| dentifying Evapotranspiration relationships for Input into
Rainfall-Runoff M odels using the SWIM mode

PW. Carlile®¢, B.F.W. Crokeb¢ and A.J. Jakeman?®:¢

2Schoolof Resourced:nvironmentandSociety
The AustralianNationalUniversity, Canbera, ACT, Australia,0200
paul.@rlile@anu.ed.au

bCentrefor Resourc@ndErnvironmenal Studies,
The AustralianNationalUniversity, Canbera, ACT, Australia,0200

¢IntegratedCatchmenAssessmerandManagenmentCentre,
The AustralianNationalUniversity, Canbera, ACT, Australia,0200

Abstract: Accurateestimatef evapotanspirationare oftenan essentiainput for rainfall-runoff modelling and
waterbalarce calculations.Presenmethod for estimatingevapotranspiation rely eitheron massbalanceor cli-

matic datameasurig wind, humidty, solarradiationandtemperatte. This paperpresentsan alternatve method
for estimatingevapotranspiation for input into semi-distriluted rainfall-rundf models. Threedifferent vegeta-

tion typesweretestedon a rangeof soil typeswithin a catchnentusingthe Soil WaterInfiltration andMovement
(SWIM) mocel. Theresultsfor wheatarepresentedh this paper Therelationshipbetweeravailablesoil waterand
evapotranspiréion wasthenidentifiedfor eachsoil type Thisrelationshipyvasthenusedto estimatehedistributed
evapotranspiréion patternfor a catchmat over time basedn particdar land-useandrainfall patterrs. Preliminary
resultsand the adwantageof usingsucha meta-malel apprachin semi-distrituted hydrological modellingare

presentd.
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1.INTRODUCTION

Evapotranspiréion is animportantcompamentin hy-

drology models. Withou accuate and reasonale

methals for estimatingplanttranspiratio, it is diffi-

cult to mocel land use changeaffects on catchmen
hydrology. Thereis a needto accurgely estimate
evapotranspiréion for a variety of vegetationtypes
growing in various soils. Many of the currert meth-
odsof estimatingevapdranspiratio requre comgex

anddifficult to measue inputdata(VandenBerg and
Driessen 20®; Zhanget al., 1999 Monteith, 1981,

Verhkurg etal., 199%). Othermethod arebaseddn cal-

ibratedparanetersthatrely on dubous assumptios,

or limit modellersto gawgedcatchmets.

Althoughtherelationshipbetweeravailablewaterand
transpiation is well known, rarely are the relation-
shipsdetermine for soil and vegetationtypes, used
to drive evapdranspiratio in catchmenh hydmology
mocklling. This paperinvestigatesthe useof SWIM
(Soil Water Infiltration Model)(Ross,1990) to pro-
vide simulatiors and the relatiorships betweensoil
profile waterandtranspiation for input into a semi-
distributedcatchmenhydrology model. SWIM gives

estimate®f drainag, cropwateruse evapaationand
plantavailablewater The SWIM mocel simulateghe
soil water balanceusing simultaneas numeri@l so-
lutions of differential soil waterflow equatios (Ver

burg, 19%). Obviously runring the SWIM model
within the framework of a distributed catchmen hy-

drdogy mocel for eachsoil andvegetationcasewould

be tediots. However if the relationshig are defined
prior to mocelling thenthe comgexity of amechais-

tic mocel like SWIM canbe avoided. It may be said
thatsoil suctiontranspiation curveshave beendeve-

opeal. Thesecurves however, do nottake into account

chargesin soil texture with degh. Also the reaction
of theplantis differentunde wettingconditionscom-
parel to drying corditions.

The relationshipbetweensoil profile moisture and
evapotranspiation will be usedin the catchmethhy-
drdogy modelfor defining evaptranspiréion rates
following rain andthe subsegant rediction in tran-
spirationduring dayswith no preciptation. Theaim
therebre is simply to deternine the maximumtran-
spirationrateandthe equatie which mostaccuraely
depcts thedrying curve for eachcasetested.



2.TRANSPIRATION MODELS

The methals usedto estimateplart transpiratio in

mockls areextensive. The choiceof which transpira-
tion modelor methodto useis often deternined by

the availability andaccurag of data,andthe scaleof

mocklling. For instancegheestimatiorof transpiation
for asingleor smallgroup of plantscanbedeternined
usingsapflow measuremants(Slavich et al., 199%),

but suchmethalsarenotappopriateatthecatchmen
scale. Other methodsinclude the useof isotopesof

water Brunelet al. (1997) descrile the use of sta-
ble isotopesof waterto partition evapotranspiréion.

