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News on 19 January 2018
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Pollution and fog on 7 November 2017

• NASA	MODIS	image	shows	haze	and	fog	over	the	Indo-Gangetic	Plains.
• Map	depicts	aerosol	optical	depth:	a	measure	of	how	airborne	particles	

affect	light	reflection	and	absorption	by	the	atmosphere.	Red-brown	colors	
indicate	skies	thick	with	aerosol	pollution.
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Pollution and fog on 7 November 2017

• Chart	depicts	annual	mean	PM2.5	levels	for	selected	cities	(micrograms	per	
cubic	meter).

• PM2.5	levels	in	Delhi	reached	>	700	on	7	November	2017,	more	than	60	
times	the	annual	mean	of	Los	Angeles.
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Northern India air pollution and fog

MODIS	image	on	March	9,	2010
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Northern India air pollution and fog

MODIS	image	on	April,	2010
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Northern India air pollution and fog

fires

MODIS	image	on	November	4,	2010



8

Northern India air pollution and fog

MODIS	image	on	December	26,	2010
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Aerosol-cloud interactions

Aerosols	interact	with	clouds.	Clouds	are	complex	dynamic	
systems.	Pollution	causes	microphysical	changes	in	clouds.
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Global budget of CCN (Merikanto et al. 2009)

Merikanto et	al.	(2009)

• Primary	particles	dominate	the	
CCN	contribution	in	polluted	
regions	over	land.

• In	the	Southern	Ocean	sea	salt	
is	a	primary	source	of	CCN.	

• The	upper	troposphere	makes	
a	large	contribution	(>	60%)	to	
boundary	layer	CCN	in	
persistent	marine	
stratocumulus	regions.

• Marine	stratiform clouds	are	
highly	sensitive	to	any	
additional	CCN	that	might	
originate	from	upper	
tropospheric	nucleation.



11

How do aerosols interact with clouds?

Aerosol processing by clouds

No change in the aerosol properties

Before During After
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How do aerosols interact with clouds?

Aerosol particles are removed or transformed when a
CCN forms a droplet that then collects a non-activated
particle (inertial scavenging).

When the droplet evaporates, the new aerosol particle
has larger mass and diameter, and possibly a new
composition

Before During After
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How do aerosols interact with clouds?

Aerosol particles are removed when two CCN form
droplets that collide and coalesce and form a larger
droplet.

When this droplet evaporates, the new, residual
aerosol particle has larger mass and diameter, and
possibly a new composition

Before During After



14

How do aerosols interact with clouds?

Aerosol particles are removed when droplets collide
and coalesce, form a rain drop that precipitates.

This raindrop can remove other aerosol particles by
inertia scavenging.

Before During After
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How do aerosols interact with clouds?

The adsorption by droplets of some types of
gases, like SO2, will also change the mass and
composition of the aerosol particles.

Before During After
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Aerosol processing by clouds

Aerosols processed by clouds may form clouds and 
precipitation faster and easier!

No rain                               Rain
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Cloud formation and microphysics

The initiation and evolution of any cloud is a result of:

• Cooling of moist air until supersaturated (SS)
• Activation of droplets on cloud condensation nuclei 

(CCN)
• Growth and sedimentation of cloud droplets
• Dissipation as droplets evaporate
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Cloud formation and microphysics

Definitions of “Saturated”, “Subsaturated” and Supersaturated”

Subsaturated is when more water molecules 
are escaping the droplet (evaporation) than are 
diffusing to it (condensing)

Saturated is when the rate of water molecules 
diffusing to the water droplet is equal to the 
rate of molecules leaving. This is also called a 
state of equilibrium.

Supersaturated is when more water molecules 
are diffusing to the droplet (condensation) than 
are escaping (evaporation).
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Cloud formation and microphysics

Embryos

Cluster

We can’t understand cloud without understanding aerosols

In order for cloud droplets to form from water molecules 
alone, the water vapor pressure to saturation ratio would 
have to be 500-600% 

Without aerosol particles, water
droplets form as the water
molecules collide randomly
(homogeneous nucleation).

The saturation ratio
during cloud formation
is normally < 0.2%
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Cloud formation and microphysics

Φ

Φ = contact angle = f(Diameter)
σ = surface tension = f(chemistry)
na, nb … nx = chemical potential

σ
na, nb … nx

The activation (formation of a water droplet) from an 
aerosol particle as a CCN depends on the size and 
chemistry (hygroscopicity) of the particle and the water 
vapor pressure with respect to the saturation vapor 
pressure.  

