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RESUMEN

En esteartículo se incluye un breve repasoa la clasificaciónde modelos
climáticosbasadosen gradosdelibertad, mencionandolasventajasdelesque
se aplicana promedioszonales(ZACM). Concretamente,los dos modeles
que se describen,uno cuasi-geostrófico(QG) y otro más completode ecua-
ciones primitivas (PE), se utilizan para realizar experimentosnuméricos
sobreel cambio climático inducido por anomalíasen la temperaturade la
superficiedel mar(SST)y por alteracionesen las característicasde los suelos.
Los experimentosrelativosa anomalíasen la SSTconsideranlas situaciones
correspondientesa los conocidosfenómenosde El Niño y La Niña. Los
resultadosmuestranque duranteEl Niño, tanto la corrienteen chorro sub-
tropical como la circulación de l-ladley se intensifican y la temperatura
superficialdelmar aumentaen la regiónperturbada.En el caso de La Niña
se observala situación opuesta.Por otra parte,en el experimentocorres-
pondientea alteracionesen las característicasdel suelo se consideranlos
efectosinducidospor procesosgeobotánicos(deforestacióny desertificación)
en el clima. Los resultadosmuestranquela alteraciónen la temperaturadel
suelosedebemás al cambioenel ritmo de evapotranspiraciónque en el del
albedo.

ABSTRACT

A brief review of tite classificationof climatemodeisbaseden degreesof
freedem is given. Tite advantagesof zonally averaged climate models
(ZACM) are mentioned. Two ZACM are described, a simple quasi-
geestropitie(QG) medeland a morecompletepimitive equatiens(PE) global
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model. Titese are used te conduct numerical experimentsregarding (he
climatie citangedue te seasurfacetemperatures(SST) anomaliesand land
surfacealterations.Tite experimentsregardingthe SST anomaliesconsider
tite situationsof El Niño and La Niña. Tite resultssitow that in tite El Niño
sstuationtbe subtropicaljet streamand ibe Hadleycirculation are intensified
and surface temperatureincreasedin tite perturbed region. Tite oppositc
situation occurs in tite case of La Niña. In tite experimentof surfacestate
modificarion tite interactionbetweentite geobotaniestateasid tite cliiwate is
considered.Experimentsare conductedregardingdeforestationanddesertili-
cation.Tite resultssitow titat tite citangein tite evapotranspirationratiter titan
tite changein tite surfacealbedois tite predominanteffect in regulatingtite
ehangesin tite surfacetemperature.

1. INTRODUCTION

Tite earth’s climate changes.It has citangedmany times in tite past, it is
changingnew and in tite future it will continuete evolve. Climatie citange
eculd be partly natural and partly man made. Climatie change due te
fluctuationin tite earth’serbit is an exampleof naturalcause.Futureclimatie
changeunlike tbat of tite past can partly be alfectedby humanactivitv. One
humanactivity witicit itas receivedmucit attentionrecently is tite increaseof
pollutien witit gasessuch ascarbendioxide. Measurementsunambigueusly
showthatcarbondioxide hasincreasedby abeul25%during tite lastcentury.
Whether the rccent mercasein temperatureat eartit\ surface(.Ienesci aL.
1986a;Jonesel aL. 1986b; Karoly, 1987) is duc tite mercaseof carbondioxide
is still somewhatcontrovertial (ldso and Mitehell, 1989: Lindzen, 199(1).
Anotiter ituman activity witieit again itas important iniplication lcr climatie
citange is tite land surfacealterationsuch as deforestation(Dickinson and
Hendersen-Sellers,1988; Dickinson, 1989;Shuklaci aL, 1990).

Undoubtedlyit would be neccssaryte know tite future eliniatie ehangete
get prearedfer such a change.Future climatie changecan be inferred by
meansof matitematicalmodels. Like any naturalpitenemenon,climateand
¡ts citangeare presumablygevernedby physicallaws.Titesepitysieal lawscan
be written in terms of matitematicalexpressionswiticb constitutea model.
Cemputercan be utilized te caleulateitew elimate will evolve u lime in
accordancewitit tite laws.

Tite complexity of elimare niodeis togeiher with tite limitations su
computationalreseurcesnecessil¿ikssimplificatiensand assumptiens.Titis
lcd te tite developmentof a itierarcity of climatemedels.Climatemodelscan
be classifieden tite basisof tite degreesof freedem(Scitneideraud Dickinson,
1974).

