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Interactions Between Matter and Radiation
Local Thermodynamic Equilibrium
(discussion sm Andrews,Section 3.1.2)

Previousy we discussed the equilibrium distribution of photons at a tempeefun anOideal gasO
of photonsThis led to the Planck functiofihe molecules of gas in the atmospé@iso érm an

ideal gasand the mimber of molecules in a gim state (on gerage in equilibrium) depends on the
energ (E) of that state in a similar wal'lhe rumbers n and r» of molecules in states of enerdz
and E (and with statistical eightspor degeneraciesigand @) occur in the ratio:

M _ 9 (B - E2) kT
nz

This is knevn as the Boltzmann distributioffhere must be some collisions beten molecules in
order that thermodynamic equilibrium camesn exist - but thg are rare enoughdr the conditions
of an ideal gas to exist.

Similary, in order for radiation and air molecules to be in equilibrium at the same tempegatur
there must be some interactions beten photons and mattefet in order that both the
Boltzmann distributiondr matter and br radiation can be maintaineithese interactions he to be
sufbciengt weak.




Interactions Between Matter and Radiation
Local Thermodynamic Equilibrium
(discussion fsrm Andrews,Section 3.1.2)

One typical time characterizing the radiation-matter interaction is tletitife of excited states of a
molecule! d (The idea is that as the molecule negka transition back to its gund stateit will

emit a photon - this will be discussed fer on).If the mean time beteen collisions of the
molecule id c (and this depends on pssue),weak mattefradiation interaction means thaftC

<< !d - which means that mgmolecular collisions occur bafe a transition within a molecule
to produce a photonSince! c increases as the pssue deceases (thedwer molecules a&
around),this goproximation will e,entualy break davn in the upper atmospher

The atmosphez does not hge a unibrm temperatue, sincel decreases systematicallvith
heightHowever, for high enough prssues,molecular collisions arare ragpid enough compad to
radiatie transitions the w& can speak of a local thermodynamic equilibrium characteristic of a local
temperatue.

In other words,temperatue changes in heighteugradual enough on a molecular scale thatoan
invoke equilibrium ideas.




Radiometric Quantities:

The spectral radiancémnonochiomatic radiance measues the radiation
going in a specibc diction with a specibcdguencyWe hae alrady seen
this for black body radiation - the black-body spectral radiance is just the
Planck function %(T).

Theradianceas just the spectral radiance integratedeo all frequenciedt
measues the total radiation ging in a specibc diction.

The spectral iradiancemeasues the radiation ging through a surface at §n

angle< 90° to the surfacehormal at a specibaeiquencyit is obtained g the
spectral radiancebintegrating @er solid angles.

The iradianceor 3ux densitymeasues the total radiation gng thrugh a
surface (fom ObelavO toOabweO) at anfrequencyit is obtained g integrating
the radiance wer solid angles.




The spectral radiancg, (7,5) Is the per
per unit area,per unit solid angleand per
unit frequencyv at a pointr, in the direction

of the unit \ector s. (units ofw m"Z steradian- Hz'l).

The radiance can be visualized in terms of
photons emerging im a small agaAA:
consider those photons whose momentum
vectors lies within a cone of small solid anc
AQ) centered on diections,and whose
frequencies lie beteenv andv + dv.

Then the eneryg transérred by these photonsper unit time from one side
(ObelwO) to the other (OaleO) the ara is gign by:

L, "A" "l




Theradiance L(r,s) is the total paver per unit aea,per unit angle at a

point r in the direction of the unit ector s. (units ofw m™ steradian)
It is obtained § integrating the spectral radiancear all frequencies:

L(r) = /O L (k)" (1)

The spectral iradianceor monochiomatic iradiance F (r,n) is the
power per unit aea,per unit frequency inteval near fequency, at a

point r,through a surface of normal, (units otw m2 Hz'1). It is obtained
from the spectral radianceylintegration wer a hemisphes:

F (r ) = /2 L (r -5 (5) 2)
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We integrate @er all photons with s
integrating the spectral

frequency neav that emerge fom =

hemisphere above the

below the plane to abwe the plane st
The scalar product - s in
equation (3.5) arises from
the projection of the unit
area perpendicular to s in
the direction n of the




The iradianceor Rux densityF (r,ln) is the paver per unit aea at a point
r through a surface of normal. It is the integral of the spectralradiance
over all frequencieyr alternatively and equivalentlthe integral of the

radiancelL(r,'s) ®er a hemisphes:
Z

F(T,N)= ooFV(?,Fi)dv
70
= L(r.3 [ -3dQ(d 3)
21

It is iImportant to remember that the iradiance still has a diction
associated with it - either upwdror downwad if the surface in the picter
on the previous page is horizontdlhe upwad Bux density though this
surface comes ém photons which ax distinct fom the dovnward 3ux
densityln order to distinguish the tw densitiesye introduce the notation

of FT for the upwad [3ux ancFl for the downward 3ux.

