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1. THERMODYNAMICS OF MOIST AIR
A brief review of the general thermodynamics of moist air isegihere.

Air can be considered as a mixture of idesdes. The equation of state is
p = PRT )
wherep is pressurep is density T' is absolute temperature aRdis the @s constant

R =c,-c, (2)

¢, andc, aretheheatcapacitiesat constanfpressureandat constantolume,respectrely. Equation(1) is also
valid for moist air provided that the actual temperature is replaced by the virtual temperature

p = pRT, ©)

The virtual temperaturé', is given by
T, =T(1+nq) 4
where n = 1—1 = 0.608 and tis the ratio of the gas constantsfor dry air, and for water vapour

¢ = R/R, = 0.622. q isthespecifichumidity g = p,,,/P (Py4p isthedensityof watervapourandp is the
densityof moistair). Theequationof statefor moistair is valid sinceit is assumedhatwatervapouralsobehaes
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as an ideal as

Dyap = pvapRvapT (5)

where the subscript ap’ refers to \ater \apour

The first lav of thermodynamics is

ide, pdv _ ¢dT , R
Tdt Td¢t Td¢ vdt

_1dh vdp _¢,dT Rdp

ds _ Q@ _
it~ T

(6)

s is thespecificentropy, e is thespecificinternalenegy (e = ¢,T'), h isthespecificenthaly (- = ¢,T'), @
is the heating rate byternal sources and is the specific@ume v = 5)

From(6) we get

s = ¢,InT + RInv + const

- (7
s = c,InT—RInp + const
For dry adiabatic processes, i.e%ét = 0, the potential temperature ? is conserv
de [poDR/cp
_— = = T v By
n 0, © Op O (8)
The specific entrgpcan be gpressed in terms of potential temperature as
s = c,InB +const (9)
The dry adiabatic lapse rate is
a7’ _ g
dz = ¢ (10)

hS]

whereg is the graity of the earth

If the exchange of heat through condensation processes is considered, the thermodynamic(éjjbatiomes

d7  d(rsxl) RTdp _
et o  pdt @ (11)

whereL is the latent heat and,; is the saturation mixing ratio.
TheClausius—Clapgon equatiorgivesthe slopesof the curvesfor the saturatiorwatervapourpressuree ., (Fig.
1).

desa _ L
dT T(Uvap - vwater)

(12)
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wherev, ,, andv,, 4, arethespecificvolumesfor watervapourandfor water respectiely. Integrationof equation
(12) gives (assuming thal. = CONSt, v a1er € Vyqp ANAV,,, = R, T/ egy) the Tetens formula (Murray (1967)

where
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Figure 1. Phasaliagramfor wateris the (p, T') plane.Theinsetshavsthevapour—icesquilibrium (lower curve)

and the apour—liquid equilibrium (upper cuey at subfreezing temperatures.

2. CLOUD PHYSICAL PROCESSES

As was done for the thermodynamics, a short summary of the principles of cimidspshall be gen here.

Thereareessentiallytwo kindsof processssociateavith cloudsthatmustbe consideredn numericaimodelsithe
formationof cloudsandthereleaseof precipitation.Theformationof cloudsis dueto condensatioprocesses,e.
achangeof phasefrom watervapourto waterdropletsor to ice crystalsandvice versa.Precipitationpntheother

hand, is released by transformation of small cloud droplets irgerlaain drop$ig. 2.
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Figure 2. Schematic diagram on condensation and precipitation processes
2.1 Condensation of water vapour
We considetherethe chemicalequilibrium of liquid waterandof watervapour Measurementshow that, for the

caseof pureliquid waterandof purewatervapour theequilibriumsaturationvapourpressur@ver corvex surfaces
is higher than eer plane sudces according to

e, = emexp[%] (14)

wheree, is thesaturatiorvapourpressuref adropletof radiusr, ande,, is the saturatiorvapourpressurever
a plane suece. The fractior,/e,, increases with decreasing droplet radius, agshioTable 1

TABLE 1. FRACTION e,/ e, FORDIFFERENTSIZESOF DROPLETSAT 0°C

r(um) 10° 100 1 10
e./e, 1128 1.012 1.0012 1.0001

Thusa puredropletof radius 102 Km needsl2.8%supersaturatioin orderto bein equilibrium with the sur-
roundingwatervapour Sincenewly formeddropletsarenecessarilywery small,large amountsof supersaturation
are needed to start the condensationatewapour in pure air

In theatmospherehowever, relative humiditiesabore 101%arerarely obsened. Thereasonis thatvariouskinds
of smallparticlesthatsene ascondensatiomucleiarealwayspresenin the atmosphereDueto the hygroscopic
effectof theseparticlesasmallerequilibriumvapourpressurés neededor thevery smalldroplets We can,there-
fore, alvays assume that condensatioretaglace whewer the relatie humidity eceeds 100%.

