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Abstract As watershed models become increasingly sophisticated and useful, there is
a need to extend their applicability to locations where they cannot be calibrated or
validated~ A new methodology for the regionalization of a watershed model is
introduced and evaluated. The approach involves calibration of a watershed model to
many sites in a region, concurrently. Previous research that has sought to relate the
parameters of monthly water balance models to physical drainage basin characteristics
in a region has met wid! limited success. Previous studies hi!.ve taken ,the two-step
approach: (a) estimation of watershed model parameters at each site, followed by
(b) attempts to relate model parameters to drainage basin characteristics. Instead of
treating these two steps as independent, both steps are implemented concurrently. All
watershed models in a region are calibrated simultaneously, with the dual objective of
reproducing the behaviour of observed monthly streamflows and, additionally, to
obtain good relationships between watershed model parameters and basin
characteristics. The approach is evaluated using 33 basins in the southeastern region of
the United States by comparing simulations using the regional models for three
catchments which were not used to develop the regional regression equations.
Although the regional calibration approach led to nearly perfect regional relationships
between watershed model parameters and basin characteristics, these "improved"
regional relationships did not result in improvements in the ability to model
streamflow at ungauged sites. This experiment reveals that improvements in regional
relationships between watershed model parameters and lJasin characteiistics will not
necessarily lead to improvements in the ability to calibrate a watershed model at an
ungauged site.

Calage regional d 'un modele de bassin hydrologique

Resume Les modeles de bassins hydrologiques devenant de plus en plus complexes et
utiles, il est desorIriais necessaire que leur application soit etendue a des regions ou il
est difficile de les caler et de les valider. Cet article presente et evalue une nouvelle
methode de regionalisation de modele qui realise un calage simultane sur de
nombreux sites d'une meme region. Les recherches anterieures, qui essayaient
d'associer les elements d'un bilim hydrologique mensuel a des caracteristiqiles
physiques du bassin de drainage correspondant, n'ont connu qu'un succes limite. Ces
recherches utilisaient une approche en deux temps: (a) les parametres du modele
etaient estimes pour chaque site d'etude, puis (b) on tentait de relier ces parametres
aux caracteristiques physiques du bassin. Au lieu de realiser ces deux etapes
independamment l'une de l'autre, nous les traitons simultanement. Nous calons en
parallele taus les modeles de bassin de toute une region avec pour double objectif de
reproduire le comportement du debit mensuel et d' obtenir une bonne relation entre les
parametres du bilan hydrologique et les caracteristiques des bassins. Cette approche a
ete validee sur 33 bassins du sud-est des Etats-Unis en etudiant les simulations
utilisant l'approche regionale de trois bassins qui n'avaient pas ete utilises pour
l' etablissement des equations regionales de regression. Notre methode montre une
relation presque parfaite entre les parametres du modele et les caracteristiques du
bassin. L 'utilisation de ces relations regionales "ameliorees" n ' a pas cependant pas

perrnis d'ameliorer notre capacite de creation d'un modele permettant d'evaluer les
debits aux sites pour lesquels nous ne disposons pas de mesures physiques. Notre
recherche souligne donc combien il est difficile de donner un sens physique aux
parametres d'un bassin hydrologique issus d'un calage.
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INTRODUCTION

As watershed models, computer technology and hydroclimatological data evolve, there
is an ever increasing need to apply models for watersheds where streamflow data are
unavailable. Without streamflow data, a watershed model cannot be calibrated; hence
regional methods are needed which relate easily measured watershed characteristics to
watershed model parameters. Abdulla & Lettenmaier (1997), Sefton & Howarth
(1998), Xu & Singh (1998), Seibert (1999), Post & Jakeman (1999), and Xu (1999)
provide recent reviews of dozens of studies which have used regionalization methods
to relate parameters of rainfall-runoff models to watershed characteristics. Previous
regionalization studies have focused on a wide range of hydrological models ranging
from complex hourly and daily watershed models to the more parsimonious monthly

water balance models.
Although each previous study attempted to regionalize a different watershed