Thesemethals rely on accuate samplingof isotopic
watervapair andanalysisfrom plantsandsoil.

Zharg et al. (1999) found that simulationsof evap-
otrarspirationand soil waterby a soil-vegetationat-
mospleretransfemodel(SVAT) calledWAVES com-
paredfavourally to measuremants by isotopestud-
ies and lysimeters. SVAT modelsare comgex and
have a large numkber of parametes which are often
difficult to measurg(Slavich et al., 199b). For in-
stanceWAVES relies on accurée measurments of
net radiation budgetfor input into Beers Law and
the PenmarMonteith equaion (Montdth, 1981). A
studyby Meiresone et al. (2003 makesuseof eddy
covariance whichmeasureatmosphdc waterfluxes.
This metha hasbeenshowvn to have prodemsrelat-
ing atmosphéc flux with ecosystenwaterexchange
dueto mary assumptionsEddy covaiancehasalso
beenshowvn to be unrelialle on dayswith rainfall.

Most physicallybasedevapdranspiratioo mocklsfall
into two categories. Modelsin which the plant sys-
tem drives water excharge with the atmosphex and
mockls suchas SWIM, which use soil to drive the
waterexcharmge with the atmospere. The plant sys-
tem modelstranspirationby imitating water vapair
exchangethrough stomatdeafsurfaces.Thiscanthen
berelatedto Leaf Area Index (LAI). Plantwaterex-
chan@ mocels are seenas advartageousdue to the
differentiationbetweenplant transjration and inter-
ceptionevapaation(Meiresonneetal., 200B).

This adwentageis lessenechowever when compar

isonsbetweerthetwo modellingappoachesrebased
on total evapdranspiratio. Thisis becausalthowgh

evaporationof intercepedwaterreducegranspirdion,

the final calculationof evapotanspirationis similar
betweersoil andplantwaterexchangemodels.Plant
driven water exchange modelscan also under esti-
matetranspiratio when a duplex soil is encoured.

The presene of a clay layer canincreaseplantavail-

ablewaterin theroat zoneandtherefae transpiation

(Meiresomeetal., 2003.

A simple metha for estimatingevapotranspiation
asa function of poternial evapdranspiratio andsoil
moisturestorage(definedby a singlevariable)in the
unsatuatedzoneis describediy Keig andMcAlpine

(1974). Suchmodelshowever fail to take the hetera
gereousnatureof soil profilesinto accoun.

3. THE SWIM MODEL

The SWIM modelworks on a onedimensioml het-
erogeneous vertical soil profile thatis assumedo be
homogenaisin the horizantal. The mockl efficiently
solves Richaras’ (193L) equatiom for water flow in
porousmedia.

Richard’ equatiorin the SWIM modeltakestheform

9 = 2 (k%) + S
where 6 is the soil volumetric water cortent
(em?lem?), t is time (h), z is depth(cm), K is hy-
dradic conductivity (cm/h), ¢ is soil waterpotential
andS is asoure or sink of water(em? /em3 /h). The
Richards’ equatioruseds acombirationof theDargy
flow law

q=—k%%
(where ¢ is waterflux (cm/h)) andthe equatio of
cortinuity

80 _ g
Bt_8z+S

The SWIM modelis able to simulaterundf, infil-
tration transpration, evapaation, deepdrainag and
solutetranspat. The vegetationinputs requiredfor
soil water modelling by SWIM are properties such
as root length and xylem poterial and fraction of
poteriial evaptranspiationfor eachvegetdion type.
Otherinputsinclude soil hydrologicd propeties for
eachlayer, pan evapaation and predpitation (Ver-
burg, 1995.

The SWIM modelcanmodelsinglecrops, interciop-
ping andmixedspeciesuchastreesandgrass.Elec-
trical circuit analogis areusedto deternine root wa-
teruptale for eachsoil layer(Verhurg, 1995) Vanden
Berg etal. (20®) investigatedthe useof sucha elec-
trical analogie model and detemined that the theo-
reticalnatureof suchmocelsimprovedunderstanding
of compex proessesPoorperfamancen themodel
investigatedy VandenBerg etal. (2002 wasseerto
bedueto theuseof a onelayeredsoil profile.

Soil evaporationandplanttranspirdion watersuppy
and demand are handed in the SWIM modelin re-
lation to the potentialrate. Planttranspiation takes
placeat the potentialrate when water supply meets
demand. Whensupplyfalls belov demandan itera-
tive procediredeterninestheactualwaterthatcanbe
transgred. Similarly soil evapaation takes placeat
thepotertial rate,whenthesoil surfaceis wetandwa-
termeetsevapaative demangothemwisesoil evapora-
tionis determired by the soil’'s ability to supgy water



to the surface(Verhurg, 19%). A more detailedde-
scriptionof the SWIM model canbefoundin Verkurg
(19%).

