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Overview of cloud physics lecture

@ Atmospheric thermodynamics
@ gas laws, hydrostatic equation
o 1st law of thermodynamics
@ moisture parameters
e adiabatic / pseudoadiabatic processes
o stability criteria / cloud formation
@ Microphysics of warm clouds
@ nucleation of water vapor by condensation
e growth of cloud droplets in warm clouds (condensation, fall speed
of droplets, collection, coalescence)
o formation of rain
@ Microphysics of cold clouds
@ homogeneous nucleation
heterogeneous nucleation
contact nucleation
crystal growth (from water phase, riming, aggregation)
e formation of precipitation
@ Observation of cloud microphysical properties
@ Parameterization of clouds in climate and NWP models
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Phase transitions

vapor < liquid condensation, evaporation
liquid < solid freezing, melting
vapor <> solid deposition, sublimation

Changes from left to right:

= increasing molecular order, “free energy barrier” to overcome
= cloud forming processes

saturation = equilibrium condition for thermodynamic system
consisting of vapor (ice) and liquid

Cloud microphysics November 10, 2011 3/26



Saturation vapor pressure

Clausius-Clapayron equation

e L,
daT T(oy — o)

@ integration yields es(T), approximate because L, depends on T

Magnus formula (empirical)

water(0°C — 100°C) : &5 = 6.1078 exp 55987, )

subcooled water : €5 = 6.1078 exp (214 éﬁgﬂ)

ice : (~50°C —0°C) : &5 = 6.1071 exp (24257 )

T in °C and es in hPa.
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Why do droplets form?

@ at equilibrium (saturation):
rate of condensation = rate of evaporation

@ energy barrier of small droplets: generally no phase transition at
saturation (homogeneous nucleation unlikely)

@ when air parcels ascent without condensation = supersaturation

@ energy barrier may be decreased by cloud condensation nuclei
= heterogeneous nucleation

e hygroscopic particles serve as centers of condensation
@ supersaturation in clouds not much larger than 1%

@ when air parcel including cloud droplets ascend to T<0°

@ droplets become supercooled
o freeze when ice nuclei are present

Cloud microphysics November 10, 2011 5/26



Energy difference due to formation of droplet

AE = surface energy of droplet - Gibbs free energy due to condensation

AE = 47R%0 — %wR%len £

€s

@ blue curve: subsaturated
conditions, formation of
droplets not possible

@ red curve: supersaturated

Fig. 6.1 Increase AE in the energy of a system due to the for- Conditions, dr0p|ets grow
mation of a water droplet of radius R from water vapor with above radius r

pressure e; e, is the saturation vapor pressure with respect to

a plane surface of water at the temperature of the system.

Figure from Wallace and Hobbs
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Energy difference due to formation of droplet

Cloud microphysics

AE [J]
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Kelvin equation

112

110

T 108
> droplet grows
b}
g 106[
2
[
2
=
[7) L o .
= 104 equilibrium

1021

droplet evaporates
100 -
107 107 10°
r[pm]

Cloud microphysics

Kelvin equation

f = ——
nkTInei
S
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Number of molecules required to form stable

embryonic droplet

1012

1011 L

1010 L
8 10° eleg r (um) N
% 108 1 o0 o0
% 107 1.01 1.208-10~' 2.486-108
& 105 1.1 1.261.10~2 2.807-10°
E Lo ] 15 29641073 3.645.10°

10t 1 5 7.486-10—4 58

10°

105 02 0.4 0.6 0.8 1.0

radius [um]
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Heterogeneous nucleation

1013

0, =100
0, =080
0, =0.60

o 107 b
Ed

1016

107
10°

Cloud microphysics

R [um]

Surface tension is
reduced when soluble
aerosol is added to
droplet.

Calculation for 0.5%
supersaturation,
T=293 K.
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Raoult’s law

Vapor pressure of an ideal solution depends on mole fraction of the
component present in the solution

€ _¢ J
e

e’ — saturation water vapor pressure adjacent to solution droplet
containing a mole fraction f of pure water

e — saturation water vapor pressure adjacent to pure water droplet

f—  number of moles of pure water devided by total number of moles

= saturation water vapor pressure is reduced when aerosol is solved
in droplet
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Kohler curves

Cloud microphysics

05

Super
saturation
(%)

o o
W

=]
ha

Relative
humidity
(%)

0.01 0.1 1 10
Droplet radius (;m)

