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Dcvclopmcnt of math- modeh rrtattrg the precipitation incident upon a catchment to the 
stnamaow cmmathg from the catchment has been a mjor focus af srnface water hydrology for 
~ e 8 . O e n a a n y , v a l u ~ 8 f o r ~ ~ i n s u c b m o d d . m u s t b c ~ s o t b a t r u n o f f c a l ~  
E m m t h e d ' ! m a t & d " ' c d ~ ~ m s o ~ ~ c a l ( K f M d .  DcsDitc thefnctthatthe 
phyqics govcrniqg thc qacp of a dmp of prater through a cntchai to the stre& involves complex 
rrlatloosfups, endeoa mdcam that the mfontuuion amtent in a radahmoff reford is su5cicat  to 
support models of only vay Limited wmpkxity. This begs thc question of what limits the observed 
data place on the aflowab1e complexity ofrainfahunoffmodeh. Time s a k  techniques arc applied for 
~ ~ a ~ ~ t P d e w h o w ~ ~ n n a p g r 0 P t i a t c ' t o d e s a ' t ) e t h e  
r c ~ b c t w t e n ~ g a d s t n a m & o w ~ t h c c a s r : ~ d p t a o n o n i y ~ ~ , a i r ~  ' 

temperame, snd e w  an available. StatMcs from an ' ' i u f ~  matrix" provide the dau - 
n ~ f o r ~ ~ m o d c l ~ ~ . ~ ~ o b o d e t s a n d e v e f o p c d f o r ~ v c n  . 
~mtrwi thwiddyvaly iagphysica l~ indi&rrnt tuapratcc lhnath:rcgimsato 
dnnonstrate the method It is found that aRerlnoduMbg thc nwiyucd raiabin using a 11onhar loss 
function, the -rrsponsc ofall catc- h Wen. tqn-ewnted using a linear mod& Atso, 
f o r a ~ c a t c ~ a ~ ~ ~ w i t h f o m ~ i D t h c m o d e l o f c b o i c e . l l i s t w o  
components can k inCnprritd as defininO a "quick Bow" and "slow Bow" ~ p r m s e  of the given 
catchrue Thc mthod thudon provides a stMisticeny rigomus way to Kparate hydmgrapk and 
parawicnzc their nspoase behavior. Tbc ability to umshuct rcliaMc transfer function modrls for 
;lescribine the minf&nwff prscm offas a n& approach to imrertigate empirically the cootrds of 
~hvdCpl catchamt dcaaimm. land w fhanne, climate chsllpe. ur. on the dMBmic rewonse of 

The construction and application of watershed models 
dcsa-iiing precipitation to s-ow processes has been a 
prime focus of hydrological research and investigations for 
many decades. Both the amount of effort and the complexity 
of models stem to have inc co with the 
expansion in available computing power. Most attention has 
beon given to catchments subject to basidy temperate 
ciimatology when hydrological nsponses tend to be simpler 
or invalve a subset of the processes which occur in other 
dimatic regimes. Despite the actiViry in modeling the rain- 
f a l l - ~ ~ ~ &  process and the concentration on temperate 
catchments, hydrologists have noted the lack of real 
progress being made in watershed moddim gentrally and 

One of the major problem in ralnfaU-runoff modeling is 
dealing with overparameterization. Loague and Freeze 
[1985, p. 24.5l applied several models of varying comp1exity 
to a number of catchments and concluded that the "fad< that 
simpler, less data intensive models.. . pxuvided as good or 
better pdictiom than a more physically based model is 
food for thought." Homberger et d. El9857 incorporated 
parameterhiom into a version of TOPMODEL for pro- 
cesses observed to be m in the field but found that 
the 13 parameters could not be reliabiy estimated using 
rah@Il-nmoff data; theFfound that four parameters seemed 
to su5ice to represent the transformation of rainfan to 
stre9mflow. Hwper et a& [I9881 examin& a very simple 
hydrologid model with six parhetern and still found it to 
be o v c r p a n u n e ~  Beven 11989, p. 1591 comments, 

the problems of developing the process h&OwkIge d&ed 
af small scales for use at larger scales re.,.. Beven, 1987. 

~ ~ ~ ~ ~ h ~ ~ ~ & ~ & t  $ 
PhiYp [1975, p. 231 saw the need "to identify and to rrtcvant and fit t h  by ~h -t an 
n?cognise fimkly the limits of what natural science and the obamed discbatgr; record. . . . It a p p c a ~  that 3 to 5 pafamy 
'scientific method' can bring to the tasks of catchment should be wffrdent to rrpmduce mod dthe i o f o ~ ~ & ~ ~  m 

pndiction." More specifically and rcccntty, vun Genuchren a hydrohid . ( 

, ' 
11991. p. 1901 s ' i that H ~ d r o W t s  an faced with somethinn of a diemma. The 

most fiwl6nt application of rainfall-m-ff models is in cases 
fucunresearchincatchmrntmodelingmustaddrrsat6eprob- 
km of and model the scales where *$Ny.data ~ v a h b l e  arc ~rdpitation, temperature, 
wa wh& wmpontnu ara and the of and secamtlow. Models that seek to incd'irate processes 
model comuof~llts into an overall balaaced fmmwark. h o r n  to be important hydrologically (at small sales) arc 

likely to contain a rather large number of parameters, many 
Copyright 1993 by the American Ocophysical Union. of which win be comlated with othcr parameters [e-g., 

Paper number 93WR008n. Clarke. 19731. How are these observations to be recoociled 
0 0 4 2 1 3 9 7 ~ ) 3 1 9 3 ~ ~ ~ 1 5 . ~ )  with the contentions thst only a mode1 with a few parametem 



can be supported by rainfall-runoff data? It appears that rainfall UN. At each time step k a catchment wetness index, 
there are challenges that face those concerned with rainfall- s t ,  or antecedent precipitation index is cal&ted by a 
runoff modeling. How much information is contained in weighting of the rainfall time series, the weights dmying 
records of precipitation and scrcamfow? How complex a exponentially backward in time from step k ,  namely, 
parameterization is warranted in a rainfall-runoff model? 
Docs adding spatially distributed data on physical catchment S k  = Crt + (I - 7;1)st-l 

descriptom, such as on tenain, hydrologic soil, and vegeta- 
tion properties, permit a more detailed parameterization? "~[rt+(l-7;')rt-1+(1 -~ , ' )~rk - z+ .  . -1 (1) 

