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What is radiation?



Organising radiation by 
frequency/wavelength

• If you know the wavelength λ: ν=c/λ 

• If you know the frequency ν: λ=c/ν 

• c is the speed of light: 3.0 x 108 m/s



Wavenumber

• beloved by spectroscopists 

• important to understand enough to convert out 
of it… 

• counts the number of wavelengths per distance 
(usually cm) 

• 1/λ or ν/c, divided by 100 to get to cm-1





Blackbody radiation
• suppose we have a perfect absorber (so no 

reflection) 

• all radiation coming from this is emitted 

• experiments showed that this emitted radiation 
had a characteristic continuous shape and 
depended on temperature 

• it did not depend on material or size



Blackbody radiation

• characteristic 
curves based on 
the temperature 
of the cavity 



Wien’s displacement law

• attempted to explain the 
shifting with temperature 

• had the explanation a bit 
wrong, but got the general 
shape right 

• b is a constant:  
~2900 microns K



Thought experiment: 
incandescent bulbs

• incandescent light bulbs operate with their 
filaments at around 2200 K 

• how efficient is this, considering the Black Body 
spectra? Where would the peak of the radiation 
spectrum be?





Explaining this with classical 
physics proved difficult



Rayleigh-Jeans law: the 
classical explanation

• based on how many standing 
waves could fit within a cavity
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This led to the “ultraviolet 
catastrophe”!



This was resolved:
• he initially disagreed with the 

statistical interpretation of 
thermodynamics by Boltzmann 
and the other “atomists” 

• found it necessary to assume 
quantisation of energy: 

• led to the development of 
quantum theory (via Einstein)



Treating the Earth as 
a black body:



earthshine vs. 
sunshine:

globalwarmingart.com



Solar Constant and Incoming 
Solar Radiation (Insolation) 

• Solar constant at top of 
atmosphere: 1364 W/m2 

• Incoming solar 
radiation: 341 W/m2  

• Why the factor of 4? 



Why isn’t the curve 
smooth? 

• interaction with the atmosphere 

• absorption & scattering (extinction) 

• which gases, and why? at what 
wavelengths?



What makes a greenhouse 
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What makes a greenhouse 
gas?

• molecules change between 
internal energy states 

• different classes of changes 
result in different radiation 
fingerprints…



Vibrational modes

• these energy states are active in the thermal 
infrared 

• generally (3N-6) modes for non-linear molecules 
(like water, methane) and (3N-5) modes for linear 
molecules (like CO2) 

• go to online animations…



Are they GHGs: N2 and O2?



Are they GHGs: N2 and O2?

• No! 

• Are diatomic, but the dipole moment remains 
zero as they’re symmetric, so they will not 
absorb in the IR



Are they GHGs: Ar?



Are they GHGs: Ar?

• No! 

• Single atom, can’t undergo molecular vibration



Are they GHGs: H2O?



Are they GHGs: H2O?

• Yes! 

• three modes (3*3-6), all of which are IR active



Are they GHGs: CO2?



Are they GHGs: CO2?

• Yes! 

• four modes (3*3-5), three of which are IR active 

• symmetric stretching doesn’t change the dipole 
moment, so it’s not relevant



Are they GHGs: CH4?



Are they GHGs: CH4?

• Yes! 

• ten modes, only two of which are IR active 

• symmetric stretching doesn’t change the dipole 
moment, so it’s not relevant



Problem:

• generally the more molecules, the more powerful 
the GHG effect 

• why are the most important GHGs (H2O, CO2, 
CH4, N2O, O3) such small molecules?



Real-world absorption 
spectra (from TCCON FTIR)

courtesy Dietrich Feist
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Absorption lines

• related to vibrational modes of molecules 

• not always well-behaved “lines” 

• pressure broadening  

• Lorentz broadening 

• Doppler broadening



Pressure broadening
• spectral lines 

broadened by 
collisions with 
other molecules 

• higher 
pressure=more 
broadening 

• adds altitude 
information



• Lorentz: 
broadening due 
to limited lifetime 
of excited state 

• Doppler: 
broadening due 
to the relative 
thermal speed of 
the emitting 
molecules



Modelling/interpreting this
• what we observe is the 

integral of all the lines at 
all altitudes  

• line-by-line radiative 
transfer code is 
expensive! 

• often integrated spectral 
bands are used instead 

• discretised layers 
vertically are used as well



Radiative transfer equation

• Electromagnetic radiation 
traveling through a medium 
may be absorbed. 

