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Abstract: Improved predction for problemsin catchnenthydrology requires an ability to spatiallydisagge-
gateandconrectsurfaceandsub-sufacecompnents.This pape consides two hydrologicd mocelsfor use
in suchdisaggegation and couging: a lumpedconcetual rainfall-runoff mocel (IHACRES)and a physics
basedconceptal gronndwaterdischage model. Smallergauged catchmentsn thevicinity canbe usedto re-
gionaliseandparametdse the coupledmock! usingcatchnentattributesprior to running themocel in alarger
catchmentvith fewer gauges. Regionalisationin gauged catchmentst apprgriate scaleswould capturethe
uncertaity of therelatiorshipsbetweercatchnentattributesandmodelparanetervalues, includng the upper
andlower bourdaryof paranetervalues. In anungaigedanddisaggreatedcatchnent,its landscapattributes
would beinsertednto theregional relatiorshipsto provide the paraméer bourdsfor corstrainingthe propcsed
coupledmockl. Theaim of this catchmehdisaggegation is to be ableto improve on previous catchmehor

sub-catchrantrechage-disclarge mockls, sothatmocelling canbe carriedout atthemanagerantscale.

Keywords: Rainfall-runoff models;Groundwaterdischage; Regionalisation Scale.

1. INTRODUCTION

Effective hydrologicd mocelling of watershed is
anessentiatoolin themangemenbf landdegrada-
tion andits off-siteimpacts suchasthoseassociated
with salinity andnutriert prablems. Variousmeth-
odshave beenusedin the pastto modelproesses
andrespmsesin catchmet hydrology. Catchment
hydrology modéds canbe corsideredcrucely asei-
ther physical, concepual or empirical. Each of
thesemocklling apprachessuffer from certainin-
adequaies[Wheateretal., 1993].

Many hydrologicalmodelling studieshave achieved
excellentcorrelationbetweerthe mocelled andob-
senedstreamflav, especiallyduring the calibratian
period[PostandJaleman 199%; Chiew andMcMa-
hon, 19%4]. This correlationis often reduce dur
ing subsegant simulationperiads with little or no
correlationoccuring in somecatchnents. Beven
[1997 statesthat model calibrationshoud imme-
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diatelyimply uncertainty Oftenthis uncertaintyis
mostlik ely dueto thefailureto take the spatialdis-
tribution of input variables or parametes into ac-
countand/a poorrepesentatiomf thehydrological
processebeingmocklled. In mary casesnodelpa-
rametershave beensuccessfuln obtairing a godd
fit to the obseredrespmseevenwhenthe physical
procesaunderlyingthemockl is questiomble.

Thecompleity of theervironmentanddatacollec-
tion restraintshave seenmary researcherfavour
lumpedconcetual models. This is becausemost
models, especiallydistributed ones, are over pa-
rameteriseavith respecto theinformationrequired
to calibratethem. If however distribution takes
place at the largest possible scale less informa-
tion is requirel for parameterestimation. For in-
stancesurface hydrology such as infiltration and
rechage needsto be mocklled at the mangement
scale, whereasrouting can be carried out at the



sub-catchrant or catchmentscale. Similarly sub-
surface dischage needsto be proportiored at the
land mana@gementscale, but roued at the sub-
catchmentor hydrogeomophic unit (HGU) scale
(Seesection5.3).

This paper consides two hydrological models:
IHACRES a lumped corceptual rainfall-runoff
model [Jakeman and Horrberger, 1998] and a
physics basedconcepual groundwater dischage
modeldevelopedby Sloan[2000]. The HACRES
and Sloan[2000] mockls have beenusedto model
thesurfaceandsubsurécehydrologicd responsef
a catchnent[Croke et al., 200]. Two possibleav-
enuesof improvement are argued here. Firstly by
using the appopriate catchnent attributesit may
be possibleto paraneterisethe IHACRES model
in away thatbetterrepresentshe hydrologicd re-
sponse. This would in turn allow mocel simula-
tions of streamflow to be carriedout on ungaugel
catchmentsThis hasbeenattemptedreviously by
PostandJaleman[1996,1999 andKokkonenetal.
[2007 with somesuccessin the caseof the Sloan
model, catchmenhattributessuchastransmissiity,
porosityandhill slopelengtharealreadyusedto es-
timate dischage. Secontyy improvenentsmay be
madeby adjustingthe scaleat which both concep
tual modds are lumpedto deternine the mostap-
propiate division of sub-céchmentsfor modelac-
curag.