model, all studies to date follow the same general approach. First a watershed model
is calibrated to climate and streamflow data available at each site in the region. This
is followed by the application of a regionalization method which attempts to relate
optimized model parameters to watershed characteristics. The most common

regionalization method to date is bivariate and multivariate regression, although
other methods have been attempted. Tung et al. (1997) recommend use of
multivariate statistical methods which can account for the correlation structure
among the watershed model parameters. Vandewiele & Elias (1995) found that
kriging led to an improvement over multivariate regression for estimation of
parameters of monthly water balance models at ungauged sites. Burn & Boorman
(1992) showed that use of a wa,tershed clustering algorithm to quantify watershed
similarity led to improvements over the use of multivariate regression for estimation
of two parameters of a unit hydro graph at ungauged sites in the United Kingdom.
Post et al. (1998) document that incorporation of a regional relationship between
annual runoff and forest density into model calibrations led to significant
improvements in model application at ungauged loc~tions. Servat & Dezetter (1993)
found that it was easier to relate watershed model parameters to landscape attributes
for parsimonious watershed models than for watershed models which are
overparameterized. Even when one attempts to regionalize a very reasonable and

parsimonious watershed model, results are still mixed (post & Jakeman, 1999).
So far all previous watershed model regionalization studies have met with limited

success. Kuczera & Mroczkowski (1998) suggested that attempts to regionalize water-
shed model parameters for the purpose of application to ungauged catchments will be
virtually impossible due to the existence of multiple optimal model parameter sets and
a high degree of correlation among model parameters. As a consequence, there exist
many possible model parameter sets which produce virtually indistinguishable simu-
lated streamflow sequences. The main idea of this research is to choose among those
virtually indistinguishable parameter sets so as to maximize the "goodness of fit" of
regional relationships between model parameters and drainage basin characteristics.
Instead of choosing parameters which minimize the model residuals alone, the goal of
this study is to both minimize model residuals and maximize the goodness of fit of

relationships between model parameters and basin characteristics, concurrently.
Naturally, this approach is computationally intensive, because all sites in the region
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must be calibrated concurrently; however, recent advances in computer technology and
nonlinear optimization algorithms enable one to readily implement this approach.

The methodology introduced here could be applied to any watershed model. In
fact, this methodology could also be applied to the regionalization of other hydro-
logical models including flood frequency, low flow frequency, and stochastic
streamflow models. This initial study focuses on the regionalization of a four-
parameter monthly water balance model for a region made up of 33 sites in the
southeastern United States. The following sections outline the water balance model,
the regional hydroclimatological database, and the regional calibration methodology
followed by validation experiments which provide an evaluatiori of the overall

methodology.

A MONTHL y W A TER BALANCE MODEL

Alley (1984), Vandewiele et al. (1992), Vandewiele & Ni-Lar-Win (1998) and Xu &
Singh (1998) compared the performance of numerous alternative monthly water
balance models and concluded that a three to five parameter model is sufficient to
reproduce most of the infonnation in a hydrological record on a monthly scale in
humid regions. In those comparisons, all monthly models performed credibly and none
stood out as clearly superior. This study focuses on the "abcd" model introduced by
Thomas (1981) and Thomas et al. (1983) because it is comparable with other water
balance models and each of its parameters has a physical interpretation.

The "abcd" model

The "abcd" model is a nonlinear watershed model which accepts precipitation and

potential evapotranspiration as input, producing streamflow as outpuL Internally, the
model also represents soil moisture storage, groundwater storage, direct runoff,
groundwater outflow to the stream channel arid actual evapotranspiration. It was
originally introduced by Thomas (1981) and Thomas et al. (1983) as a suitable model
structure for performing regional water resource assessment using an annual time
scale. The "abcd" model was later compared with numerous monthly water balance
models leading to its recommendation by Alley (1984, 1985). Vandewiele et al. (1992)
also found that the "abcd" model compares favourably with several other more recent
monthly water balance models. The "abcd" model is unrelated to, and has a completely
different structure from the linear "abc" model introduced by Fiering (1967) for

pedagogic purposes.
The "abcd" model defines two state variables: Wt, termed "available water" and yt,

