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Global Energy Flows W m™
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The global annual mean Earth’s energy budget for 2000-2004 (W m—2). The arrows
indicate the flow of energy in proportion to their importance (Trenberth et al., 2009).




Human activities

Natural
processes

Radiative forcing of climate between 1750 and 2005
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Aerosol Burden from Diverse Sources

Global mass burden for
major aerosol types
(<1 umdia.)

l Soil dust (mineral aerosol)

B Sea salt

W Volcanic dust

M Biological debris

..... O Sulfates from biogenic gases
O Sulfates from volcanic SO2
@ Organic matter from biogenic VOC
O Nitrates from biogenic NOx

® Dust from disturbed soils

B Industrial dust, FF smoke, etc.

W Soot carbon

@ Sulfates from SO2 (NH4HSO4)

B Biomass burning (w/o soot carbon)
@ Nitrates from pollution NOx

B Organic from anthropogenic VOC

Max F1anch inas 3 e for Chemesyy. Mg, Gemmany



A Global Mean Aerosol Climatology
AERONET / composite _Aerosol Optical Thickness (550 nm)

N R :
| Can you spot the continents? s «inne, 2008

_ 0.20 0.40 - 060
There is no observational support for the old classification into

“continental” and “maritime” aerosol (and cloud physics “regimes”!)



Global Distribution of CCN and AOT
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CCN concentrations and AOD over the cleanest

continental sites are similar to the cleanest marine sites!



* \We see strong signals from pollution, dust,

smoke and salt, but very low AOT over the
remaining regions

* There is surprisingly little contrast in AOT
between clean ocean and clean
continents

* This is supported by in situ measurements
INn Amazonia and Siberia
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A CCN is a particle that can nucleate a cloud
droplet at a particular water vapor
supersaturation

Without CCN, a supersaturation of about 800%

would be required (because of the Kelvin effect).
Cloud base would be at about 5 km.

CCN help droplet nucleation by supplying

solutes that help keep the water molecules in the
liquid phase (the Raoult effect)




Kelvin's Law

Equilibrium water partial pressure over a flat surface
(from Clausius-Clapeyron):

. 17.67T
oLl ) = 6.1120xp( i )

I' 4+ 243.5

c c € _S
Saturation ratio: e (T) o

Kelvins law describes the increase in vapor pressure
with decreasing diameter (or radius of curvature)
e 4M o,

N (T) = SW = CXP RprD (for pure water)




Cloud formation in “pure air”

To form stable water clusters that can
grow Iinto cloud droplets, a saturation ratio
of ca. 8-9 would be required

For typical conditions (dew point ca.
13°C), this would require cooling air to ca.
-15 t0 -20°C

This would result in cloud base at about
4-5 km altitude

In real atmosphere, clouds form lower, so
something must come to help



Raoult’'s Law

Water equilibrium vapor pressure is lower over salt
solutions:

X M, [ 7
- =A-eXP—V — | =A4-exp ovm M,

e (T) Mop. M. p D’

Kelvins law describes the decrease in vapor pressure
with increasing solution concentration

Combining Kelvin's and Raoult’s law yields the Kohler
equation:



Water vapor supersaturation [%)]
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Critical supersaturation, S_

The critical supersaturation, S_, at which an aerosol particle is
activated to become a cloud droplet depends on:
» particle size (d — dry particle diameter)

« chemical composition (¢ — soluble fraction; v — dissociation factor;
p. — density; M, — molecular weight)

Note that “chemistry”

variables enter at first power,
size at THIRD power!

We could derive the critical supersaturation if we know the size and
composition of the particle (as long as there is some valid mixing rule)
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omplications

A

Surface tensian reduction (surfactants)
— Reduces Kelvin effect (“better CCN”

)
Limited solubility (organics) |
)

— Reduces Raoult*effeet ("worse CCN”
Insoluble coatings (oily substances)

— Slow down waterfuptake )
Soluble gaseous’specie |
— FHNO;, NH;; facilitate dfoplet nucleation |

Is it all just too complicated ... ?




Critical supersaturation, S_

The critical supersaturation, S_, at which an aerosol particle is

activated to become a cloud droplet depends on:

» particle size (d — dry particle diameter)

« chemical composition (¢ — soluble fraction; v — dissociation factor;
p. — density; M, — molecular weight)

Note that “chemistry” variables enter
at first power, size at THIRD power!

At constant composition, s_ should
decrease as a function of d  with a
logarithmic slope of -2/3

Size resolved measurements eliminate one free variable (size) and are
useful to:

1. Directly determine activation diameters of ambient aerosol
2. Study the role of chemical composition for CCN activation




Size-resolved CCN Measurements
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The saturation ratio, S, over an aqueous solution droplet can be calculated from

where a,, is the activity of water in solution, p,, is the density of water, M,, is the
molecular weight of water, o, is the surface tension of the solution/air interface, R
is the universal gas constant, T is temperature, and D is the diameter of the droplet.

