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1. INTRODUCTION

The interactionof electromagneticadiationwith mattermodifiesto someextentthe incidentwave. The medium
thereforeproducesa signaturen theamplitude phaseor spectracompositiorwhich depend®n compositiorand
structureof the medium.The basicprinciple associatedvith remotesensingof the atmospheri¢emperatureand
humidity structura@nvolvestheinterpretatiorof radiometricomeasurementsf electromagneticadiationin specific
spectraintervalswhich aresensitve to somephysicalaspect®f themedium.More specifically atany wavenum-
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(20 Principles of remote sensing of atmospheric parameter s from space

ber (or wavelength)in the infrared or microwave regionswherean atmosphericonstituentabsorbsadiation, it
alsoemitsthermalradiationaccordingo Kirchhoff's Law. Sincetheradiancdeaving theatmospherés afunction
of thedistribution of the emitting gasesandof temperaturéhroughouthe atmosphereneasurementsf radiance
contain some information on both these quantities.

Thesdectureswill startwith anintroductionto thebasicradiometricquantitiesandlawsto beusedthenwill derive
anddiscusghe equationof radiative transferfor anabsorbingandemitting medium.No scatterings includedso
theresultswill beapplicableonly to situationsn which scatteringphenomenalay asecondaryole, asis thecase
for the enepgy transferin the clearatmospherén the infraredandat microwave frequenciesprovided no clouds
areinvolvedin which precipitationis taking placenor ice phases presentThe conceptutlinedbelov arede-
scribed in more detail ioodyand Ying (1989 to which the interested reader is referred.

2. ABSORPTION AND TRANSMISSION OF MONOCHROMATIC RADIATION

Referringto Fig. 1, radiancds theamountof enegy crossingjn atimeinterval d¢ andin thewavenumbeintenal
v to v +dv, adifferentialareadA atanangle® tothenormalto dA , thebeambeingconfinedto a solid angle
dQ. In other vords

dE

— \%
L= s daardoav @)

and the unit is W(fnsr cm?t).

Sometimedifferentunitsareused,like mW(nm? sr cm?)1 whosenumericalvaluesarethe sameasin CGSunits.
Radiancecanalsobedefinedfor a unit wavelengthA or frequeng intenal v (in unitsof inversecentimetresjhe
relation among these quantities being

r sin qus
rd&

Figure 1 lllustrating a pencil of radiation through an element of at&ain direction confined to an element of
solid angledQ (figure talen fromLiou, 1980).
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wherec isthespeedf light in vacuumandv is frequeng (in unitsof Hz). Spectroscopistsave adoptedhewav-
enumberasthe normalunit for frequeng andthisis usedthroughouthis report.However at microvave frequen-
cies the true frequengin GHz) is often emplged.

Whenever a beamof monochromatigadiation,whoseradiances L, entersanabsorbingmedium(seeFig. 2 ),
the fractional decreasemerienced is:

dL
L

> = —kyp dx )

\

wherep = p(x) isthedensityof themediumatx andk, isaproportionalityfactorcalledthe (spectraljabsorp-
tion coeficient. IntegratingEqg. (2)between 0 ana yields

Ly(x) = Ly(0)expi{ kyp di] (3)

whereL, (0) is theboundaryalue,i.e. theradianceenteringthemediumat x = 0. Theratio L,(x)/ L, (0) is
calledthe (spectralitransmittancef the Black Body radiationmedium.and- xk\,p dx is the optical depth.An
exampleof theuseof Eq. (3) is themodellingof attenuatiorof the solardirectbeamdueto atmosphericonstitu-
ents. The real problem lies, asvays, in the kneledge of%,, the absorption coi€ient of the gses.

7

Attenuated
exit
beam

Absorbing
medium

/'f

Unit
cross section
of incident beam

Figure 2. (figure taén fromMcCartney 1983).

3. BLACK BODY RADIATION

To explainthespectrabistribution of radianceemittedby solid bodies Planckfoundthattheradianceperunit fre-
queny emitted by @ladkbodyat temperaturd” is expressed by
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B/(T) = ———— 4

whereh is Plancks constanandk is Boltzmanns constantAn equivalentformulain termsof radianceperunit
wavelength is

®)

The abee two equations can be simplified by defining:
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Figure 3. Spectral radiance of a blackhqur unit vavenumber interal and per unit frequegdntenal, at the
Kelvin temperatures sham in each curg (talen fromValley, 1965).
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asthefirstandsecondadiationconstantespecirely. Figures3 and4 shaw curvesof B, (T") versusvave number
and B, (T') versus vavelength.
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Equation(4) impliesthat,aslongasacavity isin thermodynamiequilibrium(TE) atagiventemperaturehespec-
tral distribution of radianceemittedby the cavity depend®nly on its temperaturewhateser spectraldistribution

of radiances enteringthe cavity. This is becaus&uantaenteringa perfectblack cavity undego a successiomf

internal reflections and absorptions until all the gynés absorbed within the ¢igy.

