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Abstract
These notes aim at fulfilling twdifferent and sonwehat contradictory objectes:

1) to give ageneraiintroductionto the parametrizatiorf radiationtransfer(RT) in numericalweathempredictionandclimate
models.This might be usefulto peoplewho wish to look at generalcirculation model (GCM) outputsand to understand
qualitatvely how radiationtransferin clearandcloudy atmospheres linkedto the otherphysical processesandhow it can
influence the atmospheric motions. In that case, the internalibehaf the radiation scheme might remain a black box.

2) to provide a reasonablycompletedescriptionof the RT parametrizationpresentlyusedin the ECMWF modelto help
understandhe specificpropertiesof the ECMWF forecastsWhile the formertaskrequiresonly basicknowledgeof physics,
the latter requires much more insight imha RT scheme wrks.

The following pagessomehav attemptto tackle thesetwo tasks.After an introduction, the secondchapterdiscussegshe
radiationbudgetatthetop, andwithin theatmospherehothglobally andmoreregionally in relationwith theothertermsof the
atmosphericenegy balance.The third chapteris devotedto the derivation of the RT equationfrom an obsenational and
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qualitatve point of view and to the introduction to the basic laws of physics necessaryto understandthe RT. The
simplificationsthat canbe usedwhendealingwith RT in the Earth’s atmosphereandthe variousapproximationsieededo
male the RT aproblemtractablefor anumericalmodelof theatmospherarealsopresentedn chapter3. Themainaspect®of
thevariousRT parametrizationpresentlyusedin the ECMWF forecastingsystemarepresentedh chapterd, togethemith the
specificationof the cloud optical properties.Examplesof validation of various aspectsof the parametrizatiorof cloud-
radiationinteractionswith obseredradiationfields arepresentedn chapter5. As a matterof conclusion somecommentn
the future of R calculations, and on some other radiation-related hot topicsvareigichapter 6.

1. INTRODUCTION: AN HISTORICAL PERSPECTIVE

Amongthevariousprocessesesponsibldor thediabaticheatingof theatmospherécorvection,turbulence Jarge-

scalecondensatiorieat,moistureandmomentuntransferat the surface radiationtransfer) which have to bede-

scribedby physicalparametrizations agenerakirculationmodel(GCM), this lastonestandecausdts impact
is felt atall timesandoverthewhole 3-D domain.Comparedo otherprocessesadiationtransferRT) alsostands
ashaving along history of theoreticadevelopmentsFromthe statisticalandquantunmechanicatthe endof the

19thandbeginning of the 20th century Boltzmann Stefan, Wien, PlanckandEinsteinmadepioneeringadwances
in the spectraldescriptionof theradiationemittedby a blackbody Afterwards,spectroscopistudiesof the gases
importantfor theradiative budgetof theatmospheregandthedevelopmenbf variousapproximationsnadethecal-

culation of the radiation transfer in the atmosphere a tractable problem.

The very first suchapproximatioris the separatiorbetweershortwave (SW) andlongwave (LW) schemeslueto

the obvious wavelengthdifferencebetweena black-bodyat Sun’s temperaturéaround5800K, with mostof its

enegy belov 4 microns,andthe enegy sourceoutsidethe atmospheredndthatof theatmospheréglobally aver-

agedequivalenttemperaturef about255K asseerfrom thetop of theatmosphereyith mostof its enegy above

4 microns,andthe sourcedeingthe surface the radiatively active gasegmostly H,0O, CO,, O3), andthe clouds
within the atmosphere)Chandrasekhaf1935, 1958, 1960) provided the first approximationgo the radiation

transferin a scatteringatmosphereElsasser(1938,1942), Goody(1952,1964), Curtis (1952,1956), Godson
(1953),Malkmus(1967)definedthefirst usablesimplificationsto thespectrarepresentatioonf theradiationtrans-
ferincludingits dependencen two key atmospheriparametergpressurandtemperatureallowing atmospheric
heating/cooling rates to be comput&b@gersand Wlshaw 1966).

To the point, thatin the mid-70s,it wassaid(WMO/Global AtmosphericResearctiProgram, 1975)thatradiation
transferwasa solved problem,provided big enoughcomputerswvere available. The only developmentsequired
werefor fastparametrizationsA gooddescriptionof the variousapproximationaisedin the 80’s at the different
stagesn the developmentof computerefficient radiationschemegandof the necessaryrade-ofs betweeraccu-
ragy and eficiencgy, two contradictory ajuments) is gien inStephen$1984) and-ouquart(1987).

Unfortunatelythe InterComparisomf RadiationCodesfor ClimateModels(ICRCCM) attheendof the 80s(El-
lingsonetal., 1991;Fouquartetal., 1991,Baeretal., 1996)shavedthat,if anoverall goodagreemenin clear
sky longwave computationsdy line-by-line modelsexisted,large discrepanciesverefoundin the resultsof both
the LW parametrizegchemesndall typesof SW schemesHereafter at leastfor clearsky atmosphereghese
weretrackeddown to deficienciesmainly in theimplementatiorof theapproximationsisedto dealwith thespec-
tral and \ertical intgrations.

Sincel CRCCM, a numberof parametrizedRT scheme$ave beendevelopedfrom line-by-line (LbLs) modelsso
thattheiraccurag, atleastin clearsky atmosphereshouldbevery closefrom thatof LbLs (e.g.,Ramaswamsgnd
Freideneich, 1992;Edwardsand Slingg 1996;Mlawer etal., 1997,to namejust afew. As far ascloudsarecon-
cernedthesituationis muchmorecomple with anongoingdebatenvhetheror not cloudsmightabsorbmorethan
whatcurrentparametrizationaccounffor, with the somavhatrelatedrole of the spatialinhomogeneitiegn the 3-
dimensionaHistribution of watercondensatesn theradiationfieldswithin andat the boundarie®f a cloud,with
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therole thatthe overlappingof cloud layersplayson the vertical distribution of the radiative fluxesandheating
rates Also thecomputationakrvironmentof agenerakirculationmodelmight alsoimposesomeexternallimita-

tionsonthequality of therepresentatioof thecloud-radiatiorinteractionsin thefollowing sectionsanovervien

of these diferent questions will be pvaded.

2. THE EARTH'SRADIATIVE BALANCE AND ITS IMPLICA TIONS

2.1 The need for parametrization

The needfor a parametrizatiorof the radiationtransferin alarge-scalenumericalmodelof theatmospherstems
for two reasons:

. first, like theotherphysicalprocessegcondensatiorsurfaceprocessegurbulence,...) theradiation
transferactually occursat spatialscalesmuchsmallerthanthe scales(e.g.,interactionwith cloud
droplets)explicitly resolhed by the modelin its treatmentof the adiabaticpart of the prognostic
equations;

. secondalthoughthe theoryof radiationtransferhasbeenwell known for decadesthe compleity
of thegoverningequationis suchthatit cannotbe usedstarightforvardly in alarge-scalanodel. A
much more computationallyefficient schemehasto be designedto accountfor the effect of the
radiative processes.

2.2 Global mean considerations

Theimportanceof the radiationtransferprocesse$or the Earth’s atmospherasystemis obvious: Radiationis the
only way throughwhich the Earth-atmosphergystemcanexchangesnegy with therestof the universe.Theim-
portanceof a properrepresentationf theradiative processes climatemodellingor weatherforecasting(aftera
few days) comes from this simple consideration;

A zero-dimensionatnegy balancemodeldescribeshe globalannualmeanequilibrium of the Earth-atmosphere
system as

0.251-0a)S, = F = oT%

where a is the planetaryalbedo (the ratio betweenreflectedand incident solar enegy at the top of the
atmosphereJoA), S, is the “solar constant”(the flux of enegy from the Sunat the meanSun—Eartidistance),
F is the outgoingterrestriallongwave radiation, T', is the radiometrictemperatureof the Earth,and o is the
Stefan-Boltzmannconstant(c = 5.67x 10° W m?2 K* ). The factor 0.25 (= 1/4) arisesfrom the Earth
interceptingsolarradiationproportionallyto its cross-sectiomndemitting terrrestrialradiationproportionallyto

its surface.Accordingto the latestavailable satellitemeasurement&RBE, EarthRadiationBudgetExperiment,
BarkstromandSmith,1986) S, = 1372 W m?2anda = 0.295+ 0.010. ThusF is 237W m?and T, = 255

K. The discrepang betweenthis value and the mean climatological surface temperaturg(T' = 288 K) is

explained by the so-called “greenhousefeet, which will be discussed later

Fig. 1 presentshevariousradiative streamswithin theatmospherafterRamanathafi1987).Outof the343W m’
2 of solarenepgy availableat ToA in the0.2to 4 um wavelengthrange,about30%is reflectedbackto the outer
spacewithout changeof wavelengthafter scatteringin the atmospherend/orreflectionat the Earth’s surface.
Therethetrue solarimput to the atmospherés about237W m™. A large fraction of this reacheshe surfaceand
is absorbedy land massesndoceanspnly roughly onequarterof this solarradiationis absorbedvithin the at-
mospherandcreatesa meanheatingof about0.6 K/day. Theexactfractionsbeingabsorbedvithin cloudsandby
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the“clear” atmosphereare presentlydebated Cesset al., 1995; Ramanathaet al., 1995; PilewskieandValero,
1995; Stephens1996)with the role of aerosoldn clearsky atmosphereandof cloud inhomogeneitiesecently
comingto theforefrontto explain this excessabsorptiomot properlyaccountedy the currentgeneratiorof radi-
ationschemesn GCMs (e.g.,Cairnsetal., 2000).Part of the solarenegy inputto the surface(betweenl55and
180W m2 dependingn how muchis actuallyabsorbedvithin the atmospherejs returnedo the atmospherdy
emissiorof terrestrialongwave radiationin the4 to 100 um wavelengthrange but this emission(about63W m’
2, differencebetween390 W m, the longwave upward emissionof the surfaceand 327 W m, the longwave
downwardemissionof theatmospherefloesnotfully compensatéor thesolarflux into thesurface.Thedeficit of
about106 W m™2 is compensatetly turbulenttransporiof latentheat(for aboutd0 W m2) andsensibleheat(for
aboutl6 W m‘z) from thesurfaceto theatmosphereThe existenceof aradiatve balanceat TOA andof aradiative
imbalanceatthesurfaceimpliesthattheatmospheréself is a netsourceof terrestrialongwave radiationto com-
pensatdor thewarmingby thesolarheating Jatentheatreleaseandsensibleheatflux. Thustheatmosphereools
through emssion of longave radiation by about 1.6 K/day

In the above discussionpnly the figuresof the radiationbudgetat ToA areknown with somedegreeof accurag
thanksto somedecade®f satellitemeasurement&stimateof thecomponentsf theenegy budgetatthe surface
aremoredifficult to obtaindueto thelack of globalcoverageby corventionalobsenationsystemsandto thealrge
uncertainties in the ongoing tentegidetermination of these quantities from satellite measurements.

2.3 Time and space variations of the solar zenith angle and their consequences

Thesolarzenithangle8, is theanglebetweertheverticalatagivenpointonthe Earthandthe Sun'sdirection.lts
cosine,y,, whichis therelevantparametefor radiative computationganbe computedknowing thelatitude,the
longitude, the time of the yeaand the time of the day,, influences the radiation transfer inaways:

. theamountof enegy received at TOA is the productof the solarconstanby a factordependingon
thetime of theyear(1.0000+ 0.0035) andby y, if p, is positive andzerootherwise(seeFig. 2 );
. the atmospheric mass encountered by a solar beam is proportidviglfdfor p,>0).

Therefore adiminishing p, meansotonly lessinputat ToA but alsomorescatteringandabsorptiorwithin the
atmospherethereforean evensmallersolarflux at the surface.Thetime variationsof p, arethedaily cycle and
theyearlyaseasonatycle, which inducecyclic temperaturevariationsandmary specificpatterndn theinstanta-
neousweatherBut the mostimportantfactorof influenceof radiationon the weatheris linkedto its specevaria-
tions. Dueto a betterinsolationof the equatorialbelt thanof the polar regions,which is not compensatedty the
terrestriallongwave output,the equatoriakegion is warmerthanthe polarones.This situationhastwo majorcon-
sequences for the weather:

. the samepressurdayersarethicker at the equatorthanat the poles;sincethe sealevel pressures
obsenedto beuniformly distributeddueto friction in the planetaryboundarylayer, andaccording
to Buys—Ballots law, the zonalmeanwind regimeis of zonalwesterliesthereforethe atmosphere
precedes the Earth in its rotation;

. thereis a needto transportheatfrom the equatorialto the polar regions. This transportis partly
realizedby the oceanspartly by the atmosphereBut a simplezonalcirculationdoesnot allow the
atmosphere to fulfill this role and disturbancegehi@ deelop.

