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• Background Review of aerosol particles

PRECIPITATION
Background Review of aerosol particles

• Review of cloud formation and microphysics

• Review of interaction with radiation

A l i it ti b ti l id• Aerosols-precipitation: observational evidence 

from different cloud typesfrom different cloud types

• Aerosol-Cloud-Preciptiation-Climate program

• Urban heat island vs. enhanced aerosols: 

i fl h i i it ti ?influence on changes in precipitation?
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• Aerosols are ubiquitous in the atmosphere 
• Their sizes range from a few nm to μmg μ
• They originate through a variety of processes (primary 

and secondary), leading to a large variability in theirand secondary), leading to a large variability in their 
sizes and composition.

• A subgroup of atmospheric aerosols, based on theirA subgroup of atmospheric aerosols, based on their 
size and composition can act as cloud condensation 
nuclei (CCN)( )

• Natural occurring CCN concentrations over the 
oceans are typically about 10-100 cm-3 while over the yp y
continents are about 500-800 cm-3 
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Background
• Also present is a subgroup (ice nuclei, IN) that serve 

fas substrate for heterogeneous crystal growth, but are 
less well characterized.

• Urban areas and industrial sites may generate large 
concentrations of aerosols and CCN, in the range 
1000 10000 31000-10000 cm-3 . 

• Biomass burning and fossil fuel consumption have 
d ti ll i d th l b l l b ddrastically increased the global aerosol burden
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but…
Do they matter in the formation of precipitation?

• The first evidence of anthropogenic CCN affecting 
clouds dates back to 1960s: Cumulus clouds over 
smoke stacks in sugarcane plantations had altered 

i h i l h i i i ll d imicrophysical characteristics, potentially reducing 
Precipitation Efficiency, although not conclusive

• Precipitation Efficiency: the fraction of water that 
reaches the surface from the total amount of 

d d t i th l f l dcondensed water in the volume of a cloud
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• The link between high CCN concentrations and 
increased cloud droplet number concentration 
(CNDC) d th ti l ti f l d i(CNDC), and the optical properties of clouds, is 
supported by many in-situ observations
H th i t i it ti i l ll• However, the impact on precipitation is less well 
established
M l “ hi k ” i l l d• More recently, “ship tracks” in stratocumulus clouds 
show human influence, mainly in the optical properties

• Changes in precipitation due to urban effects
• It has proven somewhat difficult to separate 

meteorological from purely aerosol effects, because 
clouds sensitivity to ambient conditions is high. 



Radiation and aerosol particles:
Light scattering and absorption

z Energy through a sphere around the particle is:
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DIFFERENT AEROSOLS EFFECTS

Background

Chapter 2, ICCP‐WG1, 2007
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Some relevant questions:
• How can aerosols affect precipitation in different 

li t d diff t l d t ?climate zones and different cloud types?
• How different types of aerosols affect precipitation 

( ifi f b ll ti bi b i d t)(specifics of urban pollution, biomass burning, dust)
• What are the main mechanisms (radiative vs. 

th d i )?thermodynamic)?
• What is the empirical evidence for aerosol impacts 

i it ti ?on precipitation?



Different cloud types:
th f b diff t• they form by different processes

• at different altitudes, only liquid water, only ice, 
i d hmixed phase

• Some precipitate to the surface and some don’t

I. Sokolik



Orographically forcedg p y

Cotton, 1990

Convective cloudsStratiform clouds

Houze cloud atlas



A bit about cloud microphysics…
Wallace and Hobbs, 2006

Polluted Azores

Florida

Arctic

Activation is function of composition:
1. Pure water
2. m of NaCl
3. 10xm NaCl
4. 100xm NaCl CCN spectrum: 
5. m of ammonium sulfate
6. 10xm of ammonium sulfate

concentration vs. 
supersaturation



A bit about cloud microphysics…

Relative sizes ofRelative sizes of 
aerosols and  cloud 
and rain droplets

Droplet growth  for 

r: radius in microns
n: concentration per liter

p g
different  sizes of 
CCN

Wallace and Hobbs, 2006

n: concentration per liter
v: terminal velocity



u(R)

R
r

Droplet growth by 
collisions and 

u(r)coalescence.

Collision efficiency

E ≡ ___yc2___
(r + R)2( )

π(R+r)2[u(R) ‐ u(r)]: volume swept in time



A bit about more cloud microphysics: when clouds are very 
deep the temperature is well below freezing and icedeep, the temperature is well below freezing and ice 
nuclei become important 

Measurements are much 
harder to make, so that 
there are few ambient 
observations 

IN spectrum: concentration vs. 
supersaturation with respect to 

Wallace and Hobbs, 2006
ice



Summary of microphysical processes

Braham, 1968



Aerosol indirect effects

Lohmann and Feichter, 2005



Global anthropogenic aerosol sources:
Atmospheric Brown Clouds (ABC)

ABC  Technical Summary, Ramanathan et al, 2008

AOD: Aerosol optical depth  (column measure of aerosol loading)



Particles in different parts of the worldParticles in different parts of the world

Andreae, 2008



Particles in different parts of the worldParticles in different parts of the world

Andreae, 2008



Particles and cloud characteristics in 
d ff f h lddifferent parts of the world



Droplet distributions in stratocumuli under different CCN: 
Maritime (case 1) and continentally influenced (case 2)Maritime (case 1) and continentally-influenced (case 2)