Thedropletsgeneratedby condensatioprocessearevery small. The sizespectrunof clouddropletsin the pres-
enceof condensationucleirangefrom 0.1umto 10 pum.Fig. 3 shavsdropletspectraof variouskindsof clouds.
As canbe seennon-precipitatingcloudsas Scand Cu have arathernarrov distribution. This distribution canbe
explainedby dropletgrowth dueto condensationyhichis largefor thesmallestropletsanddecreasefor thelarg-
er droplets, thus leading to a navrspectrum.
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Figure 3. The mean droplet-size distitibns of \arious cloud types. (From Diem (1948).)

2.2 Release of precipitation

Thewaterdropletsformedby condensationf watervapourarevery smallcomparedo raindropsn drizzleandin
rain, which have a sizeof 50-100um and1000 um, respectiely. Therefore processestherthancondensation
mustbe presento form rain drops.Thetwo processethatarebelievedto be the mostefficientin producingrain
drops are coalescence and theg®eon process.

Coalescence occurswhenwaterdropletsaremoving with differentfall speedslueto their differentsizes By col-

lision and fusion the Iger droplets increase in size. Thewtto rate of a collector droplet may be prescribed as

dD - Em
dt 2pwater

1% (15)

whereD is thedropletdiametey V is thefall velocity of the collectorrelative to thesmalldroplets,p,, s iS the

densityof thedropletandm is thecloudwatercontent.E is theefficiengy of collection.Theefficiengy of coales-
cencaedepend®nthesizespectraf thedropletsandis moreefficientfor abroadeispectrumCoalescencbecomes
efficientonly if dropletswith radii largerthan10 um arepresentCoalescenceesultsin a significantbroadening
of thespectrunof theclouddroplets However, largeraindropsareproducednly in cloudsof largeverticalextents

(depthsof severalkm) which enabledalling dropsto collectenoughsmalldroplets.The coalescencprocessan,

thereforereleaseprecipitationin deepwaterclouds.This precipitationprocesss importantin low latitudes where

deep clouds of high ater content are presentitlit is not \ery eficient at higher latitudes.

Bergeron Process. The mostefficient procesf precipitationat higherlatitudesis associatedavith the formation
of ice particlesattemperaturebelowv about—15° C. Generallyice particlesform by freezingof supercooledvater
dropletson variousfreezingnuclei. Freezingnucleiplay a similar role to thatof condensatiomucleifor the con-
densatiorprocessThey initiate freezingat temperaturesf around—15° C. Ice particlesthatarealreadyformed
grow very fastby collectingsupercoolediropletsbecausehe equilibriumvapourpressurenver ice is lower than
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overwater(seeFig. 1). Thepossibilitythatprecipitationis initiated by theformationof ice crystalsatlow temper-
atures vas first mentioned bgergeron(1935).

Spectra of rain drops. Spectreaof rain-dropsizesobsenedin the atmospherareoftendescribedanalytically An
analyticaldistribution thatis often referredto is thatderived by Marshalland Palmer(1948)from obsenational
data

N = Nyexp[-AD]

whereNN is the number of raindrops per unilyme of airand N, andA are empirical parameters.

3. PARAMETRIZATION OF NON-CONVECTIVE CONDENSATION AND PRECIPITATION PROCESS-
ESIN NUMERICAL MODELS

In this paragraphwe considercloudsassociateavith thelarge-scaldlow asresolhedin numericaimodels.Typical
examplesof this cloudtype arethe cloudsassociatedvith fronts. As for otherprocesses;ondensatioprocesses
andprecipitationprocessesanonly beparametrizethy meansf thelarge-scalevariableggivenatthemodel'sgrid
points,which areavailableatvery coarseesolutionof, say about100km in thehorizontaland1 kmin thevertical,
andin timeintervalsof 10 min. Themostimportantparameterarehumidity, temperatur@ndverticalmotion.The
vertical velocity determineghe condensatiomateand,therefore the supplyof liquid watercontent.Temperature
alsocontrolstheliquid watercontent becausehe maximumamountof vapouris a function of temperatureThe
temperaturelistributionin acloudis alsoimportantfor thetype of precipitation—rairor snav—asmentionece-
fore.

Theparametrizatiof cloudprocessemustbekeptvery simple,sincethe numericalintegrationsmustbe carried
outin areasonabléme.Two simpleparametrizatioschemeshatareusedn numericaimodelsaredescribedhere.
In the first schemeonly condensatiorof water vapouris consideredwhile cloudsare not parametrizedThis

schemas frequentlyusedin numericalmodels.In thesecondschemethecloudwateris predictedandtherelease
of precipitation is parametrized in a simplaywv

3.1 Schemewithout cloud stage

In thisschemeéhecloudstagds skippedandit is, therefore assumedhatall the condenseavatervapouris imme-
diately corvertedinto precipitation.This schemds easilyimplementedn a numericalmodel. We considerthe
modelequationdor the large-scalevaluesof temperatureandmoisturewhich, in the caseof a grid-pointmodel,
prescribe the time changes of the temperafurnd specif humidity: at the grid points.