4. EMISSIVITY, KIRCHHOFF LAW AND LOCAL THERMODYNAMICAL EQUILIBRIUM.

In generab mediumthatabsorbsadiationmayalsoemitradiationatthe samewvavenumberlf we enclosehevol-
umeof gasin Fig. 2 in ablackboxin thermodynami¢TE) with the gas,thetemperaturel’ of its walls beingthe
sameasthatof thegas,thentheradianceemittedfrom thewalls of theboxin all directionswill be B,,(T") andthe

amount of enegy absorbedin the ary direction (say x for corvenience)by a layer dx deepof gasis
B,(T)k,pdx .
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Figure 4. Spectral radiance of a blackhqur unit vavelength interal, at the Klvin temperatures sium in
each cure (talen fromValley, 1965).

Thesameamountof gaswill emitin the x -directionanamountof enegy B, (T, pdx whereg, isaproportion-
ality constantcalledthe (spectral)emissvity of the gas.Now the amountof emittedenegy mustbe equalto the
amountof enegy absorbedn the samedirection,for equilibrium conditions;otherwiseequilibriumwould not be
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possibleandthe secondaw of thermodynamicsvould beviolated.Thisin turnimpliestheequalityof theabsorp-
tion and emission coiétientsk, = €, when TE is achieed, which is a way of stating Kirchhdfs Law.

Theradiationfield of theearthatmosphereasawhole,is notin TE. However, belowv about40to 60 km, avolume
of gashehaesapproximatelyasablackcavity sothattheemissiorfrom thevolumeis dependenonly onits tem-
peraturewhatever the spectraldistribution of radianceenteringthe volumefrom outsidemaybe. In fact,assoon
asa moleculeabsorbsa quantumof enegy, someis lost by collisional exchangewith nearbymoleculesbefore
emissiortakesplace.Thesecollision exchangespreadheenepy of theinitial quantumthroughouthevolumeof
air. Whenemissiorfinally occurs,it takesplacefrom anupperenepy level which is lower thanthelevel reached
aftertheinitial absorptionWhenthe meantime betweercollisions(relaxationtime) is muchsmallerthanthetime
interval betweertheinitial absorptiorandfinal emission(naturallifetime), thenasinglekinetic temperaturehar-
acterizesto agoodapproximationthegas.This (lucky) circumstancés denotedy thetermLocal Thermodynam-
ic Equilibrium. At STPtheratio of relaxationtime to naturallifetime is about10*° for arotationaltransitionand
10° x 10~ for a vibrational transition.

5. THE EQUATION FOR RADIATIVE TRANSFER

Considerthevolumeof gasin Fig. 2 in which emissionaswell asabsorptiomow takesplace,but not scattering.
The equation of engy transfer can be written, for monochromatic radiation,

dL, = —L k,p dx+J,p dx

wherethe x -directionis the directionof propagtion of theincidentwave, x cannow take valuesfrom0to a .
The first term on the right-handside is the effect of absorptionwithin dx, and </, is the sourceof radiant
emissionwithin dx . We areinterestedn computingthevalueof radianceat x = a . Droppingfor simplicity the
subscriptv and applying the Kirchhbfaw we get:

1 dL(x) _
kp dx

—L(x)+B(T,) (6)

whereT', is thetemperaturef thegasat x . We definethemonochromatiopticaldeptha(x, a) of themedium
between pointz anda as

o(x.a) = [ kp dv’ (7)

do(x, a) = de = _kp dx

Equation(6) can then be written

__dL(x)

Noting that
d[Lexp(—o(x,a))] = dL exp(-o(x,a))—L do exp(—o(x, a))
6 Meteorological Training CourseLecture Series
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we can multiplyEq. (8)by exp[—o(x, a)] and then intgrate the resultant equation between 0 @and
- diLexp(-o(x,@))] = [/ B(T,)exp(0(x,a)) do(x, a)

to obtain finally

Ly(a) = Ly(0)exp(~fshyp ) + [ kypBy(T) exp(—fkyp cke)c ©)

Thefirsttermonright-handsideof (9) is analogouso theonein Eq.(3) andrepresenttheradianceattheboundary
multiplied by the transmittancdrom the boundaryup to a . The secondermis the contritution dueto emission
from the mediumin thedirectionof theincidentwave. Eachslabdx aroundagenericpoint x radiatesdepending
ontheamountof gas(p(x)) onits emissvity ( = %, ) andonits temperatureThe enegy is depletedn its way

from x to a by a factor gien by the transmittance fromto a

Ty(x,a) = exp(—f;k,p dv)

A similar equationis obtainedwhencomputingthe radianceemittedby the atmospherén arny upward direction
towardspaceDenotingby z thezenithaxis(z, representshetop of theatmosphereindby 6 thezenithangle
of the emitted radiation the solution is (dropping the spectrakjnde

L(z,,0) = L(0,08)1(0,z,, 0) + f”-ki

o COSGB(TZ)T(Z'Z"’ 0) dz

k
(a,b,0) = exp%—ﬁﬁe dz%

The termdz/ cos8 is the increase of optical depth with zenith angle for a plane parallel atmosphere.