A response to these challenges is attempted here first by 
presenting a framework to answer the question of whaI 
reliable information may reside in conament precipitation- 
streamftow measurements for assessing the dynamic charac- 
teristics of catchment response and for prediction of stream- 
Bow. In particular, the paper addresses the limitations of 
precipitation-stnamflow modeling when measurements of 

The parameter 7 ,  is approximateky the time constant, or 
inversely, the rate at which the catchment wetness declines 
in the absence of rainfa. Hence a larger vaLuc of I ,  gives 
more weight to tbc effect of antecedent rainfall on catchment 
wetness than a smaller one. The excess or effective rai~&~U is 
computed using 

other dynamic flow or conceqhation va&bIes are not used 
as additional prior information in model constxuction. The 

ut = risk (2) 

riamework allows inference of the number of strcamffow The panunetere in (1) is chosen so that the volume of excess 
components that can be identiiied from given precipitation rainfan equd to the total 8-w volme ovu  the 
and &WUU discharge obsentatiow. Its use is i U U s W  for calibration period, after adjustment for change in catchment 
catchments s p w  a range of scales~aad basically temper- sto* between the beghhg and end of the period. It is the 
ate hydroclht~loajcal regimes. WY MY data are US&, increase in storage index per unit in the absence of 
and the specific results are applicable to d y m  involving ' evapatmmpitation. It is not really a fne  p m t e r  .but 

observational time series whose length is of the order of 100 merely a no- one. 
times the quick ftow response t h e  constant. In the cw of To account for ftuctuations in e v a p o m p w o n ,  a simple 
daily data this is of the ontcr of 1 year. function of t e m p e d  can be used to modulate the rate at 

The outcome of applying the framework is a h w t h a i s  which the catchment dries out. Then 7,  in (1) is replaced 
that, a b r  allowing for antecedent conditions, the response with the function 
of a catchment is prcd0miuant.y lineat o v a  a wide range of 
tern- climatological regimes and down to small catch- rIP(fd = 7 ,  ~ X P  [(20 - f d f  1 (3) 
ment scale. in response to van Genuchfen [1991], the "per- 
missible model complexityv seems to be genedy low, Where 4 is the tomphi re  in demes Celsius at time step k. 

con- amund half a dozen metcrs, and -the In this way, 1; is inversely re- to the rate at which 

over which the model components are valid" are very wide. catchlllent we-ss de*es at m. The m e t e r  f is a 

with much longer observational time series, it may be tempemme modulation factor which determines how rw(tk) 

possible to identify the values of additional parameters. changes with tempm. 

However, as pointed out by Sorooslu'an et al. [1983], rather The conclusions of this paper are of 

than it is the quality of contained in the this nonlinear loss module. The structure of the *y- 
data, which is impo-t; data sequences which contain  in^ linear module identified h m  any {UN* '4~)  mde~en- 

wr hywogic vwaty are more likely lo result dent ofthe values ofthe m m  7,. c ,  m d f ,  whereas 

reliable parameter estimates. the parameter values in the identified hear  components an 
dependent. An explanation for this is that the nonlinearity 
between rainfall and gtreamftow has not been stFo,ng enough 

. + ,  
2. METHODS , to impede the,iden&ation. 

2.1. The Model , ,  .. , . , p e  9~ m o d ~ e  pffhe modii c o n v ~ ' e x c c ~ ~ ' ~  uk 
. - %  , , . . .at bglqstcp $&spu@ow qk.?tis a ~ e r ~ f i o n o f  the 

There are many formal .ways to asses* the &fo&n - form , , , , 
< f ',.. 

content in data with respect to some model M. In a stocw- 
tic sening the model M and its parameters arc most corn- xt " "Q~xk-I - ' ' ' ' ~ d k { ~ , +  b g ~ k  +,' ' ' + bmuk-m 

pletely specified by its probabiity distnition p( M). Given 
an evenly spaced time sequence of N rainfall-runoff samples (4) 

f rN ,  q ~ } ,  ( r ~  r , ,  r ~ ,  . , r ~ ;  PN = 41. 42. ' ' q ~ )  q k = ~ k +  € t  (5)  

where rt is observed M a l l  and qt is observed streamfiow whertio tk represents the addition 'of all data and model 
at time step k, the conditional distniution p( M/{rN, q,,}) errors and xk is a hypothetical emf-fne stnamflow vari- 
can be called the information about M contained in {rN, q,,}. able. The n + m + 1 elements of the vector a - (a l .  -' ' , 
In the next section, it will be argued how the covariaace a,, . b,)' are the parameters to be opthi?& in the 
matrix of our model parameters c6n be invoked to determine hear moduic. 
the information about M in the time series samples. There are several reasons that this model (1HS) is a 

The model used here to extract the information in rainfall- nanatural one to use for extracting the information in time 
streamftow time series data consists of one nonlinear and series {uN. Q): 
one linear module. The nonlinear or rainfall loss module 1. The model and a similar version with a simpler nOn- 
represents the transformation of rainfall rN to "excess" linear loss module are good predictors of streadow and 
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. . . . . . . . r , .  ..._. . . . . . ' 

Rainfal l  Rainfal l  exaess  streamf low 

(non-linear) . 
b 

Rain fa l l  nrcrrss t o  streamflow 
: .model ainear) 

I _ 

model (1H3, also tend to mquin' the cabation of param- 
eters related to flow nues and volumetric throughputs. 
'l'bercforc the implications of thc results obtahd &an 
applying this paper's h e w o r k  can be qualitatively de- 
dnccd for physically based and conceptual models. 

the relative peak (d the hydrograph response and u, is the 
integral of or m a  under this hydrograph respohse compo- 
nent. We definer = (7,. s e -  .'v,,, u,, .--, u ~ ) ~  and the 
parametas r,, f ,  and c of the nonlinear module as the 
dyhamic response characteristics (DRCs) of the catchment. 
The quantities I, can also be regarded as DRCs, but the 
elements of the vector r an sufficient to completely detine 

r ,  = -Mn (-aq) (6) 

tual storages. Data on physical r ,  = -Mu (-as) (7) 
to define the number and config- 
and most models, including the vq = Bd(l + aq) (8) 
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v, - PA1 + a,) (9) small in volume and deqays very slowly relative to the other 
component. 