4. SWIM MODEL ACCURACY

Oneimportarn limitation of the SWIM mockl related
to researchcondicted here should be noted. Vege-
tationrepresentationén the mocel do notaccount for

theplantbeconing stressedOncetheplanthasgrown

it will notdiminishin timesof droughtor waterstress.
Insteadt ceaseso transpireandbegins againatanor

mal ratewhenwaterbecoms available. The SWIM

mockl is also only as accurateasthe equatios that
describeit. As the mocel assumesorizontal equi-
librium, careneedso be takenin applying resultsat

a field scale. Another potential prodem is that the
mockl doesnottake into account changsin soil prop-

ertiesduringthe simulationperiad.

Despitethe above limitations the SWIM modé has
beenshawn to be very successfuin predictirg soll

watercontern andplanttranspiratio with limited data
input. The useof soil profile partitioning in SWIM

is seenasadwantagouswhencompaedto onelayer
profile models. Models that usedone soil compart-

mentto simulatetherootzoneassumevateris spread
everly over the entireroot zone. This canresultin

waterbeingconsuned in a shortertime spanthanin

mockls that compartmentalizesoil into a nunber of

layers. Theselayeredmocels allow for differencesn

watercontentwith depgh andaccoun for mostof the
waterbeingcortainedin surfacelayers(VandenBerg

etal.,20@).

VandenBery et al. (20@) found thatonelayermod-
els are inappr@riate for moddling water uptale in
soils, subjectto irregular cycles of drying and wet-
ting. Soil compartmentseachwith its own soil water
uptale properties,wereseento be more successfuin
simulatingwateruptée under drylandagricuture.

In oneextersive studythe SWIM modelis compared
to andher soil watermodelcalled SoilWat (Verhurg,

19%). SoilWat is a multi-layer, cascadingvaterbal-

ancemodue and the flow processesre calculated
consectively asappaedto simultaneosly in SWIM.

In the Verturg (19%) study the SWIM modé was
found be be moreaccuratehanSoilWat in predcting

soil evaporationcompaiedto measueddata.

SWIM also perfamed better in predicting water
fluxesmeasurd usinga bromice pulse.For this study
the relative fluxes may not be asimportant, ascom-
parisors arebeingmadebetweerprofile moistureand
transpiation. Strongcorrelationshave beenfound be-
tweentranspirgion andthe total amouwnt of soil water
(VandenBerg andDriessen2002).

The useby SWIM of Richards’equation can make
SWIM seemmorecomplex thanmocelslik e SoilWat
that use paraneter optimization The developmert

of pedetransferfunctionshowever, hasredued this
compexity somavhat (Smettemet al., 1999 Bristow
etal., 1995. The SWIM mocel is alsorelianton ac-
curae vegetation paranetersfor correct estimatesof
transgration. For instancea study by Slavich et al.
(1999a)found thatlow transpiratio rateswereasso-
ciatedwith low leafareaindex.

5. TRANSPIRATION AND SOIL MOISTURE
CURVES

The SWIM modelis beingusedhereto investigae the
relatiorshipbetweersoil profile moistureandtranspi-
rationfor usein a semi-distritutedcatchmenhhydrol-

ogymodel. TheSWIM mocelitself will notbeusedn

the catchmat hydrology mocel, but simply themath-
ematicalrelationshig that SWIM determiresfor dif-

ferert vegetationon various soils. For the purposes
of this papemary assumptionsiave beenmade.The
intention is to simply illustrate how andto what ex-

tenttherelationsiip betweersoil profile moistureand
transgration may be utilized in a catchmethydrol-

ogy mocel.

It was assumedhe vegetationtypesbeingmoddled

arefully grown for the duratian of the SWIM simula-
tion soasto imitate native grassesvhich exhibit sim-

ilar root propertiesto winter wheat (Russell,1983).

Futuie modé researclwill imitatechangsin transpi-
rationdueto cropgrowth. During SWIM simulations
panevapaation ratewaskeptconstantat 10 mm/day
so that profile moistue could be changd basedon

onevariabe (i.e. rainfall). Theuseof thesetranspira

tion relationslips in catchmenhydrology mocels re-

lies on SWIM modé accuray asshavn by Verkurg

(1995) andSmettemet al. (199). Oneimportantas-
pectof the transpirationrelatiorshipsderived by the

SWIM modelwill betheir effedivenessat the catch-
mentscale.Futureresearchwill look atwhatlevel of

mocklling is neededat the plot scalefor application
at the field scale. Remotesensingwould be utilized

to identify vegetationtypesandapplythe appopriate
transgrationrelationslip dependentonasoil moisture
deficit.