One may note that

dt,(z,2,,0) _k,p
dz ~ cosh

W,(z,2,,0)= (2, 2,, 0)

and that the contribution from the lower radiating surface (either land or sea) can be expressedas
L,(0) = &5 ,B,(T,) wheregg , is its emissiity; so that finally

Ly(2,8) = & ,By(TT(0,2,,8) + [ BT)W,(2.2,,6) ¢z (10)
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Figure 5. The simulated uawd radiance at 56 afheight for a mid-latitude temperature and moisture profile.

The contribution of eachlayer dz of theatmospheregentredat z , to theintegratedupwardradianceemeging to
spacejs henceexpressedy ablackbodycontritution weightedaccordingo W ; layersfor which W attainslarg-
est

valuesarethe oneswho contribute mostto theintegral valueatthetop. W is oftencalledthe weightingfunction.
Equation(10)canalsobeexpressedisingpressuregr log p , asverticalcoordinateExamplesanbefoundin Sec-
tion 10

6. SPECTRAL DISTRIBUTION OF RADIANCE LEAVING THE ATMOSPHERE

Radiancedefinedin Section2, canbe expressedn termsof thetemperature¢hata perfectblackbodywould have
to emitthesameradiancen the samewavenumbeintenal. Thelatterquantityis referredto asbrightnesgemper-
ature ('z(K)).

Figure5 shows simulatedupward radianceat 56 hPa heightfor a mid-latitudetemperatur@andmoistureprofile.
Fig. 6 shavsthesamedatacorvertedto T'g . Thespectrakesolution(seesectionl10 for thedefinition) of thetwo
datasetis =0.67cm ".It maybenoticedthataconstantl’y correspond$o diminishingvaluesof radianceaswe
move to higher vavenumbers since the maximuralwe for the Planck function at 300 K is around 606.cm
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Figure 6. The data iRig. 5 corverted toT'y .

Thespectrarangeshavn in thetwo figurescoversanimportantdomainusedfor atmosphericoundingpurposes,
namelythewhole CO, absorptiorbandcentredat 672 cm? (15 um) andthewindow region from 1050to 770¢cnr
! (about9.5to 13 um). Anotherimportantfeatureis the ozoneabsorptiorbandaround1040cm? (9.6 um). Figure
7 shows two emissionspectraof the earthand atmospher@as measuredrom the IRIS interferometeron board
NIMBUS 3 (takenfrom Hanel,1971).Theupperfigureis radiancemeasureaver Antarcticawhile thelower one
is measuredwer the Sahara desert.
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Figure 7. Wo emission spectra of the earth and atmosphere as measured from the IRIS interferometer on board
NIM

Recallingthatlow valuesof T'y areassociatewvith low numericvaluesof radiancesit appearshatsomecomple

interactionis takingplacewithin theatmospher@roducinglarge variationsin enegy emittedupwards.An expla-

nationfor thisrequiressomeknowledgeof basicspectroscop the principlesof whichwill bedealtwith in thenext

section t will beshavn thatthe presencef sharpvariationsin brightnessemperaturgor radiancepr absorption
properties) is due to the nature of the interaction which is quantized.

7. MODELLING THE INTERACTION

For interactionto take placea force mustacton a moleculein the presencef an externalelectromagnetiéield.
Theexistenceof suchaforcedepend®nthepresencef anelectricor magnetidnstantaneoudipolemoment.The
polarizability of a moleculeis relatedto the extentto which a moleculehasa permanentlipole momentor can
acquireanoscillatingoneproducedy its vibrationalmotion. If we considermamoleculeasarigid rotator radiatve
interactioncantake placeonly if themoleculespossess permanentlipole moment.ThusCO, N,O, H,O andOg
(seeFig. 8) interactwith thefield by changingheir “rotation vector”while N,, O,, CO, andCH, donot. However
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asamoleculelike CO, vibrates anoscillatingelectricaldipole momentis producedandrotationalinteractioncan
take place. Henc€O, and CH, possess vibration-rotational couplings with the incideasew

In whatfollows only interactionthroughelectricdipole momentswill be consideredthe mainaim of this section
beingto shav someexamplesof hawv molecularabsorptiorandemissiorspectracanbeexplained(andcomputed).

7.1 Themoleculeasarigid quantized rotator.

Diatomicor lineartriatomic molecule(Fig. 10) have two equalmomentsf inertiaandtwo degreesof rotational
freedom.Asymmetrictop moleculeslike H,O have threeunequalmomentsof inertiaandthreedegreesof free-
dom.