Tite simplestclimatemedelsare the ene-dimensionalradiative-conveetive
models(RCM) (Manabeand Wetiterald, 1967: Rasoeland Schneider, 971).
Tite RCM usually incorporate relatively detailed treatrnent of radiative
processesand permir Ver exampleinvestigarionof tite ronsequencescl global
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scale changesin atmosphericcomposition. Normally 14CM give only tite
vertical profile of global meantemperature.

Wititin tite class of one-dimensionclimate medelslic tite energybalance
models (EBM) witercin vertical integration is done in order te treat
latitudinal variationof tite climate in termsof surfacetemperature(Budyko.
1969; Sellers, 1969).

More complexclimate medelsare tite generalcirculation models(6CM)
whieh are used in tite studiesaimed at obtainingdetailedevolutionel regional
and seasonalbeitavieurof climate. In titese modelstite beitaviour of climate
is determinedexplicity. Tite cxplicit calculationsof tite complete synoptic
atmospberic(oceanie) beitavieurcan make tite system being modelled as
complex as tite real system witicit makcs it difficult te analyse and
understand.Furtitermere6CM require large computingfacilities.

An intermediateclass.of modelsare tite zenally averagedelimate modeis
(ZACM) in which tite treatmentof radiativeprocesescanbe assopitisticated
as in tite 6CM but somewhatsimplified from tite detailed14CM. Wbile tite
RCM and EBM consideronly tite titermedynamicsof tite system,ZACM
includes tite treatment of dynamics usually by allowing two atmospheric
layers. Altitougit tite synoptic- systems are not included explicitly, titeir
statistical cffects are included titreugb parameterization(Saltzman and
Vernekar,1968;SaltzmanandVernekar,1971;SaltzmanandVernekar,1972;
Stone, 1974; Stone and Yac, 1987). Becauseof titis, ZACM are sometimes
referred te as statistical dynamical climate models, altitough sorne (cg.
Saltzman, 1978) preferte a makca furtiter distintion. Anotiter advantageof
ZACM in cemparisonwith 14CM and EBM is tite inclusion of both
latitudinal and vertical variation, therebypermittingmoreexplicit treatment
of many feedback mecitanisms.Some of tite recent ZACM even include
eceaniecoupling also <Harvey, 1988a; Harvey, 1988b). Becauseof titeir
simplicity cemparedte 6CM, titey requirefar less computertime. 01 ceurse
sorne of tite advantagesare counterbalancedby loss of regional resolution
and also tite errors and limitations are necessarilyintroducedin tite process
of parameterization.

Becauseof titeir intermediatepesitien,ZACM canbe helpful in tite design
and analysisof 6CM studiesand in generalizingtite resultsof simple EBM
and 14CM studies. Titus ZACM can be titougitt of as making a bridge
betweensimpler EBM and sopitisticated6CM.

Tite mest importantsimplification madein ZACM cemparedte 6CM is
tite parameterizationof eddy fluxes of iteat and momentum. Meridional
transportof heat is parameterizedusingexcitangecoefficicnt (Adem, 1962:
Saltzman, 1968; Green. 1970 and others). Tite pararneterizationof eddy
momentumflux is mucit merediffieult becauseit is up tite gradientof angular
velocity and becauseof titis a simple treatmentof dilfusion is not pessible.
unless ene contendste use negative excitangecoefficients. Saltzmanand
Vernekar(1968) developeda sopitisticastedparameterizatienof momcntum
transpert.Wiin-Nielscn andSela(1971)havesitown usingobserveddatatitas
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it is possibiete parameterizetite momentumtranspon indirectly tbroughtite
useof excitangecoefficient fer quasi-geostrephicpotential vorticity and for
iteat.Selaand Wiin-Nielsen(1971), Oitring and Adíer(¡978) and Gutmanel
aL (1984) itave shown that sucit a parameterizationcanbe usedsuccessfully
in ZACM.

Tests of sensitivity due te changesin the beundaryconditionscan be
ínvestigatedusing ZACM. Oitring and Adler (1978) studied tite effect of
changesin tite amount of carbondioxide, in the solar constantand in tite
cleudconíent.Poiterand Cess(1984)andJungaud Bach(¡987) investigated
tite cffect of acrosolsontite distribution of zenally averagedtemperature.
Anotiter example of thc study of sensitivity is the impact of sea surface
temperature(SST) anomaliesen atmospitericcireulation. Tite effect of SST
anomaliesis studiedusing 0CM (Shuklaand Wallaee, 1983; Lau and Oort,
1985; Moura and Shukla, 4981). Nevertheless,ZACM can be used te
determinetite rangeof variationsduetite impactof SST anomalies.Onesucit
exampleis the studyof Wiin-Nielsen(1986) regardingdic El Niño situation.