where A is the sampting interval for the precipitation and An info-on matrix I for any inputoutput time series 
streamflow time series and the a and B parameters an: fuN. qN} and transfer function model ofthe form (4)-(5) with 
obtained from the decomposition of the polynomial transfer parameters a can be estimated [e.g., Pkrce, 19721 as 
function in the backward shift operator B ( Buk = ~ k - ~ )  

according to I =  NIB^)^^ kf :] (10) 

I B 8 b o + b l B  ; where ff = [-Pr-l -Pt-2 - - -AL-. uk U ~ - I  - +. uk- 1, 

I + a l B  + azBZ I + a @  I + a$  .Pk is an estimate of the noise-fnx streamflow I,, and g= 
Var (&) = Var [(qt - 231 is the model error or residual 

The sampling interval selected or available for the time variance. As described below, the information matrix and 
series data clearly has an effect on the information that can the residual variance d o w  one to determine how many 
be extracted about a model M. Too coarse a sampling model parameters are supported by the data. The specific 
interval wiU result in a loss of information about response approach was first used by Young et d. [I9801 and is in the 
dynamics. Too b e  an interval can result in numerical spirit of the philosophy of model parsimony espoused most 
instabilities [e.g., J & m  and Young. 19801. For ow notably by Box and Jenkins [1976]. 
model, the appropriate sampling interval to select is one that Ifa simple refined instrumental variable (SRIV) algorithm 
is ofthe order of, but preferably less than, the time constant is used to estimate a then an analogous matrix I* is the 
of the quickest identifiable mponsc. This selection can information matrix. This corresponds td I above except that 
make identification of slower components numeri-cally d B - _ .  each element is replaced by an analogous asterisk& variable 
cult. A particular algorithm was applied by J a k e m  et al. which is filtered according to 
[I9901 to obviate this problem and is again used here to 

2; = -a,j;-, - . . . - extract the different components. a&;-. + tk 
Note that with a two-paraUel storage coufigudon, ow 

overall model has seven parameters, six of which must be uf = -alu$-l - . - a.u~-. + ut 

estimated. Use of the parameter c in (I) constrains the 
volumctriC gain &tween excess rainfall and -w, (bo Here (It I ,  a2 r . . . . a,,) an: the S m  estimates of the first n 

+ bf ) l ( l  + a ,  + az), to be unity,.so that only three of the 
Linear module parameters need be mdependently esthted. The covariance matrix P of the parameters in a is esti- 

mated as 

2.2. Parameter Esrimatfon and the Fonn 
of the Covariance,Matrix 

The main interest of the paper is on the complexity of the 
Linear part of the model. Estimation is thenfore focused on 
the mean and covariance of the parameters in the linear 
module given values of the parameters T,, f ,  and c in the 
nonlinear module. The parameter c is obtained simply from 
the data and vX, and f using (2). The latter pammetws can be 
optimized by trial and e m r  using a simple search technique. 
Tht search can be applied to select those values which, 
when used in coqjmction with an automatic algorithm for 
esthating the parameters a, satisfy an objective function in 
fi- streamflow. 

There are many algorithms available for es- the 
parameters in transfer function models of the form (4). 
Instnimental variable techniques are preferred here because 
they lead to simpler algorithms with good propeItiw if one is 
mainly intemted in the system dynamics and one c m o t  
model or is not interested in the precise nature of the errors. 
They yield consistent estimates provided the e m  & are 
uncomlated with the input uk. Xkexefore they do not 
require the mom to be Gaussian or even independent and 
identically distributed. They can yield asymptotically efii- 
cient estimates if the errors are stationary. A covariance 
matrix is a by-product of the aIgorithms. The algorithmic 
details wiU not be reported here. kuCeman et af. [1989, 19901 
s m  the properties of various instrumental variable 
algorithms and cite the major literature. The simple re&Ied 
version is the one preferred because it performs well in the 
most diftiurlt cases, in particular the case of estimating two 
hydrological stores or components where one component is 

Under certain conditions [e.g., Pierce. W21, the parameters 
wthited in a are asymptotically n o d y  distributed with 
covariance P. Thus for any model M, a and P theoreticaUy 
are total extracts of the information in the data {ah, w). 
They contain the probabiity dism'bution of the hear re- 
sponse characteristics of the associated catchment. In the 
context of the model ( 4 x 9 ,  either the information or 
covariance matrix permits specification of which corn- 
tion (or model orders (n, m)) can be identified unamb'i- 
ously (or with specif[,ed uncertainty) 6um the data. Over- 
specification of eithdmodel order as n' or m' win result in 
an I matrix which is npt well conditiontdbewU9~ of a lackof 
cross comlatioq between kr-,, and lagged v&es of uk or 
betwe~n Ut-,, and lagged v a l ~ e ~  of tk .  ThCW Cross C O P  

lations form some of the offdiagonal elements in (10). The 
greater the overspecification 0f.n and m, the worse the 
conditioning of the information matrix or tendency to singu- 
larity, and hence the Iarger the elements in the covarhce 
matrix. Underspeci6cation of either model order will n ~ u l t  
in a substantially higher value of 62 than for any model 
orders n' r n,  and m' r rn. in practi&; the values of a f  (or 
the d c i e n t  of determination D = 1 - @/Var ( q d )  can 
be expected to decline (rise) to a plateau as the model order 
incmi~p  while standad measurement nonns of the covari- 
ance matrix become unacceptably large. A measun of the 
passage of I from being well conditioned for small parart36 
terizations to b e i i  I conditioned for models that are 
overparameterized is the average r e W e  parameter error 
(ARPE). This quantity is the average of diagonal entries in 
the covariance matrix P, each entry normalized by the 



TABLE 1: Hydmmeteorological CbmXaiStics of Cl;tchmenta for ~m?i  io This 

Av- Daily ' 

Te?liW) - 
Lickmg Hole (Austrslian Capital 20.6 1426 

TmknY) 
Momchyle (Bat@idder, Scotland) 7.7 2953 
Khkton (Balquhddcr, Sscotlsnd) 6.9 2795 
W a t m b d  36 (eweeta, ~ b r t h  0.49 2012 

carolinam) 
Watershed 34 (Cowccta. Nwth 0.33 2012 

'Armual 
Yield. % 

, . Carolina), A 

, , , , .HY&MI (N- . . , . ,0.00049 9% - 19.5 na 

Hut na denotes not avajlable'. ' - , \ .. i:: r r , , 
. . . , - , . 

c .  

square of its estimated mean value. It has been used by Moarrchyle has more extensive peat area8 mlts upper parts. 
Jakcman et af.  [1989, 19901, for example. ' The Kirkton has forest and grass vegetation, while the 