Thekineticenegy E,,; of arigid rotatoris E,,, = %Iooz. While for a classicalrotator w andhenceE,, can
take ary value, a quantized rotator is subject to quantum restrictions on angular momentum

_h 1/2
Iw = 2T[[J(J+ 1)]

where<J , the quantumnumberfor rotation,canassumeonly integer values.The quantizedrotationalenegy can
therefore be written

1(Iw)*> _ A°
= =2 _J(J+1)
2 1 81l

EJ = Erot,J =

Recallingthat E ; is the rotationalenegy associatedo a rotationalstate.J arounda specificprincipal axisand
calling rotational constant the quantity

e
81cl,

wherel , is the moment of inertia around that axis, we may write
E; = Ahcd(J +1)

For asymmetridop moleculesve will have threemomentsof inertia (£ 4, I 5, I ;) andthreerotationalconstants
(namelyA , B andC). The rotational engy can be xpressed in terms of the rotational tefff.J)

F(J) = % = BJ(J +1)

whichis measureth theenegy unitcm®. B istherotationalconstanaissociatetb theaxiswith momentf inertia
I . In Tablel valuesof the molecularelectricaldipole androtationalconstantgor someof the mostimportant
active atmospheric species aredji.
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Figure 8. Symbolicnuclearconfigurationsandpermanentlipole momentstatusof someatmospherienolecules
(figure talen fromMcCartney 1983).

TABLE 1. VALUES OF MOLECULAR ELECTRICAL DIPOLE MOMENT (M IN DEBYE UNITS) AND ROTATIONAL
CONSTANTS OF SOME ATMOSPHERICMOLECULES

Species U A B ()

coO 0112 - 19314 -
co, o - 03902 -
N,O 0167 - 04190 -

H,O 1.85 27.877 14.512 9.285
O3 0.583 3.553 0.445 0.395
CH, 0. - 5.249 -

Interactionbetweerthemoleculeandtheexternalfield takesplacewhenaeraquantunof enegy Ave is extracted
(absorption process) or added (emission) to xtereal field. The basic relation holds

E'-E" = hvc

whereE' and E" arethetwo enegy levelsinvolved. Denotingthe upperandlower rotationalquantumnumber
asJ' andJ" the diference between the tnenegy levels is

AF = BJ'(J' + 1) - BJ"(J" + 1)
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A quantum selection rule dictates that only transition among adjavefs &e allwed, that is

A = (J'-d") = £1

wherethevalue AJ = +1 appliesto absorptionwhichincreasesheinternalenepgy of themolecule Hencefor the
case of absorption

AF = 2B(J" +1) = 2BJ' = v,,, (11)

The absorbeghotonshave enegiesthatareindividually equalto Eq. (11) andthe aggrejate effect from all the
moleculesn avolumeis a depletionof theincidentwave enegy atwavenumberv,,, whichis obseredasaspec-
tral line. As anexampleabsorptionof a photonat wavenumber669.29(correspondindo the wavelength14.947
um) is accomplishedby the H,O moleculespinningaroundits principal axis A with a transitionfrom rotational
quantum number 12 to 13.

Linear diatomic: Ng, O, CQ, NQ Linear triatomic: CO,, NQ,, N,Q

i

Figure 9. Axes of rotational freedom for linear and asymmetric top molecules (figume tadm
McCartneyl983).

7.2 The molecule as a quantized vibrator.

An ensemblef nucleamrmasseseldtogetherby elasticvalencebondsformsa systemcapableof vibratingin one
or moremodes Someof themostcommonlyencounteredibrationalmodesor diatomicandtriatomicmolecules
are shan in Fig. 10.

A classical tvo-mass vibrator has a natural frequeRcwhich is gven by:

G = L
2ntbn’

wherek, istheelasticforceconstanendm' is thereducednassThepotentialenegy for this systemis givenby
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the relation

Diatomic structures
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COu N0 <O QO <O CE O <O <O
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H20, 04 /O/f v \.O\\ C{ v P /O/f \O‘&

Figure 10. Symbolic configurations and vibrational modes of diatomic and triatomic molecules (figare tak
from McCartney 1983).

E, = 2T[2m'(r —rO)Z\N)2

wherer, is the distancebetweerthe two massest equilibrium. Quantumrestrictionson vibrationalenegy are

foundby solvingthetime independen&chroedingeequationin onedimension.The eigervaluesdefiningthe al-
lowed engagy levels are

EVZSI+%%L\7 V=012 ..

1
_ 0, 10k cke?
E, = &+ S0

wherev is the quantumnumberfor vibration. Theseequationshold for a simpleharmonicmotion,which s true
only whenthe vibrationalquantumnumberis small. Disregardingsomeof the compleities of reallife, we may
considera simpletransitionof a diatomicmoleculefrom two adjacenwibrationallevels sincethe quantumselec-
tion ruleallows only transitionfor which Av = =1, wheretheplussignappliesfor transitionin whichtheinternal

enegy is incrementedhroughabsorptiorof aquantunof enegy. Denotingby v' ary level exceptv = 0 andby
v" the net lower level, the transition engy is
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TABLE 2. VIBRATIONAL FREQUENCIES WAVELENGTHSAND WAVENUMBERS OF RADIATIVELY ACTIVE ATMOSPHERIC
MOLECULES (TAKEN FROM McCartney1983).

