mason.]

(a)
Sheet

(b)
Neck

(c)
Disk

Fig. 6.27 Schematic illustrations of three types of
breakup following the collision of two drops. [Adapted
from J. Atmos. Sci. 32, 1403 (1975).]
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Fig. 6.26 Sequence of high-speed photographs (starting at upper left and moving down and to the right) showing
how a large drop in free fall forms a parachutelike shape with a toroidal ring of water around its lower rim. The
toroidal ring becomes distorted and develops cusps separated by threads of water. The cusps eventually break
away to form large drops, and the thin film of water that forms the upper part of the parachute bursts to produce a
spray of small droplets. Time interval between photographs = 1 ms. [Photograph courtesy of B. J. Mason.]

232 Cloud Microphysics

6.5 Microphysics of Cold Clouds
If a cloud extends above the 0 �C level it is called a
cold cloud. Even though the temperature may be
below 0 �C, water droplets can still exist in clouds, in
which case they are referred to as supercooled
droplets.27 Cold clouds may also contain ice particles.
If a cold cloud contains both ice particles and super-
cooled droplets, it is said to be a mixed cloud; if it
consists entirely of ice, it is said to be glaciated.

This section is concerned with the origins and con-
centrations of ice particles in clouds, the various ways
in which ice particles can grow, and the formation of
precipitation in cold clouds.

6.5.1 Nucleation of Ice Particles; Ice Nuclei

A supercooled droplet is in an unstable state. For
freezing to occur, enough water molecules must come
together within the droplet to form an embryo of ice

large enough to survive and grow. The situation is
analogous to the formation of a water droplet from
the vapor phase discussed in Section 6.2.1. If an ice
embryo within a droplet exceeds a certain critical
size, its growth will produce a decrease in the energy
of the system. However, any increase in the size of
an ice embryo smaller than the critical size causes
an increase in total energy. In the latter case, from an
energetic point of view, it is preferable for the
embryo to break up.

If a water droplet contains no foreign particles, it
can freeze only by homogeneous nucleation. Because
the numbers and sizes of the ice embryos that form
by chance aggregations increase with decreasing tem-
perature, below a certain temperature (which depends
on the volume of water considered), freezing by
homogeneous nucleation becomes a virtual certainty.
The results of laboratory experiments on the freezing
of very pure water droplets, which were probably
nucleated homogeneously, are shown by the blue

6.3 Continued

Theoretical predictions of the probability of
breakup as a function of the sizes of two coalesc-
ing drops are shown in Fig. 6.28. For a fixed size of
the larger drop, the probability of breakup initially
increases as the size of the smaller drop increases,
but as the smaller drop approaches the size of
the larger, the probability of breakup decreases
due to the decrease in the kinetic energy of the
impact.

Measurements of the size distributions of rain-
drops that reach the ground can often be fitted
to an expression, known as the Marshall–Palmer
distribution, which is of the form

(6.32)

where N(D)dD is the number of drops per unit
volume with diameters between D and D � dD
and No and � are empirical fitting parameters. The
value of No tends to be constant, but � varies with
the rainfall rate.

N(D) � No exp (��D)

27 Saussure28 observed, around 1783, that water could remain in the liquid state below 0 �C. A spectacular confirmation of the existence
of supercooled clouds was provided by a balloon flight made by Barrel29 in 1850. He observed water droplets down to �10.5 �C and ice
crystals at lower temperatures.

28 Horace Bénédict de Saussure (1740–1799) Swiss geologist, physicist, meteorologist, and naturalist. Traveled extensively, particularly
in the Alps, and made the second ascent of Mont Blanc (1787).

29 Jean Augustine Barrel (1819–1884) French chemist and agriculturalist. First to extract nicotine from tobacco leaf.
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Fig. 6.28 Empirical results for the probability of breakup
(expressed as a fraction and shown on the contours)
following the collision and initial coalescence of two
drops. The shaded region is covered by Fig. 6.21, but note
that Fig. 6.21 shows the probability of coalescence rather
than breakup. [Based on J. Atmos. Sci. 39, 1600 (1982).]
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Fig. 6.28 Empirical results for the probability of breakup (expressed as a fraction and shown on the contours)
following the collision and initial coalescence of two drops. The shaded region is covered by Fig. 6.21, but note that
Fig. 6.21 shows the probability of coalescence rather than breakup. [Based on J. Atmos. Sci. 39, 1600 (1982).]

