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Solar radiation
spectrum and
absorption bands of
various gases

Planck equation: 



The scheme of radiation interaction with 
particles

S-P, 2016



S-P, 2016

Radiative Processes in the Atmosphere

ext = s + a 

a – absorption,  s -
scattering and 
e extinction coefficients 



Important relations between the size of the radiation wavelength and the radius (structure) 
of the particle (medium). 

It is important to know the particle size and the wavelength of the incident radiation.

x= 2r/ 

Depending on this, several classes of fundamentally different approaches can be used:

1/ x<<1 ( <10-3) - neglect of scattering

2/ x= 10-3-10-1 - simplified scattering theory (Rayleigh theory)

3/ x  10-1 -50 - representation of scattering in the framework of wave theory - complete
scattering theory - theory of Mi

4/ x>50 -geometric optics.

Fundamentals of light scattering in the atmosphere.



Scattering classes depending on the ratio of 
wavelength and particle size:

х=2r/



Size range of particles in the atmosphere and their importance.

Wallace Hobbs, 2006



Optical thickness (depth):

Single scattering 
albedo 


 




,

,

e

s

Metrics of main radiative characteristics
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 denotes 
s - scattering and 
e extinction coefficients 



For attenuation:

For emission:

This is classical Bouguer-
Beer - Lambert law :



In case of both emission and absorption the equation is 
the following:

This is the differential form of radiative transfer equation.



Atmospheric aerosols are 
suspensions of small particles in 
the atmosphere with  diameter of 
0.001 to 100 micron.

We need to know their
microphysical ( size distribution)
optical (refractive index) properties 
for obtaining their radiative properties -
spectral aerosol optical thickness (depth), 
phase function and single scattering albedo.

2. Aerosol and cloud : main characteristics





Myhre et al., 2013



Moscow
Smoke aerosol, 2002 Typical urban aerosol

Chubarova, 2009





Production, growth, and removal of atmospheric aerosols 





• Estimates (in Tg per year) for the year 2000 of
• (a) direct particle emissions into the atmosphere and (b) in situ
• production

IPCC 2007





The distribution of 
aerosol optical 
thickness over the 
world
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Unlike a non-aqueous aerosol, it is 
characterized by a more complex spatial 
structure.

Cloud particles is an 
aqueous aerosol 
suspended in the 
atmosphere with particle 
sizes from 0.5 (smaller are 
condensation nuclei) to 
1000 microns.





Nucleation – formation of particles  via self-
assembly or self-organization

Coagulation is the unification of small dispersed
systems into larger ones -
(Brownian, gravitational, turbulent, electrostatic);

Condensation (transition to liquid or solid state
from gaseous)

Cloud condensation nuclei (CCNs) are small particles 
typically 0.2 µm, on which water vapor condenses. 
Water requires a non-gaseous surface to make the 
transition from a vapor to a liquid; this process is called 
condensation

PROCESSES PROMOTING THE GROWTH OF 
CLOUD DROPLETS:

With the increase of the particle size  more 
active processes of its wetting by water are 
taken place, which in turn lead to the 
decrease in supersaturation at which the 
particle can serve as a CCN.

From Atmospheric Science, Wallace, Hobbs, 2006

Most CCN consist of a mixture of soluble and
insoluble components. The bulk hygroscopicity parameter k 
has been introduced as a concise measure of how effectively 
an aerosol particle acts as a CCN.



Variations of the relative humidity and supersaturation adjacent to solution 
droplets containing the following fixed masses of salt: (2) 1019 kg of NaCl, (5) 

1019 kg of (NH4)2SO4, 

From Atmospheric Science, Wallace, Hobbs, 2006

activated 
particle

point of stable equilibrium



Concentration of cloud condensation nuclei  as a function of 
supersaturation in different air mass. 

Sulphate particles are the most 
important source of CCN.
Natural source:
Dimethyl sulfide (DMS) from 
organic Sulphur and 
Methane sulfonic acid (MSA).

Evaporating clouds also release 
sulfate particles.

Polluted continental 
air

Marine air mass

Arctic

from  Hudson and Yun, 2002



Marine and continental clouds: frequency histogram of droplet 
concentration and droplet radius

from Squires, 1958



3. Mechanisms of direct and indirect aerosol effect.



Atmospheric aerosol and environmental variables and processes influencing aerosol–
radiation and aerosol–cloud interactions. (ERFari and ERFaci), it is increasingly 

recognized that aerosols and clouds form a coupled system with two-way interactions.

from Squires, 1958

IPCC, 2013



4. Direct aerosol and cloud effect on solar 
irradiance

The direct effect is
scattering, absorption of
radiation, change in the
radiation balance of the
planet.