To run the modeé variows scenariosvere developed.
The model was testedon four different soil types
namédy a sand,a loam, a clay and a dugex soil.

The soil propertiesfor this studywereobtaired using
typicd sand,loam, clay anddudex prdfile informa-
tion and pedotransferequatios describe in Smet-
temetal. (199). For eachsoil awheatcropwasused
asthereferencecropwith vegetationparanetersbeing
takenfrom a previousstudyby Smettenetal. (199).

All soil propetieswereassumedo be uniform within

the profile except in the duplex soil which imitated
a sandchangimg to a clay at 50cm. Thetotal profile
depgh was1.5m

The subseqgant transpiation curvesare seenhereas
a simple and reasoable methal to estimateplant



transpiation in a semi-distriluted rainfall-rundf,

rechage-dschage model previously descrited in

Carlile et al. (20®). The use of the transpiation
cuneswill allow a simple concepual water balane
mockl to account for change betweenvegetation
typesin acatchmentThesuccessf suchanapprach
will bedetermiredfollowing extensie testinginclud-
ing catchmenhhydrology modelsimulatiors of stream
flow versusobseredflow.

Figurel shavs boththewettinganddrying curvesfor
a sandysoil with wheat,as simulatedby the SWIM
mockl. In this examplerain wasappliedat a rate of
10 mm/dg for 500daysandthenallowedto dry out.
Because¢hemockl hasbeensetup assumingheplant
is fully grown at the beginning of the simulation the
wetting curve (solid line) quicky jumpsto the po-
tential transpirdion rate. The drying curve (dashed
line), however, is moregradial. Thisresponsés then
replicatedn themodé, by ensurimg thattranspiation
jumpsto the potentialratefor a particularvegetation
type following periods of sufiicient rainfall. Transpi-
rationthendrops accoding to the drying relationship
identified.

The original estimationof evapotanspirationin the
mockl assumedan exponentialdecayfor evapotan-
spiration This wasfound notto bethe casehowever
whenthedrying curves for asandJoam,clay anddu-
plex soil undera wheatcrop (solid line - Figure 2)
were fitted exponentially The bestfit to the drying
curnves a cubic relatiorship (dashedine - Figure 2).
However, theform thatthis relationshipwill take may
bedifferentatthesub-catchrantscale.
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Figure 1: Thewettinganddrying transpiration
cunessimulatedfor wheaton a sandysoil
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Figure 2: Transpiréion drying cunvesfitted with a
culc onfour soil types

The cubic equatim coeficients were deternined by
regression(Table 1) for therelatiorship betweensoil
prdfile moistue andtranspiration oncethe profile is
allowedto dry.

Table 1: Coeficientsdeterninedfor cubicfit
(y = a + bx + cx? + dz?)

Soil a b c d
Sand -0.0001 -6.344e-5 2.696e-5 1.25le-6
Loam 0.0022 -0.0005 2.46e-5 9.823e-8
Clay 00151 -0.0019 7.207e-5 -5.598e-7
Duplex -0.0079  0.001  -4.171le-5 8.813e-7

It is theseequdionsthatare utilized wheneer wheat
is encountedon a sand,Joam, clay or duplex soil. As
canbe seenin Figure 2 soil moistureincreaeswith
chargesin soil texture. Also the rate at which tran-
spirationdecreasess lessin a clay compaed to the
loamy soil, andlessagaincompaed to a sandysoil.
As expededthedupex soil shavs propertiesof asand
aclay. Thesecurves aresimilar andrelatedto transpi-
ration versussoil suctioncurves (Russell,1983). As
soil suctionincreasegredictionin soil water)transpi-
ration decreasesyith actualtranspirationfalling be-
low the poteriial rateatthetop of thecurve.

6. INCORPORATING THE META-MODEL
INCATCHMENT HYDROLOGY MODELS

The original formuation for evapotranspiréion in
theervisagedcatchmenhydrology modellHACRES
(Jaleman and Hornbemer, 1998; Croke et al., 20@;
Carlile et al., 2002) usesa simple relationshipbe-
tweentempeatureandevapotanspiratiordefinedas:

Ek = clTkexp(—CQCMDk)

whereT is temperatwe, C' M Dy, is a catchnentmois-
ture deficit at time stepk and ¢;and cpare parame
ters.In thisformuation ET is directly proportioral to



tempeatureanddeceasesxponentiallyasCMD in-

creasesHigher tempeaturegesultin largerET losses
provided thereis sufficient soil moistue (Evars and
Jaleman,1998.