The covariance matrix in ( 1  1) is dependent on (1) the input Moxwhyle is covered with heather and grass. lakeman et 

sequence of exccss rainfall uk, (2) the underlying response al. El99361 have analyzed precipitation-swow data 
(mode0 parameters (because fk is the output of the model from these catchments before and after experimental land 
and f l  and u; are transformed from xk and uk using use chngm wereeffected to examhe t h e w  changes 
dl,  . . , 8,). (3) the variance of the combined data and in the hydrological response. Detailed d w t i m s  of the 
modd errors, @. and (4) the &e size, N. For any catchnmts and the experimental Balquhidder program am 
temporai pannn of excess rainfall, response parametex given by Blockie [1987] and Johnson 119881. 
values, and error level (or alternatively m@e size), P can The smallest pair of catchments selected was from the 
be evaluated using (10) and (11) to determine the absolute Cowtcta Hydrological Laboratory in the United States. 
minimum sample size (emr variance) required to achieve Coweeta is located in the Nantahala Mountains of western 
some predetermined accuracy in the parameter estimates a North Carolina. Watershed 36 is a high-elwation, steeply / 

and hence in the linear dynamic response c h d c s  7. sloping catchment with shallow soils, and a high annual yield / 

and a large proportion of quick flow [Sw@ e! ul., 19881. 

2.3. Emmple Catchments Watershed 34 is a midelevation catchment with somewhat 
deeper s o h  and, consequently, substantially mom delayed 

TO answer our fundamental question, HOW complex a flow. Details of the physical ch&Sti~ of tht Coweeta 
m t e r i z a t i o n  is wananted in a ~ - ~ ~ a f f m o d d ? *  the an g e n  by Swank Crnsslq [1988]. 
~ * e k 8  fiam~work was -lied to a selection of catch- ,, ~ydrr,pig.is a sm& expc&mntal.patc?unent of 4q0 m2 
, mepts' cwcring a range of scales and climatic conditions n, ~w~ ~;tria. haP to invlS&b isotopic 
. Cable l).,Exccpt'for the expeximental Hydrohill cagchment, hetcrogen& in s~surface watus by xc,,&d ar;d G~ 
pairs of catchmtnts were chosen in dose pruximity Mit with 11991], kCU)mUto &em, the catchbit; ' ,  - 
differing fespotrses so that model performance coufd be 
examined under similar climatic conditions (almost identical was consmskd with a wllaete aquic11ude mnskth of two 
calibration periods) but different catchmen~descriptors. slopes with 140 0vdyhte bedrock. Im- 

Tbe large? pair of catchments seleaed for analysis wn- 
~ & - 2 ~ ~ W 1 ~ $ ~ ~  Ymdw*- 

sisted of the upland subcatchments of the Munumbidgee and of -tiOns. me hulk d-w - d i  to aom~- 
Cotter rivers in the Australian Capital Tenitory about M km mattthe natural soil profile. &ass th& planted o& the 
southwest of Canberra.  heir c e n k  are ah& 10 km apart. surface. ~ t c r  & of settliog, a trench was dug 
n e  st- pupe on the larger h r g  valley catchment is at the intersection of the two slopes and the wahrlsampliag 

at an elevation of 870 m, while that on the Licking Hole 
was 

mchment is at 1090 m. Land falls steeply in both catch- p,, m u d .  each 40 m low and constructed of fibnslass, 
ments from high ridges. Both contain a Largr; diversity of were iaa&cd I6nkitudioaIIy sthe trench. These trouohs 
vegetation, mainly native eucalypts, but the 'wver at Licking s t a d w l  on top of each other to create a set of long -tadon 

Hole was completely burned by brushfie just prior to the ~ ~ y ~ t o ~ ~ 2 1 ~ Y 2 1 )  ~ c n ~ & * ~ t w ~  
period of analysis. Soils are deep in the two, but quick flow lay=. W- couccted i. each vwgh h a &  V-notch 
in the O T T O ~  Valley is considered to be mainly interflow weirs where discharge is continuously monitored and 
above a ~~pf!meahle layer (R. Knee, paonal ~ ~ u n i -  recorded.. . the uppamost mu@ collects rain, the next lower 

cation. 1992). trougbcolleassurfaccmnoff.Thcnextthrretroughs~)1led 

Ihe pair of intermediate sized catchments s e l d  contain ~ v e l ~ 3 0 ~ , ~ ~ ~ ~  mCmydCpUlp Of' 1'c8peo- 
the Kirkton and Monachvle streams. situated near Balauhid- 
dm. Scotland. about 60 dm north of ~ l a s ~ o w .  The ca&ent For each catchment pair, that is, excepting Hydrohill, one 
centus are less than 5 km apart. Both catchments have steep year of excess rainfall and stnamflow values was used to 
slopes. ffat valley bottoms, and genemy thin soils, but the estimate model structure and the assochted parameter val- 



JAK8MAN AND flOW4BERGBR: h V E L  OF M RAMPALL.RUNOPP MODEL9 

TABLE 2. Identification Statistics for Two Adjacmt Catchments in the Austdan Capital , 

Territory Using 1 Year of M y  RainfaU and S w o w  Data Beginning in April 1983 

Onoral Valley 
' Catchment Lickina Hole Catchment 

c o ~ m  and Model 
Orda (n, rn) . D ,  ARPE, % 

Ooe st- 11. 0) 0.761 0.087 
Twosenal(2,O) 0.768 3.366 
Two paialle10.1) 0.787 0.108 
ThreeserialO.0) 0.788 1251 
One serial, two padd (3.1) 0.787 945.474 
Three parallel 0 ,  2) 0.785 365.680 

ues. For Hydrohill, analysis was performed on a-storm is also small enough (estimated as 0.15) to yield only smaU 
covering a period of about 34 hours with data spaced at 6 differences in D among the different configurations. 
min. For all catchments analyzed, the c o m s p o ~  sample W1th all six catchments, more complex co&gmtions 
sizes were sufficient to identify the appropriate contigmtion than two parallel starages yield no substantial improvement 
of linear storages and their appro* parameter values. in D values, less than 1.396, and they may yield a substantial 

% .  - decrease. The average relative pammter enur (ARPE) of 

' 3. Rfm3l.S , the s i n g l n e  and two-padlel stomge c o ~ o n s  is 
orders of magnitude lower than for theathex con6gmntions. 