2. STREAMFLOW MODELLING USING
IHACRES

ThelHACRESmModelis alumpedconcepualmodel
which attemptsto simulatethe rainfall-rundf re-
sponseof catchmentsas total streamflev. It uses
temperatte and rainfall datato estimatestream-
flow, with paraméers calibratedprior to simula-
tion by compaison with obsened streamflav data
[Jakemanand Horrberger, 1993. The mockl has
beenshavn to be very effective in mocklling to-
tal streamflov andseparatinghis flow into its slow
flow (baseflow) and quick flow commnentsin
a range of catchmets [Jakemanand Hornbeger,
1993 LittlewoodandPost,1995 PostandJaleman
1996 Postand Jakeman,1999; Chapman 200L;
Dye andCroke, 2001].

The IHACRES modé consistsof two modules, a
non-linearloss module to convert rainfall to effec-
tiverainfall, andalinearmoduleto corverteffective
rainfall to streamflov [Jakeman and Hornbeger,
1993. Various forms of the noniinear loss mod
ule have beendevised[Jakermanet al., 1990; Evans
andJaleman1998 Croke andJaleman,20@], al-
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thoudh all usetempeatureandrainfall to estimate
a relative catchmat moistue storeindex. This in

turn deternines the proportion of rainfall that be-
comeseffective rainfall. A linear module is then
usedto route effective rainfall to streamflev using
quickandslow flow compnents.

The IHACRES model has mary adwartages,one
of which is that it doesnot suffer from substan-
tial over-paraméerisation,usingonly five to seven

parametes depemling on the versicn. The model

structurein Figurel is a simplerepresetation. A

moredetaileddescriptiorof themodelandtheequa-
tionsusedcanbefoundin JalkemanandLittlewood

[1990], JakemanandHornkerger [1993] andEvars

andJaleman[1998].

Evapotranspiration

Quick Flow

_Rainfal [ catchment
Moisture
Store

Rainfall Excess Streamflow

Temperature
——

Slow Flow

Figure 1: Basicstructue of the[IHACRESmocel

3. GROUNDWATER DISCHARGE MOD-
ELLING USING THE SLOAN MODEL

The groundwater dischage model developed by
Sloan [2000] can be modified for this propsed
modelcouplirg sothatthemodelsimulategyround-
water dischage (baseflav) basedon rechage sup-
plied by the IHACRESmockl andassumesnini-
tial steadystategrourdwaterstorage.Sloan[200q
argues that previous groundwater dischage func-
tionsdepem only on grondwaterstorag andasa
result do not adequatly repralucethe actualdis-
chage. Sloan[2000] proposesthe use of a new
dischage function(dependenion groindwaterstor
ageandrechage)whichdescribeshehystereside-
tweenstora@ anddischage. The modelassumes
thatthe movementof waterin the saturatedegion
of the river catchnent canbe adequately descrited
by the Duput-Boussinesgequatio. In its simplest
formtheSloanmodel is representedby oneparane-
ter, whichis derivedfrom threephysical properties:
hillslope lengh, transmissiity and porcsity. See
Croke etal. [2002] for moredetailsof this model.

4. REGIONALISATION AND SCALING

Regionalisationof lumpedconcepual models im-
plies that the mockel paraneterscan be relatedto
catchmen attributesat a particlar scaleor range
of scales. Relating catchmen attributesto model



parametes hasalreadybeenattemptedn the case
of the IHACRES mockl with somesuccesgPost
and Jaleman19%, 1999 Kokkonenet al., 20@;

Postand Croke, 20034, althoudn the relatiorships
betweermodelparanetersandcatchmenattributes
requirefurthe investigation.