T _ smy+Lc

61; ¢,y (16)
r = —
& = A(r) C

ThetermsA(T) and A(r) includeall the adiabaticanddiabaticprocessesxceptfor the condensatiof water
vapour The condensation ratg is the rate at which the saturation mixing ratig changes in saturated.air

- drey

¢ dt
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In numericalmodelsthe condensatiomateis generallydetermineddiagnostically Therefore preliminaryvalues
T andr are first predicted by géecting the d&cts of condensation

T" = T"*+2AtA(T)

*

. 17)
ro=r""T+ 20tA(r)

If the air is found to be supersaturated

r>re(T)

T  andr areadjustedo their saturatiorvalues,which arethenthefinal valuesT" ** and " ** attime step
n+1

- L r —rsat(T*)

™ =T -
cp1+ Adrsat(T )
c, dT
. . (18)
rn+1 — r*+ r _rsat(T)
1+ Qd"sat(T )
c,p dT
?These corrections follofrom
AT = —£Ar, Ar = rsat(Tn+l)—r*

Cp

where the saturatioraluer, is that for the corrected temperature which is approximated as

rea(T" ") Ore(T7) +

drey,
9T (T )AT

The condensation rai€ is therefore gien as

* _ T*
C= Z—Lr—rsaa( ) (19)
14 L% sat

¢,y dT

As the assumptioris madethatall the condensate@vatervapourimmediatelyfalls out asrain, the precipitation
rate is (units mHzosec'l)

1

pwater

P =

J’Cp dz
0

wherep,, .o IS the density of ater
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3.2 A cloud parameterization scheme

Most numericalmodelsconsiderthe condensatioprocessessdescribecbefore. The cloud phaseis skippedby
assuminghatthecondensewatervapourfallsimmediatelyoutasprecipitation Althoughthereleasef latentheat
seemghe mostimportantprocesdor thelarge-scaldlow, the formationof cloudsandthereleaseof precipitation
may alsobeimportantasthey area partof the hydrologicalcycle. Consequentlyherehave beenseveralattempts
to parametrizecloudsand precipitationprocessespotableschemesare thoseby Kessler(1969)and Oguraand
Takahash{1971).Kessler'sschemas designedor warm clouds,sinceit considerghereleaseof precipitationto
be mainly due to coalescencewhereasOguraand Takehashidesignedtheir schemefor cumulusclouds. The
schemealescribecheretakesinto accounthe two mainprocessesnportantfor the releaseof precipitation—coa-
lescencaandthe BergeronprocessThis scheméhasrecentlybeenproposedy Oklandwhile stayingat the EC-
MWEF. The adwantageof this schemat thatit is ratherinexpensve for computercalculationsandthatit takesthe
mainprecipitationprocessemto accountAs theschemeonsidersloudwaterasafurthervariable theprognostic
equations are, therefore

oT L

Fri A(T)"‘c—p(C—Edd—Erain)
0

a_; = A(r)_(C_ECId_Erain)

or

a_;ld = A(rcld)+C_Ecld_Erain
P _ 1 .

E - pwaterI(Grain Erain)

z

r andr4 arethemixing ratiosfor watervapourandcloudwatet respectrely. E 4 andE,,,, aretheevaporation
ratesof cloud waterandrain waterand G, is therateof releaseof precipitationdueto corversionfrom cloud
water to rain \ater

Theparametrizatiomf condensatiorC is donein the sameway asdescribedefore,andthe evaporationof cloud
water E 4 due to increase of the saturation mixing ratio is similarly calculated.

The release of precipitation is parametrized asva@lowo types of precipitating clouds are considered.

(@  Cloudswith low temperatureatcloudtop: T'y,, < T’ With T’ -15° K . For this cloudtypeit
is assumed that the total liquid cloudter is immediately released as precipitation.

(b)  Cloudswith temperaturest top above T';;: T
Wea> Wi, with W 02 mmy o, where

top > Terir but with a high cloud water content

1 top
Weg = — _[ T'egP dz

water
base

It is further assumed that cloudhter in ecess of this criticalalue is instantaneously renea as precipitation.
Besides the condensation processes and precipitation processes, wiedgglocesses are also considered:
(&)  Evaporation of raing
(b)  Collection of cloud water in non precipitating cloud layers by precipitation fronvel{é, ,)) . |

These processes are parameterizedvislliigessler (1969).
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Erain = Cl(rsat_r)pa
b
(Grain)eon = CoraaP

whereC,, C,, a andb are constants.
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