Species Parameter Vibrational modes
Vi Va V3
CcoO Hz 6.43 x 163 - -
pum 4.67 - -
cm 2143 - -
co, Hz - 2.00x 10° 7.05x 103
uml - 15.0 4.26
cm- - 667 2349
N,O Hz  3.86x10% 1.77x16° 6.67 x 103
Hm 7.78 17.0 4.49
cm 1285 589 2224
H,O Hz 1.10x10* 4.79x 16 1.13x10*
Hm, 2.73 6.27 2.65
cm 3657 1595 3776
O, Hz 3.33x10% 2.12x10° 3.13x 1@
pum 9.01 14.2 9.59
cm 1110 705 1043
NO Hz 5.71 x 1@ - -
pm, 5.25 - -
cm 1904 - -
NO, Hz 3.92x10° 2.26 x10° 4.86 x 10°
pum 7.66 13.25 6.17
cm 1306 755 1621
CH, Hz 8.75x 10° 4.60x10° 9.06 x 103
Hm, 3.43 6.52 3.31
cm 2917 1534 3019
Va
CH, Mz 57ix10
um, 5.25
cm 1904
hence
1
AE = EE&[F
2nbn'0

Therefore a photon of ergr Av,,;,c , Wwherev,;,, denotes the aenumber of the transition, will be absorbed if
AE = hV = hv,c

that is when

Meteorological Training Course Lecture Series
0 ECMWEF, 2002 15



Principles of remote sensing of atmospheric parameters from space

3

L thet

Vvib = 500

The absorptiorby avolumeof gaswill resultin the depletionof radiationof wavenumberv,,;, (or frequeng V)

which appearsasan absorptiorline in the spectrumAs an examplelet’'s considerthe CO molecule.lts reduced
massis m' = 1.14x 107 gramsandtheforce constanhasavalueof &£, = 1.84x 10° dyn cm. Substituting
thesevaluesin the last equationwe obtain for a transitionfrom level v = 0 to v = 1 an enepgy increase
AE = 4.24x 1075 emgsequialenttov,;, = 2143 cm. In Table2 thevibrationalfrequencieswavelengthsand
wavenumbers of interesting atmospheric rad@&tnolecules are listed.
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Figure 11. Simultaneous transitions in vibrational and rotationajjiesegifigure takn fromMcCartney 1983).

7.3 Vibro-rotational bands.

It hasbeenalreadypointedoutthatmoleculemnot possessing permanentlipolemomentdoin factpossessscil-
latingdipolemomentscausedy theirvibrationalmotion,andthereforerotationaltransitioncoupledto vibrational
transitionarepossible Consideringa simple moleculewith onedegreeof rotationalfreedom(CO, for example)
we may therefore obsenabsorption (and emission) corresponding to quantungieser

AE = hve = AE,,,+AE,,,

wherethetermson theright sidearetakenwith their sign. Thatis a numberof transitionsareallowed depending
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on the numberof degreesof rotationalfreedomandon the numberof vibrationalmodes A simpledescriptionof
the allaved enegy transitions are sk in Fig. 11.
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Figure 12 Nitric oxide spectrum.

The more complex the molecularstructurethe larger the numberof possibletransitions. As an exampleFig. 12
shaws the superpositiorof NO rotationallines closeto thevibrationalwavenumbeiat = 1904 cm with areso-
lution of 0.06cm > whilein Fig. 13 thecomple structuredueto thethreerotationalmodesof NO, is superimposed
to its vibrational transition at= 1621 cmi™. In the latter the resolution of the measurements is 0.02 cm

Watervapouris one of the mostimportantradiatively active moleculeslts complicatedrotational(threedegrees
of freedom)andvibrational(threemodes)structureproducealine spectrunwhich, atfirst sight,appearsandomly
distributed.Oneof the mostimportantH,O absorptiorfeatureis the vibro-rotationalbandat = 1595 cml. The
centralportionof thecomplex band,closeto thevibrationalfrequeng, is shovnin Fig. 14 ataresolutionof 0.46

cmt

At longerwavelengthsmicro-andmillimetre-wave frequenciessinglerotationallinesarealsoobsered. Threeof
these dueto H,O andO,, aregoingto play anincreasinglyimportantrole in microvave remotesensingnamely
the line centred at 64 and 112,J@nd 183 (HO) GHz which are shen inFig. 15.
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Figure 13. Nitrogen dioxide spectrum.

8. LINE SHAPES AND THE ABSORPTION COEFFICIENT.

For astrictly monochromati@bsorptiorandemissiorto occurat v, , theenegy involvedfor eachmoleculeof gas

shouldbeexactly AE = E' —E" = hvc, implying thatthe enegy levelsareexactly known. The mathematical
descriptiorof theabsorptiorinewouldbe kv = Sd(v —v,) whereS istheline strengtrandd istheDiracdelta
function centredat v, . However threephysical phenomenaccurin the atmospheréandelsevhere)which pro-

ducebroadeningof theline: (i) naturalbroadening(ii) collision broadeningand(iii) dopplerbroadeningwhich

will be briefly discussed.