The net upward power per unit alea,calledFZ, IS just:
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F=F"F* (4)
The net upwad power giwes the net rate of enenggain of the half space
above the plane due to radiation.

Evaluation of black body radiatid¥e had written that:
B.(T) = 2hv?
(el 1)
was the black body spectragrsion of the spectral radiaan,Lindependent

of direction (i.e black body radiation is isatpic).Then equation (2)dr the
spectral iradiance becomes:

FV(!r,!n):/275 L, nésdQ(ks)
~2n8, [ coso)sine) do
=nBy(T) ©)

where ¢ is the angle beteens and the normah, and d! =2 x sin(¢) d¢ since thee is
axisymmety about the normal.




Integrating @er all n as in equation (3) @s us the iradianceor Bux density dr
black body radiation:

Flrin) = m /O "B(T)dv=oT* (6)

This is knevn as theStefan-Boltzmann law.

Interaction of Radiation with Matter

Solar Radiation - Disete Pocesses

" Solar photons mabe destoyed (absorbed) » moleculesyhich then mak a transition

into an excited quantum stat8ince the enerngof the photon is i, the enery diference#E between
the excited molecular state and theaygmd state (whee the molecule usugllis) nust match the
energ of the photon:#E = H'. For the typical energ in a solar photor#E coresponds to the
energ/ needed to up an orbital elean into a higher enenglevel. The resulting excited state has a
limited lietime, after which one of tw possibilities occur

(a) Scattering The electon falls back into the gund statere-emitting (or ceating) a photon of eneyg
#E and fequency' (both being the same as the original photon) - but in a randomction. (This

process is called radiaéivdecd).This is an example of scattering.

(b)Thermalization - Remembering that the typical collision timeushriess than the radiagJife time
of excited states (a conditiomff equilibrium to exist)jn general & would expect that molecular
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collisions will occur befre re-emission of a photoithen the energ #E is transfrred to other forms
of energ - the original photon is then said to sorbedlf kinetic energ is brmed,this is quicky
shaed with other molecules via collisions and leads to local thermodynagazitng

Solar Radiation - Contuum Ppcesses

(a) Scattering These pocesses occurer broad ranges of équenciesand do not corespond to
well dePned energlevelsThe molecules wolved include atmospheric gases and solid/liquidigdas
suspended in the atmosphe(aensoly.

In the case of scatteringylatmospheric constituent gas moleculdgir dimensions a& much less than
the warelength of the solar photonand the pocess is eferred to asRayleigh Scattering

In the case of scatteringylmaensol paticles (such as dust and smafe paticle dimensions &
comparable to the welength of the the solar photons - the scattering is calléd Scattering

(b)Absorption - Iér very high energ photonswe can hge photo-dissociatiofthat is the beakup of
molecules into constituent atoms as in the set of Ozoeadations in the stratospherWe can also
hase photo-ionizationin which outer electons ae stripped fom the atoms.

Terminology: Extinctionis the loss of enengfrom a incoming beam of solar phototiscan occur
through either absorption or scattering.
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Thermal (terestrial) Radiation

Thermal photons mabe absorbed and scated in a similar manner to solar photons - thean also
be emitted ly the inverse piocess to absorptionyith energy being dravn from molecular kinetic
energy. This leads to local (thermodynamic) cooling of the atmospher

The typical infra-ed frequencies wolved hee are too smallhowever, for the corresponding

#E =" to match the excitation energof orbital electons.Rather #E coresponds to a

diference betveen the energies gfairs of quantized vibrational ootational states of the molecule
A good basic discussion of the vibrational anthtional states of molecules is givin Section 3.3.1
of Andrews.
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Extinction and Emission 64 3 ATMOSPHERIC RADIATION

Consider a beam of radiation of unit
cross-sectionmoving in a small range of Figure 3.5 A beam, or
solid anglesiQ about the diections (as ‘penci’, of radiation

travelling a distance ds

in Figue 3.5)If the photons ae lost (absorbedsom surface A, of unic
or scattered) in a small distana#salong the  area toasurface A;.

