
ESM, IITM Pune, 20 July 2016

Aerosols Modelling and 

South Asian Summer Monsoon

Massimo A. Bollasina

School of GeoSciences, University of Edinburgh

massimo.bollasina@ed.ac.uk



2

For small particles, Rayleigh scattering: 1/Ȉ4

Why are the sunset red?



Chance collisions of H2O molecules

(more likely as vapour pressure 

increases)

Embryonic water droplet large 

enough to remain intact
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How do clouds form?

Is òHomogeneous Nucleationó enough?
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The ASM: a fully coupled system
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Precipitation and water vapor flux(Chen 2006)Vertically-integrated diabaticheating (Trenberthand Stepaniak2004)

Changes in the ASM have important impacts/implications



ÅHydroclimate: mainly precipitation, but not only

Setting the stage ... 

ÅPrecipitation: large heterogeneity, result from many 

physical processes, vital importance

ÅControversialresults: many uncertainties, 

observations vs. models (this is not a complete 

assessment) 

Aerosols: changes in atmospheric/surfaceheating

gradients, diabaticheating from rainfall, circulation



ÁAerosol: a suspension of fine (10-2 - 10 ˃ m) liquid or solid particles in the air 

ÁAbout 10% of global atmospheric aerosol mass is generated by human 
activities, concentrated near or downwind of sources

ÁAnthropogenic aerosols: urban and industrial emissions, domestic fire and 
combustion, agricultural burning, dust from overgrazing & deforestation

ÁNatural aerosols: wildfire smoke, sea salt, wind-blown soil dust, volcanic ash

ÁPrimary (directly emitted in the atmosphere) and secondary (formed by 
chemical reaction from precursors trace gases; SO2 , NOx -> sulfates, 
nitrates)

ÁExamples: sulfate, soot (black carbon), organic carbon, dust, sea salt

Vehicle emissionsIndustryDust Sea salt Biomass burning

A world of aerosols
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Ship tracks of the coast of France and Spain, 

27 January 2003 (NASA GSFC)

Biomass burning over Amazon in 2005 dry season 

with embedded cumulus clouds (NASA GSFC)

Beijing completely obscured by air pollution 

on October 9, 2010 (NASA GSFC)

Pollution in Mexico City (NCAR)

California fires 26 October 

2003 (NASA GSFC)



Aerosols affect:

ÅVisibility

ÅHuman health

ÅAir quality

ÅBiogeochemical cycles and ecosystems (as nutrients)

ÅAir traffic (Volcanic eruptions)

ÅClimate (radiation, chemistry, rainfall)

Aerosols are important from molecular to global scale

Why should be care about aerosols?

Which aerosol properties should a model be able to simulate 

in order to be useful in the areas above?



мфрнΥ ǘƘŜ ά[ƻƴŘƻƴ ǎƳƻƎ ŘƛǎŀǎǘŜǊέ

A period of cold weather, combined with an anticyclone and 

windless conditions, collected airborne pollutantsðmostly arising 

from the use of coalðto form a thick layer of smogover the city

Aerosols and human health



ÅMass concentration

ÅSize distribution of the number

ÅChemical composition

ÅMode of production

ÅMixing state

ÅSolubility and water uptake

ÅShape

Aerosol properties
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ǒConcentrations in ɛg m-3,

typically referred to as

Particulate Matter (PM)

in the air quality

community.

ǒAerosol models often

use the aerosol mass

mixing ratio, in

kg[aerosol] kg[dry air]-1.

Aerosol mass
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The size distribution is the 

distribution of particle number (or 

surface or volume) as a function of

particle radius

ǒThe size distribution typically 

exhibits local maximums, called 

modes.

ǒQ: Why are there maximums and

minimums?

Aerosol size distribution
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Aerosol modes



Aerosols come from a variety of sources, 
and reside  in the atmosphere for weeks

Seinfeld and Pandis



άŦƛƴŜέ    diameters D < 2.5 microns

sulfate, ammonium, organic carbon, elemental carbon

Nuclei mode 0.005 to 0.01 microns

condensation of vapors 

Accumulation mode

0.1 to 2.5 microns     coagulation

άŎƻŀǊǎŜέdiameters D > 2.5 microns

natural dust (e.g. desert)

mechanical processes

crustal materials

biogenic (pollen, plant fragmets)
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ǒTo describe mathematically the distribution for a given aerosol mode, 

functions that can cover a large range of sizes are useful.

ǒThe most popular function is the lognormal distribution, which describes well 

the typical distributions observed in the atmosphere:

Aerosol size distribution
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ƀAitken-mode aerosols dominate the distribution of the number.
ƀAccumulation-mode aerosols dominate the distribution of the surface.
ƀCoarse-mode aerosols dominate the distribution of the volume.