• The absorption is proportional 
to the intensity I. It is 
characterised by the 
absorption coefficient α. 

• The medium may also emit 
electromagnetic radiation. This 
is the source term S. 



Back to the terrestrial 
black body:

• which gases are responsible for which absorption lines? 

• http://climatemodels.uchicago.edu/modtran/modtran.html

http://climatemodels.uchicago.edu/modtran/modtran.html


Only certain “windows” are 
transparent to space



1-D radiation model

• a stand-alone version of the radiation code used 
the NCAR Community Model 

• see the documentation…



• so in this picture, “LW up flux” would be 235 W/m2 

• “SW net flux” would be 342-107= 235 W/m2 

• the “SW net flux” in the model is much higher 
because it’s for a mid-day summer case with clear 
sky, and the numbers only have to balance on 
average (day and night, winter and summer, globally)



Exercise
• Use mls_clr.in, but double the amount of carbon dioxide. 

What is the effect on the radiative budget? 

• Repeat for methane, nitrous oxide (N2O), CFC-11, and 
CFC-12. What does this tell you about their respective 
climate effects? 

• Compare current values to pre-industrial, and estimate 
global forcing 

• A rough budget can be estimated with   
0.5 x SW - LW 

• How does this compare to what the IPCC reports?



Lunch
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Outline
• what attenuates the radiation? 
• the size parameter 
• Rayleigh regime 
• Mie regime 
• geometric regime 
• aerosol particles 
• direct effect of aerosols  
• aerosols as cloud condensation nuclei 
• indirect effects of aerosols 
• radiative impacts of different types of clouds



What attenuates the radiation emitted 
from the sun before it reaches the earth?
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What attenuates the radiation emitted 
from the sun before it reaches the earth?

• clouds  

• aerosols 

• gases 

• haze

covered this morning



Visibility in the atmosphere

• the scattering and 
absorption from small 
particles determines 
our experience of 
visibility in the 
atmosphere



Consider a spherical 
scatterer

• we’re considering 
here only elastic 
scattering, i.e. the 
wavelength of light is 
not changed



Plane wave
• resultant scattering 

produces a spherical 
wave 

• scattering and 
absorption (together = 
extinction) determined 
by the composition and 
relative size of the 
particle



The size parameter
• less important than the size of the particle is the 

ratio of the particle size to the wavelength of the 
incident radiation 

• often given as the size parameter,  

• for very large and small values of x, simpler 
formulations can explain the physical phenomena 

• the Mie solution is always correct (and complete), 
but can obscure the actual physics



Extinction from a water 
droplet
• the wavelength is fixed 

at 0.5 microns and the 
diameter is varied 

• the diameter is fixed at 
2 microns and the 
wavelength is varied



The Mie regime
• the complete, formal theory of the 

interaction of a plane wave with a 
dielectric sphere, published by 
German physicist Gustav Mie in 1908 

• mathematically very cumbersome, and 
not widely applied until the late 20th 
century as a result 

• required for cases where the scatterer 
diameter and λ are comparable



The Mie regime
• scattering phase function 

greatly influenced by the 
size of the scattering particle 

• or rather, the relative size of 
the scatterer to the 
wavelength of incident 
radiation 

• can this figure explain the 
colour of sunsets?



Optical phenomena in the 
Mie regime

• the glory 

• seen around the 
shadow of the 
observer on a cloud 

• wonderfully difficult to 
explain!



The glory:
• can be well predicted by 

full Mie calculations, but 
this doesn’t explain exactly 
how it happens 

• has to do with the 
interaction of surface 
waves at the site of 
internal reflections within 
the droplet



For very small size parameters: 
Rayleigh’s solution

• named after British physicist John 
William Strutt, the third Baron 
Rayleigh 

• when x << 1, the Mie formulation 
reduces to the simple case where  

• Qabs α 1/λ 

• Qscat α 1/λ4



Rayleigh’s solution

• scattering phase 
function for a 
particle in the 
Rayleigh regime



What it means:



They’re both happening at 
once of course…

http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/blusky.html



For very large size 
parameters:
• when x >> 1, the wave nature of light doesn’t 

matter as much 

• at this point, ray-based estimations suffice 

• this is known as the “geometric regime” 

• associated with all sorts of interesting optical 
phenomena



The rainbow
• centred at anti-solar point 

• due to internal reflection 
from rain drops with large 
radius with respect to the 
wavelength of light 

• refraction separates 
colours like a prism 

• can be approximated as 
rays



The rainbow
• single internal reflection 

forms the brightest bow 

• double internal 
reflection forms the 
secondary bow 

• refraction without 
reflection forms 
coronae



Alexander’s dark band, and 
the light sky beneath:



The rainbow

• always centered at 
the anti-solar point? 

