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Introduction

* Role of clouds in the climate system
e Cloud types

e Cloud life cycle

Cloud formation and precipitation
e Cooling

 Warm Clouds

e Cold clouds

e Precipitation

Special aspects from recent studies
 |WC of cirrus clouds

o Super-Supersaturation

e Contralils
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Role of clouds in the climate system
Clouds are a major factor in the Earth‘s radiation
budget
Clouds are a key step in the hydrological cycle

Clouds provide a medium for (heterogeneous)
chemical reactions

Clouds affect significantly vertical transport and
redistribution of species in the atmosphere
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More CCN

— more but smaller drops (cloud albedo/Twomey effect)
— higher reflectivity & longer lifetime

— less sun on Earth’s surface

— cooling



Aerosols — Clouds — Climate

IPCC 2007, Chapter 2
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Hydrological cycle

The World's Water Cycle
Giobal Procpticn, Evaporaton, Evapaienepation nd Runoft
total water on Earth: 1.4-10° km3
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o i ground water 0.5 %
soil 0.01 %
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atmospheric H,O 4% - 1 ppmv
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Chemical reactions in clouds: washout
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Washout of particles and gases

Acid rain



Chemical reactions In clouds: surface reactions

stratospheric ozone

Winter Spring

74

+ photon == Cl + C|

source gas reservoirs reactive
CFC HCI, CIONO, Cl,, Cl, CIO, (ClO),



Wiater

hemisphere

Corti et al.

Cloud impact on vertical transport
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Temperature of the standard atmosphere (°C)

Cloud types
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Low Clouds Stratus (St)
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Medium-high Clouds
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Special cloud forms i 5Q
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Cirrostratus (Cs)

High Clouds

Subvisible cirrus (SVC/UTTC)

£
X
[
T
S
=
=
b |

Cirrus (Ci)

S

+ contrails




Cumulonimbus (Cb)
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Special cloud forms

Macreous




Polar Stratospheric Clouds (mother-c
Noctilucent Clouds

Moctilucent

A Nimbostratus

Stratus




Altitude, km
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Liu & Zipser, TRMM cloud occurence > 14 km



Precipitation staircase

Prerequisites for cloud formation:

o water

e lowT

e supersaturation

» Cloud Condensation Nuclei (CCN)
or Ice Nuclei (IN)

Humidification
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Cloud Condensa-
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Cloud formation and precipitation
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Cooling

* Isobaric cooling
« Adiabatic coolina
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Convection Cell




Frontal cloud formation

Development of Stratus Clouds by slow lifting
at a Warm Front

Cirrostratus ’
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Cold Air Sector

Precipitation Zone "

: -—-- e mmm= =" |

Several hundred kilometers



Convective cloud formation

Convective Cloud Formation

(1)
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Orographic cloud formation
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Adiabatic cooling

latent heat release AH, by condensation
moist adiabatic lapse rate:

8 -+ &Hu(dWUs/dz)
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e lifting condensation level
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dT
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(Trockenadiabate) dZ

1" = g/¢, dry adiabatic lapse rate
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Cumulus formation

depends on H,O content and stability of atmosphere

Hohe

2: unstable atmosphere
updraft stopped high up
cumulus congestus

1: stable atmosphere
updraft stopped early
cumulus humilis

LCL hw

Temperatur

——’
AT causes updraft



Stability in the atmosphere

unstable stable
strong T-gradient weak T-gradient or inversion
Hohe adiabatische Temperaturanderung Hohe  adiabatische Temperaturanderung
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Warm Clouds




Equilibrium between phases:
Clausius Clapeyron equation
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Sattigungsfeuchte der Luft
(g/kg feuchter Luft bei 1013 mbar Luftdruck)
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Equilibrium of water droplet vs flat surface

i i 4M )0 w0
Kelvin equation  Pw{Dp) _ exp ( w )
p° RTp,D;

1-3 I. ] | A I I N | F 1 | L L

p (D)%

1.0 ! NN { =Tttt
.01 0.1 ]
Diameter, pm

p,, > p° — for equilibrium of droplet, air needs to be supersaturated



Vapour pressure over an aqueous solution: Kohler eq uation

activation of particles to drops particles < critical size < drops

0.5 ™ T T RN G G 8 1 1 R MR T b 45 0
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=
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Supersaturation of several 100%
required in particle-free air —
cloud condensation nuclei (CCN)
required

. D =0.05
« P il

N 001 pm

......

Supersaturation, %
[ ]

Higher critical supersaturation

IS needed for

* less particle solubility ~0.2
(bad water uptake)

l]I'illil_r1|1

1 i [
-0.3% vl Ll

» smaller particles 0.1 1 10 100
Wet Diameter, um
p° D D3

curvature term  solute effect



Activation of aerosol particles to drops

HaC|
— (NH,),50,

organics
insoluble ]

>

Critical supersaturation,

Particle size —>

Good CCN: large, high water soluble fraction, i.e. salts
Bad CCN: small, high insoluble fraction, i.e. soot, dust or high organic fraction
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Cold (ice) clouds




Frequency of Appearance, %

Supercooled water, mixed phase, ice clouds
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50 1 -
Solution
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Clausius Clapeyron equation

vapour/ice
dpsat,i . A H; 210
dT  T(v,—v) 205 |
200
d In Psat,i S ﬂHj %
dT  RI? g
AH, molar enthalpy for ice sublimation ?90 .
185
Integration In p,,o =-A/T + C 180 |1 - woron
[Marti & Mauersberger, GRL 1993] s L "
0 25 50 75 100 125 150