Recently mucit effort has been dedicated in ihe study of interaetion
between surface characteristies(vegetation, soil moisture, etc) and tite
everlyingatmosphere.A model which ineludestitesebiogeophysicalfeedback
(biofeedback)mecitanismscan be used to tcst itypothesesregarding tite
climate modification duete citangesin the surfacecharacteristicswiticit can
be naturalor mañmade.Complexparameterizationsof biospiterehavebeen
incorporatedin sopitisticatedclimatemodeis(Mintz el aL, 1983;Sellerseí al.,
1986; Dickinson el al., 1986; Dickinson and 1-lendersenSellers,1988;Shukla
cí aL, 1990) -
- However,consideringtitat titese0CM involve manycomplexprocessesit is
difficult te tracetite exaetcauseof a giveneffect. SosimpleZACM are useful
in titis coníext. Also ZACM are more economicalfor conducting a large
numberof experimentseoncerninglong term climatie changes.

In spite of tite usefulnessof ZACM only a few studieshave beenmade
witit titesemodelsregardingtite climatic effectscausedby surfacealterations.
One of tite pionening studiesin titis Une was that of Charneyet al. (1975).
Using a quasi-geostrophicmodel without tite considerationof itydrological
cycle, they showed thai increase of albedo produced subsidencewhich
perpetuateddesertconditions.Ellsaesserel aL (1976)and Potterel aL (1975)
cenducted experimentsof desertification and deforestatien respectively.
Gutman en al. (1984) using a version of tite Ohring and Adler (1978)
hemispiteriequasi-geostrophicZACM incorperateda parameterizationof
biofeebackmechanism.Gutman(1984) studiedtite hemisphericresponseof
land surface alteration like deferestation,desertification añd irrigation.
l-lcwevcr Gutman el aL (1984) consideredonly tite Northern Hemispitere
(NH).

In tite presentarticle we describetwo ZACM: 1) a quasi-geostrepitic
medel similar te that of Sela and Wiin-Nielsen (1971) extendedte tite
SouthernHemispitere(SR). New excitangecocfficicnts using tite observed
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dataare also determined.2) a primitive equationsmodel similar te titat of
Taylor (¡980). Taylor’s model neglected latent heating and evaporative
cooling. Anotiter physical processnot included in Taylor’s model is tite
subsurfaceconduction in the surface heat balance. AII titese physical
processesin tite presentmodel in addition te biofeedbackmechanismare
similar te thoseof Gutmanel aL (1984). In section2 tite quasi-geostrophic
model togetiter with tite experimentsof El Niño and La Niña are given. In
section 3 tite primitive equations model is described togetiter with tite
experimentsof deforestationamI desertification.In section4 tite summaryis
given.

2. STUDIES WITH A ZONALLY AVERAGED QUASJ-GEOSTRO-
PHIC CLIMATE MODEL

In titis sectiona brief descriptionof a zonally averagedquasi-geostrophic
model is given. In addition tite calculations of the transpert of quasi-
geostropitiepotential vorticity andtite excitangecoefficientsfor tite NR and
SR whicit are necessaryfor tite formulations of tite model are given.
Numerica] experimenisconducted with tite model regarding tite elimate
effectsdue te the anomaliesof SST,particulary the casesof El Niño and La
Niña are also presented.

a) Quasi-geostrophicpotential vorticity transportand tite determinatienof
tite excitangecoefficients.

Tite proceduirbr tite caiculationof tite meridional transportof quasi-
geestropitiepotential vorticity (Qv) has been describedin detail by Wiin-
NielsenandSela(1971).So hereweonly presentbriefly tite metitodgiving tite
necessaryformulae.Tite meridional transportof quasi-geostropiticpotential
vorticity may be evaluatedusingtite formula:

(iAjcos24— dE 11 1
- acos2ct 84 6p~ap j [1]

wherc iiV is tite meridional eddy momentumtransport; Pv, tite eddy heat
transport;R, tite gas constant;4, tite latitude;p, tite pressure;a, Tite earth’s
radius; ~, tite static stability parameter,andfo tite Coriolis parameterat a
referencelatitude,say,450 N(S).