Researchinto scale effects in hydrologcal pro-
cesseshas beenintensie in recentyears. Wood
etal.[198§ putforwardtheconcet of Representa-
tive Elementay Area(REA). REA attemptgoiden-
tify a spatialscaleat which distributed catchmat
processesemainsimple and definedwithout tak-
ing local heter@eneity at that scaleinto accour.
Othersusestatisticalsimilarity, scalingand multi-
scalingto descrile the heterogneity of catchmat
attributes[Wood, 19%; Guptaand Dawdy, 199%].
Thesescaleissuesrevolve arourd arownd our abil-
ity to estimatecatchmet processessuch as infil-
tration and ovedand flow at large spatialandtem-
poral scales. Theoriesdescribingtheseproesses
have beensuccessfult smallerscales. However
given the experse of collecting field dataneede
to calculatetheseprocesseanethals areneededo
distribute catchmenprocessesothatthis informa-
tion can be usedmost effectively at larger scales
where measurments may or may not have been
taken. SivapalanandKalma[199%] point outthere
is noconceuson scaleissuesandmoreresearclis
needed

Hydrdogical processescan be different at differ
entscales.lt is therebreimportantto testandper
hapsregionalise hydrologicd mockls at a numker
of scales. Our understading of the heterogneity
of catchmenh processesand attributesis one lim-
iting factorin applying physical basedmodels. It
is for this reasonthat the concep of Hydrdogi-
cal Respons&Jnits put forwardby Flugel[1995] is
favouredhere. HRUs separata catchmenhinto ar
easbasedn comman attributessuchassoil, slope,
vegetatio, hillslope lengthetc. Thesecomnon ar-
eashave beencalled Hydrdogical ResponseJnits
(HRUs) asit is assumedhey sharecommonhydro-
logical responsecharateristics. Olviously the or-
ganizatia of catchmenattributesinto HRUs is de-
pendeh on the aim of the modelling scaleof pre-
diction, the scaleof the original catchmenattribute
mapsandtheirorganizatia into classesRecentad-
vancesn remotesensinganddigital elevationmod
els have allowed mappng of catchmentattributes
such as vegetation, leaf areaindex, landuse,soil
propeties, slope,aspecthillslope lengthand con-
tributing areain moredetail.

Linking lumpedconceptal modelsspatiallycanbe
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accomfished by first disaggrgating a catchnent
into anuberof smallersub-cé&chmentsThescale
atwhich catchmenpropertiesareimportantcanbe
testedin a simple way by changng the threshdd
flow accumiation, determiring sub-catchrantsize
andruming the modé at eachscale. For instance
onecould startwith relatively few sub-catcments
and with eachmodelrun, increasethe numter of
sub-catcments. Using certain perfamancecrite-
ria the mostappopriatescaleto run the modelfor
eachcatchnentmaythenbedetermired. This scale
would be whenno further improverrent in perfa-
mance,suchas correlation betweenthe mocelled
andobsenredvariables (eg streamflav andelectrical
condLetivity) is seenrandwhenothe modelproper-
tiesaremost(eg physically) plausible.

5. PROPOSED MODELLING IN THE LIT-
TLE RIVER CATCHMENT

The Little River catchmenin nothernNew South
Wales (Figure 2) covering an areaof over 2500
km? was chosenas the study area. This choice
waslargely dueto: salinity prodemspresehin the
catchmety the heterogneos natureof the catch-
mentin termsof landscapejandise and climate;
thepresencef streamgaugesin thecatchmet) and
dataavailability.

Figure 2: Locationof theLittle River catchnent

5.1 The Model Coupling

The proposedstudy investigdes a range of catch-
mentattributesandtheir ability to paraneterisethe
couplediIHACRESmodel. This requires develop-
ment of the nonlinear module of the IHACRES
model,includng replacirg the presentuseof tem-
peratue and catchmentmoisturedeficit to calcu-
late evapdranspirationwith actualevaptranspia-
tion estimatedrom remotesensingand/a@ othertra-



ditional method. The nonlinear module canthen
outpu both effective rainfall (now definedascon-
tribution to the quick flow compament only) and
rechage. The redefired effective rainfall is then
passedto the linear moduleto obtain the quick-
flow commpnentof streamflov. Rechage is then
usedto estimatebaseflov using the Sloan [2000]
modelcompament. This formulation (Figure 3) is
describedn more detailby Croke etal. [2002].