H,O in plume [ppmv]

A[H,O] =1ppmv = AT; =1K

water/ice
dpm AH,

dT T (vy —v;)

AH_, enthalpy for melting



Water Partial Pressure, Pa

pP-T phase diagram for water
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Vapour pressure

Bergeron-Findeisen process

Water droplet lce crystal

Vapour pressure
over supercooled ..z
water~_  _.e="""
--nn-i':‘h"_‘

11»I.";_Jl'|q'|!_|j' pressure

OVET 1CE

0
o .
Tcmperature, C H.gh vapor pressure Low vepor pressure

T< Ot, P sat,w > psat,i o o _ _
supercooled droplets cannot coexist in equilibrium with ice crystals



Ice Nuclel (IN)

1

lce Saturation Ratio

_90 aC -+
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Aerosol
ey
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Hinewol i

dust ."'

-35 °C 1
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DeMott et al., 1999
Jensen et al., 1999
Gierens et al., 2000

DeMott et al., 1990
Diehl, Mitra, 1998
Gorbunov et al., 2001

Mixed Clouds




Homogeneous / heterogeneous ice nucleation

determind by IN composition and supersaturation

Homogeneous ice nucleation
T < 235K
RH(ice): 140 - 1/0 %

Heterogeneous ice nucleation
T < 273K

4

RH(ice): 100 — 150 %

g

bad IN: soluble solutions good IN: soot
organics mineral dust




Key: O : dissolved solute (haze) % : ice particle

© : non-dissolved solute ® :insoluble particle

Homogeneous Heterogeneous
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A B Cl D El E2
A hom. freez. of solution droplets D het. freez. of solution droplets
B deliguescence + hom. freez. E deposition nucl. on insoluble/anhydrous particle

C hom/het freez. + secondary phase cryst. F contact freezing nucleation
(immersion freezing)



lce saturation at low T. Homogeneous nucleation
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Ice saturation at low T. Heterogeneous nucleation
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Supersaturation in the atmosphere

inside clouds outside clouds
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Precipitation

(some) drops need to grow to precipitable size

mechanisms:

e Wwater vapour condensation
» droplet coalescence

* ICe processes



Diffusional growth of drops
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Droplet coalescence

falling (large) drops collect smaller drops in fall path (Mt 25,29)

For everyone who has will be
given more, and he will have an
abundance. Whoever does not
have, even what he has will be
taken from him.

Denn wer hat, dem wird
gegeben, und er wird im
Uberfluss haben; wer aber
nicht hat, dem wird auch noch
weggenommen, was er hat.

Car a celui qui a, on donnera,
‘ et il aura encore davantage,
mais a celui qui n'a pas, on
Otera méme ce qu'il a.




Ice processes

Aerosolteilchen  gienen als Wasserdampf
| Eiskeime e
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Example: Microphysics in a Cb cloud

Outfiow
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Clouds 3
Special aspects from recent studies

e IWC of cirrus clouds
e Super-supersaturation (part11, part 2 by TP)

e Contrails and contrail cirrus




lce Water Content (IWC) of cirrus

Measurement: total water — gas phase water
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IWC from FISH - FLASH (g/m°)

—
DI

—
o

-
o

-3
o

FISH/FLASH vs FSSP IWC

| N [ |

3% ]

1 IlIIIfII

i
(1]

L

1 IIIIIIII

[
o

m CIP size range contributes more than 50% to IWC 199 11
m FSSP size range contributes more than 50% to IWC

IIIIII I IIIII?III I 1l||lll[ I llllllll I LI

10 107 10~ 107

IWC from CIP + FSSP (g/m°)




(PpMV)

IWC_sat

Mean IWC and frequency distribution
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IWC (ppmv)

IWC and cooling / convection

10'

10°

180 210
Temperature (K)
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Peter et al., 2002

Utrathin tropical cirrus (UTTC)

final step of dehydration of stratospheric air
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Peter et al., 2007

The High Supersaturation Puzzle
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FLASH/OJSTER: supersaturation climatology
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Kramer et al., 2009



Supersaturation: frequency distribution and T-depen dence
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Saturation ratio with respect to ice:

Puo _ ™o

Pu,o = partial pressure of water

P, (1) = vapor pressure of ice

S>1 —> Ice particles grow
S=1 —> Ice particles are in equilibrium with the gas phase

S<1 —> Ice particles evaporate




How does water vapor condense on ice particles?

cn
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dt
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How IS supersaturation maintained?
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Steady-state S in an upwelling air parcel (w)
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Growth time of ice particles

(up to 80% of equilibrium radius)
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Supersaturation and N
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Contralls / contrall cirrus




Contrails and RHi

RHi > 100%
persistent contrails

embedded in (sub-)visible cirrus?
generating new cirrus?

RHi < 100%
lifetime of minutes
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n Particles in a fresh contrall

12,5047.bmp 12,5125, bmp

Dependency of Ice Crystal Radius
on Temperature and Vertical Velocity
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During CONCERT large ice crystals (100um) observed in short-lived contrail
— entrainment from surrounding cirrus




