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Condensation in the atmosphere

W are famliar with condensation form ng when air
is cooled to its dew point — condensation on a

gl ass or can taken froma refrigerator, for
exanple. In native, dewis formed al nost every

ni ght on the grass or other vegetation, and as
frost if the surface tenperature is below 0 °C

Qur interest here is in condensation in the form
of clouds or fog in the atnosphere. For the
initial formation of mnute droplets of water in
t he atnosphere, it is necessary to consider two
additional factors. These are:

1) the radius or curvature effect, and
2) the solution effect

Theradiusor curvature effect

The equilibrium (saturation) vapor pressure es
with respect to a snall droplet of water is
greater than that over plane water surface. This

i s because nol ecul es at the surface of small,

m croscopic droplets are bound | ess strongly to
the droplet than would be the case for a flat

wat er surface. Since nol ecul es can escape nore
easily, a high vapor pressure in the surrounding
is needed to maintain equilibrium (zero net growth
or evaporation).

e, < e,(drop)

liquid water molecul es
“missing” from shaded
area

Thus it is necessary to have certain degree of
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supersaturation (with respect to a flat water
surface) in order to maintain a small droplet in
equi librium The percent supersaturation needed
for equilibriumis inversely proportional to the
radi us of the drop.

% supersaturation o 1/deoplet radius
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% supersaturation g o--
relativeto afla
waeter surface
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droplet radius  pm (10°m)

The question arises: “how does a droplet first
form because initially it would be a

congl omeration of only a few nolecules; it would
be very small and woul d need a very | arge degree
of supersaturation to prevent it from
evapor at i ng?”

The answer is that condensation nuclei (particles)
in the atnosphere provide a surface on which

m croscopi c droplets can form The nost conmon
condensation nuclei in the atnosphere are
particles of sea salt (Nad). In fact, the

at nosphere is | oaded wi th condensati on nucl ei,
roughly 10° per liter. Cearly, the intention of

cl oud seeding, which is artificially introducing
particles of silver iodide or dry ice into the

at nosphere, is not to enhance the condensation
process. Condensation will occur in the atnosphere
at the slightest degree of supersaturation and
needs no help fromus. As we will see later,
cloud seeding is neant to enhance the freezing
process in “cold” cloud.

Particles of sea salt are “hygroscopic”, wettable,
and attract water even at relative humdifies

bel ow 100% (t he opposite of hygroscopic is
“hygrophobi c” or non-wettable). This brings us to
t he second effect.
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The solution effect

Droplet growth

The presence of dissolved solute reduces the
equi | i brium vapor pressure bel ow that of pure
wat er so that condensati on can occur when e <eq
(defined for pure water), or at relative
hum di fi es bel ow 100%

We can think of the dissolved solute as inhibiting
the | oss of water nolecules fromthe surface,
meani ng that a smaller vapor pressure is needed to
mai ntain equilibrium The effect increases as the
concentration of solute increases. Thus, for a

fi xed mass of solute (originating as a snmall salt
particle, say) the concentration and the effect

i ncrease as the droplet becones snaller, or vice
ver sa.

Si nce concentration o« 1 /(radius)?

Wil e the radius or curvature effect causes the
required supersaturation to be proportional to the
inverse of the first power of the radius, for very
smal | particles, the solution effect can overcone
the curvature effect and small droplets can exi st
and growh at RH < 100%

The attached di agram shows the net results of the
two effects for four different masses of salt as
the nucleus for water droplets. Increasing salt
mass inplies that a smaller degree of
supersaturation is needed for continued dropl et
grow h. Not only that, but because hygroscopic
nuclei are “wettable”, they attract water fromthe
at nosphere at relative humdifies even bel ow 100%
For continued growth, however, the relative

hum dity nust ultimately be greater than 100% but
t he degree of saturation needed is dependent on
the mass of solute present in the droplet. For
exanple, with a mass of salt equal to 102 g, a
supersaturation of only 0.01%is needed for
continued grow h by condensati on.