Thesdasttwo pointsclearlyindicatewhatis requiredirom aradiationschemen alarge-scalenumericalmodelof
theatmospherefirst a goodestimateof the pole—equatoradiative imbalance secondan accurateartition of the
polewvard transport of heat between oceans and atmosphere.

In thetropics,the meanannualnetheatingof about60 W m is the sumof a 320 W m2 heatingby absorptiorof
solarradiationanda 260W m coolingby emissiorof longwave radiation.This netheatingof only about20%of
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theavailablesolarinput (theremaining80%heatthetropicalsurface)is thedriving forcefor thegeneratirculation
of the atmospher@andoceansThereforea 10% systematicerrorin the columnabsorbedsolarradiationor in the
longwave emissionmay potentaillytranslatento afactor5 larger (i.e., 50%) changen the poleward transporiof
heat.

Also importantis thedipole-like depositof radiatve enegy in the earth—atmospheg/stem As awhole,thetrop-

ospheras subjecto anetradiative cooling(of aboutl06 W m?, Ramanathar1987) whereashesurfaceis subject
to anetradiative heatingof the sameamplitude Hereagain a 10% systematierrorin theamplitudeof this dipole

will directly affect the destabilizatiorof the tropospherei.e., the fundamentatrive for the tropospheriacconvec-

tion.

Thesequestiongnay seemmainly relatedto climate studies,especiallythoseperformedwith coupledocean—at-
mospherenodels Howeverthe previousarguments alsorelevantto NWP modelling.NWP modelsareintegrated
with ananalysecdhon-interactie sea-suidicetemperaturewhich providesthe right oceanicheattransportin the
past,mostNWP (andclimate)modelswereusingcloudinesdixedand/orzonally averagedo gettheright answer
for thepole-equatoradiatve gradient Nowadays NWP andclimateGCMshave interactive cloudinessandcloud-
radiationprocessesasearly satelliteobsenationshave shovn thelongitudinalgradientsof radiative heatingto be
of the same magnitude as the latitudinal gradients, due to the cloudutiiztri@@tephensand Webster 1979).

Suchgradientsareillustratedin Figs.3 to 6 , which presentveragedyver the summerl987(June—July—August)
thedifferentcomponent®f theradiationbudgetderived from ERBE measurementsig. 3 displaysthetotal and
clearsky absorbed®sW radiationwheread-ig. 4 presentshereflectedSW radiation.Theclearsky fieldsobtained
by retainingthe dataonly whencloudswerefoundto be absenfrom the field of view of the satelliteare highly
zonaloverthe oceansyith only theland surfacealbedodiffering with the variouslandtypesintroducingmarked
departuresln comparisonthe total fields clearly shav the impactof the cloudinesswith higheralbedo(smaller
absorption)n thelTCZ, the Indianmonsoorandover the stormtrack. Minimum albedo(maximumabsorption)s
foundovertherelatively clearsky subtropicsexceptover the extendedow-level (stratocumulusgloud deckson
the westerrfacade®f thecontinentgCalifornia,Peru,Namibia).Fig.5 presentshetotalandclearsky outgoing
longwave radiationfor the samemonths.This field alsodisplaysthe impactof the clouds,this time mainly of the
high-level cloudinessisuallylinkedto convectionin theITCZ or overthelndianmonsoorarea Overtheequatorial
Pacific,theclearsky OLR is lesszonalthanits SW counterparindicatingtherole of moisteratmospheregverthe
westpartthanover the easterrpart of the basin.Fig. 6 presentghe shortwave andlongwave cloudforcing, i.e.,
thedifferencebetweerclearsky andtotal fluxes.In the shortwave, cloudswith their reflectingeffect areresponsi-
ble for acoolingof theatmosphere-suwaitesystemthrougha decreasef the enegy availablefor heating.Onthe
oppositejn thelongwave, cloudscontrituteto a heatingof theatmospheréy trappingtheradiationcomingfrom
the surfaceandthe lower layersof the atmospherandby emitting at the cold temperaturesepresentate of the
higher clouds.

Cloud-radiationinteractionsare now thoughtto be of importancenot only for mesoscaleohenomengdthe sea
breezeis the bestbut not the only exampleof intercationbetweerradiationand surfacediscontinuitiego create
local dynamicalcirculations),but alsofor synopticscalephenomenauchas the onsetof the Indian monsoon
(Websterand Stephens, 1980).

Finally, somesystemati@rrorsof aNWP modelcanbetracedbackto adeficientradiationtransfemparametrization
and at leastpartially correctedby an improved representatiomf the cloud-radiationinteractionsin the model
(Morcrette 1990).
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Figure 1. The global ergy balance for annual mean conditions. The top-of-the-atmosphere estimates of solar
insolation (343 W r??), solar radiation reflected by the whole atmosphereasersystem (106 W'ﬁ), and
outgoing longvave radiation (237 W i) are obtained from satellite daf@gmanathanl987). The other
quantites in the figure are obtained froamiwus published mode and empirical estimates, and might still be
fraught with uncertainties. The quantities include: absorption of solar radiation at teeqd69 W r??),
downwardlongwave radiationat the surfaceemittedby the atmospher¢327W m2), upwardlongwave radiation
emitted by the suaice (390 W ﬁ"r), and the turblent heat flugs from the sudce,H the latent heat flux (90 W
m2) andS the sensible heat flux (16 W
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Figure 2. The dailyariation of insolation at the top of the atmosphere as a function of latitude and day of the
year in units of cal crfAday?® ( 1 cal cn? day’ = 0.4844 W i) (afterPaltridgeand Platt, 1976).
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ERBE Narrow FOV on (2.5 deg)"*2 grid for 198706-08
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Figure 3. Theabsorbedhortwave radiation(top) andthe clearsky absorbedhortwave radiation(bottom)(W m’
2) derived from Earth Radiation Budget Experiment (ERBE) measurements for the summer 1987.
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ERBE Narrow FOV on (2.5 deg)*2 grid for 198706-08
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Figure 4. As irFig. 3, but in terms of the reflected shodwe radiation at the top of the atmosphere (\‘/?z)m
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Figure 5. As irFig. 3, but for the outgoing longave radiation at the top of the atmosphere (\%)m
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Figure 6. As irFig. 3, but for the shortwve (top) and longave (bottom) radiatie cloud “forcing” (W mz).

3. THE THEORY OF RADIATION TRANSFER

3.1 Terminology

Generallyradiationis consideredo betheprocesof electromagnetievavespropagtingthrougha medium(nor-
mally a planetaryatmosphere)Someof the associateghrocessesk e absorptiorandthermalemissioncannotbe
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adequatelydescribedy classicatheoryandrequirethe useof quantummechanicswhich treatsradiationasthe
propagtionandinteractionof photons Onecharacteristipropertyof radiationis its wavelength A classification
of radiation according to avelength is presented Kig. 7 (from Liou, 1980).

WavelengthA , frequeng v, andwavenumberv arerelatedthroughtherelationA = ¢/v = 1/v, wherec is
thespeedf light (¢ = 2.9979245¢m st ). Thesensitvity of thehumaneye is confinedto arathersmallintenal
from 0.4to 0.7 um (micrometresknown asthe visible region. However, mostof the atmospheriexchangeof
radiatve enegy occurs from the ultwolet (from about 0.24m) to the infrared (around 100m).

In atmospheristudiestwo quantitiesaregenerallyused theflux perunit areain W m2 andthe specificintensity
or radiance, i.e., the radiai enegy per time through unit area into ae solid angle, in W i sr.

3.2 Derivation of the monochromatic radiative transfer equation (RTE)

Thefollowing discussiorconcernghetransferequatiorfor monochromaticadiationin its basicform for aplane-
parallel, horizontally homogeneous atmosphéieapdrasekhad 960).

In GCM applicationstheradiationfield is computedvithoutaccountindgor polarizationeffects,andassumingsta-
tionarity (no explicit dependencentime). Only the pointwhereradiationis consideredthedirectionof propag-
tion, andthe frequeng matterfor the problem.Fig. 8 presentschematicallythe differentcontributionsto the
specificintensityatagivenpoint P enclosedy aninfinitesimallysmallcyclindricalelemenbf lengthd!/ , of cross-
sectionda , andof anorientationexpressedn termsof two anglesj.e., 6, with respecto the z -axisand ¢, the
anglebetweerthe projectionof the directionontothe x—y planeandthe x -axisitself. For a horizontallyhomo-
geneoustmospherislice, thelocationof point P is givenby its heightz abore ground(or ary othersuitableco-
ordinate). Let us consider thanous sources and sinks of radiatenegy in this gclindrical element:

3.2 (a) Extinction. TheradianceL,(z, 6, ¢) enteringthe cylinder at oneendwill be partially extinguished
within the volume,proportionallyto the amountof matterencounteredhuscontrituting a negative incrementof
radiatve enegy

d@, (2,8, 9) = =By exLy(2, 6, )da dI dw

where B, ,; is the monochromaticextinction coeficient (units m™) and dw is the solid angle differential
element.

3.2 (b) Scattering Anothercontrikutionto a changen radiatve enegy in the volumeis causecdy the scat-
tering of radiation from another direction into the direction of the considered beam, i.e.,

dQ'v, scat(2:6,9) = Bv,scat{ py(2,8,¢,60', ¢)/4} L (2,6, ¢')da d dwdw',

where B3, .5 is the monochromaticscatteringcoeficient, dw’ is the solid angle differential elementfor the
originating beam, p,(z, 6, @, 0', ¢') is the normalizedphasefunction, which representshe probability for a
photon incoming from direction (0', ¢') to be scatteredin direction (6, ¢). Since scatteredradiation may
originate from ay direction, we hee to intgrate wer all possible angle combinations@fand¢' .

d®, sa(2,6,9) = B, scoda dl dooJ'LV(z, 0, ¢)p, (26006, ¢)/41} dw' .
&
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The direct (unscattered$olarbeamis generallyconsideredseparatelyand not containedin the intensity of the
directionconsideredThusscatteringof the solarbeaminto the directionof interestis aswell separatdrom the
scattering of dfuse radiation

5
dQ°%, scai(z, 8, ®) = By sead Py (2, 6, @, Bocpo)/4n}E8expE—u—‘('Eda dl dw,

whereES is the specificintensityof incidentsolarradiation,6® and (pO definethedirectionof theincidentsolar
radiationat TOA, |, is thecosineof thesolarzenithangle,andif z,, istheheightof thetop of theatmosphere,
9, is the optical thickness defined as

ZToA

6V = J- BV, ext dZ "
¥4

3.2 (c) Emission.Thelastcontritutionto thechangen theradiatve enegy in thevolumeis thethermalemis-
sion:

dQv,emis(za 8, = Bv, absBy(T(2)) da dl dw,
where, ., is the monochromatic absorption da@ént, andB,, is the monochromatic Planck function.