"evapotranspiration opportunity". Available water is defined as:

W; = 1; +8'-1 (1)

where Pt is precipitation during period t and 8t-l is soil moisture storage at the
beginning of period t. Evapotranspiration opportunity is water which will eventually
leave the basin in the form of evapotranspiration and is defined as:
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1';=E,+St (2)

where Et represents actual evapotranspiration during period t and St represents soil
moisture storage at the end of period t. Evapotranspiration opportunity, yt is postulated
as a nonlinear function of "available water" Wt using:

1';(W)t =~-
~ ~ )2 -~ (3)

2a vl ~ J --:;-

This function simply assures that 1'; ~W; , dW(O)/dY = 1 and dW(00)/dY = 0. In fact,

the upper limit on Wt is b. Thomas et at. (1983) note that "beside these properties, the
function Y(W) has no particular significance".

Allocation of available water, Yr. between Et and St is accomplished by assuming
that the rate of loss of soil moisture to evapotranspiratioQ is proportional to the soil
moisture storage, so that dS / dt = -P E .S I b .Solving this differential equation and

assuming St-l = Yt leads to:

St = Yt exp(-PEt I b) (4)

The difference between available water and evapotranspiration opportunity, Wt -Yt, is
also the sum of groundwater recharge and direct runoff. The parameter c allocates the
quantity Wt- yt between groundwater recharge c(Wt- YJ and direct runoff
(1- c)(Wt -YJ. Finally, groundwater discharge to the stream channel is modelled as
dGr. where d is the fourth model parameter and Gt is groundwater storage at the end of
period t. Groundwater storage is modelled using the continuity equation. Groundwater
storage at the end of period t is equ.al to previous storage, plus groundwater recharge,
less groundwater outflow, so that:

Gt=Gt-l+c.<W;-1';)-dGt. (5)

Finally, streamflow Qt is the sum of direct runoff and groundwater discharge:

Qt =(l-c).(W,-1';)+dGt +Et (6)

where Et represents model error in month t.

Regional physical relationships for "abcd" model parameters

The primary goal of this study is to test a new method for the calibration and
regionalization of watershed models. In this initial study, an attempt is made to use
as much information as is available to relate watershed model parameters to basin
characteristics. Normally, when one attempts to regionalize a watershed model for
use at ungauged sites, one includes only landscape attributes which are easily
meaSured from digital elevation maps, soil maps, climate atlases and other existing
sources of information. This enables estimation of watershed model parameters at
ungauged sites, where presumably no streamflow data are available. Since the main
objective of this study is to develop a methodology for the regionalization of a
watershed model, the need. to develop usable relationships at ungauged sites is not
considered as a goal. Subsequent research will concentrate on the development of
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regional relationships which use basin descriptors, which are easily measured at an
ungauged site. Instead, this study uses several basin descriptors which require an
analysis of streamflow data.

The "abcd" model has four parameters a, b, c and d, each having some physical
interpretation. The parameter a (0 ~ a ~ 1) reflects the "propensity of runoff to occur

before the soil is fully saturated" (Thomas et al., 1983). As shown by Alley (1984), the
parameter a was found to fall in the range [0.95, 0.99] across broad regions of the
United States. Runoff is expected to decrease as soil penneability increases, hence the
parameter a is modelled using the regional regression model:

a=aa-f3a.p (7)

where p is basin penneability and an and f3a are regional regression model parameters.
Values of p are obtained from a digital grid of soil characteristics developed for the
conterminous United States by Wolock (1997).