8.1 Natural broadening.

It is causedy smearingf theenegy levelsinvolvedin thetransition.In guantummechanicatermsthisis dueto
theuncertaintyprincipleanddepend®n thefinite durationof eachtransition.lt canbe shovn thattheappropriate
line shape to describe natural broadening is the Lorentz line shape
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Figure 14. Emission spectrum of the atmosphere measured at 10 km height with a resolution of approximately
half wavenumberMost of the lines are due to theter \apour vibro-rotational band.

S a,
kv =k(v) = ﬁx —
(V_VO) +an
whereS is the line strength
S = f’ E(v) dv

anda, istheline half width, which is the distancefrom theline centreA, to A, wherek(v) hasdecreasetb
half of its maximumpower. The shapeof a Lorentzianline is shavn in Fig. 16. It canbeshavn that a,, is inde-
pendent of \ave number and itsalue is of the order of 1onm
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Figure 15.Tansmittances of the millimetreame region calculated for a path between the acefand space for
molecular oxygen, ater \apour and their product (tak fromGrody, 1976).

8.2 Callisional broadening.

It is dueto the modificationof molecularpotentials andhenceto the enegy levels,which take placeduringeach
emissionabsorptionprocessandis causedy inelasticaswell aselasticcollisionsbetweerthe moleculeandthe
surroundingones.Theshapeof theline is still Lorentzianasfor naturalbroadeningbut the half width o, is se/-

eralordersof magnitudegreaterandis inverselyproportionalto the meanfree pathbetweercollisions,which in-

dicates
that a, will vary dependingon pressurep andtemperatureT’ of the gas. When the partial pressureof the
absorbing gs is a small fraction of the totadgpressure we can write:

a =q 2L
C C,Sps T

where p, and T, arereferencevalues.As an examplethe collisional half width for the CO moleculein the
vicinity of thevibrationalv, vibrationaltransition,at standargpressureandT = 300 K is a, = 4.22x 102 nm

8.3 Doppler broadening.

Moleculesin a volumeof air possessa Maxwell velocity distribution, hencethe velocity componentalongary
directionof obsenation producea Dopplereffect which inducesa shift in frequeng in the emittedandabsorbed
radiance. The line shape is

20 Meteorological Training CourseLecture Series
0 ECMWEF, 2002



Principles of remote sensing of atmospheric parameters from space

3

2
—(V—-V
k(v) = S exp ( 20)
1
a, = 3.58x 10 vy (T/ M ,)?

where M , is the molar mass.The Doppler half width for the CO transition of the previous paragraphis
0y=5.5x% 10" nmwhich is about1/8 of the collisional half width. Collisionsarethe major causeof broadening
in thetropospheresincetheir effectis proportionalto pressureandpressurevariationsarelargerthantemperature
variations;while Dopplerbroadenings the dominanteffectin the stratospherejueto the larger meanfree path
andhightemperatureghelatterproducingargerstandardieviationsfor themolecularvelocity distribution. There
is however anintermediataegion whereneitherof thetwo shapess satishctorysincebothprocesseareactive at
once.Assumingthe collisional anddopplerbroadeningcanbe assumedo beindependentve cancombineboth
line shapedo give the Voigt shapeThisis oftenusedto allow for bothtropospheri@andstratospheribroadening
of an absorption/emission line in one calculation.

Actually thelevel of ourknowledgeof spectroscopiphenomenahatareatthevery coreof our understandingf
theradiatve processess still insufficient for mary purposesanda large effort is taking placeto performmore
accurataneasurementsf thekey parametersn orderto avoid, wheneer possible the useof empiricaltuningto
reduce discrepancies between measurements and model results.
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(a) Gaussian shape

(6} Lorentz shape
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I
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Figure 16. Spectral line shape produced by: (a) Doppler broadening and (b) natural and collision broadening
(taken fromLevi (1968).

9. CONTINUUM ABSORPTION

In additionto discretemolecularinteractionswith radiationthereis alsoanotherimportant,but lessunderstood,
mechanisnfor interactingwith theincidentradiationfield calledcontinuumabsorption/emissiobhy someatmos-
phericmoleculesmostnotablywatervapour Continuumabsorptiormanifeststself in theinfraredandmillimetre
wave window regionsof the atmospherispectrumcausingthe windows to be lesstransparenthanpredictedby
discretemolecularabsorptioralone.For channelslesignedo senseéhesurfacethisis obviously animportantfac-
tor. This continuumabsorption/emissiohasa smoothfrequengy dependencenakingit impossibleto ascribeto
specific molecular transitions.