3.2 (d) Ddtal. Thetotal changeof radiatve enegy in thecyclindercanbewritten asthesumof theindividual
contributions

dQv(Z’ 6,9) = dQv, extt dQv, scat T dQ8 scat t dQv, emis — dLv(Z' w, @) da dl dw

Replacingthe length dl of the cylindrical elementby the geometricalrelation d! = dz/cos9 = dz/p where
K = cosB, it follows from the gpression of the optical thickness tltil, = —f,, ¢, dz

If we definek,, astheratio of theabsorptiorto theextinction coeficientk, = B, .,/ B, e: @ndthesinglescat-
teringalbedo w = 1-k, = B, s.a/ By ext» WEfinally obtainthe monochromati®TE for a planeparallel,hori-
zontally homogeneous atmosphere in the coordinate systemfay (&, 1 = cosB, @) as

2n +1

dL
Hgg = Lo i @) = (1K) [ 69 [ Ly(By W, @) pu(B0 b 0 W, @)/ 4T o’
0

v 4
)
-(1- KV)ESexp%—E‘;% p,(3,, 6, ¢, 0° (pO)/4T[}

- Kva(év)-

In principle,the RTE derivedabove allows the completeproblemof theradiative transferin aNWP to be solvedif
the specificintensitiesL,, areknown for all modellayers,i.e., includingthe surface,all directionsandall wave-
numbersof the spectrumButin this presenform, the RTE is muchtoo complicatedo be usedassuchin aNWP
or climate GCM. We will now considervarioussimplicationslinked eitherto the basiclaws of physicsor to the
very specific circumstances padling in the Eartts atmosphere.
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3.3 Basic laws

3.3 (a) Plank’s law Theenegy of anatomicoscillatoris quantizedasis ary changeof enegy state.The
changeof the enegy stateby one quantumnumbercorrespond$o an amountof enegy (eitherradiatedor ab-
sorbed)of AE = hv wherev = ¢/A isthefrequeny of theatomicoscillatorand = 6.6260755x 10 Js
is Plancks constantFor alarge sampleof atomicoscillatorswherethedistribution of enepgy levelsfollows Boltz-
mannstatisticspnecanderive Plancks functionfor the emissionof radiantenegy by ablackbody (seedetailsin

Liou, 1980)

2hc’0 . Ok O P
)\g Eexp%%—lg szum 1,

B\(T) =

whereA is thewavelengthof emission % is Boltzmannconstantz = 1.380658x 102 3Kk ¢ is thevelocity
of light in aacuum, andl" is the absolute temperature of the black body (in K).

3.3 (b) Vien's law Thedependencef B, (T) on A for varioustemperaturess shovnin Fig. 9. Thedotted
line in thediagrammarksthe wavelengthof the maximumintensity It increasesvith thetemperaturef theblack
body and its ariation follovs Wen'’s displacement \& Extreme alues of the Planck function are defined by

max —

dB,
A

With ¢, = 2he? andc, = he/k, anddefiningx = ¢,/ (A\T) and A® = ca/ (x°T°), the previous condition
can be reritten as

dO ,T°x° 0
—n| ———=—————= 0= 0.

dxg | cx(exp(x)—1) |

After somemanipulation(see,e.g.,Liou, 1980),we obtaina transcendentaquation5 —5exp(—x) = x ,which
can be shon to gve x = 4.9651 provided thatSexp(x) <1.

This translates intd ;I max = 2897 pmK..

Wien’sdisplacementaw considerablysimplifiestheradiationtransferproblemin the Earth’s atmosphereAtmos-
phericandsurfacetemperaturearetypically in the 200—300K rangeandthe maximumemissiornoccursin the 10
to 15 um wavelengthrange Ontheotherhand theSun,the Earths externalsourceof radiative enegy emitsmost
of its enegy atwavelengthsaroundabout0.5 um correspondingo anequivalentblackbodyat about6000K. At

the meanEarth—Surdistanceof 1.5x 10° km, the monochromaticadiantintensityreceived from the Sunovera
wide rangeof the spectrums muchlessthanthe emissionby the Earth’s atmospheraystemat equivalentwave-
lengths.Thecross-@erpointis approximatelat3.5 pm . Forwavelengthdowerthan3.5 um, theterrestriakemis-
sionis nggligible andsois the enegy recevedfrom the Sunat ToA for wavelengthdargerthan3.5 um . For this
reasonwhendesigningaradiationschemdor applicationto the Earths atmospheregnemayseparat¢hetransfer
problemin two parts theshortwave andlongwave radiatve transfer by dealingindependentlyvith thesourcesand
sinks that are important for each part of the spectrum.

3.3 (c) Stefan-Boltzmann lawT he total radiantintensityof a black body follows from a spectralintegration
of the Planck functionwer all wavelengths, i.e.,
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00

B(T) = [B,(T) d\.
0

Using the same substitutions as whenwilegi Wien'’s displacement Vg we get

_ 2k T? ” x>
B =S5 [awan) o

The intgral term has thealue x*/15, so we finally obtain Stah—Boltzmann la

F = mB(T) = oT* Wm?,

whereo = 5.6697x 10° W m2 K is Stefan's constantThe total emittedflux given by this equationalready
impliesthattheangularintegrationover thetotal radiantintensityis performedassuminganisotropicemissiorby
the black body (which iserified), leading to theattor .

3.3 (d) Kichhof's law Theemissvity €, of amediumis theratio of theemittedenegy to the Planckfunc-
tion atthetemperaturef the mediumfor agivenwavelengthA . If theabsorptity a, is definedastheamountof
enegy absorbedatthatwavelengthdividedby theappropriatéPlanckfunction,Kirchhoff’s law stateghatthetwo
guantites are equal, i.e.,

E)\ = a)\.

A blackbodyis definedby its ability to absorball the incomingradiationat a givenwavelengthandthereforeto
emit isotropically accordingto Planckfunction; thenfor a black body €, = a, = 1. In contrast,grey bodies
absorb and emit only partially wittalues ofe, anda, being less than unity

TheEarthsatmospherés farfrom beingamediumwith auniformtemperaturelistribution. However, theassump-
tion of athermodynamiequilibrium(e, = a, ) isstill valid in alocal senseginceatleastfor thelower partof the
atmospheré¢approximatelybelon 40 km), collision betweermoleculeds a procesfficientenoughto maintaina
local thermodynamic balance.
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Figure 7. The electromagnetic spectrum
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In Subsectior8.2, thederivationof the RTE andits formal solutionwerecarriedout monochromaticallyit is now
necessaryo considetthespectralvariationsof thevariousparametergscatteringandextinction coeficients,single
scatteringalbedoandphasdunction).By contrastwith the emissionof ablackbodywhich displayssmoothvar-
iationswith temperatur@ndwavelength the absorptionemissionandscatteringby particlesandgasesgive rise
to highly variable spectra of parameters.

3.4 The spectral absorption by gases

Any moving particlehaskinetic enegy asaresultof its motionin spaceThisenepy is equalto 27"/ 2 andis not
guantizedHowever moleculeshave otherradiative enegy types which canbedescribedrom amechanicamodel
of themoleculesTheabsorptiorof radiatve enegy by gaseds aninteractionprocesdetweermoleculesandpho-
tonsandthusobey quantummechanicdaws. Absorptionandemissiontake placewhenthe atomsandmolecules
undegotransitionsfrom oneenegy stateto anotherin contrasto “grey” absorbersuchassolid particlesandlig-
uids,which absorbradiationfairly uniformly with respecto wavelengthqa consequencef the densepackingof
moleculesandatomsin these)theabsorptiorandemissiorby atmospherigasesarehighly selectve with regards
to wavelength, due to the selection rules thategao the transitions.

The gaseousbsorptiorspectruncanbe cateorizedin threepartsaccordingto thetotal (radiatve) enegy of the
molecules:

Themoleculemayrotateor revolve aboutanaxisthroughits centreof gravity. Therelatively low rotationalenegy
of themoleculeds associatedvith wavelengthsn thefarinfrared(i.e., A > 20 mm).In thisspectrategionabsorp-
tion lines are well separated and are related to the transformation from one discrete rotational state into another

Theatomsof the moleculeareboundedy certainforces,but theindividual atomscanvibrateabouttheir equilib-
rium positionrelative to eachother A combinationof rotationalandvibrationalenegy transformationgausesb-
sorptionlinesin the 1 to 20 um region. The coexistenceof bothtypesleadsto very complec structureqe.g.,the
thevibration-rotationbandof H,O around6.3 pm) asanenormousiumberof linesareinvolved, which partially
overlap each other

Towardsshorterwavelengthsthethird form of enegy transformationthe changeof the enegy level of electrons,
occursandthis changen theelectronidevelsof enegy increasegurtherthe complexity of thespectrune.g.,O,
bands in the ultrdolet).

3.4 (a) Line width. Eachspectraline correspondgxactly to oneform of enegy transformatiorandshould
in principlebediscontinuousiueto thediscreteenegy levels.However, dueto Heisenbey's uncertaintyprinciple
(naturalbroadening)the collision betweemmoleculeqLorentzor pressurédroadening)andDopplereffects(re-
sultingfrom thethermalvelocity of atomsandmolecules)absorbedndemittedemissioris notstrictly monochro-
matic, but is ratherassociateavith spectrallines of finite width. Whereaghe naturalbroadeningaffectstheline
width only maminally, the othertwo have a markedimpacton the shapeof the spectralinesandthereforeonthe
absorption process itself.

TheDopplerbroadeningccursdueto thethermalagitationwithin the gas.For amoleculeof massm radiatingat
frequeng v, , with a velocity component in theline of sightfollowing a Maxwell-Boltzmanmprobability dis-
tribution

2
_om _f°. omv
P(v) dv BTl SXPITog de,
the absorption coBtient of such a Doppler broadened line is
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4 [(V _VO)TD

S
kp(V) = ———exph-
ap(m) O

with ap = vo/c (2kT/m)°°.

Thepressuréroadenings dueto collisionsbetweerthe moleculeswhich modify their enegy levels. Theresult-
ing absorption coétient is

So,

B(v) = ——L
- (v —vo)® + af]

with a, = a (P/P, (TO/T)O'5 making it proportional to the frequanof collisions.

Fig. 10 compares typical Lorentz and Doppler line shapes.

3.4 (b) Line intensity Theintensityof aline varieswith temperaturegdueto thevariationwith T' of the sta-
tistical population of the engy levels of a molecule.

f" OEM 100
S = Sy exp ECL 10
oo PLE O T

whereE is theenegy of the lower stateof thetransition,em is anexponentthe value of which depend®nthe
shapeof the molecule(1 for CO,, 3/2 for H,0O, 5/2for O3) and T', is thereferenceéemperatureat whichtheline
intensities are knen (and compiled, usually 296 K).

An exampleof thefine scalednvolvedis givenin Fig. 11 takenfrom Fisher(1985).Thefigureshavsthe15 pm
bandof CO, atvaryingspectratesolution Evenonawavenumbeintenal assmallas0.01cm? (thel5 pum band
coversroughly 450to 800cmY), the absorptionvariesover thefull rangefrom total absorptiorto total transmis-
sion. It is this extremespectraldependengof gaseousbsorptiorthatmakesan explicit integrationof the mono-
chromaticRTE andsubsequergpectraintegrationof fluxesquitealengthy task,evenonthefastsupercomputers,
andrenderst impossiblefor operationalisein a NWP model.Very detailedmodelsof theradiationtransferexist,
which performsthe spectraintegrationover wavenumbeintenalsthewidth of whichis typically smallerthanthe
half-width of anindividualline. Theseso-called'line-by-line” calculationsansene asreferencdor moreapprox-
imatemethodsAt presenthe numberof known spectralinesfor gasesxisting in theEarths atmospherés of the
order of 300,000Kothmanet al., 1998).

Figs.12 to 14 show the spectraldependengof thegaseousbsorptiorcoeficientfor thethreemainatmospheric
absorber$1,0, CO, andO5 overthelongwave partof the spectrumThevaluesarederived from anevaluationof
spectroscopidataover 5 cm! intenvals betweerD and1110cm?, 10 cmt betweenl110and2200cm?, and20
cmt beyond 2200cmL, with thenarrav-bandmodelof MorcretteandFouquart(1985). Similarly, Figs.15 to 17
shav the temperaturedependenc of the absorption coeficients for the same absorbersin terms of
l09,0[%2(300K)/%(250K)] andlog;,[%2(200K)/%(250K)], with 0 = log;,(1) correspondingo 2(250K),
the absorption cotient at 250 K.

Fig. 18 shavsthe spectradependengof the gaseousbsorptiorcoeficientfor thethreemainabsorbersverthe
wholerangeof wavenumberselevantfor atmospheri@negy budget.To put the importanceof of the absorption
linesfor theatmospheri¢ransferin perspectie, the normalizedPlanckfunctionfor 6000K (solaremission)and
255K (terrestrialemission)areplottedunderneathilt is obviousthat H,O is the mostimportantabsorbein the
terrestrialspectrumeaving atransparentegiononly aroundl0 pm. Thesocalled9.6 pm bandof ozonepartially
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fills this gap. However, asthe amountof O3 in the atmospherés not very large andis concentratedh the strato-
sphere the atmospherés fairly transparenfwith respectto gaseousabsorption)in this region of the spectrum
calledtheatmospheriavindow. Absorptioneffect of tracegasessuchasmethangCHy), nitrousoxide (N,O) and
chlorofluorocarbon§CFC-11andCFC-12)aremainly felt in this spectrakegion dueto the smallbackgroundab-
sorption.