Fromequation(1) tite meridionaltransportof quasi-geostrophicpotential
vorticity canbe computedusingthe dataof tite momentumtransportandthe
heat transport. Franchito and Rae (1991) evaluated Qv for botit tite
itemispiteresusingtite dataof Oort andRasmusson(1971)for tite NH andtite
data from tite National MeteorologicalCenter(NMC) for tite SR:

Figures 1 and 2 sitow tite computedvaluesof Qv for the NR and SH,
respectively.It can be seentitat tite transportof quasi-geostrophicpotential
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vorticity is qualitatively similar in botit tite hemispiteres.Tite transport is
negativeovermostof tite atmosphereexcept_overa thin layerneartite surface
where it is positive. The citaracteristicof Qv shown in titese figures itave
interesting injpjications for dynamics of baroclinie waves. Tite changeof
direction of Qv due te a titin region of positive transportnear the surface
satisfíestite requírementfor baroclinicinstability te eccurin tite trepospitere
(Charneyaud Stern, 1962; Sciteneiderand Dickinson, 1974). Furthermore,
tite regions of negative Qv in tite free atmosphcre are tite regions of
convergenceof Eliassenand Palm flux (Edmon en aL, 1980) and tite titin
region of positive Qv near tite surfaceis equivalentte titis divergence.Titis
agreesweB with tite characteristiesof baroclinicwavesdiscusscdby Edmonen
aL (1980) and Randel and Stanford(1985).

Tite transportof potential vorticity can be parameterizedin terms of an
exehangecoefficicnt and gradientof meanpotential vorticity (Green, 1970;
Wiin-Nielsen and Sela, 1971):

— ~a¿q [2]

and

ad<t aOQ _ 211cos4, 1 diicos4¡ a (í~ dii

)

witere Q is tite zonally averagedquasi-geostrophicpotential verticity; fi, tite
eartit’s angularvelocity,_and¡7, tite zonalwind.

Usingtite valuesof Qv given in figures J and2 tite data0177given by Oort
and Rasmusson(1971)for tite NH and tite NMC datafor tite 51-1, Franchito
and Rae(1991)determinedtite valuesof K0 for both tite hemíspiteres,which
are shownin figure3 andfigure4. ‘[bese valuesare usedin tite simpleclimate
modeldescribedin tite follewing.

b) Descriptionof tite model

Tite climatemobel is similar te that developedby Selaand Wiin-Nielsen
(1971), witicit considerstite zonally averagedform of tite quasi-geostropitic
petentialvorticity equation. However, tite parameterizationsproposedby
Saltzman(1986)rather titan tite Newtonianform of approximatienare used
for tite diabatieheating.So,physicalprecesseslike shortwavesolarradiation,
longwaveradiation,small-scaleconvection,evaporationand cendensation,
latent iteatrelease,andsubsurfaceconductionare incorporatedin tite model.

Tite prognostieequationsare:

di a
2cest~~ ~ (K~íco d~l q2R —O•~l 1 d~k J 2f¿-,, ~ [4]
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0Q3 _ 1 0 - ~FR———.

Oí a2cos~ O~ \ v3cOS~P’
8<1,) 2< [5]

witere tite overbarrepresentstite zonalaverageand Qí and Q~ are titLguasi-
geostropitie potential verticity at 250 and 750 mb, respectively; ~a’ the
atmoÁpitericdiabatic heating; K~ and kL titc excitangecoefficientsof Q’
and Q~, respectively;q

2, A and e, are constants,given by Wii-Nielsen(1972),
and 4~ and 4, are given by

[6]

[7]

Tite equationfor tite zonally averagedstreamfunetion ‘/~- is

_____ a —\
a ‘fu —q qt2 ces~ ]( ces~~ ,, ~= 2 [8]

Tite zonally averagedtemperatureat 500 mb (Ti) is obtainedusingIhe
relation:

Rl
2 [9]

Tite zonally averagedsurfacetemperatureis obtained at eacit time step
througit tite surfaceheatbalance:

ZHÁiw~O [10]

where fi, is tite surfacediabatic heatingand M is tite numberof physical
processesconsideredat surface.

Tite grid interval is [QO latitude. Tite initial state is an isotitermal
atmospitere(270 1<) at rest. Tite equationsare integratedusing an implicit
temporalseiteme.Tite metitod of tite tridiagonalmatrix of Ricittmeyer(1957)
is used in tite integration of equations(4), (5) and (8). The beundary
cenditionsare:

a——--—

Qu~
4’r)~O,

400t>,90tN(S) - [II]

Tite zonally averagedvertical velocity ~ is calculatedusingtite thermody-
namie equationapplied at 500 mit:

q
21’, F O _ í al 8~/i~ \ R
~ 2 j 1,, FC

11 cesct J — ff4
O ~> ~/¿c~,

[12]
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witerep2~5O0mb and FC,, is tite excitangecoefficientfor tite heattranspon.
FC,, is calculatedfor botit tite NH and SH fellowing tite preceduregiven in
Wiin-Nielsenand Sela(1971).Tite dataused for titis purposeare tite sameas
mentionedcarlier.