• reflection bows can 
be formed over still 
water or wet sand



The rainbow

• always centered at 
the anti-solar point? 

• reflection bows can 
be formed over still 
water or wet sand



The rainbow

• usually only two 
bands (at most) are 
seen due to the 
spread over 
various drop sizes 
obscuring the finer 
features



Rare supernumerary 
rainbows



Other optical phenomena

• the halo 

• full circle 22 degrees 
from the sun 

• formed by high 
cirrostratus ice clouds



Other optical phenomena
• perihelia or sun dogs 

• subset of halos, but with 
the hexagonal ice 
crystals vertically aligned 
due to gravitational 
settling 

• situated at 22 degrees on 
either side of the sun, 
sometimes with colour 
separation 



Other optical phenomena

• complete set of 
potential halo 
effects, depending 
on type of ice 
crystal and solar 
position 



Other optical phenomena

• Heiligenschein 

• centred on anti-
solar point 

• seen about the 
observer when 
there is dew on 
grass 



Other optical phenomena
• Heiligenschein: 

• size of particles isn’t 
crucial, but they need to 
be small enough to be 
suspended on the tiny 
hairs on a leaf’s surface 

• the droplets focus the light, 
which is reflected from the 
leaf’s surface 



Other optical phenomena
• Coronae 

• from thin clouds in front 
of the sun 

• rings are much smaller 
than halos 

• due to diffraction rather 
than reflection



Non-spherical particles

• all treatment thus far has assumed that the 
scatterers are homogeneous, spherical particles 
(or hexagonal ice crystals) 

• this is not always the case! 

• the difference is irrelevant for the Rayleigh 
regime, but can be important for the Mie regime



Non-spherical particles
• the Mie formulation can 

be (relatively) easily 
extended to describe 
ellipsoids and 
concentric shells, but 
this is still rather limited 

• in reality, some 
aerosols are much 
more complex than this



Non-spherical particles
• the real world: 

• from left: volcanic ash, pollen, sea salt, and black 
carbon - not to scale!



Aerosol particles

• aerosols (or aerosol) are solid or liquid particles 
suspended in the air 

• they are of both natural and anthropogenic origin 

• common sources are dust, sea spray, 
combustion, and volatile organics



Aerosol particle size 
distribution

• they range from a few nanometers to tens of 
microns, depending on the source and particle 
history 

• often described by multiple overlapping log-
normal modes, partly for simplicity



Aerosol number density
• can be as low as a few hundred per cubic 

centimeter for clean marine environments 

• typically a few thousand per cubic centimeter for 
remote continental areas 

• tens to hundreds of thousands per cubic 
centimeter in urban environments 

• declining logarithmically with altitude



Aerosol lifetime

• on average on the order of a week 

• lost to gravitational settling (for the larger 
particles), rain-out, dry deposition... 

• hydrophobic particles last longer, but slowly 
become hygroscopic



Aerosol composition

• “Atmospheric aerosol particles contain sulfates, 
nitrates, ammonium, organic material, crustal 
species, sea salt, hydrogen ions, and water.”  
Seinfeld and Pandis, 1998



Aerosol composition: dust
• mineral dust (crustal) 

• generally large 
particles 

• hydrophobic (at first) 

• usually short lifetime 
due to gravitational 
settling 



Aerosol distribution: dust

• number distribution 

• surface distribution 

• volume distribution



Aerosol composition: sea 
salt
• production via bubble 

bursting 

• many small film drops 
containing organics 

• few large jet drops 

• a function of wind 
speed, often 
parameterized as ∝U3+



Aerosol distribution: marine



Aerosol distribution: urban



Aerosol size distribution: 
urban     vs.     rural



Idealised size spectra by 
source







Aerosol particles: their role 
in the climate system

• attenuate incoming radiation both directly and 
indirectly (more on that later) 

• act as cloud condensation nuclei, i.e. the little 
speck of dirt on which cloud droplets form





The direct effect of aerosols

• simple scattering and backscattering of 
radiation from non-absorbing aerosols 

• when radiation is scattered back into space, it 
doesn’t reach the surface 

• net cooling effect 

• like “turning down the sun”



Global sulphate distribution 
(mgS/m2)



Resultant radiative effect  
(W/m2)



Pinatubo stratospheric 
aerosol load

• the idea behind 
stratospheric 
aerosols as a 
geoengineering 
climate fix



Exercise:

• How much would the aerosol optical depth have 
to be increased to counteract a doubling of 
atmospheric CO2?  