Fig. 6.3 Varadons of the relative humidity and supersatura-
tion adjacent to droplets of (1) pure warter (blue) and adja-
cent to solution droplets containing the following fixed masses
of salt: (2) 10719 kg of NaCl, (3) 1078 kg of NaCl, (4) 10717
kg of NaCl, (5) 107" kg of (NH4)2504, and (6) 1078 kg of
(NH4);50,. Note the discontinuity in the ordinate at 100%
relative humidity. [Adapted from H. R. Pruppacher, “The role

Figure from Wallace and Hobbs
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Kohler curves

Super-
saturation
(%)
o o o
w & o

0.29

(%)

-
o © o 2
S o S =
T

Relative
humidity

0.1 1 10
Droplet radius (pm)

o
o

Fig. 6.4 Kohler curves 2 and 5 from Fig. 6.3. Curve 2 is for a
solution droplet containing 10 719 kg of NaCl, and curve 5 is
fora solution droplet containing 10719 kg of (NH,),SO,. The
dashed line is an assumed ambient supersaturation discussed

in the text.
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Maximum of Kohler curves

Values of radius at maximum r* and supersaturation S* as functions
of nucleus mass and radius. Here spherical NaCl particles at 273°K
are assumed.

mass of dissolved

salt [g] rs [um] 1" [pm]  (S7-1)[%]
10-10°™ 0.0223  0.19 0.42
10-10~ 0.0479  0.61 0.13
10-10~14 0.103 1.9 0.042
10-10- 13 0.223 6.1 0.013
10-10~2 0479 19 0.0042

adapted from R.R. Rodgers
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Droplet activation

Droplets grow along Kéhler curve

@ Case 1: when ambient supersaturation is higher than maximum
= activated droplets

@ Case 2: when ambient supersaturation is lower than maximum,
droplets grow to equilibrium state, where ambient
supersaturation equals supersaturation adjacent to droplet
= unactivated/haze droplets
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Efficiency of cloud condensation nuclei

@ small subset of atmospheric aerosols serve as CCN

@ CCN are most efficient when droplets can grow at
supersaturations as low as possible

e the larger the size the lower the required supersaturation
o the greater the solubility the lower the required supersaturation

@ completely wettable but unsoluble particles
= r~0.1um at 1% supersaturation

@ soluble particles
= r~0.01um at 1% supersaturation
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Cloud condensation nuclei i

h’s atmosphere
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Fig. 6.5 Cloud condensation nucleus spectra in the boundary
layer from measurements near the Azores in a polluted conti-
nental air mass (brown line), in Florida in a marine air mass
(green line), and in clean air in the Arctic (blue line). [Data from
J. G. Hudson and 5. 5. Yun, “Cloud condensation nuclei spectra
and polluted and clean clouds over the Indian Ocean,” . Geaphys
Res. 107(D19), 8022, doi10.1029/2001)D000829, 2002.
Copyright 2002 American Geophysical Union. Reproduced/
modified by permission of American Geophysical Union. |

Figure from Wallace and Hobbs

Cloud microphysics

no systematic latitudinal or seasonal
variations have been found so far

near Earth’s surface: continental air
masses contain larger concentrations
of CCN than marine air masses

soil and dust = not the dominant
source

forest fire, engine emission =
efficient CCNs

not yet clear, which are the dominant
sources for cloud formation
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Organic aerosols as CCN

Available online at www.sciencedirect.com

OOIENGE@DIREGT' ATMOSPHERIC
ENVIRONMENT

Atmospheric Environment 40 (2006) 795-820
h E 40 (2 795821

www.elsevier.com/locate /atmo:

Review
Atmospheric organic and bio-aerosols as cloud
condensation nuclei (CCN): A review

Jiming Sun, Parisa A. Ariya™

Departments of Atmospheric and Qceanic Sciences, and Chemisiry, McGill University, $01 Sherbrooke St W,
Mowntreal, PO, Canada H3A 2K6

Received 28 December 2004; accepted day 2005

Abstract

Organic substances have been recognized as active eloud condensation and ice formation nuelei for several decades.
In some regions of the world, these organic compounds (OC) consist predominantly of suspended matter mass, which
can have local (e.g. toxicity. health hazards) and global (e.g. climate change) impacts. However, due to the complexity
in driving physical and chemical atmospheric process

of their chemical nature, the significance of organic molecu|
still very uncertain and poorly understood. The aim of this review paper is to assess the current state of knowledge
regarding the role of organic aerosols (including hioaerosols) as cloud condensation nuclei (CCN), as well as to
wre the existing theoretical and experimental data. It seems that classical Kohler theory does not adequately
describe the hygroscopic behaviour of predominantly identified organic CON such as pure dicarboxylic acid particles.
Factors such as surface tension, impurities, volatility, morphology, contact angle, deliquescence, and the oxidation
process should be considered in the theoretical prediction of the CCN ability of OC and the interpretation of
experimental results. Major identified constituents of organic CCN, their main sources and their CCN properties will be
s of uncertainty and expose key issues deserving of future re

com|

arch

so discuss are
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Organic aerosols as CCN