lite funcrional formsof dic diabatieheatingare gÑen in Table 4, where
Ib0 is the intensity of solar radiation at the top of atmospitere;r0, the albedo
of atmespitere;r,, the surfacealbedo: ~ tite opacity of tite atmospherete
solar radiation: u1 and u2 tite factors lcr dcwnward and upward effective
blackbodylengwaveradiation,respectively;0i, tite Stefan-Boltzmanconstant;
xv, tite water availability parameter; k, tite factor propertional tu tite
conductive capacity of surface medium: -y tite longwave absorpivity of
almespitere;E0, tite subsurfacetemperature:and it e, e, and Pareempirical
constantsgiven by Saltzman(1968).

lable 1. Funetional lorms Ver tite diabatieheating.

U, (i) parameterization

1 sitertwavesolarradiation (1 ——Q (1 r ) (1 r,) 110

2 longware radiation a«(Vr ¡ ~ T ~>

3 srnall sealeconvection —1, ((1 1,)+ e)

4 evaporatienand condensation 77 (cli (3) + 1)

5 subsurfaceconductien A (1 7

H0 (i) pararnctc.ni~mtion

1 shortwavesolar radiation x (1 —e1,) 11,,

2 longwaveradiat ion u1~( u ~ (Vr + vi) 7%’)

3 small—scaleconvection — II~ (3)

4 releaseof latent iteat —1I,.(4)— ¡¿¡4 (0

Tite lormulationof¡/~ (4) in Table í is similar to •that giveri by (iutman el
aL (>984). Ehis parameterizationsuggeststital tite precipitation is dependent
on tite evaporat~enandJ L is tite latent iteat of vaporizationaud a~ is an
empirical eonstant.

In addition, the valuesof tite wateravailability parameter01. tite surface
albedo (¡,) and subsurfacetemperature(T,,) are obtained follcwing tite
preceduregiven by Saltzmanand \‘ernekar (1921. 1922):

Ii
1twttú~ ±h Woi ~ ~l~¡

3~ i,<>~ + (j, + /5) ~ ~ [13]

e, p r,~< [14]+ (1+j~ ±¡5) e, ¡~ +fl ~ ¡ami

[15]
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witere¡1¡, andfl are tite fractienof ecean.seaice and land;j4 is tite fraction
of land covered bv transientsnow; .,i~ is tite fractien of land cevered by
permanentice and snow; T1,¡, and TuL are tite subsurfacestemperatures111

oceanand lititospitere, respectively.

e) Numerical experimenís

Tite experimcntspresentediterecensidertite caseof anemaliesof SST.in
particular tite situationsof El Niño and La Niña. In titese experimentstite
model is applied separaíelyte boíh tite itemispheres. [he values and tite
loca]izationsof tite anomaliesof SS1 aregiven in Table 2.

lable 2. Values and lccalizatiens el tite anomalies cf 55~f in the
experimentsof El Niño and La Niña.

El Niño La Niña

ST(K) áT(K)

50 N 0.5 150 N 1.0

50 N 2.0 5~ N —4.0
50 5 4.0 50 5 —4.0

150 5 2.0 l5~ 5 ¡.0
250 5 —1.5

Tite principal resu¡ ts (pertu rited mi rius centre>) regardi ng tite zonallv
averagedq uaniitics:surfaceand 50<) mb temperatures, zonalwind al 250 mb.
vertical vclociiy at 500 mit, evaporation and precipitatiou are sitown iii

ligures 5—lO. respeet¡vely.Tite experimeníof El Niño is representedby fulí
mes amI tite experimentscf la Niña by dashed mes.

As can be súen in ligures 5-ID tite most notabledeviaticns oceurin the
periurbedarcas.lo tite caseci El Niño itere is an mereasein tite surfaceand
500 rnb temperaturesas can be seen in figures 5 and 6. respectively. tite
laruesívariatio mm of he 1cm peraturesoceur in tite regicosw itere tite sourees
of anom~ilies arestrongesLAs a c<)nsequcnceof tite titermal wind balancetite
zonal wind is i niensified as can be seenin figu re 7. Tite it igitesí deviations
oceur in tite latitude belts inrnediatelysituated non hward (soutitward)from
tite perturbedarcasin the NR <SR). Also tite HadleveclI is iníensifiedand tite
evaporatíenmercasesin tite periurbediones as is sitown in figures 8 and 9.
respecíively.As a censequencetitere is an mercasein tite precipitation in tite
tropical region (lig. 10). An interestingaspecíis thai tite variaticosare greater
in the SU!. Titis can be relatedlo tite lací tital tite szreastestanomaliecf 5SF
is imposedin tite lalilude belí ceniered o 503 as is indicatedin Lable 2 and
aÑo becauset te transponisare aÑo less i u tite 5 H -
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3. CLIMATE STUDIES WITI-I TItE PRIMITIVE EQUATJONS
MODEL