There are three nmechani sns by which droplets grow
wthin a cloud. It is usually a conbination of al

three of themthat produces drops |arge enough to
fall as rain, except in warmclimte clouds where
only two are sufficient. The three mechani sns are:
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Condensation

1) condensation on existing droplets
2) col lision between droplets and coal escence
3) the Bergeron three-phase processes

Cl oud droplets do not grow | arge enough by

conti nued condensation of vapor onto |iquid drops
because the process would take far too long. This
is because the surface area of a droplet is
prqportional to r2, which the mass of the dropl et
ocr So, as the droplet grows, the surface area
(upon whi ch nol ecul es of vapor condense) does not
keep up with the increasing nmass, and the rate of
i ncrease of droplet radius decreases with tine.
Schematically, the foll ow ng di agram shows the
change of growth rate with tine.

radius

time

The result is that it is very difficult to create
droplets larger than about 20 um by condensati on

al one, except in warm noist tropical climtes.

Collision-coalescence

Droplets of different size have differet fal

vel ocities. The snallest droplets wll be noving
upward with the cloud updraft, while the |argest
droplets will be falling against such updraft.
Wth such differences, there is the potential for
collision between droplets of different sizes and
for coal escence of droplets into a single |arger
drop. Fall velocities (in still air) of droplets
of different size are shown in the table bel ow
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drop radius fall velocity (m/s)
1 pm 1.210* (morethan 2 hrsto fall 1 m)
10 um 1.210? (morethan 1 mintofal 1 m)
100 um 7.2101
1 mm 6.5
2.5 mm 9.1
Droplets of different size will be noving rel ative

to each other within a cloud, with snmall droplets
nmovi ng upwards relative to | arge drop.

The problemis that the collision efficiency is
very small for droplets smaller than about 20 um.
Because of their small inertia, such small
droplets end to nove with the airstream around an
approaching | arger drop.

In warm noist clouds, it is possible for droplets
to grow by condensation sufficiently |arge that
the col lision/coal escence process can conti nue
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their gromh. However, in colder climates, such as
in the md and high latitudes, there is
insufficient noisture that gromh to sizes in
excess of 20 um takes too |ong.

Ber geron three-phase process (also known asthe Ber ger on-Findeisen process)

This process refers to the three-phases of water
(vapor, liquid, and ice) which nust occur together
wi thin the cloud.

Two facts are inportant for this process:

a)

b)

The saturation vapor pressure over ice is |less
than over water (difference of 0.3 nb at -12
°0).

ice

0°C
T

This difference exists because the crystalline
structure of solid ice binds nolecul es of
water to the surface nore strongly than does
[iquid water.

Ice crystals will not fromunless freezing
nucl ei are present. Ice nuclei in the

at nrosphere are much | ess abundant than
condensation nuclei — typically 1/liter
compared with 10%litter. The nost abundant
icing nuclei in the atnosphere are particles
of kaolinite (a clay), which are npst

ef fective when tenperatures are about -9 °C
Thus, supercool ed water droplets are common in
t he at nosphere in clouds, at |east between o
0C and about -20 °C

T >-10 °C clouds are nostly water
-10 °C > T > -20 °C clouds consist of water
and ice
T < -20 °C clouds are nostly ice

When supercool ed water droplets and ice crystals
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coexi st
will
water in equilibriumwth vapor.
(water) > es (ice), this will

in a cloud, the | arge nunber of

However ,

crystals i s concerned.

Thus, the ice crystals wll
liquid water droplets.

liquid drops
maintain a relative humdity close to that for

because eg

be a state of
supersaturation as far as the snmall er nunber of

i ce

grow at the expense of the
Instead of a | arge nunber of

dropl ets conpeting for avail able water vapor and

growing slowy, a small nunber of

ice crystals grow

qui ckly to sizes where the collision/coal escence

process t akes over.

This is the Bergeron three-phase profess.
high | atitudes, nost rainfall from “col d”
i nvol ved the ice phase but
ice pellets fal

at |lower |evels beneath the cl oud.

In md and
cl ouds has

mel ting occurs as snow or
through the cloud or in the warmer air

The foll ow ng di agram summari zes the conbi nati on of
t hese growt h processes for both “warnf and “col d”

cl ouds.
Bergeron
3-phase process
“cold” growth by growth by
clouds condensation collision
. i growth by
warm'
clouds growth by collision
condensation
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In “cold” clouds with tenperatures substantially below 0 °C,
it is the Bergeron 3-phase process which bridges the gap so
that ice crystals grow preferentially to sizes |arge enough
to take part in the collision/coal escence mechani sm
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