Therearetwo maintheoriesfor continuumabsorption/emissiorOneis thatit is dueto the residualeffectsof the
farwingsof stronglineswhich arenotaccuratelynodelled.If therearemary stronglinessomedistanceaway (in
frequeng) the effect of the individual lines canaccumulateA seconaheoryis thatthe interactionis causecdoy
moleculampolymers(e.g.watervapourdimer)which beinglargefloppy moleculesnightbeexpectedo have broad
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transitions and hence broad spectral features. X enechanism continues to be a matter of debate.

Laboratoryandfield measurementsave measuredheexcessabsorptiorandempiricalrelationshipave beende-
velopedto provide anestimateof the continuumabsorptiorfor ary atmospherigath.Oneproblemis thatmostof
the measurementarefor warm paths(300K) whereasnostatmospheripathsarecolderthanthis. Nevertheless
empiricalrelationshipsaarewidely usedto includethis sourceof absorption/emissiom the estimationof the at-
mospheridransmittanceT he gaseswhich have significantcontinuumabsorptiorareH,0, CO,, N,, andO, and
the continuum is included for all windochannel transmittance calculations from the visible to miaves.

As anexample for theAdvancedvery High ResolutiorRadiomete(AVHRR) infraredwindow channebat925cm
1, the meantransmittancelueto molecularline effectsis 0.97whereaghetransmittancelueto the continuumis
only 0.93 for a mid-latitude atmosphere.

10. INTEGRATION OVER FREQUENCY

A commorrequirementor radiometerghatareusedfor soundingheatmospherés thehighradiometricperform-
ance,which canbe expressedisa requirednoiseperformanceor, equivalently, in termsof signal-to—noiseatio.
Thelatterconcepfis usefulin clarifying that,in orderto reachagivenperformanceit maybenecessaryo integrate
thesignalin thewavenumberdomain,and/orin time; anothemway is to allow moreenegy to reachthedetectotby
increasinghesolid angleof themeasurement heinstrumentaisedo senseperationalljtheatmospherareusu-
ally subdvidedinto two cateyories:soundersywherethe frequeng integrationis keptto a minimumfor reasons
thatwill bediscussedn Sectionll, andimagersvherethesolid angleis minimized.In bothcasesomedegreeof
integrationin thewave-numbedomainis required.To simulatethebehaiour of theradiometerandto extractsuc-
cessfullyinformationfrom the setof radiancemeasurement, is thereforenecessaryo computentegratedquan-
tities, like radiance in the inteaVAv

R,L,dv

LAV =4av
JRvdv
\J

whereR, isthetransmissiorof thefilter for theradiometerchannel Thereareseveralwaysin which theintegra-
tion canbeperformedpf differentattainableaccurag, andwill beonly briefly outlined.Althoughmuchconfusion
is associatedo the conceptof resolution the term hasbeenusedthroughoutin thesenotesto indicatea spectral
width overwhich eitheraninstrumentverageghenaturalsignal,or higherresolutioncomputationsiave beenav-

eraged. o examples of frequencintegration are shen in Fig. 17.
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10.1 Line-by-line methods

A line-by-linemodelcomputeghe contritution of eachabsorptiorine, within a predefinedntenal, to themono-

chromaticoptical depth o, , at a givenwave numberv . Thetotal number andthe wave-numbeiocation,of the

monochromaticomputationslependsn theaccurag to beobtainedn thefinal product,themeanopticaldepth,

or transmittancein a wave-numbeiinterval thatcanbe assmallasrequiredto accuratelysimulatetheradiometer
frequeng responselt is theonly wayto proceedvhentheaimis accurag andcomputetimeis lessof aproblem.
It exploits the informationcontentof the spectroscopicatabase§GEISA 1984;HITRAN 1986)andallows the

deficiencies of the spectral parameters to be analysadd@dogood laboratory or field data igadable.

10.2 Fast-transmittance models.

A line-by-linemodelcanalsobe usedto computeaccuratdransmittancefor a moderatenumberof atmospheric
temperaturandhumidity profiles,choserto representidely differingatmospherisituationsandthenderive co-
efficientsfor parametridormulasrelatingthe computedransmittanceto theinput data;the sameparametrization
is thenusedfor ary atmospherigituation.Theline-by-line computationgnustproducetransmittancemtegrated
over wavenumbeiintervals muchsmallerthanthe channelwidth of theradiometeto be modelledsothatthe cor-
rectinstrumentfunction canbe appliedwhencomputingthe averagedransmittance$or ary channel.The final
resultof anintegrationover wavenumbereitherperformedby theinstrumenttself or doneon computediata,is a
setof averagetransmittancesyr radiancesfor eachchannelbf theinstrument.Thefastmodeltransmittancesan
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be used irEq. (12)to compute an upwelling radiance for the radiometer channel.