This methodrelied on accurée estimatef tempera-
ture anddid not take into account changsin vegeta-
tion andsoil, which in turn madeit difficult to apply
in adistributedmodéd. Theuseof transpiratiorcurves
overcomestheserestrictionsby estimatingtranspira-
tion, which canin turn be usedto estimateeffective

rainfall usinga massbalarce appoachfor eachsub-
catchmat or hydmlogic responseinit (Carlile et al.,

20@).

Rechage would be estimatedn a similar way asthat
usedby Cooket al. (2001). They usedthe apprach
thatthetime for deepdrairageto reachthe waterta-
ble is depemnlent on the deepdrairagerate, the ini-
tial watertabledepthandthe soil watercontentwithin
the unsatuatedzone. The storages calculateddaily
anddeepdraimageis saidto occu whenthe storag
is exceead. Drainag would not be estimatedusing
SWIM becausef the assumptio by SWIM thatthe
soil prdfile is homayeneos in the horizontal.

Theapplicdion of a plot scalemodelto thefield scale
has prodems relatedto transpirationratesfor sin-
gle plantscomparedto cropsor forests. It is ervis-
agedthat vegetationdistributions and Leaf Area In-
dex (LAI) determired using satelliteimagerywould
be usedto distribute the plot scalemockl to the field
scale. Andersenet al. (20®) investigatedthe useof
remdely senseestimate®f leafareaindex (LAI) and
preciptationin adistributedhydrological model. LAl
wasusedto estimateroat lengthof annué vegdation,
usingthe relatiorship betweenroot growth and LAI
changs. Thisrelationshipyasdescribedy

LAI;
Rd; = Rdmas £

whereRd; is therootdepthondayi, LAI; is thecor
respoingLAl andLAI,,,, andRd,,,, arethemax-
imum LAl androotdepthfor a givenvegetationclass
for the period Andersenet al. (2002) found consid-
erableimprovenentsin dischage simulatiors when
usingremdely sensed._Al.

Thefinal distributedmode will nottry to imitate the
mary physicalprocessepresehin catchmat hydrol-
ogy. It will however usesimplified principes, with
the aim of distributing physical processes.Van den
Berg andDriessen(2002 consideedthat”simplified
theoetical descriptios basedon physical laws have
their merits? They found that mockls suitedto rain
fed condtions needa concejpual view of the soil pro-

file wherewetanddry partsof thesoil arerepresented.

It wasalsosuggstedthatrelatiorshipsbetweertran-
spirationand soil water can be obtainedby logistic
equatimsover theentirerange of availablewater

7. DISCUSSION AND CONCLUSION

This paper has suggesteda meta-malel appoach
basedon the physical SWIM model for estimating
transgrationin con@ptualcatchmet hydrology mod

elssuchasIHACRES.If the subseganttranspiration
relatiorshipsarekeptassignature describirg transpi-
ration for various plantson different soils, the need
to run physical modds prior to catchnent hydrology
mocklling is rediwced. The distributed model simply
calls upan the appopriate transjration relationslip

for eachvegdation-soil combingion present. The
proposedmeta-nodel is then able to betterdescribe
the evapotranspiation respose of a hydrologic unit

or sub-catchrant.

Theadwartagesof usingtheabove appioachin catch-
ment hydrology modellig may becomemore pro-

nowncedwith the adwvarcesin remde sensing.There
hasbeernlittle succes#n diredly measurig transpira
tion usingremde sensing.However, therehave been
corsiderable advarces made in deternining plant
speciesandhealth.If physicalmodelssuchasSWIM

accuntelydepictthetranspiration behaiour of plants
uncer different profile moisture condtions then re-
motesensingcanbe usedto distributeit.

The inclusion of actualestimatesof evapotranspira
tionin catchmenhhydrology modelsmalkesinvestiga-
ing the effects of land usechangeeasier Thesees-
timatesalso have potertial for settingparameteval-
uesusingobserablequariities (e.g. vegetationcover,
soil properties and topayraply). Conceptal mod
els have calibraed parametes describiny the evape
transgration rate. In the caseof the rainfall-runoff
mocel IHACRES tempeatureanda catchnentmois-
ture deficit are usedin a exponential relationshipto
deternine evapdranspiration This makesinvestiga-
tions of the effectsof land usechangeon hydrology
difficult. The methodsuggstedhereis seenas ad-
vartageoudbecausehargesin evapotanspiratiorare
directlylinkedto changsin vegetdion andsoil type.
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