Due to breakup, maximum raindrop radius
�5 mm.

Breakup mechamisms:
I inverted bag and bursting
I droplet collisions

Marshall-Palmer distribution:

nN(rr ) = N0 exp(�Γrr )

Lohmann et al., 2016
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Heterogeneous and multi-phase chemistry

Aqueous-phase chemistry (including
gas-particle partitioning): warm cloud
droplets

Reactions on solid surfaces: surfaces of
ice (and particles)

Ravishankara, 1997
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Warm cloud (aqueous-phase) chemistry

Liquid droplets in warm clouds are
mini-reactors

Many reactions initiated by dissolution of
gases

Net result of aqueous-phase chemistry:
I evaporated cloud droplets leave

aerosols which contain reacted
products and dissolved (water-soluble)
gases in concentrated form
(gas/particle conversion)

I over half of global sulfate aerosol
production is due to this process

I uptake of acidic gases leads to acid
precipitation

Cloud liquid water content is orders of
magnitude greater than aerosol liquid water
content.

Seinfeld and Pandis, 2006
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Evaporation of cloud droplets lead to aerosols which
participate in additional microphysical processes

Bott, 1999

1. dry particle

2. wet particle

3. cloud droplet

4. cloud droplet with increasing
amount of dissolved gases

5. cloud droplet with increasing
amount of dissolved gases

6. cloud droplet with increasing
amount of dissolved gases

7. particle concentrated in
dissolved water-soluble
substances

8. dry aerosol particle with
increased water soluble
mass fraction
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Oxidation of SO2 [S(IV)] to SO 2 –
4 [S(VI)]

184 Atmospheric Chemistry

days to a week. An important exception is COS,
which is very stable in the troposphere and, as a
result, has a relatively long residence time (�2 years)
and a large and relatively uniform concentration
(�0.5 ppbv, compared to �0.1 ppbv for DMS, �0.2
ppbv for H2S and SO2, and �0.05 ppbv for CS2).
Consequently, COS is the most abundant sulfur com-
pound in the troposphere. However, because it is
relatively unreactive, it is generally ignored in tropos-
pheric chemistry. The relatively long residence time
of COS enables it to be mixed into the stratosphere
gradually, where, converted by UV radiation, it is
the dominant source of the sulfate aerosol during
volcanically quiescent periods (see Section 5.7.3).

The flux of anthropogenic emissions of sulfur to
the atmosphere is known quite well; it is �78 Tg(S)
per year, which is greater than estimates of the
natural emissions of reduced sulfur gases to the
atmosphere (Fig. 5.15). Therefore, the global sulfur
budget is significantly affected by human activities.
Anthropogenic emissions of sulfur are almost entirely
in the form of SO2 and 90% are from the northern
hemisphere. The main sources are the burning of coal
and the smelting of sulfide ores.

The main mechanisms for removing sulfur from the
atmosphere are wet and dry deposition. For example,
of the 80 Tg(S) per year of SO2 that is oxidized to

about 70 Tg(S) per year occurs in clouds,
which is subsequently wet deposited; the remainder
SO2�

4 ,

is oxidized by gas-phase reactions and dry deposited
(Fig. 5.15).

Exercise 5.9 Using the information given in Fig. 5.15,
estimate the residence time of SO2 in the troposphere
with respect to influxes.