Aerosol size distribution
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ǒSulphate (ion SO4=), found as sulphuric acid H2SO4, and ammonium 

sulphate (NH4)2SO4

ǒNitrate (ion NO3ï), found as nitric acid HNO3, ammonium nitrate NH4NO3

ǒMineral dust

ǒOxides (silica, iron oxides), calcium carbonate, ...

ǒSea-salt (NaCl)

ǒCarbonaceous

ǒBlack carbon (soot), organic matter

Primary aerosols: Directly emitted into the atmosphere as a particle.

Secondary aerosols: Product of the oxidation of a gaseous precursor.

ǒQ: What are examples of primary and secondary aerosols?

ǒDistinguishing between aerosols generated by natural processes and human 

activities (anthropogenic) is also useful, most notably in climate studies.

Main aerosol species
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Climatology of aerosol

mass spectrometer

measurements by

Jimenez et al. (2009).

Only includes organic

and non-refractory

inorganic species.

Aerosol composition exhibits strong spatial variations, and may also
vary strongly in time.

Aerosol chemical composition



21

ǒComposition is governed by

chemistry, thermodynamics,

and kinetics, driven by

temperature, moisture, pH, ...

ǒExternal mixture: Mixture of 

particles with distinct

chemical compositions.

ǒInternal mixture: Multiple

materials in the same

particle.

ǒThe internal mixture of a

primary aerosol coated by

secondary material is

common in the atmosphere.

Aerosol mixing state
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Aerosol solubility and water uptake

ƀAerosols such as sulphate are 
dissolved into small water droplets.
Non-dissolved aerosols can be coated 
in soluble materials.

ƀThe amount of water condensed onto 
the aerosol increases with increasing 
relative humidity : this is the 
hygroscopic growth.
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ǒDissolved aerosols are typically spherical.

ǒMineral dust exhibits more diverse and complex shapes.

ǒShape affects:

Aerosol-radiation interactions

Chemical reactions on the aerosol surface

The ability to serve as ice cloud nuclei

Modellers often make the simplifying assumption that aerosols are spherical.

Aerosol shape
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Summary diagram for primary aerosols

Aerosol modelling

Aerosol aging refers to the change in the composition, size, and mixing state (the extent to which an 

individual particle contains a complete mixture of all different chemical components of the aerosol 

population) of the aerosol.
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Summary diagram for secondary aerosols

Aerosol modelling
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Mathematically, the time evolution of the mass (or number)
concentration of a given tracer is given by:

Type of aerosol models
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Emissions of anthropogenic aerosols rely on inventories, which are gridded datasets giving

emission rates (kg[species] m-2 s-1) for various gases and aerosols

Å Global or regional, 

Å Monthly, seasonal, annual, or decadal basis.

Å Emissions of natural aerosols are computed using a parameterisation, when available, that 

relies on quantities simulated by the model: e.g. wind speed, soil moisture, temperature

Indicative emission rates for present day, averaged globally and annually

Aerosol emissions
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ƀAnthropogenic emissions are estimated from inventories for various activity sectors:
Transport, shipping, aviation
Power generation and industry
Residential and commercial
Agriculture
Biomass burning (also includes a natural component)

Emission inventories
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Courtesy of V. Naik - GFDL

Aerosol emissions: changes since PI time
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Courtesy of V. Naik - GFDL
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Courtesy of V. Naik - GFDL
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ÁThe true magnitude of the GHG warming is not known, as well as climate 

forcing/sensitivity 

ÁAerosols will continue to play a role in regional climate change

ÁRealistic predictions of future climate change depend on climate models able to 

accurately represent present climate as well as changes that have occurred over the 

past century 

Global aerosol variations: past and future emissions



Distribution: sulphates

ÅFormed from gases SO2 (from fossil fuel 

or volcanoes) and DMS (from ocean 

algae)



Distribution: carbonaceous from 

anthropogenic sources 
ÅFossil fuel burning

ÅInventories have an uncertainty of a factor 

of 2.



Distributions: Biomass burning

ÅSome biomass burning is natural.

ÅEpisodic and regional in nature



Distribution: Mineral dust

50% of dust burden due to anthropogenic 
sources due to land use change, 
overgrazing etc.



Uncertainties

Climate 

response?