(Scattering of photons out

beam ly molecules of gas or agsolsthen oF ki e s B ik

the spectral iradiancel., will be reduced. indicated.) The area of A;
is slightly greater than
This is the basiof Lambet® Lav, which unity, owing to the

divergence of photons

states that the fractional deease of spectral inw a solid angle AQ from
radiance is pportional to the mass of the ~ each point of Ay see

Figure 3.3. However, to

absorbing (OI’ Scattering) material encourgdr leiding o e Volkinne The physics of the process is complex; however

in the beam in a distanats Since the beam  ©f the pencil is still given ~ UP by Lambert’s Law.‘which Slzi.tCS that the frg
by (unit area) x ds. the spectral radiance is proportional to the m

has unit coss-sectional &a,this mass is cratterino material encountered by the beam in
just gien ty$a ds,where $a is is the density of the radiagly active moleculesywhich mg not be

the same as the total gas density
dL,= —ky(s) pa(s) Lv(s) ds (7)
where k. (the extinction coefPcient) is just giv by the sum of an absorption coefbciemtand a

scattering coefbcierd, :
kk=a+s (3)

Note that the extinction coefbcient is in general a function of tempeetmd pessue also
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Extinction and Emission (conhO

Since the gas in general will also be emitting photonseglincy yan extra terma souce term has
to be adled to the right hand side of equation (The souce term represents the pwer per unit
area per unit fequency aded to the beam P emission and scatteringhis term will also be
proportional to the mass$a ds,and so ve write it as kV $a J. dswith J.(s) called the sowe

function.Including the extinction and the emission terms therefore get theradiative-amsér
equationpr ShvarzsildOequatian

dL,
o =—ki(9) Pa(8) (L~ ) ©)
With kv’ $a and J all functions of distance (syve can write adrmal solution to (9) ly debning an
optical patha:
d¥x(5)= bv(s) pals) ds (10)
%()= k(s)pa(s)ds (11)
50
Using equation (10) in (9):
dL, dL, dyy
ds dy, ds
—L i (9)pal® (12
_dXV pa
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Setting the right-hand sides of equations (9) and (12) equal to each: other

L
d..! =l (L1 )
|
dL,
- L =3 (13)
Multiplying both sides of (13)yb e~ we obtain:
., dL- L.
d ¥
(Lre")=Je (14)
dl
which can eagsilbe integrated to: /
L= Jedy, +C (15)

where C is a constantf the spectral radiance equal.sd_at the point =g or at % = 0 by equation

11),then:
(11) then 7.

Li(9= (e T+ L e (16)
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Note that, if there is no emission (J=Qhe spectral radiance falls exponentigBees aw.

Recalling the debnition of the optical p&thin equation (11we note that a egion betveen two
values of the variable s is said to dygtically thicat a frequency n if the total optical patBa is > 1,
andoptically thiif the total optical path < 1A photon is nuch mote likely to be absorbed or
scattered within an opticayl thick region than in an opticalkhin region.

Simple example to help intergtr Equation (16):

The extinction coefbcient.kand the absorber densi@ado not depend on path length (s). they
are constants within the gahen %= ( k. $as ) and the optical path is pportional to s.If the

starting point of our integration isOS: 0,then equation (16) becomes:

Li(5)= /o J(Ne =g + Ly e (16)

L\(5)= kupa /o Jy(s')e BT Vg4 Ly ge" B (17)

The 2nd term on the right hand sidepresents the radiance stimg at s = Oatteruated ky an
exponential factor due to extinctionwer the distance syhile the integral epresents the sum of
contributions emitted fom elements dsO at diffint distances along the patgch attenated ly the
remaining distance beagn sO and distance s.
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Application of Kichoff® Lav.
Repeating equation (9) |,

g5 K (8)"a(s) (L —J) 9)

we see that the radiance emittedofin a mas$a ds of gas in the beam lis $a J. ds and radiance

absorbedk,, $a L. ds Hence the spectral emittance (= ratio of the emitted radiance to the radiance
emitted by a black body)is
|= ke #, J- dsl B (18)

The spectral absorptance ( = the fraction of incident radiation that is absorised),

av:kv Pa L, ds/ L, = kv padS (19)