The hygroscopicity parameter is defined through its effect on the water activity of
the solution:
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Smog chamber data: A «o-pinene B isoprene A TMB
Field data: ® Mexico City @ Jungfraujoch © Hyytidla SV-OOA @ Hyytiala LV-O0A

1 | | | | 1 ST
0.20 — :' l © _— 1.70
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O:C atomic ratio

Fig. 3 Relationship between O:C and hygroscopicity (k, or equivalently the particle growth factor at 95%
relative humidity) of OA for several field data sets (a high-altitude site at Jungfraujoch, Switzerland;
above Mexico City, a polluted megacity; and at the forested site of Hyytiala, Finland) and for laboratory
smog chamber SOA

J. L. Jimenez et al., Science 326, 1525-1529 (2009)
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Fig. 2. Annual mean distribution of « at the altitude of the planetary

boundary layer. Pringle et al., ACP 2010
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 There is a surprisingly constant ratio of CCN to total
particle number concentrations

« CCN measurements over biologically active ocean and
land are similar (low hundreds per cc) — away from biol.
activity they are much lower (tens per cc)
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“Direct”

E3e Note: Haze is lighter than
;‘" surface almost
~everywhere, especially
over water, but darker
over the low cloud patch




Because of large uncertainties on both the amount of absorbing carbon
in the atmosphere, and its absorption efficiency, this forcing is still
highly uncertain!!
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Cloud suppression by Smoke in the Amazon
(Koren et al., Science 2004)
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Area per optical depth
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Indirect' ™

\ﬁgh clo%op oS :"
cleus t able®0 torm: -
Condensation Nucleus” (CCN) wia

For a given cloud, the more CCN in the a
the more droplets

Since the water supply in a cloud is limited:
more droplets means smaller drﬁets

This increases cloud albedo and cloud
amount, and changes cloud microphysics
and precipitation formation

w "R



To prove that aerosols are
needed to form clouds, a movie:

No particles no
fog!!!

Max F1anch ina 30 for Chemesdyy, Mg, Gemany -




Aerosol Climate Forcing
Mechanisms Overview

\ \ ; \
9 0.0

Top of the
\ atmosphere \

O O O (@)
O O Q
©) o (000)
—_ Indirect effect - . -
oniceclouds  °
Surface and contrails
Scattering & Unperturbed Increased CDNC Drizzle Increased cloud height Increased cloud Heating causes
absorption of cloud (constant LWC) suppression. (Pincus & Baker, 1994) lifetime cloud burn-off
radiation (Twomey, 1974) Increased LWC (Albrecht, 1989) (Ackerman et al., 2000)
\ Direct effects } Cloud albedo effect/ @ud lifetime effect/ 2" indirect effect/ Albrecht effey \Semi-direct effect/
15t indirect effect/

Twomey effect

Figure 2.10. Schematic diagram showing the various radiative mechanisms associated with cloud effects that have been identified as significant in relation to aerosols
(modified from Haywood and Boucher, 2000). The small black dots represent aerosol particles; the larger open circles cloud droplets. Straight lines represent the incident and
reflected solar radiation, and wavy lines represent terrestrial radiation. The filled white circles indicate cloud droplet number concentration (CONC). The unperturbed cloud
contains larger cloud drops as only natural aerosols are available as cloud condensation nuclei, while the perturbed cloud contains a greater number of smaller cloud drops as
both natural and anthropogenic aerosols are available as cloud condensation nuclei (CCN). The vertical grey dashes represent rainfall, and LWC refers to the liquid water content.
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What is the role of aerosols in determining if
clouds are like this:




Evidence for aerosol effects on
precipitation
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TOMS Aerosol Indéx
13 September 1998

VIRS+PR, VIRS T-Re
Amazon, 1998
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& ———a ,
he ,Green Ocea ritime-type clouds
over the pristine Amazon

* 100-300 CCN(1%) per cc, mostly from biogenic sources (DMS, H,S, VOC, ...)
 Rainfall from clouds of all sizes, “warm” process predominates

04 10 2002 21:55
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Deforestation fire, Brazil: # Lo
a “Smoking Cloud” P
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Smoke detraining from cloud top




Chisholm — The Perfect Storm

Total heat release equivalent to ~1200 Hiroshima bombs
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' In spite of the
very high echo
tops, the
Chisholm pyro-
cumulus shows
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ATHAM

Navier Stokes Equations
Wind, Transport

Biomass burned: 10 kg/m?
— total energy flux: 530 kJ/m?/s (50% contributes to convection)
— total sensible heat flux: 265 kJ/m?/s (= 2000 GW)

Water Vapor Emission: 26 g H,O/m?/s (55% from combustion)

— Potential Latent Energy Flux: 74 kJ/m?/s

Aerosol Emission: 400 mg/m?/s

Model domain: x =y =60 km; z =28 km;
Grid resolution: dx =500 m; dy = 100 m; dz = 50 m (at fire)
Size of fire front: x = 15 km; y = 500 m, area: 7.5 km?

Rate of spread: 1.5 m/s

Time Step: 1s







Sensitivity of pyrof
development to c
input of heat, wate
and CCN from the
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Fig. 4. Vertical distribution of aerosol mass as a function of altitude (a) and as a function of
potential temperature (b) after 40 min integration time. The 2 PVU tropopause is located at
332 K/11.0 km.
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Fig. 2. Relationships between cloud properties and aerosol loading (estimated by 1). (Left panels)
P versus t. Lower P may indicate taller convective clouds that reach to higher levels of the atmosphere.
(Right panels) Cloud fraction versus t. The upper row shows all data and the lower row shows data

restricted to a cloud fraction <0.5. Koren et al., Science 2008




Aerosols act on convection by radiative and
microphysical effects

Radiative effect is monotonically increasing
suppression

Microphysical effect leads first to invigoration by
shift to ice processes, then to weakening by
suppressing cold precipitation as well

This has consequences at all scales, from local
(rain intensity, hail, lightning) to global (general
circulation)




* In warm clouds, suppression of early precipitation forces
Increased evaporation, which destabilizes the convective
layer, and thus invigorates convection and precipitation.

« Qver the ocean, higher windspeeds enhance both aerosol
production and evaporation, thus increasing both AOD and
rainfall

— We are still a long way from a comprehensive and
quantitative understanding of the processes that control the
Interactions between aerosols, clouds and precipitation.

The joint ILEAPS/IGAC/GEWEX project Aerosol-Clouds-
Precipitation-Climate (ACPC) was created with the goalto_
improve this understanding @T‘)

[ LA o JEE 2 N 2