Heterogenous nucleation
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Cloud formation and microphysics

One of the removal processes of droplets that leads to the 
dissipation of cloud is sedimentation. This is when the 
drops fall out of the cloud due to their increasing mass.

The drop sedimentation (terminal) velocity

VT = F(ρw,g,Cd,D2,µ)
ρw = droplet density, g = gravity, Cd = drag coefficient
D = droplet diameter, µ = water viscosity

The larger the droplet the faster it falls.
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Cloud formation and microphysics

Drops grow by condensation (diffusion) of water molecules

r
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Cloud formation and microphysics

a1

u(a1)

u(a2)

a2Collection Process:
Collisions are a result of 
differences in velocity, either 
due to sedimentaion or 
turbulent eddies. 

…and  by Collision Coalescence 
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Cloud formation and microphysics

Fewer CCN increases average droplet size and decreases cloud 
lifetime

Low 
concentration 

of CCN

Form cloud 
droplets in 

supersaturated 
environment

That grow until 
environment is 

no longer 
supersaturated

Some grow to 
large enough that 
they fall out and 
cloud dissipates
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Cloud formation and microphysics

More CCN decreases average droplet size and increases cloud 
lifetime 

High 
concentration of 

CCN

Form cloud 
droplets in 

supersaturated 
environment

That grow much 
slower as they 
compete for 

available vapor

Fewer larger 
droplets and cloud 

lasts longer

These are the conditions in polluted environments, leading 
to cloud that lasts longer than in clean environments.



Droplet growth in continental and maritime clouds
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Aerosol
Cloud	drop
Rain	drop
Ice	crystal
Ice	precipitation
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Large	
variability	in	
cloud	
microphysical	
properties.

Slow	droplet	
growth.	
Warm	rain	is	
absent.

Warm	rain	is	
active	when	
pollution	
aerosol	
concentrations	
are	low.

high	
nucleation
mode

broad
accumulation
and	coarse	mode

variable
nucleation
mode

Istanbul
2008

Texas
2004

Saudi	Arabia
2007

Relating aerosol properties to cloud activation properties
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Istanbul: 2008





clean
10:07:14

Effect	of	aerosol	on	
cloud	drop	size	

maritime
12:17:18

polluted
11:28:44

Istanbul
20	Mar	2008

formation	
of	drops	in	
clean	case

clean
polluted

clean
polluted

Copyright	2011	University	Corporation	for	Atmospheric	
Research
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Aerosol	averaged	concentrations	(1)
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Aerosol measurements  consistent with a soluble fraction between roughly 
50 and 100%, suggesting a contribution of sulfate or some other similarly 
soluble inorganic compound observed in most urban areas. 
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X data

lognormal fit
deliquescent
>70% RH

silicate

gypsum

organic

fly ash

Aerosol	size	
distribution	
&	morphology

31 May 2008

0.1 1 10
Dp (µm)
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PCASP CDP

0.7% 0.3%



Particle in a) have high sulfate content. Particles in panels b), c), and d) all
contain Al, Mg, Ca, and Si, but b) and c) are sulfate coated and thus displayed
hygroscopic growth. Particles in d) is not coated and did not grow.

Particle	samples	from	31	May	2008

deliquescent >70% RH



Aerosol effect on effective radius profile (Istanbul)



Queensland: 2008 - 2009
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Queensland: 2008 - 2009
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Queensland: 2008 - 2009
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Queensland: 2008 - 2009
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Queensland: 2008 - 2009
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Queensland: 2008 - 2009
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Queensland: 2008 - 2009
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Concluding thoughts

• The recent attention paid to global climate change has shown that 
clouds can have a considerable effect on the Earth’s climate and 
that one of the most uncertain aspects in their formation, 
persistence, and ultimate dissipation is the role played by aerosols. 

• Certain interactions between aerosols and clouds are relatively well 
studied and understood. For example, it is known that an increase 
in the aerosol concentration will increase the number of droplets in 
warm clouds and decrease their average size. There is uncertainty 
on aerosol impacts on rate of precipitation and lifetime. 

• Other effects are not as well known. For example, the interplay of 
dynamics versus effects purely attributed to aerosols remains highly 
uncertain. 

• Measurement uncertainty is associated with the effect of black 
carbon and organics, dust, aerosol types of anthropogenic interest 
and bioaerosols, on droplet and ice formation. 

• CAIPEEX represents a leap forward in reducing the uncertainty 
associated with the interaction of aerosols and clouds in India. We 
must work together to continue progress made in this field.
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