For a broad of -'of catchmats we hav= found, as we -Om -the 
show that a 

have for the seven catchments in this paper, that the most w-n with marc than two storages is not -w 
commonly iddfied'bntigmtionG the on6in F i  1 of by the data. 

co-118 fit, the wdw or two stomps in parallel driven by excess rainfan. This 
.co-n of the linear module identad is same for mb'rguity in m e t e r  estimates is excecdiogiy high. If 

any values of the nonlinear module parameters, T, and f , co-involving arc estimattd* the 

which yield naso&k fits to streamfow. it is the to stnamftow for the catchments visually hferia, 

same if m, nehfla an mswd and rainfan is ~ W Y  dvrhrg long -, and 19  gad^ mdfest 

as excess rainfaU. However, only one storage may be as lower values. 

idat@& if either base flow is -t or data in,,,, m QudathtC rebiton ~ D R C  to ~ h y s i c d  . catchment . 
sampleti over a coarse enough time intend From monthly &a&to*. The dynamic mnse of 
data, one was &md by and iinw module for each 6f thesix catchments, derived di- 

J&,- [lm] for the -w ~~~i~ at and the from the panme* atham a. show a v a M W  

match between observed and model flow was excellent. d- ow wide ~ o i c c  of mtchment types pable 5)+ A 
comprehensive h i m s a t i o n  of the athated DRC values is 

3.1. The Paired Catchments 

Identifcation results. A g e d  patttm emerges from 
the results of the modeling approach applied to a ycar of 
daily data from each of the six catchments (Tables 2-41. In 
terms of D, the single-storage and t w o - s d  storage config- 
urations lead to lower values than the two-pamllcl storage 
configuration (with the exception of the Monachyle catch- 
ment). The former also have fewer pammeters, two and 
three' nspedively, cnmpand to four for the lattcr. h the. 
case of the Monachyle, the slow Bow volumc .fraction-is so 
small (CO.1 as will be SCM in W l e  5) that the former 
co&urations suffer no reduction in D value by not fitting 
the low recessions. Thc slow Bow volume W o n  at Kirkton 

beyond the scope of this paper, but some comments are 
Warranted. Note that size of the catchment b a n  little 
&ition to the timc constants of the quick and slow compo- 
mats. Omnrl Vaney, the -st catchment by far, has a 
much smaller +rq (faster quick response) than the next three 
largest catchmcnts,. Licking Hole, which is much larger than 
both Coweeta catchments, has a malbr  r, (faster slow 
response) than t h e .  If DRCB are related to physical catch- 
mcqt deyipton. & suggested by Jake,- et nl. [19921, 
morr than catchment size is involved. 

Qdtatively, some ofthe controlling differences W e e n  
catchmcntsineachpaircanbeargud.Thisisbecausethe 
climatic forcing variables arc basically the same and some of 

TABLE 3. ~ t i i i ca t ion  S W c s  for Two Aaacwt Catcbmenta Near B&@ddcr. Stsw,tland, 
. Uslng 1 Year of Daily RabfMl and M o w  Data Bcgidug in July 198.5 . . 

Monachyte Catchmart gihtcmcatchmtnt 
c o ~ m  and Modcl 

(a, m) D w r p 6  D ARPE, % 

One storage (1, 6) 0.686 0.492 0.728 0.175 
Twosaial(2,O) 0.686 450.004 0.728 292.149 
TWO padd 0 , 1 )  0.685 1.555 0.733 0.278 
Three saial (3.0) ' 0.690 29.589 0.740 4.549 
One serial, two p a d d  @,I) 0.694 34.147 0.742 836.647 
nlfW paraIld O,2) 0.695 89.647 0.746 19,528.081 



JAKEMAN m Howmow: LEVEL OF Co?maxm IN RAINFALL-RUNOW Moo~1.8 
- 

TABLE 4. ldenlification Statistics for Two Atljacmt Catchments in North Camlina Uslog 1 Year - &Daily Wall aad Stnamttow Data Begkmhg in October 1981 ' - 

Cowata 36 Catchment qweeta 34 Catchment 
Configuration and Model 

Ordg (n, m) D ARPE, % D ARPE, % 

One storage (I, 0) 
Two d (2.0) 
Tw6 d e l O . 1 )  
Ihre; serial (3,O) 0.788 1.502 ... m 

One d, two palane1 (3.1) 0.893 5.465 0.908 3.264 
Thrrc lmmU~l0. 2) 0.900 7.427 0.922 49.691 

. Hat.=Jdcnotendi 

- . .  
thephysi& catchm=nt desuiptors arc similar as d e s c r i i  C~rrespondencc between DRC values and s h a m  hydro- - in. scqtion 2.3.. For the largesr pair fthe A u s t r a h  Capital gruph pattern. %err is also a very masomble wmspon- , 

,- Territory catchments), t e m b  is oftbe same type, with the - dence &tween ?he. patterns in the stream hydrographs in 
so& and vegetation being the obyi6Us difference. The dcep F i '  Z 7  and the "DRC v h e s  of thc li#ar module, . 
soils and reduced vegetation at Licking Hole provide nla- especiany if one does the comparison within each pair where 
tively larger i nc rea~s  in storage (see separation In F i i  3 the climatic forcing variables ambasidly the same. The low 
venus F i i  2) immediately following rainfall, slow flow value of T for the OIIUA Valley stream rtsponse accords 
contributing more to the hydrograph peaks, wh- an well with & qualitative ~ e s s  (~ lgme 2). Perhaps not so 
undedyies less permeable soil layer at Onud Vdey pro- easy to appreciate from the fierves are the similar mMve 
vides a much &shier quick flow response ( T ~  = 1.61 volumes of quick (and hm& slow) flow throughput for 
w m  to 3.79 days) and a slow flow atorage which is less Orroral Valley and Licking Hole (Figures 2 and 3). For 
responsive to rainfall and recedes more than hvice as slowly Orroral, the long slow flow time constant r, of almost 100 
(rl a 97 compand to 36 days). In the case. of the ~alquhid- 

_ der catchu~~~ts, .&e topography is simk, the main differ- 
ences a h  being the vegetation and soils. The larger areas of 
upland pea! may conm3ute to the greater proportion of 
quick Boa. volume m the Monachyk (0, - 0.93 compared 
to 0.85 and see separation in F i i  5 versus Figure 4). For 
the Cwvata pair thc differences in soils and topography arc 
substantial. The steep slopes and thin soils at watershed 36 
yield a much smaller pmpoxtion of slow flow volume than do 
the deep soils at watershed 34 (v, - 0.58 cornpaved to 0.80 
and see separation in F i i  6 versus F i i  7). 