Under conditions dér which Kirchoff® Lav holds (radiation in local thermodynamic equilibrium
at the same temperateras the gasyye hae the emittance in (18) = absorptance in (18),that:

Jv =B, (20)

and we can eplace the general sote term J with the black-bodpifm B.
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The DiffuseApproximation

Radiatie calculations often assume that theperties of the atmospher and radiation
depend ony on the \ertial coordinate z Plane-patlel assumptipThe net iradiancewhich
takes into account photons mang in the opposite daction,is just gien by (4):

F=F"F" (4)
In general & woulg hae to integrate the radiance g by equation (16)
L= J("Ne = d"+ L e (16)
0

over frequency and all solid angles éditions of the beam).
A very simple paproximation which is useful is called the diffuppraximation. This states that
we can simplreplace dL,,

—+tLy=Jy (13)
dyy
by the single equation dFVl
ﬁﬂvj — 1B, 21)
Kv

for the downward spectral iradianceF,l along eeticalpath whee we hae used Kichoff®
Law to set J = Band whee we debned a scaled optical depth:

Yo" 1665, (22)

Since ve consider ony the \ertical direction,the general dePnition of optical depthgmin
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equation (11) iseplace g a moe specibc one which ineases davnward from the top of the
atmosphee (z=0):

(@)= [ k(@8 23)

Absorption of Ultra-violet (solar) and Infra-Red radiation b
atmospheric gase&Section 3.5 oAndrews)

The Pgues on the next pages stwothe absorption of incoming solar radiatioy the
atmosphee as a function of welengthand the absorption of outgng long-wee radiation.

The absorption of incoming solar radiation is shoby comparing the spectralrsdiance of
solar radiation at the top of the atmosphewith that at sea-ieel.

The absorption of infraed is shavn by plotting the fraction of radiation le&ng the gound
that is absorbed pthe whole atmospher (and the fraction that is transmitted).
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Figure 3.13 The
madiance spectrum of
iolar radiation at the top
of the atmosphere and at
iea level, compared with
the black-body irradiance
ipectrum (dashed line),
tiven by B;(T) times the
iolid angle subtended by

he Sum, for T = 6000 K.

Adapted after Figure 4.6
if Brasseur and Solomon
1986).
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Absorption of Solar Radiation
i (Andrews,Figue 3.13)
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76

Figure 3.14 Infra-red
absorption spectra for six
strongly absorbing gases
and for the six gases
combined, for a vertical
beam passing through the
atmosphere, in the
absence of clouds. Drawn
from data supplied by Dr
A. Dudhia.

Gases shan as
absorbers a& all minor
constituents (the major
constituents OZ and I\I2

do not absorb in the
infra-red) All but ozone
are concentrated in the
troposphee. Note the
Oatmospheric winaeO
at&~ 8-12um
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Infra-RedAbsorption
Figue 3.14 fom Andrews
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Water vgor absorbs stongl over a broad band~ 6.3 um (molecular vibrationsgand over a
narow band&~ 2.7 um (molecular vibrationsfor &> 16 um,rotational transitions become
important for water vgor.
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Figure 3.14 Infra-red
absorption spectra for six
strongly absorbing gases
and for the six gases
combined, for a vertical
beam passing through the
atmosphere, in the
absence of clouds. Drawn
from data supplied by Dr
A. Dudhia.

ittance

Carbon dixide CO2 is a'g

strong absorber in a hnad%:
band & 15 um
(vibrational mode) and a
narower band&- 4.3um
(also a vibrational mode).

3 ATMOSPHERIC RADIATION

Infra-RedAbsorption (con®
Figue 3.14 fom Andrews
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Ozone O3 absorbsdr & 9.6 um (vibrational modesNote that Fig 3.14 does ND show the

emissioonf radiation ly gases within the tiposphee.
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Summary of absorption of far ultra-violet radiation (Figure 3.17 of Andrews)
HEATING RATES

3.17 The
of unit optical
for vertical solar

. The principal
jon bands are
Adapted after

(1991); earlier

sions of this figure
in publications
rg (1965),

and Lean (1987).
courtesy of Dr ).
and Dr R. Meier.
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The Greenhouse Effect revisited
(Andrews)
We build a slighyl more complicated model of atmospheric radiation than the singk-la
atmosphee we hae used badre.We assume that:
(1) the atmospheg is transpagnt to solar radiation- shdrwave solar radiation is absorbed at the
ground.Downward short-wave radiation is neglectedlso, we neglect solar\V radiation.
(2) we use the diffuseproximation br long-ware radiation - equation (21)eproduced belav

dF}
dyy

(3) we assume the atmosphers gey;by this we mean that the extinction coefbcient k
is independent of, and theefore so is the scaled optical dep¥d.