Evapotranspiration

Catchment Total
Rainfall Excess Quickflow Streamflow
(Regionalisation Scale (2),

Rainfall
Moisture

Temperature Store
—

(HRU Scale)

Groundwater Baseflow
(HGU Scale)

Figure 3: Basicstructue of theI[HACRES-Sloan
rechage-disctarge mocel

5.2 Testing the Scale of Disaggr egation

Initially the original IHACRES model (including
the linear modulg is being calibratedon catch-
mentsthat have streamgaugdng stations. This al-
lows a compaisonbetweerobsened andmodeled
streamflev during a simulationperiodandensures
the mockl broady repioducesthe respose of the
hydrological processegresen in the catchmenh
The catchmentvasthendisaggegatedinto smaller
catchmentsisingathreshdd areafor flow accumu
lation of 45 km? from a25mdigital elevationmodel
(Figure4). Thesize of the sub-cé&chmentscanbe
decreasedvith eachmodé run to testthe effect of
subcatchrantscale.

Figure4: Disagregationof the catchmeninto
sub-catchrants
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5.3 Use of HRUs, HGUs and Unique Catchment
Attribute Combinations

It is proposedthatthe sub-@tchmentghenbe sep-
aratednto hydrmlogic respomseunits (HRUs) based
on slope class, vegetation and soil combnations.
Thisformsthesurfacelayerof themockl. For each
unique HRU estimate®f catchmat attributessuch
as topogaphic properties, potertial evapdranspi-
ration, saturatechydraulic condictivity, soil water
holding capacityandrechage poterial canbe in-

ferred from dataor obserable quariities. An at-

temptcanthenbe madeto usethesephysical prop

ertiesto parametase the IHACRESmodéd. From
over four thousad combirationsof subcatchrant
numter, slopeclass,landise andsoil classfor the
Little River sub-catcmentsshawn in Figure4, 83

unigue combirationswereidentified Someof these
combirationsare shovn in Table 1. Estimatesof

catchmenattributeswouldtherefae only becarried
out at mostfor theseunique soil, slopeandvegeta-
tion comhinations althoudh simplifiedcombnation
setscanalsobetested.

Table 1: Unique combnationsof soil, slopeand
landuseclassedor theLittle River catchnent(Sub-
setfrom 83record)

| Frequemy | Slopedass | Landuse | Soil
61 1 Timber RedSolodic Soils
2 1 Urban Non-caldc Brown Soils
1 Water Non-calgc Brown Soils
2 Cropping Alluvial Soils
1 2 Cropping Euchrozens
29 2 Cropping | Non-caldc Brown Soils

Thesubsuracelayeris disaggegatedn theform of
hydrogeanorphic units (HGUs). Charactdsation
of HGUs canbelargely basedn geoloy mappirg
in the areaand known grourdwater systems. As
it is still unclearin mary hydrogeonorphc studies
whetherthesesystemsarehighly local in natue or
whetherthey crosssub-catcmentbourdaries,both
scenariowill betested.In thefirstinstancethe hy-
drogeomophic units (HGUs)areassumedo be lo-
cal systemanot crossingsub-catchrantbowndaries.
This meansthat the HGU bereath the HRUs re-
ceivesrechagefrom eachHRU anddischagesthis
rechage at the outlet point for the sub-atchment
as baseflov. In the secondinstancehydrogeo
morphic units would be basedon known geoloy
and grourdwater systemsin the catchnent and be
thoudht to crosssub-atchmentbowndaries. Each
HRU above a HGU would contritute rechage to
the HGU with accumlative dischage occuring



at the furthest downstream sub-@tchmentoutlet
pointcontainirg thatHGU. Figure5 summarisethe
modellingstrata@y.