1 ... ' L . . . .- 

days and the &hincss of quick flow evidently ensure a 
strong contribution of slow flow to total stream yolume 
despite the relatively low magnitude of S%W flow during 
rahMl events. For the Balquhidder catchments, Monachyle 
shows a &shier quick response and a smaller slow flow , 
volumc than Kirkton F i  4 and 5). The DRC values/ 
(Table 5) confirm this view. But it is more W u i t  fium 
inspection of the stream hydrographs to appreciate the 
identified longer response times of quick (and slow) compo- 
nents for Coweeta watershed 34 versus 36 (Table 5). This is 
partly due to the obviously larger slow flow volume for 

. s  - - 
' \ I  > - 

T ~ L E  5. Dynamic Response Characteristics of the Linear Module and Minunurn 90% 
Confidence Intervals for the Seven Catchments - 

Dynamic Response QItlradaSstic 

. . 
+O 3 7,. dn v; ,  

Catchment davs dam fraction 

Onoral Valley 
Value , 1.61 
90% confidence interval (1.45, 1.78) 

Lickiag Hole 
Value 3.79 
90% confidence interval (3.44,4.18) 

Monachyle 
Value . 0.85 
90% confdence interval (0.72, 1.00) 

Kirkton 
Value 1.35 
9096 confidence (1.18. 1.54) 

i n t d  
Cowata 36 

Value 2.32 
90% confidence intwval (2.07.2.64) 

coweaa 34 
value 3.45 
90% confidence interval (2.97.4.12) 

Hydmhiil 0.0054 



Fig. 2. RainEiU (-), model fit, rrsktunls and W h  Fi. 4. MnM (miljimeiers), aytd lit, midude and tqtaVslow 
se~anhon for daily stmuutiow (cubic metea per at Onorat separation for daily stmmflow (millrmttas) at MMwaebyk n 1985- 
VaUcy ia 1983-1984. 1986. 

Fi. 3. Rainfall (dIhetcr8). model fit, residuals and W s l m  Fi. 5. RaintW (millimeters), model Bt, rrsidu~I~ and totayslow 
w e  for daily ftresmttow (cubic meters per Secomi) at Licking sepfmtiou for daily fArcru&ow (millimeters) at Kirkton in 1985- 
Hole la 1983-1984. 1986. 



Fi. 6. Rainfsll (dhctcrs), model I%, residuals and loraVsiow Pi. 7. Rainfall (millimaicrs), model Et, residuals and totaVslow 
S~Pmti011 for daily s t r e a d o w  (millimeters) at Coweets watershed separation for daily stradiow (millimeten) at CowccCs watasbtd 

wamhed 34 obsnuing direct appreciation from the st- 3.2. HYdn,hiiI china ' 

hydrograph of the rate of quick tesponsc. 
Uncenainzies in DRC values. A measure of the uncer- Rainfa]. time series data r~ from a storm on July 5.1969, 

tainties for estimated mean values ofthe DRCs for the linear were analyzed by C. KendaU et al. ( m a n w t  in prcpara- 
module is also provided in Tabb 5. Tbesr: were computed by ' tion, 1993)_using model (4) m t e l y  with dischargs mca- 
Monte Carlo sampling ofthe estimated co~ariance~matrix of surements do). fiol, dm), andq Ioo) and various additions 
a. d c ~ g  the ensemble of r values using . ( 6 ~ )  ofthese (c.g.. qj+(30) = *lo) + qbO) for each x). emp~oring 
rejecting the largest and smallest 5% of values to obtain 90% an obvious notation to represent discharge coUectcd at each 
confidence intervals. The tabb illustrates that the underlying trough. Thc time step selected was 0.1 hours, and analysis 
nature of a catchment's response has a strong effect on the was undertaken from 8.7 hours a h  the storm commenced, 
accuracy with which the properties of that response can be stin leaving almost 25 hours of record (N = 250) More 
calculated. Notice the large uncertainties on r,, v,, and v, surface discharge ceased. Deletion of the first 8.7 hours of 
for Kirkton, Monachyle, and O m d .  These large uncertain- the storm data allows omission from the aaatysis of some 
ties are principally due to the low magnitude 'of slow flow at missing discharge measurements in that early period. As wiU 
many time steps. Absolute errors in time series diimtion be seeti, rainfall after this period, from time steps 88 to 337, 
data a ~ i  model have a larger relative effect on slow fkrw can be treated as excess rainfall. That is, ut = rt is set for 
magnitude, swamping the underlying slow flow signal in thc this catchment, allowing omission of the nonlinear module. 
stnamflow series to a greater degree. Tmnsfa w o n  model identification was applied (C. 

There is also an effect which compounds' these uncertain- Kendall et al. (manuscript in prepamtion, 1993) give detailed 
ties. The absolute data emm are probably larger in these results and compare the quick flow-alow flow 
three catchments than in the others examined in the paper. with chemical sepamtions) to the foUoWing discharge time 
For the Balquhidda pair, some precipitation in the winter series: do), qflO), q8+30), q)fO). q#OO), q#Ot'OO'. 
months occurs as snowfall, and its delayed transfer to excess CL@+30+60+'00). and & +m+'oo), N 250. The ~ e 8 W  

Wal l  as it melted was not attempted (see the model's model fits were found to be c n d i e  in all cases. F&WC 8 
pnmature response to snowfall in early January in Figures 4 shows the fit to total discharge, for example, including 
and 5). In Orroral Valley the rain gauge, being situated in thc simulation of Wall through the model for the first 87 time 
largest by far of our seven catchments, will not yield as steps not used for model catibration. The identified ~ n f i g u -  
representative a measure of incident rainfall over the catch- rations of the different models (omitting the subswjpt N) 
ment. were a single storage for a with qcm, qm), q(w, and qW", 



precipitation, air temperature, and streamffow. In this re- 
spect, the actual model used is important only insofat as it 
allows a statistical evaluation of the number of parameten 
(taken by us to be an index of model complexity) that can be 
1CrsicaU.y supported by the data. The major result of our 
study is that, for catchments in tempexate climates but over 
a tremendously wide nutgc of,scales, only a handful of 
parameters can be reliably esthated from rainfall-moff 
data. This result confirms suggestions made by others using 
conceptual or more physically based models [e.g., Beven. 