Solution: From Fig. 5.15 we see that the magnitude
of the tropospheric reservoir of SO2 is 0.3 Tg(S).
By adding the influxes of SO2 shown in Fig. 5.15,
the total influx is found to be 120.5 Tg(S) per year.
Therefore,

residence time of SO2
in the troposphere

■

5.7 Stratospheric Chemistry
In passing across the tropopause, from the tropo-
sphere to the stratosphere, there is generally an
abrupt change in concentrations of several important
trace constituents of the atmosphere. For example,
within the first few kilometers above the tropopause,
water vapor decreases and O3 concentrations often

�
0.3

120.5
� 2 � 10�3 years � 1 day

�

magnitude of 
tropospheric reservoir

total influx to troposphere

0.2

To the
stratosphere

0.3 0.3 0.9

0.5

25

25

0.3

SO4

0.5

0.7

4075103

CONTINENTS

Soils and
marshlands

7
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37

Volcanoes

Dry
deposition

Wet
deposition

Biomass
burning

Volcanoes

Anthropogenic
(fossil fuel

combustion)

Dry
deposition

Soils,
plants
and

industry Biogenic Biogenic Biogenic

Soils Dry
deposition

H2S
[0.03 Tg(S)]

SO4
[1.2 Tg(S)]

SO2
[0.3 Tg(S)]

Sea-
salt

40–320

CS2
[0.1 Tg(S)]

DMS
[0.05 Tg(S)]

COS
[2.5 Tg(S)]

2–

CONTINENTS
[2 x 1010 Tg(S)]

OCEANS
[1.6 x 109 Tg(S)]

Fig. 5.15 As for Fig. 5.14 but for sulfur-containing species in the troposphere. Fluxes are in Tg(S) per year. For clarity, wet and dry
removal are shown only over the continents, although they also occur over the oceans. [Adapted from P. V. Hobbs, Introduction to
Atmospheric Chemistry, Camb. Univ. Press, 2000, p. 150. Reprinted with the permission of Cambridge University Press.]

P732951-Ch05.qxd  12/09/2005  09:05 PM  Page 184

Fig. 5.15 Numbers alongside the arrows are estimates of average annual fluxes in Tg(S) per year;
various degrees of uncertainty, some quite large, are associated with all of the fluxes. Numbers in
square brackets are total amounts of the species in the atmosphere. For clarity, wet and dry
removal are shown only over the continents, although they also occur over the oceans.
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Mass transfer and acid-base equilibria

Dissolution of gases is followed by
aqueous-phase chemistry.

To consider dissolution of gases into cloud
liquid water, we have to consider
I gas-phase diffusion
I surface uptake
I solvation/reaction

Timescales of mass transfer are on the
order of milliseconds to a second—can
assume equilibrium governed by Henry’s
law in many cases.

Finlayson-Pitts and Pitts, 1999
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Seinfeld and Pandis, 2006
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Dissolution of gases in cloud liquid water
One form of Henry’s law:

[i] = Hi pi

Hi is the Henry’s law constant; pi is in units of atm
and [i] is the solution-phase concentration of i in
units of molarity (M; mole L�1).

Seinfeld and Pandis, 2006
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Carbon dioxide-water equilibrium
Stoichiometric balance:

CO2(g) + H2O
 CO2�H2O

CO2�H2O
 H+
+ HCO �

3

HCO �

3 
 H+
+ CO 2�

3

Mass law expressions:

Khc = HCO2
=

[CO2 �H2O]

pCO2

Kc1 =
[H+

][HCO �

3 ]

[CO2 �H2O]

Kc2 =
[H+

][CO 2�
3 ]

[HCO �

3 ]

Concentrations:

[CO2 �H2O] = HCO2
pCO2

[HCO �

3 ] =
Kc1[CO2 �H2O]

[H+
]

=
HCO2

Kc1pCO2

[H+
]

[CO 2�
3 ] =

Kc2[HCO �

3 ]

[H+
]

=
HCO2

Kc1Kc2pCO2

[H+
]
2

Total concentration:

[CO T
2 ] = [CO2�H2O] + [HCO �

3 ] + [CO 2�
3 ]

= HCO2
pCO2

(
1 +

Kc1

[H+
]
+

Kc1Kc2

[H+
]
2

)
Effective Henry’s law constant:

H�

CO2
= HCO2

(
Kc1

[H+
]
+

Kc1Kc2

[H+
]
2

)
Note that

H�

CO2
> HCO2

Seinfeld and Pandis, 200641 / 47



Example: pH of “pure” rainwater
For a system containing only CO2 with mixing
ratio of �CO2

= 350 ppm and water at 298 K,
what is the pH of cloudwater and rain droplets
in this system (assume equilibrium between
gas and condensed phase)?