The dependence of the global shortwave radiation Q at ground vs 
solar  height and the aerosol properties ( aerosol optical 
thickness)  of the atmosphere. Clear sky. Continental aerosol 
model.
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Moscow. 2010.

Chubarova et al., 2011
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Radiative effects of aerosol at the Top of the Atmosphere 
(TOA) in typical and fire conditions. 

RFE(TOA)=Fnet,aerosol-Fnet,no aerosol
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Depending on surface type  radiative effect can 
be even of different sign! 



The dynamic of urban aerosol development in Moscow 
region and its influence on radiative characteristics of the 

atmosphere according to COSMO-Ru-ART. 18.05.2019.

aerosol optical 
thickness

diffuse radiation

net radiation at 
ground

wind direction

6 hour 9 hour 12 hour 15 hour АОТ MODIS /MAIAC 
May 18 2019. 



Effective Radiative forcing

• ERF(i)=Fnet(i)-Fnet(i)_at 1750
• for i-component

IPCC2013



Rfari ( direct radiative forcing) effect of anthropogenic 
aerosols



The effect of overcast cloud cover on solar 
radiation Q transmission CQ=Q/Q0
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The effect of the convective cloud amount N on the solar 
radiation transmission  according to measurement and 
modeling data

K=50 km-1

K=30 км-1

K=10 km-1

Measurements 

Mesurements, Greece

Cloud amount N



Example of cloud radiative effect at 
the top of the atmosphere

Cloud Radiative Effect =
=Net Radiation (cloud)-Net radiation ( no cloud) 



Average cloud 
radiative effect

IPCC 2013 IPCC2013



Indirect cloud and aerosol effects on solar 
irradiance



• Indirect aerosol effects:

• The first indirect effect (with constant water 
content):

• an increase in cloud albedo due to aerosol 
condensation nuclei - Twomey effect 1977

• The second indirect effect (when the water 
content in the cloud changes):

• Increasing the life of the cloud (Albrecht effect, 
1989)

• Increasing the height of the cloud

• Suppression of drizzle and increase in water 
content. couple.

• Mixed effect (semi direct)

• Possible rad. heating of the atmosphere due to the 
absorbing aerosol, and a change in the relative 
humidity of the air due to this, which can lead to 
evaporation of the cloud and a change in its 
properties.



From Seinfield
Pandis, 2016



From Seinfield Pandis, 2016



T. Nakajima et al., “A possible correlation between satellite-derived cloud and 
aerosol microphysical parameters,”
Geophys. Res. Lett. 28, 1172 (2001).

Retrievals from a satellite of cloud optical thickness (c) and cloud 
particle effective radius (re in m) for low-level water clouds.



Different assessment of ERFari+aci for 
anthropogenic aerosols



Global average direct and indirect anthropogenic effects –
effective radiative forcing:

IPCC 2021

ERFari – ( aerosol–radiation interactions)
direct effect
-0.27 Wm-2

ERFaci ( aerosol-cloud interaction)
non direct effect
-0.96  Wm-2

Total
-1.23 Wm-2
2014 relative to 1850 

Compared with appr. 2.69 Wm-2 for CO2

IPCC 2021



Moscow megacity:
Area – 2561.5 sq.km
Population - 12.5 million (live in the city permanently)
Personal car fleet - 4.7 million vehicles (7.7 million with Moscow region) 
3.6 million cars are moving around Moscow every day

typical situation on the streets during rush hour streets during lockdown period

6. The example of indirect effects during lockdown COVID-19 
in Moscow megacity due to aerosol-cloud interaction. 

Khlestova et al., 2021





INdirect effects of aerosol. 
Smaller aerosol content may affect cloud properties.
Retrievals of (cm-³) from satellite MODIS data. 

Only northern advection cases

02/05/2019 10:55 a.m. 22/05/2020 10:45 a.m. – lockdown period22/04/2018 09:05 a.m.

N CCN – Number concentration of Cloud Condensation Nuclear





Retrievals of (cm¯³) by 1 km MODIS satellite data

The most important selection conditions:

• Only liquid cloud coverage

• 1-2 layers coverage

Cases of northern advection

Average
value ≈400 cm¯³ ≈200 cm¯³

N CCN – Number concentration of Cloud 
Condensation Nuclear



The global irradiance for different droplets due to different 

up to 65 W/m²

up to 36 W/m²



Conclusions

• Importance and yet large uncertainty of the 
indirect aerosol-cloud interaction Faci effects on 
radiation. 

• Need further studies!



Questions?