Altitough quasi-geostropbicmodelsareadequatefer tite treatrnentof tite
dynamicsof tite atmespherein tite extratropicalregion.te simularetite mean
meridionalcirculationboundaryconditionsin tite tropical zeneare necessary.
Wbentite iníeractiorisbetweentite tropiesanditigiter latitudesareconsidered
tite use of primitive equatiensis mereappropriate.Moreover, a primitive
equatiensmodel is better suited te conduct experimentsen land surface
alterarioristitat occur in tropical and subtropicalregioris.

a) Descriptionof tite model

Tite climate model is a two-layer zonally averagedprimitive equatioosin
sigma-ceordinate,similar ro titat usedby Taylor (1980). Tite model includes
parameterizationsof frictien, diabatie heatiríg and large-sealeeddies.
However improvementsbave been made te permir tite inclusien of sorne
importantdimaneprocesses.Taylor’s model is hemispiterie(only tite NH is
considered) and has limitatioris, as regards tite physicai processesare
consídered.The presentmodel is extended te tite SI-! also, so titat it is
pessiblete study simultaneouslytite climatological features of botit tite
hemispheres.Anotiter advantageof tite global model is tite mererealistic
simulation of tite Hadley celí becausethereis no bouodarycondition at tite
equator.

Tite zenally averagedprimitive equationsin tite model are:

a _ 1 0 tan4

>

*ñVces4>)±2p*6,i,p*Fp*77~acos4>d4> a

a ____ — tan4> (16)
a ces4>04> U9 +P U’ a

6 1 6 naníta ces (p*NtAces4>)±2p*u,v,+pJu+pu
a

f)* d~ o¡>~~ 8p~ a _ (p’%”2cos4»

— a ~ — a ces ~aT EF

____ — tan4

>

‘F 2p~ 64 ~ p* u’~ (>7)a

a + iTcos4>) — 1

>

—QP T) ~ ~ 7% — _____dr acos4>a4>
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1 0 ___

__ II (p*v’7’ces4>)ZV2p*64 7% (18)
e,, a ces4>04>

— 1 0 (19)4acos4>04>

= <I~, + ~ it (0¡ Q + U; i~ ± —‘e
1, 02 p~—k¡ c), <~~>3 <~<~ — 11/<½‘> (20)

2 -. 2
j 0

+ ~~ijp*(Vr+VO/2]=() (21>

3m aces4>

In titese equationstite deviatien of (he zonal averageis indicated by a
prime. Fite equatiens(16), (17) and (18) are applied at levels 1(250 mb) and
3(750 rnb> so the subscripts1 and 3 are omitted. Whena equatienisapplied
at a particular level tite appropriatesubscriptsare attacited. Furtiter, tite
pesitive and negativesings in equatiens(16)-(21) releete tite two levels, (he
uppersign lcr level 1 and the lewer sign lcr level 3.

Anotiter improvementintreduced in (he preseotmodel in relation te
>aylor’s medelis lite incerporatienof tite physicalprocessesnot meludedit;

his model, namcly the heat fluxes due te (he release of latent heat,
evaporationandsubsuriaceconduction.Tite funtional ion elthe subsurface
heat flux is taken from Saltzman([986). Tite surfaceevaporationaud tite
diabatieiteatingduc te the releaseof latent teal are parameterizedin a lorm
símijar to thai given by Oulman cm al. (>984). lite ciher cernponeol o>

atmospitenieand suríace heatíng Ii ke tite sitortwa e amI longwaveradial ion
aod small—scale COnvectiol; have tite u netional lo rms similar (o titose
proposedhy Saltman([986) adeptedlcr a two—layermodel by laylcr (1980).
[he lunetional lerrus of tite diabatie iteating are similar to titose given in
lable j with excepúenel sunaceevaporation flux whicit wilI be d iscussed
latten i n titis section -