SHIP TRACKS

Levin and Cotton, 2008

MODIS observations, NASA



SHIP TRACKS

Radke et al, 1996



SHIP TRACKS

Radke et al, 1996



SHIP TRACKSSHIP TRACKS

Radke et al, 1996



Clouds and smoke over the Amazon
In pristine air Over smoke

Rain shower

ACPC science plan, 2009
Clouds sampled about 100 km apart



Clouds and smoke over the Amazon

Andreae et al, 2004



In pristine air NE In pristine air NW

Cloud droplet 
size distributions
in the Amazonin the Amazon

Over fire

Rondonia, SW
Bi b iBiomass burning
in the region

Andreae et al, 2004



Clouds and smoke over the Amazon

Andreae et al, 2004



Enhanced anthropogenic aerosols: Effects of 
radiation and surface fluxes

Reduced convection

Heavy 
aerosol 
loading INCREASEDloading INCREASED 

STABILITY

Surface fluxes: latent and sensible heat
REDUCED Surface fluxes



Clouds and smoke over the Amazon

Radiative effectsRadiative effects

Heavy smoke in the air,
l dleading  to suppression
of  convection in the 
regionregion

ACPC science
plan, 2009



Clouds and smoke over the Amazon: 
ll bSatellite observations

All clouds

τ < 0.5τ < 0.5

Koren et al 2008



Clouds and smoke over the Amazon: 
ll bSatellite observations

All clouds

CF < 0.5CF < 0.5

Koren et al 2008



Clouds and smoke over the Amazon: LES 
d llmodellingFeingold et al, 2005

Initial aerosolAerosol  in BL Initial aerosol 
profiles

Aerosol  aloft

Heating by smoke leads to reduced 
LWP and cloud fraction



Haze in the Monsoon
region

ABC  Technical Summary, Ramanathan et al, 2008



Asian Monsoon: changes observedAsian Monsoon: changes observed

ABC  Technical Summary, Ramanathan et al, 2008



A i M R t t dAsian Monsoon:  Recent trends

ABC  Technical Summary, Ramanathan et al, 2008



Asian Monsoon: changes observedAsian Monsoon: changes observed

ABC  Technical Summary, Ramanathan et al, 2008



Asian Monsoon: changes observedAsian Monsoon: changes observed

ABC  Technical Summary, Ramanathan et al, 2008



Aerosols, Clouds, Precipitation and Climate (ACPC)

Joint  Program by the International Geosphere‐Biosphere Program (IGBP and the World  
Climate Research Program (WCRP), under core projects (iLEAPS, IGAC and GEWEX)g p j





Hypothesis: High lightning in regions of 
l daerosol‐suppressed warm precipitation

Largest 
precipitation
little lightning

ACPC science plan, 2009Large lightning, less precipitation



Clouds‐Aerosol‐Precipitation in the Marine Boundary Layer (CAP‐MBL):
Is variability of precipitation on diurnal‐seasonal scales related to aerosols?

CAP‐MBL, Wood, 2009



Anthropogenic aerosols and precipitation:
Thermodynamic effect: Budget study in the AmazonThermodynamic effect: Budget study in the Amazon

Rosenfeld et al, 2009



Urban heat island: evidence of man‐made 
h i l l li tchanges in local climate

METROMEX studies (1970s)( )

• St. Louis exhibits a large precipitation anomaly  during 

summer compared with surroundings.

M h f th h d i f ll d i th ft• Much of the enhanced rainfall occurs during the afternoon 

(5-9 pm)

• Thunderstorms enhanced by 45% and hailstorms by 30%

• Hailstones are larger and higher in concentration• Hailstones are larger and higher in concentration

• Area experienced 58% increase in nocturnal precipitation

Changnon, 1981



Urban heat island: evidence of man‐made 
h i l l li tchanges in local climate

Cl d h d b 600 700 hi h th i l• Clouds had bases 600-700m higher than in rural areas, 

consistent with drier air in the city.

• cloudiness (o cloud fraction) was found greater over the 

urban area in the late afternoon consistent with low levelurban area in the late afternoon, consistent with low-level 

convergence

• convective cells merged more readily, reached higher 

altitudes and lasted longeraltitudes and lasted longer

Changnon, 1981



Urban heat island: evidence of man‐made 
h i l l li tchanges in local climate

h f b d h

• urban increases in CCN and IN concentrations

Hypotheses for observed changes:

• urban increases in CCN and IN concentrations

• changes in surface roughness and low-level convergence

• changes in ABL caused by urban heating and land-use 

changechange

• addition of moisture from industrial sources

Modeling studies were not fully conclusive on the 
role of the different factors… need more field studies 
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We showed some evidence of:
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We showed some evidence of:
• Aerosols affecting precipitation different cloud types, 

i BL l d i t t li d llin BL clouds: marine stratocumuli and small 
convective clouds in the Amazon
Diff t t f l ff t i it ti• Different types of aerosols may affect precipitation 
differently (solubility, presence of ice nuclei)
Wh f f i i d d l d• When surface forcing is reduced clouds are 
inhibited (INDOEX and Amazon)

For modeling results of convective clouds in different 
f fregimes see follow up talk by Jasa this afternoon!!
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