Towardslongerwavelengthghis window is boundedby CO, absorptionthe 15 pm band)andthe H,O rotation
band.Towardsshortewavelengthsut still in theterrestriakadiation wefind thevibration-rotatiorof H,O around
6.3 um. At very shortwavelengthg(in the ultraviolet region belowv 0.25 pm), ozoneabsorbsalmostcompletely
the solarradiationpenetratinghe atmosphereHowever, in the so calledvisible (0.4-0.7um) andnearinfrared
(0.7-4um) regionsof the solarspectrumsolarradiationis wealenedonly by H,O andmoremodestlyby CO,
and other traceages (NG, O,, CHy,, N,O, not shevn in Fig. 18)

17.5 wavelength in um 13.0

CO,

750 770

transmission

630

Ar=0.01cm-

0

T T T T —
623.0 623.5 624.0

Figure 10. Tansmission in the 13m band of CQat various spectral resolutions (aftéishey 1985)
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3.5 The spectral scattering by particles

A primary electromagnetigvave encountering particlewill excite a secondarwave originatingat the particle'’s
location.Suchprocessanoccurat all wavelengthscoveringthe whole electromagnetispectrumThe scattering
efficiengy will dependnthesize thegeometricakhapeandontherealpartof its comple refractve index, where-
asthe absorptiorefficiengy will essentiallydepend®n theimaginarypartof therefractive index. Particlesin the
atmospheraregenerallyat suchdistancedrom eachotherthattheradiationoriginatingfrom individual particles
isincoherenti.e.,nointerferencébetwwenscatteredadiationfrom differentparticles).Thereforehefield of scat-
teredradiationdueto anensemblef particlesis thesumof thefieldsfrom theindividual scatteringprocessesAt-
mospheriaconstituentsanbe separatednto differentbroadcatejoriesaccordingto their size:Moleculeshave a
typicalradiusof 10 pm, thesocalledaerosolsangefrom 0.01to 10 pm, cloudparticlesfrom 5to0 200 um, rain
drops and hail particles up to ¥ on.

Therelative intensityof thescatteringpatterndepend®ntheso-calledVie paramete = 21/ A wherer isthe
radius of the particle (assumed spherical) arid the wavelength.

3.5 (a) Rayleigh scatteringThesizeof air moleculeds smallcomparedo the wavelengthof radiationin the
EarthsatmosphereSoin asimplemodelonecanassumehatmoleculesnteractingwith anelectromagnetieave
startto vibrateandtherebyradiateas linearoscillators By consideringsphericabir moleculesstatisticallydistrib-
uted in a vlume, Lord Rayleigh deréd (1871) the phase function of such molecules

P, = i—i(l + cosze)
Rayleigh scattering being consative (w = 1), the intgral over the phase function is unitye.,
JP(G) de = 1.
T

It is completelysymmetric(g = 0) (seeFig. 19), andthe scatteringcoeficient, i.e., the probability of a photon
beingscatteredn avolumeis for Rayleighscatteringproportionalto the densityof air andinverselyproportional
to thefourth power of the wavelength.Thevisible consequencef this spectradependengis the bluenes®f the
sky, causeddy the preferentialscatteringof shorterwavelengthsn a clearatmosphereTherapid decreas®f the
Rayleighscatteringcoeficient with wavelengthsimplifiesthe transferproblemfor the Earth’s atmospheresince
Rayleigh scattering can be completelgleeted for the terrestrial part of the spectrum.

3.5 (b) Mie scattering Thesizeof aerosolsaandor clouddropletsis comparabldo the wavelengthsat which
theradiatve enegy is dominantin the Earths atmosphereRayleighscatterings notapplicableanymore.Photons
encountering particleoff suchsizewill excite secondaryvavesin variouspartsof the particles. Thesewavesare
coherentindtherefordanterferencecausepartialextinctionin somedirectionsandenhancement others For this
reasonscatteringoy aerosolsandcloudparticlesis far from beingisotropic,with a pronouncegreferencdor the
forward direction.Underthe assumptiorof sphericalparticleshapeMie theorycanbe usedto derive the phase
function(seeSubsectiorB.2 (b)) for agivensizedistribution of particles.Unfortunatelythereis no analyticalso-
lution andtheresultis obtainedin theform of aninfinite seriesof Besselfunctions.A normalizedphaseunction
for a standard aerosol model (aftgnenzel 1985) is shan in Fig. 20.

For detailedcalculationsinvolving radiancege.g.,in remotesensingapplications)}he phasefunctionis usually
developed into Lgendre polynomials with up tossral hundred terms to get the true angular representation
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py(8 1 W) = o)y (2L + L)W, Py(R) Py (W) .

When dealing with the impact of scattererson fluxes, only the very few terms necessaryfor an adequate
descriptionof the hemisphericallyintegratedfluxesarerequiredand one canusesomeanalyticformulasuchas
Heryey—Greenstein function

1—g2

py(d W) = —5—=—
1+g"+2gpp

whereg is the asymmetryatctor the first moment of thexpansion

+1
_1 :
g =5 [p 1)K du.

-1

When g = -1, all theenepgy is backscatteredg = 1 all enegy appearsn the forward direction,andg = 0
corresponds$o anequipartitionbetweerthe forward andbackward spaceslefinedby a planeperpendiculato the
incoming direction

In large-scaleatmospherienodels,a scatteringnedium(cloud or aerosols)s usuallycharacterizedby its single
scatteringalbedo(seeSubsectior8.2 (d)) andits phasefunction (seeSubsectiorB.2 (b)) andits opticalthickness
(seeSubsectior8.2 (b)). For very large dropletsthe laws of geometricopticsapply makingthe calculationsvery
simple. In the Earth’'s atmosphera large variety of dropletsizescanbe found dependingrery muchon thetype
of cloudthey areembeddedn. Stephen$1979)quotesradii rangingfrom 2.25 um for stratuscloudsto 7.5 pum
for stratocumulusHanetal. (1994)derivedradii for watercloudsfrom satellitemeasurementsetweer6 and15
pm. Mostradiatve transferschemedn usein GCMsreuigreonly thevolumeextinction coeficient (relatedto the
opticalthickness)the singlescatteringalbedoandthe forward scatteredraction of radiation(or asymmetryfac-
tor). All these quantities asvgin byStepheng1979) are plotted iRigs. 21 to 24 for various cloud types.

The mostcomplex calculationof the phasefunctionis required for the treatmenbf ice crystals.The application
of Mie theoryis not possiblesincetheassumptiorof asphericashapés certainlyinvalidatedn thiscaselce crys-
talstake all sortsof shapegangingfrom thin needledo complex combinationsof hollow prismsforming snawv-

flakes.If aspecificshapas assumedor theice crystals,geometricabpticsmaybeusedfor particlesthatarelarge
comparedo thewavelength(TakanoandLiou, 1989;EbertandCurry, 1992;FuandLiou, 1993;Fuetal., 1999,
1988,1999).However, theresultsdependvery muchon the orientationof the crystalsrelative to the directionof

propagtionof theradiation.At presentit is almostimpossiblefor a GCM-typeradiationschemeo take into ac-
countsuchdetailedandcomplicateddependenciesf the optical propertiesspeciallyasthe GCM is still farfrom

providing the reuigred information necessary to initiate such calculations.

In the cruderform of parametrizatiorcurrentlyused theice waterloadingof the cloudsis prognosedy thecloud
schemeandthusprovidesan interactive optical thickness.The effective dimensionof the particlesis diagnosed
from temperatur@and/orthetype of procesfrom which thecloudis originating(large-scalecondensatiowor con-
vection), lut the single scattering albedo and asymmeitcyof are specified.
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rayleigh scattering phase function

pl6) = Fx(1+cos"0)

Figure 19. Rayleigh phase function for a molecule located at the origin of the polar coordinate system. The
probability of scattering in a certain direction is proportional to the length of the forehe outgoing beam.

Figure 20. Normalized phase function in polar coordinates witiritbgnic axis for a standard aerosol model.
Note that the scattering is strongly dominated by thedoivpeak.
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Figure 21. The droplet distation of eight cloud models (aft&tephens1979) [top left]
Figure 22. \evelength dependepof the total gtinction coeficient [top right]
Figure 23. Vdvelength dependepof the single scattering albedo [bottom left]

Figure 24. Vevelength dependepmf the asymmetryafctor [bottom right]
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4. RADIATION SCHEMES IN USE AT ECMWF

4.1 The operational longwave scheme (as of March 2000)

Thelongwaveradiationis anupgraddrom theoriginal schemelefinedby Morcretteetal. (1986),Morcrette(1990,
1991, 1993).

Assuming a non-scattering atmosphere in local thermodynamic equilibfiusngiven by

2 7 0 :
F = [udy [ dv%lLv(psurf, Wy (Pgyr 2+ Lv(p',u)dtvg 1)
-1 0 0 p' = psurf O

whereLV(p, 1) is themonochromaticadianceat wavenumberv atlevel p , propagtingin adirection® (the
anglethat this direction makes with the vertical), where l = cosB and tv(p, p';r) is the monochromatic
transmissiorthrougha layerwhoselimits areat p and p’ seenunderthe sameangle®, with r = sed. The
subscript ‘surfrefers to the eartk’surfce.

After separatinghe upward anddownward componentgindicatedby superscripts- and—, respectiely), andin-
tegratingby parts,we obtaintheradiationtransferequationasit is actuallyestimatedn the longwave partof the
radiation code

p
7V+(p) = [By(Tsu) =B(To)lty(Psus i 1) + B((T(P)) + [ &(p,p'ir)dB,
P'= Pgyf
. (2)
Fv (p) = [Bu(Tw) = By(Tip)lty(p, 0;r) + B(T(P)) + [ t,(p', p;1)dB,

p'=p

where takingbenefitof theisotropicnatureof thelongwave radiation theradiancez,, of (5.3) hasbeenreplaced
by the Planckfunction B,,(T") in unitsof flux, W m~ (here,andelsavhere, B,, is assumedo alwaysincludes
the 1t factor). T'y ; is thesurfacetemperature7’,, thatof theairjustaborethesurface, T'(p) is thetemperature
at pressure-teel p, T, that at the top of the atmospherianodel. The transmission¢, is evaluatedas the
radiancdransmissionn adirection 8 to theverticalsuchthatr = sed is thediffusivity factor(Elsasserl942).

Theintegralsin (2) areevaluatechumerically afterdiscretizatiorovertheverticalgrid, consideringheatmosphere
asapile of homogeneoukyers.As thecoolingrateis stronglydependenon local conditionsof temperaturend
pressureandenegy is mainly exchangeavith thelayersadjacento thelevel wherefluxesarecalculatedthecon-
tribution of the distantlayersis simply computedusinga trapezoidakule integration, but the contritution of the
adjacent layers isvaluated with a tw-point Gaussian quadrature, thus atittb level,

Pj
[ t(p.pir)dB,=
P'= Pyt ®3)
2 i-2

> dB,(Dw;ty(p;» p1i7) +% > dB,()ty(pipji ) +E(Pi Pj_1: 7)]
=1 j=1
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wherep, isthepressureorrespondingo the Gaussiamootandw;, istheGaussiaweight.dB,,(j) anddB, (/)
are the Planck function gradientscalculatedbetweentwo interfaces,and betweenmid-layer and interface,
respectiely.

The longvave spectrum is glided into six spectral ggons.
1)  0-350cm " & 1450 — 1880cm "
2) 500 -800cm -
3)  800-970cm " & 1110 — 1250cm
4)  970-111Ccm
5) 350 —500cm -

6) 1250 — 145@m & 1880 — 2820cm "
correspondingo the centresof the rotationand vibration-rotationbandsof H,O, the 15 um bandof CO,, the
atmospheriovindow, the 9.6 um bandof O, the 25 pm “window” region, and the wings of the vibration-
rotation band of kD, respectiely.