models based on gauged catchmen
elsewhere

‘ Regionalise IHACRES and Sloan
ts

sub—catchments

i

Determine unique HRU'’s within eac
sub—catchment

[Disaggregate catchment int}

Determine catchment attributes fir each
unique HRU

Adjust scale of sub-catchments

Run IHACRES—-Sloan model for estimate
of recharge and discharge for each HRU

Route discharge to the outlet point of eact
sub—catchment or furthest outlet point

for each HGU

Figure 5: Modelling stratgy

Adjustmentsto the scaleof sub-cachmentswould
be made until modelledresults for both surface
(using the IHACRES model) (rechage) and sub-
surface (using the Sloan model) (dischage) most
closelyresembleobsened results. However in or-
der to reducethe uncetainty of paraneter esti-
matesin the mocels, constraintamustbe imposed
on their values. Such constraitis can be derived
from regionalisationresults. What is requirel for
thisarenotonly relationslips betweermeanparam
etervaluesandlandscape/dahmentattributes,but
alsothe uncetainty of therelatiorships.In thesim-
plestcasetheregionalisationwouldyield upperand
lower bourds on the parametewalues. In an un-
gauged anddisaggegatedcatchmet its landscap
attributeswould be insertedinto the regional rela-
tionshipsto provide the parametebouwndsfor con-
strainingthe [IHACRESandor Sloanmodel.

The aim of this catchnent disaggreation is to be
able to improve on previous catchnent or sub-
catchmentechage-disclarge models,sothatmod
elling canbe carriedout at the managerant scale,
representetereby hydrologicresponseinits. This
is seenas imperatie if land managersare to be
provided with effective managmentoptiors. In

essencenodellingwould take placeat threescales.

Thefirstmocklsatthemanagmentscale(Scalel in

Figure6) usingthe physical semi-distrilted model
regioralisedfrom smallergauged catchmets else-
where. The secondmodelsat the sub-ca&chment
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scale(Scale2 in Figure6) by routing theflow from

eachHRU to the sub-atchmenbutletpoirt or fur-

thestdownstreamoutlet point contairing a HGU.

Finally flow is routedto the outlet point closestto

a gauging stationso modelledresultscanbe com-
paredto obseredstreamflav. Figure6 shavsthese
threescales.

L egend
X Gauging station

— Stream links

e Sub-catchment outlet point

SCALE 3 - Gauged site
Catchment observatiol

n

SCALE 2 - Sub—-catchment
LINEAR MODULE
Parameters from regionalisat]
at the sub—catchment scale
using landscape attributes

SCALE 1 - HRU

Parameters from regionalisatio

data. eg Remote sensing

NON-LINEAR LOSS MODULH

at the HRU scale using indirect

Sub-region of Little River Catchment

Figure 6: Modelling from maragemento
catchnentscale

6. DISCUSSION AND CONCLUSION

If catchnentattributescanbeusedto structue con-
ceptuaimodds to assisin parametasingthemover
appr@riatespatialscalesthenour relianceon cal-
ibratedparametewalues(in the catchmenof inter-
est)to producereasonale mocelling resultsmaybe
reducel. This will in turn leadto greaterunder-
standingof the hydrological processest work. Al-
thoudh using catchnent attributesto paraneterise
concepual modds hashad limited successn the
pastit is still anareaworthy of researchlif physical
attributescan be successfullyusedto assistin pa-
rameterisingconcepual mocels thenthesemodds
canbe appliedin areaswhereobsered quarities
suchasstreamflow areabsent.

The IHACRESmockel hasbeenchosenn this case



becauseof the relatively few paranetersit needs
to calibratethe modelandsuccessfulpplicatia in

previous regionalisationstudies. It alsoseemsca-
pableof representingthe hydrological processest

work in a vaiiety of catchmentsThe Sloan[2000]

model alreadyhasa paranetrically efficient phys-

ical nature,in that it utilizes catchmentattributes
suchastransmissiity, poracsity andhillslopelength

Futuredevelopmen of the Sloanmodel will include

adjustmentgor a slopingaquifer
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