I 
9.. 

a , .  i h J i L  1 
19891. 

Before proooeding. with a discussion of the main infer- 
ences drawn from the mod- work. it should be emuha- 
sized what our work does not do. $ i i  there an &ay 
reasons for building rainfal-runoff models. From a scientific 
perspective, for example, insights derived from physically 
based models, whether or not such models can be rigorously 
pamneterhd using statistical mthods, can be extraonti- 
narily useful. Our work should not be taken as a mmmen-  
dation to' replace in toto physically .based models with 

-, t r a a s f t ~ ~ ~ n m o d ~ l s ~ ~ ~ b a ~ l l s c d h e n ; .  = 

- 1  -- Better definition of the spatjal distciiutio48 of-catc$nent 
. ' &racteristir:s, moisture3tatus. precipitation, and so forth is 
i Whdy to be achieved in the future as a result of pro&ing 

modem techniques. Such additional information may result 
in an improved ability to identify some of the complex 
hydrologid mechanisms that drive catchment respow. 
For example, it has been argued that a knowledge of the 
distribution of prccwitation ovm a catchment would d v  

Fa. 8. Rainfan ( m i n i a l ~ ) ,  model tx, residuals arid towslow 
enhance our adility b simuWc hydmgmphs [e.g., wkon 

-on for O.I swW (x10-3 cubic pa "I" 19791. knodcdgc may become routinely available 
second> at ~vdmhi~f  in ~ u h r  1989. from data obtained fmm sophisticated m e r  radar units 

, - --. --. -- 
that am b e i i  ins- around the ~ o d d .  The work pre- . . seated here should not be taken as an implied limitation on 

and two in parallel fo; q(IOO), q(*lOO), qw+so+lao), p o s ~ ~  for the futon?. 
and q(O+30+"+lW. Our modeling approach may be utilitarian for such pur- 

A conclusion to be drawn fkom the HydrohiU results is that ym as flow fo-tins* However* npcated VPli&ons 

co-ons of kcar can oh be ttuS style wilI not, in and of themsefves, lead to scientific 
well approximated by lowm-onlm linear ones. The sum of zximnces. we believe that there are two main P* to the 

individual e x p o n e n ~  decay respoases (to a ofrain) i,, development of intuition and advances in the sciences that 
different p m  ofthe catchment -be well appro- by deal with the natural environment The first, building up 
the k , ~  c o m b e n .  of a d m  number of e q m n t u  fium a physically based md- of local P m s m  to 
tern. using total discharge data the large scales of nahual catchments, is one with which 
q'0+30+60+1M)}, dy compontnts, cpmpand to ave most scientists i iv comfortable. The second approach, 

" sep-ly ibntifid componats from -mmnts offour studyids dafl~nships at the larger %ales with the aim of 

individual mugas, are necessary to appro- 89% ofthe w v *  p a t e  that-ma~ subsequently be explained 

wee of the mtd discharge at the 8). using conventional scientific wisdom, is also-valuable, It is  

Of course, the response at any level is composed of b u g h  second V P ~  that our modeling ms*@ 

numerous components. Data and model en-on prevent id- ultimately may be applied in a scientific sense. We do not 

tificaon ofmom than a small number of c W  that we have d v e d  at this point. The aim of this 
patamem in highersrder confilguratons than th- i d d -  p~pcr is to investkate the number of paramars that are 
fied lead to lit* improvement (of the order of 1% in D) in s u m ~ , a  by mhfakumff data we 

munting for the of o b s d  mCge indulge later in this discussion in some spewlation as to bow 

conf,gurdons dso carry high -mr v-ces. mw our approach might p m  to be uscfnt in empirical scientific 

even in cases whtn several runoff components are observed 
directly, only a small number (four) of paramem are 
needed to lit streamffow well,and to separate a slow fiow 4 . t j i \ 4 ~ ~ ~ ~ ~  
component. 

Complexity has be.en analyzed within a statistical frame- 
work using a spcciec M y  of models which allows an 

4. D S ~ S S I O N  AND C~~CLUSIONS optional nonIincar rainfall ioss model and any @el andlor 
The main issue addressed in this work is that of complwr- series arrangement of linear rese~oirs. Strictly, the results 

ity in r a i n f f  models parameterked using only data on are valid only under these conditiom. However. we will 
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proffer some implications later for rainMl-moff modeling in knowledged that linear mdeis may' v& well be good 

general. approximations. 
For a broad range of catchments. we have found that the 

most wmdy iaentified for a MmOff 4.3. ImpficatioILT for Mo&ling 
model is two storanes in v d e l  driven by excess r a h M  as 
illwtrated in F i i  1. (If base flow is fle-&iile or the data 
sampling interval is too coarse, then only one storage may be 
identified). This fduiparameter (two in the case of one 
identified storage) linear model obviously may require sup- 
p l d o n  to allow for antecedent precipitation c o d -  
tiozls and fhtmtions in evapotranspiration. In humid catch- 
ments, this need add only a few more parameters. 

Itappearstobear0bustcondusionthatonlyasmall 

The amount of information that can be gleaned from 
c l M c  time series of xainfaU and temperatun and from 
stmmfiow seem8 a gnat deal smaller than much of the 
cummt modekg practice, largely performed in temperate 
catchments, would indicate. With or without -ent of 
raiddl for antecedent conditions, almost always, one quick 
&ow component and one slow flow component are alf that 
can be identified. Experiments by the authors with synthetic 

number of conceptual storages is warranted. Orroral Valley data under ideal conditions (no error in excess rainfall and 
with an area- of about 90 km2 is the largest catchment Gaussian noise in stmmfiow) show that, for a liugc range of 
reported here, brit-similar results can bk obtained oii much , systems, three true components can be identified only for 
Iaiger-catchments qxxh l ly  when one has a good-spatial impmticably low noise levels; more than two coIsmponcnts 
dhibution of rain gauges to estimateareal mhfall. For the can W t e l y  be identified with no noise on the strramflow 