Integrationof (2) overwavenumbenv within the £ —th spectrakegion givestheupwardanddowvnwardfluxesas

,‘}—k+(p) = {Bk(Tsurf) _Bk(T0+)}tBk{ru(psurfv p), Tu(psurﬁ p)} + Bk(Tp)
(4)
p

* [ ta,{rt(p. ) Tylp, p)}dB,
P'= Pgyrf

F4 () = {By(To) ~By(T)} g, {rU(p, 0), To(p, 00} = By(T,)
i 5)
— [ taw {ru(p'.p). To(p', p)}dBy,

p'=p

The formulationaccountgor the differenttemperaturelependenciesvolved in atmospheridlux calculations,
namelythaton T', , thetemperatureitthelevel wherefluxesarecalculatedandthaton 7', , thetemperaturehat
governs the transmissionthrough the temperaturedependencef the intensity and half-widths of the lines
absorbing in the concerned spectrgioa.

Thebandtransmissiities arenon-isothermahccountingor thetemperaturelependencthatarisesrom thewav-

enumberintegration of the productof the monochromati@bsorptionandthe Planckfunction. Two normalized
bandtransmissiitiesareusedfor eachabsorbeim agivenspectrategion:thefirst onefor calculatingthefirstright-

hand-sidetermin (2), involving the boundariesit correspondso the weightedaverageof thetransmissiorfunc-

tion by the Planck function
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V2
_[Bv(Tp)tv(@, Ty)dv
ta(Up, Ty, Ty) = A 6)
IBV(Tp)dv
V1

thesecondonefor calculatingtheintegraltermin (2) is the weightedaverageof the transmissiorfunctionby the
derivative of the Planck function

V2
[{dB(T,)/dT’} ty(Up, T y)dv

—_— v
tap(Up, T Tq) = = ()

V2
J’{ dB(T,)/dT'}dv

V1
where Up is the pressure weighted amount of absorber

In the schemethe actualdependencen T', is carriedout explicitly in the Planckfunctionsintegratedover the
spectralegions.Althoughnormalizedelatveto B(7',) or dB(7',)/dT, thetransmissiitiesstill depencon Ty,
boththroughWien's displacementf the maximumof the Planckfunctionwith temperatur@andthroughthetem-
peraturadependencef theabsorptiorcoeficients.For computationaéfficiengy, thetransmissiities have beende-
veloped into Bde approximants

2
> ¢ U
HUp, T,) = E0—ro t)
S d;uk
j=0

where Uy = r(Up)W(T . Up) is aneffective amountof absorbewhich incorporateshe diffusivity factorr
the weighting of the absorberamountby pressure?p , and the temperaturedependencef the absorption
coeficients.

The functionW(T',, , Up) takes the form

W(T'y, Up) = expla(Up)(Ty~250) +b(Up)(Ty~250)2] 9)

The temperaturedependencelue to Wien’s law is incorporatedalthoughthereis no explicit variation of the
coeficientsc; andd ; with temperatureThesecoeficientshave beencomputedor temperaturebetweenl87.5
and312.5K with a12.5K step,andtransmissiities correspondingo the referencdemperatur¢he closesto the
pressure weighted temperatdfe, are actually used in the scheme.

Theeffecton absorptiorof the Dopplerbroadeningf thelines (importantonly for pressurdowerthan10hPa)is
includedsimply usingthe pressureorrectionmethodproposedy Fels(1979)andincorporatedy Giorgettaand
Morcrette (1995).

Theincorporationof the effectsof cloudson thelongwave fluxesfollows the treatmentdiscussedy Washington
and Williamson (1977).Whatever the stateof the cloudinesof the atmospherethe schemestartsby calculating
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thefluxescorrespondingo a clearsky atmospherandstoreghetermsof theenegy exchangeetweerthediffer-
entlevels(theintegralsin (5.4)Let ‘fJ(i) and 7 (i) betheupwardanddownwardclearsky fluxes.Forary cloud
layeractuallypresenin theatmospherehe schemehenevaluateghefluxesassumingauniqueovercastcloud of
emissvity unity. Let 7n+ () and ¥, (i) theupwardanddownwardfluxeswhensuchacloudis presenin the
nthlayerof theatmosphereDownward fluxesabove the cloud,andupward fluxesbelow the cloud,areassumed
to be gven by the cleasky values

Fo (@) = Fo(i) forisn
T, (i) = Fo(i) fori>n

(10)

Upwardfluxesabore the cIoud(f,:(k) for k=n+1 )anddownwardfluxesbelow it (%, (k) for k>n)
can be expressedwith expressionssimilar to (3) provided the boundaryterms are now replacedby terms
corresponding to possible temperature discontinuities between the cloud and the surrounding air

Pp,
(k) = { Fg=B(n+ D}e(pp pyriir) +BR)+ [ (py, p'i r)dB
D= Py (11)
pn
Fulk) = { Faa=B(n)}t(pp pyir) + B(R)+ [ #(py p's7)dB
p'=py

where B(i) is now thetotal Planckfunction (integratedover the whole longwave spectrumtlevel i , and ¥ g

and ¥4 arethe longwave fluxes at the upperand lower boundarieof the cloud. Termsunderthe integrals
correspondo exchangeof enegy betweerlayersin clearsky atmospherandhave alreadybeencomputedn the
first stepof the calculationsThis stepis repeatedor all cloudylayers.Thefluxesfor theactualatmospheréwith

semi-transparenfractional and/or multi-layeredclouds) are derived from a linear combinationof the fluxes
calculatedn previous stepswith somecloud overlapassumptiorin the caseof cloudspresentin severallayers.
Let N betheindex of thelayercontainingthe highestcloud, C4(i)) thefractionalcloudcoverin layer: , with
Cqq(0) = 1 for theupward flux atthe surface,andwith Cyq(IN +1) = 1 and F,, = ¥, to have theright
boundary condition for denward fluxes abwe the highest cloud.

The maximum-randonoverlapassumptioris operationallyusedin the ECMWF model,andthe cloudy upward
#" and devnward 7~ fluxes are obtained as

76 = 7o) fori=1
1—2 i-1
F (@) = Coai—1) F; 1 (i) + > Caa(n) Fu(@) [1 {1-Caa(D)} for2<isN+1 (12)
=0 l=n+1
et N
F(0) = CagN) FN() + Y Caa(n) F,() [] {1-CoaD}  fori=N+2
n=0 l=n+1

In caseof semi-transparerdlouds,the fractionalcloudinessnteringthe calculationss an effective cloud cover
equalto the productof the emissvity dueto the condensedvaterandthe gasesin the layer by the horizontal
coverage of the cloud layewith the emissity, €4, related to the condenseater amount by
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€g = 1—exp(—k ps U wp) (13)

wherek . is the condensedvatermassabsorptiorcoeficient (in m2kg_1) following Smithand Shi(1992)for
water clouds an&bertand Curry (1992) for ice clouds.

4.2 The operational SW scheme

The rate of atmospheric heating by absorption and scattering of ah@radiation is

o _ g afsw
ot cp 6p (14)

where 7, is the net total shortave flux (the subscript SW will be omitted in the remainder of this section).
] 21 |:|+l 0
F(0) = J’dV{j deOif HLy(3, 1, cp)dum} (15)
0 0, O

is the diffuseradianceat wavenumberv , in a directiongiven by the azimuthangle, ¢, andthe zenithangle, 6,
with p = cosB . In (15), we assume planeparallelatmosphereandthe vertical coordinates the optical depth
0, a cowenient ariable when the engy source is outside the medium

0
3(p) = [BY(p") dp’ (16)

BY(p) is theextinction coef|C|ent equalto the sumof the scatteringcoeficient B; - of the aerosolor cloud

particleabsorptiorcoeficient Bv ®) andthe purely molecularabsorptiorcoeficient k, . ThediffuseradianceL,
is governed by the radiation transfer equation

dz, (9, o
uO R L6

“i )jdcmde (3, 1 @ W, @) L,(3, 1, m)dum

Mo 90) Eyexp(-3/ 1)

17)

£ is theincidentsolarirradiancein the direction j1, = cosd,, @, is the singlescatteringalbedo(= B/ &, )

and ©(5, 4, @, W', @) is the scatteringphasefunction which definesthe probability that radiationcoming from
direction (', @) is scatteredn direction (K, @). The shortwave part of the schemeoriginally developedby
Fouguart and Bonnel (1980) solves the radiation transfer equationand integratesthe fluxes over the whole
shortwave spectrumbetweerD.2 and4 um. Upward anddownward fluxesare obtainedfrom thereflectanceand
transmittancesf thelayers,andthe photon-path-distribtion methodallows to separat¢he parametrizatiomf the
scattering processes from that of the molecular absorption.

Solarradiationis attenuatedby absorbinggasesmainly watervapour uniformly mixed gaseqoxygen,carbondi-
oxide, methanenitrousoxide) and ozone,and scatterecby molecules(Rayleighscattering) aerosolsand cloud
particles.Sincescatteringandmolecularabsorptioroccursimultaneouslythe exactamountof absorbealongthe
photonpathlengthis unknovn, andbandmodelsof the transmissiorfunction cannotbe useddirectly asin long-
wave radiationtransfer(seeSubsectiortt.1). The approactof the photonpathdistribution methodis to calculate
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theprobability M (2)du thata photoncontributing to theflux ¥, in theconserative case(i.e., no absorption,
w, = 1, &, = 0) hasencounterednabsorbeamountbetween?l and U + d ¢ .With this distribution, theradi-
ative flux at vavenumberv is related to7 .., by

[ee]
¥, = ,‘Fconsj'l'l(‘u)exp(—kv‘ll)d‘u (18)
0

andtheflux averagedverthe spectrainterval Av canthenbe calculatedwith the help of any bandmodelof the
transmission functioi,,,

1 (oo}
F = a5 [ P = Foon M Witny (Wl (19)
0

Av

To find the distribution function M (), the scatteringproblemis solved first, by ary method,for a set of
arbitrarily fixed absorptioncoeficients %, thus giving a set of simulatedfluxes ¥ by An inverse Laplace
transformis then performedon (4.19) (Fouquart, 1974). The main adwantageof the methodis that the actual
distribution M («)is smooth enoughthat (4.19) gives accurateresults even if () itself is not known
accuratelyIn fact, [ (U) need not be calculatedmicitly as the spectrally intgrated flues are

F = Feonday(0UD in the limiting case of weak absorptic

F = Feondav( Dum[) in the limiting case of strong absorpti

1/2 1/2

whereDuDzI:I'l(u)udu and 0 D=J’°0°I'I(Zl)‘u da.

Theatmospheri@bsorptiorin thewatervapourbandss generallystrong,andtheschemealetermineaneffective

absorber amount!, betweenulC and M’ Cderived from

U, = In(5fke/9fwns)/ke (20)

where k., is anabsorptioncoeficient chosento approximatethe spectrallyaveragediransmissiorof the clear
sky atmosphere

k In (Zay (Uor/Ho)) (21)

_ 1
¢ U/ Mo

where U, is the total amountof absorbeiin a vertical columnand p, = cos8,. Oncethe effective absorber
amountsof H,O and uniformly mixed gasesare found, the transmissionfunctions are computedusing Pade
approximants

N ,
Z aiﬂz—l
tAv(ﬂ) = L;O—. (22)
j—1
S bu’
j=0
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Absorption by ozoneis also taken into account,but since ozoneis locatedat low pressureevels for which
molecularscatterings smallandMie scatterings negligible, interactiondetweerscatteringprocesseandozone
absorption are mgected. Tansmission through ozone is computed ugtiy where i, the amount of ozone is

0
Zldo3 =M J’ dtl, for the downward transmission of the direct solar be
p

0 - . -
fugs = rJ’p dtlg, + fados(psurf) for the upward transmission of the diffuse radiation

r = 1.66 is thediffusivity factor(seeSubsectiort.1), and M is the magnificationfactor(Rodgers, 1967)used
instead ofr to account for the sphericity of the atmospheresat 8mall solar elations

M = 35/, Ju5+1 (23)

To performthe spectralintegration, it is corvenientto discretizethe solar spectralinterval into subintenals in
which the surface reflectancecan be consideredas constant.Since the main causeof the important spectral
variation of the surfacealbedois the sharpincreasdn thereflectiity of the vegetationin the nearinfrared,and
sincewatervapourdoesnot absorbbelov 0.68 um, the shortwave schemeconsiderdwo spectralintenals,one
for thevisible (0.2—0.68um), onefor the nearinfrared(0.68—4.0um) partsof thesolarspectrumThis cut-off at
0.68 pm alsomakesthe schememorecomputationallyefficient, in asmuchasthe interactionsbetweergaseous
absorption(by watervapourand uniformly mixed gases)and scatteringprocesseare accountedor only in the
nearinfrared interal.