Tite mcdel a so i neludes tite p animeteeízation of (he b ioleedback
mcctauisrnswtich link tite surlacestatete tite atmosphcnicprocesscs,so thai
it is possible lo study tite interaeticos bctwecn tite geobotaniesUite aud
climate. ‘lite metitod adepted is titat given by (juiman ¿‘u al. (1984). lii
Gutmancm aL tite geebotaniesíate,eharacterizedby ¡he la nd sunaceal bedo
aod water availabi1 ity parameter,is dependcnten 1 he radial ve i odcx of
d rynessdelined as tite ratio betwecntite annual radiation balanceamI (he
annual precipitation. lite parameterrz.atíonssuggestedby Gutrnan el aL
consider only tite N 1-1 - 1 u tite presenímodel new paramúeri¡ationsion tite Sí!
are included.

Acconding te (iutrnan en al. nietitod of panarneicnizaticí; tite zoíiallv
averagedevapotranspirationis given hy:

1•/, (4) = ( 11/1 .)(¡~ Ea, + (1 —Jo ,a1 )‘ 7~ >0 j22
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itere 1? is tite surface net radiation and a1, a, and 77<> are coostants
independeníof tite latitude. Witen 11<0 tite evapotranspirationis Iaken as
zero.

Tite water availability parameterand tite surfacealbedo itave difl’erent
parametenizationfor tite NR (Gutman cm aL. [984) and SR (Franchitoand
Rae, 1990b):

Northern 1-lemispitere

W 1.23 (tanit D)/D—0.33,D>0 [23]

0.07+0.06D 0=1
e, ~ 0.2—0.002a, 11 0<0<1 [24]

valuesfrom Sellers ([973) , D=0

SoutiternHemispitere

W=O.6658—0.69890+1.95 fl2 — 1.676 IÉ + 0.4208D
4 [25]

0.06859+0.056220 I)= 1
e, ~ = 0.22840—0.00138a, 1? 0< 1)< 1 [26]

valuesfroni Sellers (1973> I)=0

where O is tite radiativemdcx el drynessgiven by:

I> (11/IP) <~2 (i~ + (1 —A) aO [27j

where P is t he zonally averagedprecipitatienand a~ is a consUmí i n Nl!.
l-lowever, a

1 vacieswiíit tite latilude in lite SR aod it is given by:

a10.5+0.X 1) [281

lite model grid intenval is 10~ latitudeand tite initial siateis un isotitermal
almesr líe re (270 K ) at nest. ‘lite equatinos are ti me i u tegnated usi ng au
expl ei ¡ seheme.‘lite bouridary coridit ions a re:

4() al u 0, 1
¡‘ñ1) al 4>9fi0 N (5>

it> N u menicalexpenimenis

‘lite experimeotscannie(l out using tite pnimil ive equat onsmodel considei
tite elimatieelleciscausedby land surlacealiciaticus, particulary1 be casesof
delorestatien and desertilie&ion. l)eforcstation ant> desení lícal <¡u aíe
considcred as tbe d estn ucíion of vegela[ion by overgna/i ng :i ud exet551 \ e
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etilí ivatico of land i o tropical and semianid regions, respectivelv. lo eacit
experimení a perturbation o tite iand surface albedo and in tite water
availabiliiy parameter(a difcrent peeturbationis specilied in eacit case) is
imposedin tite latitude belts ceníeredat 50 N (5) (deforestationcase)and at
150N 8(5) (desentificationcase). Fite extentionof eacit latitude belí is l0~.

lo tite case of deforestationsite follcwing changesbayú been ¡nade: tite
land surfacealbedo citangesfrom 0.12 at 5~S and 0. ¡ at 50N to 0.14 and YV
citangesfrom 066 at VS te 061 amI from 075 ar 50N te 0.52. ‘[bis
conrepoodsto a citangeof tropical fcrest to savana.

lo tite caseof desentilicaticotite land surfacealbedochangesfrom 0.13 at
150S and 0.08 at 150N te Cl? arid TV citangesfrom 065 at VS ¡o 037 and
frem 0.64 ar 150 N te 0.31 - ‘Ibis conrcspondste a citange of gnasslandto
desert.

Fite principal results (perturbedminus control) regardingtite latitudinal
variation of tite sunace nct rad¡ation. evapotranspiration.vertical velocitv,
precipitatico and surface temperatureare presented in figures 1 -5.
respectuvelv.[u titesefigurestite resulis of tite deforesiationscsi are indicated
by fujI inc and tite results of tite desentificationtcst by dashed line. [be
resulísof botit tite experimentsare presentedtogetiter becausethev are. in
general,similar.