• What other effects might this have?



Typical AOD values



The semi-direct aerosol 
effect

• some aerosols are 
absorbing (like soot) 

• this can lead to local 
heating, which, depending 
on the location, can be 
either a warming or a 
cooling effect



Do aerosol heat or cool?
• β is upscatter fraction 

• ω is the single scattering 
albedo:  
Qscat/(Qscat+Qabs) 

• Rs is the surface albedo



Do aerosol heat or cool?
• β is upscatter fraction 

• ω is the single scattering 
albedo:  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• Rs is the surface albedo



The importance of a dirty 
atmosphere

• without any particles on which to form, the 
atmosphere would require ~800% relative 
humidity before clouds could form!



Aerosol as cloud 
condensation nuclei

• CCN = Cloud Condensation Nucleus 

• cloud droplets consist of mostly water, usually 
condensed onto an existing aerosol particle 

• the equilibrium behaviour between the droplet 
and water vapour is described by the Köhler 
equation



The Köhler curve

• two separate and competing effects need to be 
taken into account: 

• the reduction of the saturation vapour pressure 
due to the solute effect (Raoult’s law) 

• the enhancement of the saturation vapour 
pressure due to the curvature effect (Kelvin’s 
law)



The Köhler curve



The Köhler curve: 
interpretation

• depends on the solute: 
some things are more 
hygroscopic... 

• depends on the particle 
size



Now on  
to clouds



Radiative effect of clouds

• can be separated generally into low, optically 
thick clouds (like stratocumulus) and high, 
optically thin clouds (cirrus) 

• can be further separated into shortwave and 
longwave components



Exercise:
• What do you expect to be the effect of low thick 

stratus clouds on shortwave radiation? On 
longwave radiation? 

• What about high thin cirrus clouds?  

• Test your hypotheses in the 1D radiation model 

• see https://www.atmos-meas-tech.net/7/887/2014/
amt-7-887-2014.pdf for typical liquid water path 
values…

https://www.atmos-meas-tech.net/7/887/2014/amt-7-887-2014.pdf


Low clouds: SW

• highly reflective (they look “white”) 

• low absorption 

• low transmission 

• cooling effect



Low clouds: LW

• thermal emission from both 
the surface and the cloud 
determined by temperature, 
according to Planck’s Law  

• because the clouds are only 
slightly cooler than the 
surface, this results in a very 
slight warming effect



High clouds: SW

• optically thin, so little reflection 

• substantial transmission 

• low absorption 

• very little cooling



High clouds: LW
• clouds absorb terrestrial radiation 

and emit it as well according to 
Planck’s Law 

• because they’re high in the 
atmosphere and so much colder 
than the surface, this results in 
substantial warming 

• similar to greenhouse effect



Summary of cloud effects

• low clouds are generally cooling due to their 
high reflectivity and near-surface temperature 

• high clouds are generally warming due to their 
low reflectivity and much cooler thermal 
emission



Net radiative effect of clouds

• Strong cooling effect of low clouds dominates



The Monterey Area Ship 
Track Experiment

Durkee et al., 2000



Aerosols and clouds



Test this out:

• http://climatemodels.uchicago.edu/rrtm/



First indirect aerosol effect



First indirect effect (Twomey 
effect)

• for the same amount of cloud water, the droplets 
are spread over more CCNs 

• this results in more, smaller, cloud droplets 

• this increases the albedo of the cloud, causing 
more radiation to reflect back into space 

• this is a net cooling effect



• shows cloud albedo as a function of cloud 
droplet number concentration 

• liquid water content fixed at 0.3 g/m3 

• typical for clean marine stratocumulus



Radiative impact:

• calculated perturbation in radiative quantities 
from uniform increase in cloud droplet number 
concentration 

• made with assumption that perturbation affects 
only non-overlapping marine St and Sc clouds



Why are we only talking 
about marine clouds?
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Why are we only talking 
about marine clouds?

• other environments are essentially saturated with 
cloud condensation nuclei already

• comparatively wet clouds in clean air will be the 
most affected by an increase in aerosol particles



What other side effects might 
the smaller droplets have?

• smaller droplets 
means we’re less likely 
to get enough large 
droplets to start the 
collision-coalescence 
process necessary to 
make rain 

• this can make the 
cloud last longer...



Overview of cloud-aerosol 
effects



• aerosol radiative 
effects are still very 
uncertain! 