4.2 (a) \értical intggration. Consideringanatmospheravhereafraction ot (asseerfrom thesurfaceor
thetop of theatmospherejs coveredby clouds(thefraction Cdd dependsnwhich cloud-orerlapassumption
is assumedor the calculations)the final fluxesaregivenasa weightedaverageof thefluxesin theclearsky and
in the cloudy fractions of the column

FJ) = Cda Faq(j) +(1- Cda)Fqr

wherethe subscripts clr’ and‘ cld’ refer to the clearsky and cloudy fractionsof the layer, respectiely. In
contrastto the schemeof Geleyn and Hollingsworth(1979),the fluxesarenot obtainedthroughthe solutionof a
systemof linear equationsn a matrix form. Rather assumingan atmospheralivided into homogeneoutayers,
the upvard and danward fluxes at a gien layer intedice; are gven by

N

F) = Fo [ Toulk)
k=

F )= F () Riopld —1)

(24)

where R,,,(J) and Tp,(j) arethereflectanceat the top andthe transmittanceat the bottomof the j th layer
Computationsof %,,,’s startat the surfaceand work upward, whereasthoseof 7, ’s startat the top of the
atmosphere andavk dovnward. % ,,, and 7, account for the presence of cloud in the layer

Rtop = Cclchld + (1 - Ccld) Rclr

(25)
Tpot = CatgZeig+ (1= Coig) Ty
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where C,y is the cloud fractional a@rage of the layer within the cloudy fractiorcda  of the column.

4.2 (b) Cloudy faction of the layer Ktcdy and Tbcdy arethereflectancatthetop andtransmittancatthebot-
tom of the cloudyfractionof thelayercalculatedvith the Delta-EddingtorapproximationGiven 8., 6,, andd,
the optical thicknessedor the cloud, the aerosoland the molecularabsorptionof the gasesrespectiely, and
(= kU),and g4, and g, thecloud andaero:solasymmetryfactors,£I(tcdy and Thy, arecalculatedasfunctions
of the total optical thickness of the layer

O = 3. +0,+0, (26)
of the total single scattering albedo
O, +0,
w = 5—c 5.+ 5, (27)
of the total asymmetryattor
* ) )

C

— a
ﬂ - 66 + éaﬂc * 66 + éaga

(28)

of thereflectance®r _ of theunderlyingmedium(surfaceor layersbelow the j th interface),andof the cosineof
an effective solar zenith angle pg4(j) which accountsfor the decreaseof the direct solar beam and the
corresponding increase of thefd#fe part of the denward radiation by the upper scattering layers

Mer() = [(A— CoM() Yu+r ()17 (29)

with c;fg (j) the efective total cloudinesswver level j

N
oo () = 1= 1 (1-Cag()E@)) (30)

i=j+1

and

. "2 .
(1-w,(2) g.(0) )@(l)} (31)

E(i) = 1—exp[ ’

0.(7), w,(i) and g4.(i) aretheopticalthicknessgsinglescatteringalbedoandasymmetnyfactorof the cloudin

the i th layer, and r is thediffusivity factor The scheméfollows the Eddingtonapproximatiorfirst proposedyy

Shettle and Weinman (1970), then modified by Joseph et al. (1976) to accountmore accuratelyfor the large
fraction of radiation directly transmittedin the forward scatteringpeakin caseof highly asymmetricphase
functions. Eddingtons approximationassumeshat, in a scatteringmediumof optical thicknessd , of single
scattering albedo, and of asymmetryattor 4, the radianceL entering(15) can be written as

L(6, 1) = Lo(0) +Ly(D) (32)

In thatcase whenthe phasefunctionis expandedasa seriesof associated egendrefunctions,all termsof order
greater than oneawnish wher(15) is integrated eer p and@. The phase function is thereforegm by
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P(©) = 1+B4(O)u
where© is the angle between incident and scattered radiances. Thelning15) thus becomes

2n +1

O O
Id(p' BIP(MI (p! ulv (pl)L(u'! (\d)dulg = 4T[(LO + T[Ll) (33)
0 -1

where

+1

_Bi_1
§=3= E{P(G)u du
is the asymmetryafctor

Using(33)in (15) after intgrating over u and dviding by 21T, we get

d
ud—s(Lo+uL1) = (Lot HLy) +®(Ly+ gULy) (34)
+1/4w F o exp(—8/ 1) (1 + 3 gUgH)

We obtain a pair of equations fay, and £, by integrating(34) over p

dz
20 = _3(1-w) £y + 3w ,exp(~5/k)
dod 4 (35)
dz, 3
T =~ (1 -wg) Ly + 700gH0 Foexp(=5/1o)
For the cloudy layer assumed non-conaéve (w < 1), the solutions to(4.35), fd< o < 5 , are
Ly(d) = C,exp(-K?d) + C,exp(+Kd) — aexp(—0/Hg) (36)

£,(3) = P{C,exp(—K?d) - C,exp(+Kd) — Bexp(~3/1i)}
where

K = {3(1-w)(1-wy)}"?

P = {3(1-w)/(1-wyg)}
0 = 3w Foe{ 1+ 37(1-w)}/{4(1-K°}5 )}
B = 3w oHe{ 1+34(1-w)uy }/ (4(1-K°p3 )

172

Thetwo boundaryconditionsallow to solve the systemfor C; and C, ; thedownwarddirecteddiffuseflux atthe
top of the atmosphere is zero, i.e.,

710) = [£o(0) +5,0)] = 0
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which translates into
(1+2P/3)C,+(1-2P/3)C, = a +2p/3 (37)

The upward directedflux at the bottomof the layeris equalto the productof the downward directeddiffuseand
directfluxesandthecorrespondingliffuseanddirectreflectanc€  ; and % _, respectiely) of theunderlyingme-
dium

F(8)= DLo(5) L1(5)D

g
%Lo(é )t 3 L1(6 )D+ R gHo FoeXP(=3 /Ho)
which translates into

{1-%_—-2(1+R_)P/3}C,exp( K3 )
+{1-R%_+2(1+ R _)P/3}C,( +Kd) (38)
={(1- K)o —2(1+ R_)B/3+ Rgho T o} exp(=3 /itg)
In the Delta-Eddingtorapproximationthe phasdunctionis approximatedy a Dirac deltafunctionforward-scat-
ter peak and a twterm epansion of the phase function
PO) = 2/(1-W)+(1-f)(1+34W)

where f is the fractional scatteringinto the forward peakand 4 the asymmetryfactor of the truncatedphase
function. As shwn by Joseptet al.(1976), these parameters are

f=4 (39)
g =4/(g+1)

The solution of the Eddingtons equationsremainsthe sameprovided that the total optical thickness,single
scattering albedo and asymmetagtor entering36) to (38) take their transformedalues

8 = (1+wf)s

W = (1_ / )m
l-wf

(40)

Practically the opticalthicknesssinglescatteringalbedoasymmetryfactorandsolarzenithangleentering(4.36)
to (4.38) ared , w , g and; defined in(39) and(40).

4.2 (c) Clearsky fraction of the layes. In the clearsky part of the atmospherethe shortwave scheme
accountdor scatteringandabsorptiorby moleculesandaerosolsThefollowing calculationsarepracticallydone
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twice, once for the clearsky fraction ( Rt ) of the atmosphericcolumn with p equalto pg, simply

modified for the effect of Rayleighand aerosolscattering the secondtime for the clearsky fraction of each
individual layer within the fractioncy of the atmospheric column containing clouds, witkequal top,, .

As theopticalthicknesdor bothRayleighandaerosobcatterings small, ® ., (j —1) and7,,(7) , thereflectance
atthetop andtransmittanceatthebottomof the j th layercanbe calculatedusingrespectrely afirst anda second-
order expansionof the analyticalsolutionsof the two-streamequationssimilar to that of Coakley and Chylek
(1975).For Rayleighscatteringthe optical thickness single scatteringalbedoandasymmetryfactorarerespec-
tively 83, Wy = 1, andgr = 0, so that

Rp= >
TR (41)
2y
To =
R (2u+3g)
The optical thickness of an atmospheric layer is simply
8 = 8{p(J) = P(j— 1)}/ Peur (42)

where 8 r is the Rayleighoptical thicknessof the whole atmosphergrarametrizedas a function of the solar
zenith angle Qeschamps et al.,1983)

For aerosokcatteringandabsorptionthe opticalthicknesssinglescatteringalbedoandasymmetryfactorarere-
spectiely &,, w,, with 1 -, « 1 and g4,, so that

den = 1+ { 1- W, + baCk(p-e)wa} (6.3/ |J~e)

(43)
+ (1= w){ 1 - w, + 2back (k) w,} (82 /13 )
_ (back(He)w,8,)/ H,
R(He) - den (44)
T(H,) = 1/den

whereback(H,) = (2—-3U.g,)/ 4 is the backscatteringétor

Practically %, and 7, arecomputedusing(41) andthe combinedeffect of aerosoland Rayleighscattering
comesfrom usingmodifiedparametersorrespondingdo the additionof the two scatterersvith provision for the

highly asymmetricaerosobphasefunctionthroughDelta-approximatiomf the forward scatteringpeak(asin (39)

and(40))

8" = 3+ 3,(1-Wag2)

+_ _Ha d,
I T 8.+ 8) (49)
+ o 6a ma( 1- Y 521)

= R Wg >
O+ 90, Or + 0, 1-w,4,
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As for their cloudy counterparts,® ., and 7, mustaccountfor the multiple reflectionsdue to the layers
underneath

Rar = R(Me) + R_T(K,)/(1-R R_) (46)

and % _ is the reflectance of the underlying medi&n = ®,(j—1) andr is the difusivity factor

SinceinteractionshetweemmolecularabsorptiorandRayleighandaerosolscatteringare negligible, the radiative
fluxesin a clearsky atmospheraresimply thosecalculatedrom (24) and(41) attenuatedy the gaseoudrans-
missions(22).

4.2 (d) Multiple eflections between layer To dealproperlywith themultiple reflectionsetweerthesurface
andthecloudlayers,it shouldbe necessaryo separat¢he contrikution of eachindividual reflectingsurfaceto the
layerreflectanceandtransmittancef asmuchaseachsuchsurfacegivesrise to a particulardistribution of ab-
sorberamountlin caseof anatmospherécluding N cloudlayers thereflectedight above thehighestcloudcon-
sistsof photonsdirectly reflectedby the highestcloud without interactionwith the underlyingatmosphereandof
photonsthathave passedhroughthis cloudlayerandundegoneat leastonereflectionon the underlyingatmos-
phere. In &ct,(17) should be written

N )
¥ = _Zofclijl(ﬂ)tM(ﬂ)dv (47)
0

1=

where ¥ and ?,(u) aretheconserative fluxesandthe distributionsof absorbelamountcorrespondingo the
different reflecting susces.

Fougquart andBonnel(1980)have shavn thata very goodapproximatiorto this problemis obtainedoy evaluating
thereflectancendtransmittancef eachlayer(using(34) and(40)) assumingsuccessiely anon-reflectingunder-
lying medium(%&_ = 0 ), thenareflectingunderlyingmedium( % _# 0). First calculationgprovide the contritu-
tion to reflectanceandtransmittancef thosephotonsinteractingonly with the layerinto considerationwhereas
the second onesw@ the contritition of the photons with interactions also outside the layer itself.

Fromthosetwo setsof layerreflectancandtransmittanceéT o, Ty,) and(R, . T,. ) respectiely, effective ab-
sorberamountgo be appliedto computingthe transmissiorfunctionsfor upward anddownward fluxesarethen
derived using(18) and starting from the sadée and wrking the formulas upard

Ueo = IN(To/ Thre)/ ke
U;# = |n(Tb¢ /Tbc)/ke (48)
Uso = IN(Ryo/ Rio)/ o
Uer = IN(Riz / Ric) ke
where ®,. and T, are the layer reflectanceand transmittancecorrespondingto a conserative scattering

medium.