As cao be secoin figure 1 1 t itere is a decreasei o tite suflace net radial ion
in tite perturbedarcasin bctb tite itemispiteres.Fitis is doc te tite mercaseof
tite land surfacealbedoand consequentreductionof tite absorbedradiation
lux.
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Figure 1 2.—Sarne as figure II buí for evapotraospiraiion.

Figure 12 sitows titat diere is a decreasein tite evapotranspiratienin tite
zoneswbere the perturbaticosare imposeddue te a decreasein tite surface
net radiation and in tite water availability.

As can be noted in figure 13 tite aseendingbranchof tite Hadley eclI is
weakerin tite deforestationcaseand tite dewnwardmevementmercasesnear
150N (5). Titis can be interpretatedas a weakingof tite Hadley celí jo tite
deforestatienexperiment.An intensificationof tite HadleyeclI is obtaioedin
tite desertificationexperiment.

As a consequenceof tite mercaseof subsidenceand tite reduction of
evapetranspiratienin the perturbed regions titere is a decrease in tite
precipitation in diesearcasas can be seenin figure 14.

Figure 15 sitowstitat titere is an increasedf tite surfacetemperaturein tite
perturbedzones.TUis is duete tite fact that tite evapetranspirationdecreases
(becausetite decreaseof tite surfacenet radiation)in dieseregioris. Tite effect
of tite decreasein tite evapenativecooling overcomesthat of tite land surface
albedoand eonsequentlytite surfacetemperature¡neceases.

It can be secoalso in figures 11-15 titat tite citangesare greaterin tite
penturbedareasin betit tite hemispiteres.Titis agreeswitit Potterel aL (1979)
aodGutman(1984). Anotiter interestingaspectis that tite citangesare smaller
in ¡he SH. Titis can be justified by tite smaller larid ¡‘raction in titis
hernispitere.
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4. SUMMARY

Manifold pitysical processeswitich govern tite elimate system can be
studied using a itierarcity of models. A brief review of tite classificationof
climate modelsis given. Tite advantagesof zonally avenagedclimate medeis
(ZACM) are mentioned. Because of titeir intermediate pesistion in tite
itierarcity of climate medels,ZACM are useful both in the planing of more
detailed general circulation models and generalizing mucit simpler ene
dimensionalmodels.FurtitermoreZACM havetite advantageof consuming
less computatienaltime. Two ZACM are described,a simplequasigeostropitie
(QG) model and a mere complete primitive equations(PE) global model.
Altiteugit QG model is adequatefon tite treatmentof mid-latitudeprocesses.
a 1ff inodel is necessaryfor tite studyof tite interactionbetweentite tropics
and higiter latitudes.

One important quantity neededin tite fermulatien of a QG model is tite
exehange coeffieient for tite QO potential verticity. ihese exehange
coefficientsaredeterminedby Franchiteand Rae(1991)and tite method for
titeir determinationis given.

The PE medel developedis similar te tite itemispiterie model of Taylor
(>980). However tite mode] used itere is a global model and includes
additionalpitysical proeessesnot includedby Tayler sucit as tite evaporation
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cccli ng. rebase cl iateot iteati ng of ccndensation and co od uction cf
subsurfaceheating.

Annual meanceoditicosare simulatedby both QQ and CE modeisamI
diesenepnesent¡he control expeniment.Fite expenimenisrelatedto seasurface
temperatureanomaliesconsiderEl Niño and la Niña situaticos.Tite results
show titat in tite caseof El Niño dic subtropicaljet streamintensified,surface
temperature, 500 mit remperature,evapotranspirationamI precipitation
ricreased a tite perturbedregion and tite Radlev ccli iniensified. lo tite case

of La Niña opposilesituation oceurred.
lite FE model includestite parameterízatícocf a bicfeedbackmecitanism

wliicit liriks tite surfacesuitete tite atmospbericprocesses.Titus, it is possible
¡o studytite interactionbetweentite geobotaniestaíeand tite climate.Por tite
N1H pararneterizationof Gutmanel aL (1984) are usedaod fon tite SR new
parametenizaticosare denived.

Two experimenisare conducted regarding tite effect cf sunlacesuite
alteraticosen cli mate: ) deforestatico and 2) desertification.Tite nesulís
sitow tita¡ tite citangein tite evapotranspirationratiter titan tite citangeiii tite
surface albedo is tite predcminanteffect iii negulaúngtite citange ini tite
surfacetemperature

Aeknowlcdgemcnts

Thanks are due to Dr. It Satyamurty for earefully going ílircugh tite
manuscnipt.
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