S

Chemical
Transformation

CCN

Gas/Particle
Transport o Pantritioning .'.
Volatile g8 —nFine
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Compounds \ }Erosnls O
@ Ci)}' < Coarse

Organic and inorganic Asrosolp Qrganic aerosols
mixed aerosols
Dry T W Wet [

Emission = Deposition Emission Deposition Emission

Fig. 1. The simplified schematic of organic aerosol transforma-

tion in atmosphere.
from Sun and Ariya 2005
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True Color

e

Optical Thickness

Effective Parficle Radius (L)

http://earthobservatory.nasa.gov/I0TD/view.php?id=3275
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http://earthobservatory.nasa.gov/IOTD/view.php?id=3275

Growth of droplets in warm clouds

1. Growth by condensation

2. Growth by collision and coalescene
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Droplet growth by condensation

@ air parcel rises, expands, cools adiabatically and reaches
saturation

@ further lifting produces supersaturation
@ as supersaturation rises, CCN are activated (most efficient first)
@ supersaturation reaches maximum when:

rate of water vapor rate of water vapor
in excess of saturation = which condenses on
made available by adiabatic CCN and droplets
cooling

concentration of CCN
activated by attained
peak supersaturation

concentration of cloud droplets
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Growth rate and size distribution

107 £ 10
@ growing droplets consume water 3/3
.y s . 7 imMg=10-15 -
vapor faster than it is made availabe _ T _
. . 19 ImMg=10-1 = =
by cooling and supersaturation O s Fr oz
w e E o
decreases £ 3 , W ok 8
g ] imMs= WEHr:\ C %
. = o s
@ haze droplets evaporate, activated 2 & i g
. S 0.9 2 E 01
droplets continue to grow by s ] & 3
. 1 & mMg=108 |
condensation 1 R
" LR e
growth rate of water droplet , |
1 0.01
dl’ 1 1 10 100
— = G,S- Time {s)
dt r _
Fig. 6.16 Theoretical computations of the growth of cloud
condensation nuclei by condensation in a parcel of air rising
@ smaller drOpletS grow faster than with a speed of 60 cm s 1. A total of 500 CCN cm ' was
|arger drop|ets assumed with im/M; values [see Eq. (6.8)] as indicated. Note
how the droplets that have been activated (brown, blue, and
@ sizes of drOpletS in cloud become purple curves) approach a monodispersed size distribution
i i i after just 100 s. The variation with time of the supersatura-
increasingly uniform,

tion of the air parcel is alse shown (dashed red line). [Based

approach monodispersed distribution on data from . Meteor. 6, 143 (1949).]
Figure from Wallace and Hobbs:
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Size distribution

4004
= 3604
E
ni 3201
E 280
E 2404
§ 2001 NP
% 160 @ measurement of size distribution
§ 120 shows good agreement to
g o v} computed droplet size distribution
e “z: for nonprecipitating warm
0 2 46 & 1012 cumulus cloud
Droplet radius (um)
Fig. 6.17 Comparison of the cloud droplet size distribution (] |argeSt dr0p|etS Only about 10 pm

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 Chicaco.1
Figure from Wallace and Hobbs
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Sizes of cloud droplets

Conventional
borderline '
between cloud /
droplets and Large cloud
raiqdégps y droplet L
= — = .
=10 0 =13 @ growth by condensation
) F_%N1 n=106 alone can not produce
v=0.0001 raindrops with radii of
O Typical cloud droplet several mm !
r=10 n=1 OE v=1

ﬂ- i r=10!!0 n=1 v=650 “h

Figure from Wallace and Hobbs
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Current cloud research

Cloud research at Schneefernerhaus (Zugspitze),
DLR Oberpfaffenhofen, KIT Karlsruhe and MPI Géttingen

Film: “Ratsel am Himmel: Was Forscher aus den Wolken lesen”
BR, 6.11.2011, 23:15, Faszination Wissen

http://www.br.de/fernsehen/bayerisches-fernsehen/
sendungen/faszination-wissen/fawi-wolken100.html
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