Finally the upvard and denward fluxes are obtained as
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7Uj) = Fol Riota( rU;O)"'(Rt:: = Ry0)tay( Usz )}
FU) = Fol Tootan( Ueo )+ (Tpy —Tpo)tn,( Uer )}

4.2 (e) Cloud shortwave opticalgperties. As seenin (36), the cloud radiative propertiesdependon three
different parameters: the optical thicknégs the asymmetryafctor 4., and the single scattering albeap.

Presentlythecloudoptical propertiesarederivedfrom Fouquart (1987)for thewaterclouds,andEbert and Curry
(1992) for the ice clouds

9, is related to the cloud liquidater amount/ e by

_ 3U wp
¢ 2r

e

where r, is the mean effective radius of the size distribution of the cloud water droplets. Presentlyr, is
parametrizedsa linearfunctionof heightfrom 10 yu m atthesurfaceto 45 u m atthetop of theatmospheren an
empirical attemptat dealing with the variation of water cloud type with height. Smaller water dropletsare
obsened in lov-level stratiform clouds whereas ¢gar droplets are found in midvel cumuliform water clouds.

In the two spectralintervals of the shortwave radiationscheme, g, is fixedto 0.865and0.910,respectiely, and
w, Is given as a function od, following Fouquart (1987)

@,y = 0.9999-5 x 10 exp(~0.55,) (49)

W, = 0.9988-2.5x 10 exp(~0.053,)
Thesecloud shortwave radiative parameterdiave beenfitted to in situ measurementsf stratocumuluslouds
(Bonnelet al, 1983).

For the optical properties of ice clouds, weda

6Ci = |WP(a| + bi/re)
wi = Cj —dire (50)
gi = ¢itfire

wherethe coeficientshave beenderivedfrom Ebert and Curry (1992)for thetwo intervals of the shortwave radi-
ation scheme, ancl, is fixed at 40p m.

5. COMPARISONS WITH OBSERVATIONS

As for therepresentationf clouds,thereis animperatve needto performatleastsomeof thevalidationon short-
time andlimited spacescalespeforethedrift in the GCM climatemakescomparisorwith obsenationsvery dif-
ficult to interpret.Relatve to otherphysicalprocesseghe existenceof referencanodels(LbLs) thathave beenor
canbevalidatedagainsthighly spectrallydetailedmeasuremeni{suchasthoseof spectrometeandinterferometer
presenbn ARM sites,or embarled on Nimbus-3)offersavery usefultool for validation.However, althoughcur-
rentlydonefor LW, thisapproachs notreally usedfor SW, becausef therelative lack of highly spectrallydetailed
measurementi® the SW comparedo LW, andthereforeof carefully validatedLbL modelsin the SW (Ramas-
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wamyand Freidenreich, 1992).

Theapproachdiscusse@bove couldalsobe used albeitwith moredifficulties,for cloudyatmosphereddowever,
for years,mostof the validationeffort for radiationtransferin cloudy atmospherekasdealtwith comparisorof
radiationfluxesat TOA with satellite-dened fluxes(Nimbus-7 EarthRadiationBudget,EarthRadiationBudget
Experiment).More often thannot, this was often donewithout consideringat the sametime a validation of the
cloudcharacteristicsothattweakingthe cloud propertiegparticularly therelationshipgiving the cloudfraction
andcloudwaterloadingin diagnosticcloudschemesallowedaneasyagreementvith TOA fluxes,speciallyover
monthly meantime-scalesWith theavailability of carefully calibratedmeasurementsf theradiationfluxesatthe
surface(BaselineStationRadiationNetwork (Ohmuraetal., 1998),GlobalEnegy BalanceArchive, NOAA-ARL
SURFaceRADiation network), or asis thecasewith the ARM program of radiationfluxesandrelatively detailed
informationon the stateof the overlying atmospherandsomeinformationon the cloudstructure systematiarer-
ification of theradiationfieldsproducedy the ECMWF modelatvariousstagesn theforecastc€annow becarried
out.

In thefollowing, we presenbneexampleof suchvalidationfor a site wheregoodquality surfaceradiationmeas-
urementsareavailablewith a high frequeng (suchsitesareavailableaspartof the BSRN, SURFRADor ARM
projects).For aweatherforecastsystemit is often preferableto usemeasurementsot too remotein time, asthe
analysisandforecassystemundegoesregularimprovementovertheyearsin thisrespecttheNOAA-ARL SUR-
FaceRADiation network offers real-timeavailability of surfaceradiationmeasurementsver 6 sitesin the U.S.
Figure5.1 compareghe downward andupward LW radiationover Goodwin Creek,Mississippi,over the period
17Novembertto 15Decembefl 997, whenanew physicalparametrisatiopackagevasbeingtestedFig. 26 shavs
thecorrespondinglovnward SWradiation.As canbeseerfrom theLW comparisonshe modelis rathersuccess-
ful at producingthe obsered variability in temperaturet the surface(asseenfrom the upward LW radiationin
Fig. 25, bottompanel)andin temperaturehumidity, andcloudfractionin thelowestlayersof theatmospheréas
seenfrom thedownward LW radiationin Fig. 25, top panel).Onthe otherhand,it appearsesssuccessfuat han-
dling theamountof condensedvaterin clouds,with too smallopticalthicknesdranslatingn too largedownward
SW radiationat the surface(Fig. 26 ). Next stagein this type of comparisonss to make surethatthe fluxesare
computedor the propervertical profilesof radiatively importantquantities Albeit obvious, this statemenis very
difficult to beputin practice,asacomprehensie knowledgeof all theatmospherigrofilesis rarelyattainedand
attainable)The ARM programis thebesttry in this direction,with, overthe SouthGreatPlainssitein Oklahoma,
longtime-serie®f surfaceradiationflux measurementsadiosoundingssynopticobsenations vertically integrat-
edwatervapourandcloudwatermeasurementsom a microwvave radiometerandverticalprofilesof temperature,
humidity, andcloudwaterfrom theinversionof interferometeandcloudradarmeasurement&igure5.3 presents
thetotal columnwatervapourandcloudliquid waterin Decembefl997asobsenredby theMicrowave Radiometer
andproducedby the ECMWF modelin a seriesof 31 operationaforecastsll startingat12 UTC. Betweenthe13
and17 Decemberthesky is essentiallyclear Fig. 28 compareshe surfacedownwardLW radiationobseneddur-
ing these5 daysandcomputationdy differentradiationschemedrom the forecasftfields of temperatur@andhu-
midity. A differenceof 5to 8 W m2is systematicallyfound betweenthe pre-December'9 ECMWF radiation
schemgold_EC)andthe RRTM schemeHowever, eventhis state-of-the-antadiationschemeaunderestimatethe
obseredflux by 10-15W m 2, shawing that, eventhis thought-to-be-simpleomparisorexerciseis not straight-
forward.lt is very likely thatthe modellow-level temperatur@ndhumidity profilesareat the origin of thesedis-
crepancies.

Anothervalidationexerciseinvolving themodelradiationschemas the verificationof thecloudsignatureon TOA
radianceskig. 29 illustratessuchcomparisorior the ERICA storm:thelongwave window channebrightnessem-
perature/radiances simulatedfrom the modelcloud, temperatureand humidity fields usingthe methodologyof
Morcrette(1991a).
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Figure 25.Downward(top) andupward LW radiationfrom the ECMWF 6-hourfirst-guesgorecastcomparedo
the SURFRAD measurements in Goodwin Creek, Mississigyithe period 971117 00 UTC to 971215 00
UTC.
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Figure 26. As irFig. 25, but for the devnward SW radiation at the sade &eraged ver 24-hour periods.
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SGP - Total column water vapour
ECMWF vs ARM-MWR - December 1997

30 T T \.
*» Obs .
—— Mod 1x2 .
20 . ‘ . |
E . :
g .
" : . -
g : i
2 -
10 - < ¢ > ¥
N1 ! [ v ? &
o ‘ 1 o <1 by
YTV H A g
n

SGP - Liquid water path

ECMWF vs ARM-MWR - December 1997
"7 7 T T

650 | « Obs . .
Mod 1x2 ° i

600 |
550 | . . 1
500 | 1
450 |- ) . . 1
400 - . 1
350
300
250
200
150
100
50

LWP (g/m2)

-50
0 120 240 360 480

Hours since 97120100

Figure 27. The total columnater \apour (top) and total column cloud liquigter awer the ARM-SGP site in
December 1997 from a series of 31 forecasts all starting at 12 UTC. Points representvvhoagldaalues of
TCWV and TCCIWV derived from Micravave Radiometer measurements.
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ARM-SGP December 1997
ICRCCM-type comparison of Surface Downward LW Flux
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Figure 28.ThesurfacedovnwardLW radiationduring5 clearsky daysoverthe ARM-SGPsite. Theuppercurve
is the SIRS obseation, the laver cunes are computed by tifent radiation schemes frofh andq fields
operationally produced from forecasts between 12 and 35 hours, all starting at 12 UTC.
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Figure 29. The GOESlongwave window channebrightnesgemperatur@verthe ERICA storm.Top panelis the
ISCCP-DXimagefor 18 UTC 4 Januaryl989,bottomis theradiancesimulatedrom the ECMWF T| 639model
after a 18 hour forecast starting at 00 UTC 4 January 1989.
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6. CONCLUSIONS AND PERSPECTIVES

Recenttudieshave focusseditthedirectand/orindirectradiative impactof aerosolsn climatesimulationgJous-
saume 1990; Genthon 1992; Boucherand Lohmann 1995; Chyleket al., 1995;Mitchell et al., 1995;Lohmann
andFeichter, 1997;Tegeretal., 1997; Timmrecketal., 1997;Cusacketal., 1998;Le Treutetal., 1998;Schulzet

al., 1998).Sincethe pioneeringwork of Tanreetal. (1984),the ECMWF modelhasincludedanannualmean but

geographicalhdistributedclimatologyof aerosolsThe geographicatlistribution of the maritime,continental ur-

bananddeseriaerosolsaregivenin Figs.30 and31, whereastheverticaldistributionis illustratedin Fig. 32. As

discussedn Cusacketal. (1998),the presencef theseaerosolsn the ECMWF modelis certainlyoneof therea-
sonswhy the surfacedovnward SW radiationis lessoverestimatedn the ECMWF modelthanin otherleading
climateGCMs(Garratt, 1994;Garratt etal., 1998).However, amonthly specificatiorof the aerosoMdistributions
or better a prognosed aerosol loading is a possible futuetogenent for the ECMWF model.

Recentstudiesby Wangand Rossow(1995,1998)and Stubenrauclet al. (1997)have focussedat the potentially
largeimpactontheatmosphericirculationlinkedto uncertaintiesn theverticaldistribution of cloudsandrelated
radiative heating/coolingates.Similar resultswerealsoobtainedwith the ECMWF model(Morcretteand Jakob,
2000).Fig. 33 presentshecloudoverlapsthatthe operationatadiationschemecanhandle One-dimensionatal-
culationsareperformedor differentcloudconfiguration®ftenencountereéh three-dimensionaimulationsThe
first onecorrespond$o atypical corvective systemandincludesa corvective tower of fractionalcover 0.15from
820to 290 hPatoppedby stratiformarvil of cover 0.4and70 hPathick. Thesecondcaseincludesthreelayersof
stratiformcloud of cover 0.3 betweerB90and820hPa (low-level), 640and545hPa (middle-level), and290and
220hPa(high-level), respectiely. Theprofilesof thecloudlongwave, shortwave andnetradiatve forcingfor these
two casesrepresentedh Fig. 34, left andright panelgespectiely. Thecloudforcingtermis simplythedifference
betweertheheatingobtainedor thecloudyatmosphereninustheclearsky heating ThedifferentCOAs aretreat-
edexactlyin theLW partandonly approximatelyin the SW partof theradiationschemeThereforethe LW MRN
andMAX resultsareessentiallthesamefor casel, andthesameholdsfor theLW MRN andRAN resultsfor case
2.In the SW, theagreemenbnthe SWforcing profilesis alsovery good.In thefirst case(seeFig. 34, left panels),
theanvil producesstrongLW coolingwhereasrelative heatings foundin therestof theconvective tower below.
Comparedo MRN/MAX, the RAN LW shavs a smallercooling peakin the arvil, smallerheatingbelow within
thetower, andlargerwarmingin theclearPBL. All thesefeaturesareconsistentwith thelargereffective cloudiness
thattheRAN assumptiomproducedetweerary two cloudylayers.Thislargereffective cloudinesgi) preventsthe
radiationfrom thelower atmospheridayersfrom escapingo spacethustheheatingin the PBL, (ii) decreasethe
possibleradiative exchangesvithin thetower, thusthesmallerradiatve heatingand(iii) decreasetheupwardLW
flux atthebaseof thearvil, henceghesmallerLW divergencdn thearvil. Similarly, astrongelSWheatings linked
in RAN to thelargercloudfractionavailableto screerthe downwardradiationandto themorediffusecharacteof
this radiationin the cloudy fraction of the column.Consequentlya smalleramountof SW radiationis available
below the cloud baseandthis translatesnto a relative cooling. The smallerheatingof thearvil in RAN is linked
to thesmallerSW flux divergencethrougha larger upward radiationdueto the increasedeflectionon the larger
effective amount of lever level clouds.