+F) =nB, 21)

Integrating (21) eer frequency we obtain:

|
dF F' = nB (24)
dy-
A similar equation holdof the upwad long-wae radiation (deried in exactf the same manner),
except that since the optical deptleceases upawds we must change the sign of the derivatiwith
respect to optical depth.

| — +F =aB (25)

One way to check that the sign in (25) is a@rct is to note that if B = Othen F ~ e%, but since%s

deceasesipwaids,this giwes deceasing upwal radiation with heightywhich is corect.
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Note that B represents the integral\er all frequency’ of the Black-Body function.Bdebned earlier
z 1
B(T)= dvB,(T)==0oT? (26)
JT

In generalthe net heating of the atmospheis due to the comergence of the net Bux of radiation.
The net upwad long-wae irradianceFZ IS:

F=F"F" (4)
Hence the net heating per unit mass Q isecgjyi\as:
F
2)Q= ——2 27
p(AQ= — (27)

For this simple calculatiomye consider theatmosphec overall radiation budget in equilibrium (no net
heating)In equilibriumthe net heating of the atmosphedue to long wee radiation alone mst
vanishywhence the ertical derivatie of FZ must vanish:

F=F'—Fl=C (28)

where C is a constanio obtain C consider the boundar condition at the top of the atmospher
where % = 0. The davnward Bux of long-wee solar radiation isypdebnition Oso the total
downward long-wae radiation 3ux rast vanish at the top of the atmosphzerF (O) =0

The net iradiance at the top of the atmosphers gien by the upwad component:
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F=F'—Fl =F, (29)
where we have also written the balancef the whole eath-atmosphee systemnamey downward
short-wave solar Bux (gen by FO) must balance net upwdrlong-wae Bux at the top of the

atmosphee.This was written davn just at the top 6 = 0), but since IE: C by (28),we see that the
constant C is 6 so that (29) holds eerywhere.

Now to solwe the systemAdd equations (24) and (25) to get:

! dix"!F#! F® + F* 4+ F3=2nB(T) (30)
Also subtract equation (25c)l d)rr!l (24) to get:
T FI+F' =FI—Fl=F (31)
where we hare used (29).Since the diéfrence in Bugs in (30) is a constarthe derivatie vanishes:
| B(T) = %!F! +F (32)

We can integrate (31) to get| ' M
F'+ F = FOX#+ D (33)

where D is a constantyhich we get ly using the upper boundgrconditionhamey at% = 0 the
downward Bux vanishes and the upwaBux is just 5 Hence D = If) and:

(F' +F )=F(1+!7 (34)
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Taking (34) + (29) and (34)-(29)evget: =

1
“Fo(241 7
20(+)

1
FI = §FO! )

and using (32)ye derive an expession ér the temperatue:
1
| B(T) ="T*= 51:0(1 +#)

3.7 THE GREENHOUSE EFFECT REVISITED

Figure ':LZD Results FG /2
from a simple two-stream 0 ¢
model. The sloping lines

show the variations with

staled optical depth x° of

the upward (F') and

downward (F!) spectrally
ntegrated long-wave

iradiances and of the p 4
spectrally integrated

tack-body irradiance nB.

F,  Top of the atmosphere

Ground

(36)




We have sole the problem br the temperatue in the atmospheax. Now consider the balance at the
ground,which has temperat@&T . From the brst equation of (35) (solution of the upwhRux) the

g
upwamd Bux just abge the gound (gien by %= 0/@) iS:
1.
F'(lg) = F0(1+§! o) (37)
Assuming that this tadiance is due to the black-bodylemission of theumd,we get:
|B(T,) =" T, = Fo(1+5#) (38)

CIearL/Tg Is geater than the equivalent black-body temperataissociated withd?so there is a
greenhouse edict.

BUT: The temperatue of the air just abee the gound (Tb) is gien by (36):

1
| B(T,) =" T} = éFo(l +#p) (39)
From (38) and (39) w see that: 1
LT 1T = EFo (40)

so the radiatie model gies a discontinity inT at the surfacel'he gound is warmer than the air at
the surfaceand in the eal world convection and turbulence will lead to upwétranspot of heat.

The radiatie equilibrium itself is unstable
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