I '  894-km2 T e a  basin in Wdes a& the 767h2 Fmch  Broad miss. It may be possible to identify three components in 
River basin in North Carolina, for example, Jakemun et al. some catchments when the nature of the rainfaU, dynamic 
[1993al identitied from daily data only a padei quick flow response, and quality of records allow this. To find mon 
and slow lbw wdgwatbn as the linear module. Addition of than three components without knowledge of interaal states, 
the loss model (1>.(3) produced a seven-parameter model such as levels of hydraulically connected groundwatert 
with good c a l i i o n  and validation statistics. Use of finer would seem to be a rare acbiwement. 
tempo& data for small catchments also leads to identiflca- The ability to identay more than one response component 
tlon ofthe padel configuration. Jclkeman et al. [1990] used with rcasonab1e accumcy rcqubs data scts of maamable 
hwrly rainfall and stmamilow for rwo mall (0.72 and 0.34 length and quality, as well as an algorithm that makes few 
km3 mocithnd catchments above LlyrBrianne, Walcs, and assumptions about the naturs of emmr and that is numeri- 
found U& -el storage c o u o n .  The Hydroldl cally stable enough to extract the slow flow component. 
&ts also show how individual dischaqp responsea at Even when just two components are identified, high param- 
different depths become identifiable as either only a quick eter variance (see Table 5) aud covariation exist for cstima- , 
component or a quick and aslow component when discharge tion from daily data of 1 year in length. Such uncatabty is / 
data are aggrrgated in space at the "stream" outlet. d a t e d  when the diikmce in relative volume between 

auick and slow flow reswnse is h e  and absolute mors in 

4.2. Linearity of Response 

We have o b s d  a predominant linearity in the response 
ofwatersheds over a large range of catchment sales, even if 
only a simple m t r n e n t  is made for antecedent rainfall 
conditions, The linearity., assumption of unit, hydrograph 
; thtory therefore seems applicable in temperate catchmens - 

and works just as well for slow flow as for quick flow. The 
major evidence for this is twofold. Fi, t h m  is the abiity 
of the exponentiaUike response of the transfer function 
appro- to the convolution integral to fit stream 
hydrograph recessions ge~erally quite well, indicating that 
nonlioearities can be described by the tmyformation of 
rahfhll to excess rainbtn. Second, the Hydrohill results 
reinforce our observations of a predominantly linear re- 
sponse in catchments and add considerable justification for 
the modeling approach used in the paper to extract informa- 
tion. Despite considnable spatiat heterogeneiw in the sub- 
surface wetting of the experimental catchmint [see Kendull 
and Gu. 19911, the discharge response (withut any nonlin- 
ear adjustment between raiddl and excess rainfall) is quite 
linear, and as found by C. Kendall et al. (manuscript in 
preparation, 1993), it is a linear response at all four troughs. 
Such linearity is perhaps surprising on so small a scale: The 
catchment is only 490 m2 in area. Chnpman [I9921 has also 
obsemed linearity from analysis of event data using a 
nonparametric unit hydrograph method. Cmni  [19m used 
a unit hydrograph approach to consider variation of param- 
eters with flow and, despite findings of nonlinearity, ac- 

&fall amhigh:~orawidevarictyof 
catchment types, the caiibration of relatively complex mod- 
'& ( c o n c e p ~ ,  physically based or othepdsc), splely.from 
. &amtic 'aiid streadow data, i~) the hope of,upderstyding 

p m m  or inf- the cornpartmentakation of storage, 
is likely $0 be largely mprofitable (see also Bqen J19891 
and Wooper et al. [19883): 
Thi inclusion of spatial data on physical catchment de- 
& (PCDs) would not appear to resolve the identifi- 
ability problem substantialty. While the model (1x5) docs 
not explicitly allow the incorporation of additional data on 
PCDs, the framewo* used permits s m t i o n  as to what 
additional information such data provide for model &"bra- 
tion. With physically bastd models there tend to be spatial 
elements (anas or volumes), representative of a level of 
physical homogeneity, upon which incident precipitation 
falls and/or to which flow from other elements may travel. 
Each element F c q h  some minimal level of d e m o n  by 
m e t e r s  descnb'i, for example, the rate at which water 
is transmitted and the potential throughput or storage. One 
can thenfon regard such models as being nonlinear vemions 
d our conceptual model. Indeed, precipitation enters the 
surface component of elements in parallel, and flow out of 
these storages may pass to other storages of the same 
element or storages of neighboring elements. The PCD data 
permit an attempt to specify the number and conlipmtion of 
storages. However, the pmipitation and strcamibw data 
are still used in physically based models to estimate those 
key parameters of each storage related to the transport of 



water. The nsults obtained in this paper help argue that. 
basically independent of the scale of representative ele- 
ments, h f o ~ o n  on the flow needs to be obtained from 
time s e e  data on the inputs and outputs of about every 
second storage that is separately pamneterized. If, for thrre 
or more c o ~ e ~ t e d  storages, one has-flow data only into the 
Erst and out of the last storage, then the unc&ahtbs of 
estimating the characteristic hydrological propertics of all 
these will be extremely high. 

One way around this problem would be to assume that 
characteristic hydrological properties are related to suitable 
PCDs in a parametrically e5cient way. For example, it may 
be possible to obtain a simple relation between them wben:in 
each of the parameters assodated with an clement is de- 
signed to have the same calibrated value over dl elements or 
a large subset of clement types. 

4.4. Opportunities 

An ability to represent sucdnctiy the response of a catch- 
ment to precipitation and other climatic inputs proffers many 
opportunities for enhancing our k b i e d g e  of hydrolqgical 
phenomena on a local, regional, and &bal basis. The 
transfer function-unit hydrograph sepzuation app~oach al- 
lows one to guantify the Merences and s h k i t i e s  of 
catchment behavior in terms of dynamic RX~OUSC charactu- 
istics such as our wetness dcclinstion time constant 7,. 

temperam moduLation factor f ,  chaqgc in storage index 
per unit rainfall c, and the time constants and fractional 
volumetric thn,ughputs assodated with each linear storegc. 
Such a parsimonious, yet &Wive and physically plausible 
parameteximtion at catchment scale, may provide a common 
basis for accumulating knowledge through collective 
cation of the associated identification pmcedm to rd&U- 
s ~ o w  data sats. An obvious research avenue is exam- 
ination of the relationships between estimated DRC values 
and physical catchment descriptors. Any such procedun 
will need to account for systematic and random uncertainties 
deriving from rain gauge coverage errors and possible driRs 
and shifts in stream stage-height rating curvm. W e  the 
amount and quality of tiam series data required to genmrtc 
sufhiently reliable DRC values for any catchment & 
investigation, it is likely that there arc a us& number of 
,catchments worldwide with adequate data 
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