Uncertainty 

in forcing

¶Emissions

¶Processing

¶Chemistry

¶Transport

¶Background

¶Natural 

aerosols

Distribution

¶Chemical 

composition

¶Mixing

¶Size 

Distribution

Optical properties

¶Wavelengths

¶Transfer 

scheme

¶CLOUDS

¶Relative 

humidity

¶Surface 

albedo

Other components

Radiation code



Major aerosol properties relevant to their impact on 
climate (US CCSP 2009)

Quantifying the RF of tropospheric 
aerosols is difficult:

Å Different types (sources, emissions, 
physical and chemical processes, 
size)

Å Short lifetime (up to a week)

Å Heterogeneity and discontinuity of 
sources, varying transport pathways

Å Aging during transport 

Å Anthropogenic vs. natural aerosols, 
scattering vs. absorbing aerosols, 
many parameters

Aerosol processes and challenges



Paul Ginoux (GFDL/NOAA)sulfate , dust , seasalt , carbonaceous aerosols

¢ƘƻǎŜ ǇŜǎƪȅ ŀŜǊƻǎƻƭǎΧ



Measuring aerosol effects on climate
ÅMeasure effect on radiation at top of atmosphere and surface.

ÅñRadiative effectò : effect of having aerosol in the present day 

atmosphere

ÅñRadiative forcingò: effect of changesin aerosol on radiation 

budget over a given period of time

Global and annual mean radiative forcing can be related to 

a global and annual mean change in surface 

temperature using: 
DT = l DF



Aerosols alter the water and energy balance

Clouds over the Equatorial Indian Ocean (Feb. 1999; Ramanathan et al. 2001)

Absorption 
(column warming)

Direct Effect (radiation)

Backscattering

Forward scattering

Dimming at the surface 
(cooling)

Indirect Effects (microphysics)

Cloud evaporation
(semi-direct effect; warming)

Indirecteffects (cooling):

ωҧ ŎƭƻǳŘ ŘǊƻǇƭŜǘ ƴǳƳōŜǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ϧ 
ҨǎƛȊŜ ƛŦ [²/ ǊŜƳŀƛƴǎ ǳƴŎƘŀƴƎŜŘ ό1st indirect, cloud albedo)

ωҨ Ǌŀƛƴ ōȅ Ҩ ŎƻŀƭŜǎŎŜƴŎŜ ŜŦŦƛŎƛŜƴŎȅ ŀƴŘ 
ҧ ŎƭƻǳŘ ƭƛŦŜǘƛƳŜ ό2nd indirect, cloud lifetime)

Differential heating/cooling atmosphere/surface Ą vertical stability and convective potential of the 
atmosphere Ą anomalous circulation with feedbacks on water & energy cycles 42

The effects of anthropogenic aerosols on long-wave 
radiation are relatively minor (except for desert dust)
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WarmingCooling

IPCC 2013

Do aerosols really matter for climate?



The Aerosol Challenge

ACC:
Aerosol-
Circulation-
Climate
(across scales)

MODIS AOD (2001ï2010), % aerosol types (Myhre et al. 2013)

Aerosols: alter

atmospheric/surface

heatinggradients, 

diabaticheating from 

rainfall
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AOD at 550 nm

Present-day aerosols in models (ACCMIP)

Shindell et al. 2013
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Distribution of radiative forcing



47

Temporal variation of radiative forcing
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AERONET ïAEROsolRobotic NETwork

Data from this collaboration provides globally distributed near real time observations of aerosol 

spectral optical depths, aerosol size distributions, and precipitablewater in diverse aerosol regimes

AERONET: an optical ground based aerosol monitoring network and data archive supported by NASA's 

EOS and expanded by many other institutions. Identical automatic sun-sky scanning spectral radiometers 

owned by national agencies and universities. 
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Inversion data: size distribution, refractive index, single 
scattering albedo, asymmetry factor, extinction optical depth 

India AERONET locations: Kanpur and Gandhi College
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ÁWith updated optical properties, new 
emission inventories, and new physics, 
CM3 simulates the AOD with spatial 
distribution in agreement with MODIS and 
MISR

ÁCM3 underestimates AOD in polar regions

ÁLarger errors are located over land (e.g., 
over industrialized countries in the 
midlatitudes)

MAM
GFDL CM3 evaluation 
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CM3 aerosols compared to surface observations

(CM3-AERONET)/AERONET  (2000-2004)

Co-albedo a measure of aerosol absorption

AOD: within +-25% of AERONET, ~+50% over US East Coast
(~-50% over Mega-cities, e.g. Bangkok)

AERONET
CM3:SO4, BC, OC, Dust

1-SSA: slightly overestimated, but within a factor 2 (but 
CM3 is at 550nm, AERONET at 440nm: + bias in bb regions)

Winter and spring (summer) AOD at Kanpur  
underestimated (overestimated): dust, BC



Different temporal variability in aerosol emissions

What is the impact of the emission shift?

Smith et al. 2011



A contrasting pattern of aerosol 
changes

Changes in anthropogenic aerosols between 2000 �±01 and 2008 �±09
(Chin et al. 2014)