Inthesecondtasqseerig. 34, right panels)eachof thethreestratiformcloudlayersproduces LW coolinginside
anda LW heatingimmediatelyunderneathDifferencedetweerMAX andMRN/RAN resultsareconsistentvith
thesmallertotal effective cloudinesgiivenby MAX. Thecoolingin thelow-level cloudis reducedn MAX because
the middle- andhigh-level cloudspreventthe radiationat the top of the low-level cloud from escapingo space.
Similarly, thecoolingin the high-level cloudis increasedn MRN/RAN becauséhelow- andmiddle-level clouds
preventthe warmerradiationfrom the lower layersto reachthe baseof the high-level cloud. The smallertotal
cloudinessn MAX alsoexplainsthesmallerLW heatingbelow thelowestcloud.In the SW, thedifferencen heat-
ing is very small within the clouds.The slightly larger relative cooling immediatelybelow the cloudsin MAX
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comedrom thelargerfractionof radiationbeingdirectly transmittedas,in MRN/RAN, theradiationin thecloudy
fraction of the columnis morediffuseandthereforemorelikely to be absorbedThe smallerSW heatingof the
uppercloudwith MRN/RAN is againlinkedto theincreasedeflection. Theseone-dimensionatomputationshav
the validity of the treatmentof the different COAs in the ECMWF radiationschemeThey alsoshaw the larger
impact of a change of GOon the IW than on the SW radiag profiles.

Fig. 35 presentshetotal cloudinesgTCC) averagedver thelastthreemonths(DJF)of the EPRsimulationswith
theMRN, MAX andRAN COAs. Not surprisingly the setof MAX simulationsdisplaythe minimumtotal cloud
coverat0.609,followedby theMRN at0.639,whereagthe RAN simulationshave amuchlargertotal cloudcover
at0.714.Theincreasdrom MRN to RAN (respectiely, the decreasérom MRN to MAX) is apparenbver most
of theglobe,butis morepronounceaverthesub-tropicsparticularlythoseof the SoutherrhemisphereAre these
changesimply reflectingthe differentgeometricaldistribution of the cloud elementson the vertical or arethey
linkedto actualchanges$n thevolumeof thecloudelements? simplecheckwhetherthecloudvolumeis actually
modifiedis obtainedby diagnosinghe total cloud cover for all setsof simulationsandapplyingthe operational
maximum-randonoverlapassumptiorio the variouscloud elementsFig. 36 present¢he MRN-equivalentTCC
for theEPRexperimentsThemainresultis thatmostof thechangdn TCCis notreflectedn theMRN-equivalent
TCC, shaving thata largefractionof the signalis dueto thegeometricabverlappingin theradiationschemeand
not to a real significant change in the clootume.

Radiationtransferparametrisatiofs generallythe mostexpensve in computertime amongthe physical parame-
trisationsusedin a GCM. In the ECMWF operationaforecastmodel,full radiationcomputationsreperformed
only every 3 hoursandon areducedgrid (1 point out of 4 alongthe longitudedirection).Even so, radiationac-
countsfor about15%tof thetotal costof the model.Althoughsuchspatialandtemporalsamplingof theradiation
forcing doesnot appeaidetrimentalon the shorttime scalesencompasseith the operationabnalyse®f meteoro-
logical obsenationsandthe 10-dayforecastamadewith the high resolution(T, 319) ECMWF weatherforecast
model(Fig. 37 for theanomalycorrelationof the geopotentiaht 500 hPa, Figs.38 and39 for the meanerrorin
temperaturat 850,500,200and50 hPa), the impactbecomesystematiand(possibly)detrimentalon seasonal
time-scalesand/orat lower resolution(Morcrette, 2000). For example,Figures6.11and6.12 presentthe zonal
meancloudinessandtemperaturewith the operationatonfigurationS4T3h= spatialsamplingl pointoutof 4 in
thetropics,full radiationcalculationonly every 3 hours),andthedifferencewith configurationgor which radiation
is eithercalledat every grid point (S1) and/orfor every time step(T1). Whenthe radiationcalculationsaresyn-
chronouswith the restof the physics (andof the model), the stability in the ITCZ is decreasedwith a resultant
(small)increasdn high-level clouds(Fig. 40), but a morespatiallyextensive decreasén stratospheri¢cempera-
tures Fig. 41).

New algorithmsarebeingtestedbasedon the neuralnetwork approachof Cheruyetal. (1996)andChevallieret
al. (2000a,2000b),or on the linearizedapproactproposedy Chouand Neelin(1996),both of which introduce
majorsavingsin computettime. They would thereforeallow for morefrequentand/ornonspatiallysampledadi-
ationcalculationsFor example,Fig. 42 presenthebiasandstandardieviation of the LW coolingratescomputed
by a neuralnetwork methodrelative to the operationalLW schemewhereasFigs.43 and44 displaystandard
objective scorestheanomalycorrelationof thegeopotentiaht 500hPa(Fig. 43) andthemeanrerrorin temperature
atvariouslevelsin theatmospheréFig. 44). Suchresultsindicatethatthe neuralnetwork approactis potentially
a viable replacement. for traditiondaM_parametrizations.

Otherareasf developmentconcerntherole of the cloudinhomo/heterogeneitgn the modelhorizontalsub-grid
scaleandthatof theverticaloverlappingof cloudlayers.Onthefirst point, (notequivalentto afull accountbof the
three-dimensionatloud-inducedadiative effects,but goingaway from the plane-parallebpproactusedover the
last25years),Tiedtke(1996)proposeda simpleparametrisationf this effect, while Barker(1996,1998)modified
a SW schemesimilar to the ECMWF oneandincorporatedan approximatdreatmentf theimpactof theliquid
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waterinhomogeneitiegia agamma-distrilntion approachkFigs.45 and46 presenthedifferencesn transmissi-
ity, reflectvity andabsorptvity for somestandardiquid andice watercloudsin the two spectralintenals of the
SW schemeTheimpactis importantover mostof the rangeof optical thicknessandfor all quantities.Suchan
“horizontal” effect, to be accountedor alsoin the LW part of the spectrumis likely to changethe effect of the
cloudson theradiatve distribution within the whole atmosphericolumn.In view of the large effectsof the sub-
grid scaledistribution of the condensedvateron the radiative fluxes, it is likely that,in the comingyears,GCMs
will incorporateanequationto atleastdiagnosehis sub-gridscalevariability andaccountor its effect on thera-
diation fields.

Up to now, thevalidationof the large-scaleadiative fields producedy a climateor a weatherforecastGCM has
mainly consistef checkson the total cloud cover, andrelatedtop of the atmospherandsurfacelongwave and
shortwave radiationfields. Thesefields (for example,Darnell etal., 1992;Guptaetal., 1993;Laszloand Pinker,

1993;Li and Leighton 1993;Rossow1993;Zhanget al., 1995)areprovided by dedicatedsatelliteobserations
suchasERB (Stoweetal., 1989),ERBE (Harrison etal., 1988),ScaRaBKandeletal., 1998), CERES(Wielicki

etal., 1996)and/oroperationakatelliteobsenationsaspartof ISCCP(Rossovetal., 1987).Althoughvery useful,
theseessentialljtwo-dimensiona(3-D if time historyis consideredyalidationefforts areonly afirst steptowards
whatwould really be requiredto ascertairthe adequag of the representationf the cloud-radiationnteractions:
the 4-dimensionadistribution of cloud volumeandcloud waterloadingtogethemwith relevant4-dimensionata-

diation parameters: a real challenge for the future!
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Figure 30. The annual mean climatological distitm of maritime and continental aerosols in the ECMWF
operational system. The relaiweight has to be multiplied by the optical thickness, i.e., 0.05 for maritime, and
0.2 for continental aerosols.
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Figure 31. As irFig. 30, but for the urban and desert-type aerosols.\Releoptical thickness is 0.1 for urban,
and 1.9 for desert aerosols.
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Figure 32. Theertical distrilution of aerosols. Urban aerosols falloype 1 distrilition, all other tropospheric
aerosols follay type 2.
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Figure 33. Schematics of tharious cloud werlap assumptions used in this stutlge clouds are shm as
rectangular blocks filling theevtical extent of a layerThe total cloud fraction from the top of the atmosphere
down to agivenlevel is givenby theline ontheright delineatingthe cloudsandthe shadedareabelor them.The
cloud orerlap configurations are, from top to bottom, the maximum-random, maximum, and random cloud
overlap.
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Three Independent Stratiform Cloud Layers

Convective Tower with Cirrus Anvil
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Figure 34. The longawe (top), shortave (middle), and net cloud radiegiforcing profiles for an atmosphere
with a awil-topped conrective tover (left panels) and three independent stratiform cloud layers (right panels).
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Impact of Cloud Overlap Assumption: EPR
Total Cloud Cover % Between 3024- 720 Hours
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Figure 35. Thetotal cloudinesgTCC) averagedverthelastthreemonths(DJF)of theRAD simulationswith the
maximum-random (MRN), maximum (MAX) and random (RAN) clowertap assumption (C&).

Impact of Cloud Overlap Assumption: EPR
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Figure 36. Themaximum-random-equalenttotal cloudinesof the simulationswith the MRN, MAX andRAN
COAs
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Figure 37. The anomaly correlation of the geopotential at 5addrRhe warious time-space configurations for
theNorthern(top panelslandSouthernmiddle panelshemispheresandthetropicalregion (bottompanels) Full
line is S4T3h, long dash line is S4T1, dotted line is S1T3h, and dot-dash line is S1T1.
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Figure 38. Themeanrerrorof thetemperatur@at850and500hPafor thevarioustime-spaceonfigurationdor the

Northern and Southern hemispheres, and the tropigiaimeRanels are read from left to right, and top to bottom.
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Figure 39. As irFig. 38, but for the mean error of the temperature at 200 and &0 hP
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Time-Space Interpolation: REF
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Figure 40. The zonal mean distrilon of the cloud fractionveraged wer the last 3 months of 95 L31
simulations (in percent).op left panel is the operational configuration (S4T3h), top right is tferatite S4T1-
S4T3h, bottom left is the dérence S1T3h-S4T3h bottom right is thdetiénce S1T1-S4T3h.
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Figure 41. As irFig. 40, but for the zonal mean temperature (igies Klvin).
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Figure 42. The bias and standargidgon of the longwave cooling rates computed with the neural roetw
approach with respect to those computed with the operational #sageheme, for an ensemble of profiles
sampled out of the first days of the months during one watdrthe T 319 L31 operational model.
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Figure 43. Theanomalycorrelationof thegeopotentiaht 500 hPafor a setof experimentsstartingon the 15th of
the month for one yeaEC-OPE uses the operation&Vlradiation scheme, Neuro-Flux the neural roetw
version of it.
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Figure 44. As irFig. 43, but for the mean error in temperature at 850, 500, 200 and&0 hP
62 Meteorological Training CourseLecture Series

0 ECMWEF, 2002



Radiation Transfer

3

Comparison IPA vs. Plane—Parallel / Ebert-Curry Ice Cloud
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Figure 45. The transmisly, reflectvity and absorptiity for ice clouds with optical properties froebertand
Curry (1992), computed witBarker's(1996) IRA, the Delta-Eddington approximation and a Delta-Eddington
approximation accounting fariedtke’'s(1996) inhomogeneityattor

Meteorological Training Course Lecture Series
0 ECMWEF, 2002 63



Radiation Transfer

3

Comparison IPA vs. Plane—-Parallel / Y.Fouquart Water Cloud
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Figure 46. As irFig. 45, but for water clouds with optical properties frdrouquart(1987).
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