11. THE DIRECT PROBLEM.

We have seenthatfor a cloudlessatmospher¢he equationfor upwellingradianceat the upperboundaryof the at-
mosphere can be written in the form

L _ 0 01, (p, 0)
v(0) = & \B,(T)1,(ps 0) +Ipst(Tp)W dinp (12)

1,(p.0) = expg—ﬁkvgsece dp%

wheregq(p) is thevertical profile of massmixing ratio of the absorbing(emitting) material(watervapouy CO,,

N,O, O3, etc.),andthe subscripts indicatesthe lower boundaryof the atmosphereEq. (12) clearly indicatesthat
theinterpretatiorof theradianceemittedby theatmospherata givenwavenumberequiresa detailedknowledge
of:

(&) spectroscopipropertiesof all gasesradiatively active (which is containedin the term 1,(p, 0),
andthe transmittances alsofunction of temperatureand absorbingconstituentamountalongthe
ray path;

(b)  the \ertical profile of the concentration for each radiii actve gas (termg(p)),
(c) the temperature structuf(p) up to a lgel where emission phenomena becongigible.
(d) the laver surfice radiatie properties, that is emisiy and skin temperature.

We will now assumehatit is possibleto derive anequationsimilar to (12) whendealingwith integratedradiance
over asmallwave-numbeiinterval, andwill now try to understandhe featuresof theradianceor brightnesgem-
perature spectra sa previously.

Therearetensof gaseouspeciesvhich areradiatively active in this region of the spectrumalthoughthe main
absorberare CO,, CHy, N,O, O3 andH,0. Thefirst threecanbe consideredasuniformly distributedalongthe
vertical.With referenceo Fig.5 (or 6) thetemperaturstructurecanbeapproximatedby thestandarcatmosphere
with the \ertical lapse rate of= -8 K/km. Highest @lues of By are obserd in the range 800-1000 and

1080-112am?, the so-calledinfraredwindow region, sincewe know, from our spectroscopi&nowledge,that
only relatively weaklinesarepresentn thatrange;,consequentlynostof theemissiorby thelower (warm)surface
reacheghetop of theatmosphereSkintemperatureanbe derivedfrom the hottestpointsin the curve (assuming
thatsurfaceemissvity is closeto unity) giving avalueof =283 K. LowestB . valuesaremeasuredh thestrong-
estabsorptiornregion of carbondioxide, from 660-680cm* since,at thesewave numbersradiationemittedby
atmospheritayerscloseto theground(andrelatively warm)is completelyabsorbeanits wayto mid-troposphere
by the strongandthick lines,andonly radiationemittedin the uppertropospheridayers,which arerelatively cold,
reaches space (in the upper layers lines are thinner); therefore the measured brightness temperature is lo

Thereareaninfinite numberof intermediatecasesn which theweightingfunctionpeakssomeavherein mid-trop-
ospheresincelinesarestrongandbroadenoughto absorball the surfaceemission put radianceoriginatingfrom
mid tropospheric layers is only partially absorbed, by thve thinner lines, on its ay to space. And so on.

Thetop panelof Fig. 7 needssomefurther explanation,but alongthe samelines. Whenthe measurementaere
made over Antarctica thetemperaturef the surfacewaslower thattheair temperaturén the stratosphereyhich
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meanghattheradiancesignalcomingfrom themostabsorbingegionsis actuallywarmerthanthewindow values.

Fromthisbrief discussiorit appearshereforehataseriesof measurementf theemittedupwellingradiancedis-
tributedfrom the centreto the wings of anabsorptiorband,containsintermixed informationon the verticaltem-
peratureandconcentratiorstructureIn ary casetherelationbetweerradiancetemperature@andconcentrations
highly nonlinear as shen formally byEq. (12)

Theworstlimitation to theuseof Eq. (12) is dueto thefactthatevenshallav cloudsareopaquéo infraredradia-
tion. With theexceptionof thin cirrus,cloudsactasablackbodyeffectively maskingall radiative informationcom-
ing from below cloudtop. Sincethetypical horizontaldimensiorfor aninfraredsoundeffield of view rangedrom
severalkm to severaltensof km, to collectenoughenegy to maintaina sufficiently high signal-to—noiseatio, a
completelyclearatmospherever thefield of view of asoundingnstruments ararity, especiallyin meteorologi-
cally active areasvheretemperaturgrofilesaremostneededor accurataveatherforecastingln the microwave,
althoughscatterindoy non-precipitatingloudsis almostnegligible, scatteringdueto precipitationrmalkesanotice-
ablecontribution to microwave radiance hencecalculationof temperaturavithout accountingfor the scattering
resultsin largeerrors.Theseeffectsareenhanceavhenmillimetre—wave radiometersasthe 183 GHz radiometer
which canbe usedto derive watervapourprofile, areusedto soundthe atmosphereUncertaintiecausedy the
undetectegresencef cloudsarethe greatessourceof errorin remotesensingof the lower andmiddle tropo-
sphereNeverthelesshe newv millimetre wave radiometersvhich arestartingto fly offer greatpotentialfor global
NWP applicationsasthe areasvherecloud effectscanbe neglectedwill be muchgreaterthanfor theinfraredin-
struments allwing better global ceerage.
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