Charge balance

[H+
] = [OH�] + [HCO �

3 ] + 2[CO 2�
3 ]

Replace concentrations with mass law
relations:

[H+
] =

Kw

[H+
]
+

HCO2
Kc1pCO2

[H+
]

+
HCO2

Kc1Kc2pCO2

[H+
]
2

Rearrange as a cubic equation,

[H+
]
3
�

(
Kw + HCO2

Kc1pCO2

)
[H+

]�2HCO2
Kc1Kc2pCO2

= 0

) The solution pH is 5.6.

pCO2
= 350�10�9 atm

HCO2
= 3:4�10�2 M atm�1

Kc1 = 4:3�10�7 M

Kc2 = 4:7�10�11 M

Kw = 10�14 M
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Aqueous-phase uptake of SO2 and partitioning of
S(IV) species

Stoichiometric balance

SO2(g) + H2O
 SO2 � H2O

SO2 � H2O
 H+
+ HSO �

3

HSO �

3 
 H+
+ SO 2�

3

Mass law expressions

HSO2
=

[SO2 � H2O]

pSO2

= 1.242 M atm�1

Ks1 =
[H+

][HSO �

3 ]

[SO2 � H2O]
= 1:32�10�2 M

Ks2 =
[H+

][SO �

3 ]

[HSO �

3 ]
= 6:42�10�8 M

Concentrations

[SO2�H2O] = HSO2
pSO2

[HSO �

3 ] =
Ks1[SO2 �H2O]

[H+
]

=
HSO2

Ks1pSO2

[H+
]

[SO 2�
3 ] =

Ks2[HSO�3]

[H+
]

=
HSO2

Ks1Ks2pSO2

[H+
]
2

Mass balance:

[S(IV)] = [SO2 �H2O] + [HSO �

3 ] + [SO 2�
3 ]

Total concentration

[S(IV)] = HSO2
pSO2

[
1 +

Ks1

[H+
]
+

Ks1Ks2

[H+
]
2

]
= H�

S(IV )pSO2

Effective Henry’s law constant

H�

S(IV) = HSO2

[
1 +

Ks1

[H+
]
+

Ks1Ks2

[H+
]
2

]
Mole fractions

xSO2 �H2O =
[SO2�H2O]

[S(IV)]
=

(
1 +

Ks1

[H+
]
+

Ks1Ks2

[H+
]

)
�1

xHSO3
=

[HSO �

3 ]

[S(IV)]
=

(
1 +

[H+
]

Ks1
+

Ks2

[H+
]

)
�1

x
SO 2�

3
=

[SO �

32 ]

[S(IV)]
=

(
1 +

[H+
]

Ks2
+

[H+
]
2

Ks1Ks2

)
�1
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Dissolution of SO2

Seinfeld and Pandis, 2006
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Partitioning of S(IV) species

Partitioning of S(IV) species

Seinfeld and Pandis, 2006
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Oxidation of S(IV) and S(VI) (sulfate) formation
Reaction of S(IV) with dissolved species A(aq)

S(IV) + A(aq) ! products

for which the rate of reaction is generally given by

Ra =
�dS(IV)

dt
= k [A(aq)][S(IV)] M s�1

Mechanisms of oxidation:
I by dissolved O3

S(IV) + O3 ! S(VI) + O2

I by hydrogen peroxide:
nucleophilic displacement by hydrogen peroxide on bisulfite

HSO �
3 + H2O2 
 SO2OOH� + H2O

followed by protoantion of peroxymonosulfurous acid

SO2OOH� + H+
! H2SO4

I by O2 catalyzed by iron and manganese

S(IV) +
1
2

O2
Mn2+

;Fe3+

�! S(VI)
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Oxidation pathways of S(IV)! S(VI)

S(IV) can additionally be oxidized by natural
transition metal elements (e.g., present in mineral
dust aerosol).

Note that
dS(VI)

dt
= �

dS(IV)
dt

Seinfeld and Pandis, 2006
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