The parameter b is an upper limit on the sum of actual evapotranspiration and soil
moisture storage in a gi ven month. Presumably this parameter dep~nds on the ability of
the catchment to hold water within the upper soil horizon. In this study, b is modelled
using the physical relationship:

b = ab + f3b .p (8)

where p is basin penneability and ab and f3b are regional regression model parameters.
The parameter c is equal to the fraction of streamflow which arises from ground-

water discharge in a given month. Over the long tenn:

c = !1'!!!,1 = BFI (9)E[Q,] .

where BFI is the baseflow index used commonly in studies whi(;h develop
relationships between drainage basin characteristics and groundwater discharge to a
stream channel (see for example Gustard et al., 1992). An algorithm is employed
which was developed by the Institute of Hydrology (1980) to estimate the average
annual BFI from the same records of daily streamflow used to calibrate the monthly
water balance models. This algorithm is not based on the theory of groundwater
outflow, hence equation (9) is not expected to hold exactly. Instead c is modelled

.Iusmg: --

c = ac + f3c .BFI (10)

where: CXc and f3c are regional regression model parameters. Other algorithms for
estimation of BFI are available, ranging from the use of the digital filtering algorithm
introduced by Nathan & McMahoq (1990) to the more theoretically based algorithm
introduced by Rutledge & Daniel (1994). Gustard et al. (1992) review numerous
studies which document the value of the BFI in regional flood and low flow studies.
Bum & Boonnan (1993) also found the BFI useful for estimation of unit hydrograph
parameters at partially gauged sites.

One can easily show that the reciprocal of the parameter d is equal to the average
groundwater residence time. Vogel & Kroll (1992, 1996) and others have shown that
during baseflow conditions, when direct runoff is negligible and when groundwater
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outflow is linearly proportional to groundwater storage, Q, = dG, ; as is assumed in the

"abcd" model (equation (5)), streamflow follows the simple recursion.

Q,=KbQ,-l (11)

where Kb is termed the baseflow recession constant. Vogel & Kroll (1996) and
equations (10) and (12) show that under these conditions equation (6) reduces to

Q, = -In(Kb) .G, .The regional regression for d is:

d=ad-!3d.ln(Kb) (12)

Estimates of the daily baseflow recession constant Kb are obtained for each of the
rivers in this study using the estimator KbS introduced by Vogel & Kroll (1996). This
estimator assumes, as does the "abcd" model, that the groundwater aquifer acts like a

linear reservoir. This estimator of Kb was favoured among several baseflow recession

estimators compared by Vogel & Kroll (1996).

DATA SOURCES

The "abcd" model requires time series of monthly precipitation, potential evapo-
transpiration and streamflow to enable calibration. The following sections describe

these data sources.

Monthly streamflow data

The strearnflow data set consists of ~ecords of average monthly strearnflow at 33 sites
located in the southeastern region of the United States. Figure 1 uses solid and open
circles to illustrate the location of the 30 calibration and three validation sites,

respectively. Strearnflow data were obtained from the hydro£limatologic Qata network

FIg. 1 Location of the 33 US Geological Survey HCDN streamgauges located in

Region 3 within Subregions 314,315 and 316
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(HCDN), developed by the US Geological Survey (USGS) (Slack et al., 1993).
Streamflow gauges included in the HCDN are intended for use in climate sensitive
studies and represent only a small subset of all streamflow data available in electronic
form from the USGS. Screening procedures were used to assure that HCDN flow
records are representative of "natural" or "unregulated" flow regimes. Streamflow
records were only included which contained no overt adjustment of "natural" monthly
flows by flow diversion, augmentation, groundwater pumping, or other forms of regula-
tion and only measured discharge values are used, with no reconstructed or estimated
flow records. All USGS streamflow records are organized into 18 regions and 220
subregions within the conterminous United States. All HCDN sites within subregions
314, 315 and 316 located within region 3, as illustrated in Fig. 1 were included.
.The record lengths for the 33 stations ranged from 19 to 37 years with an average
of 30.4 years. Drainage areas ranged from 155 to 39847 km2 with an average drainage
area of 3031 km2. The average watershed elevation ranged from 60 m to 584 m with an
average value of 207 m above mean sea level.

Monthly climate data

The average annual precipitation for the 33 watersheds ranges from 1316 to 1640 mm
with an average value of 1435 mm. Spatially weighted monthly time series of
precipitation and potential evapotranspiration over the period 1951-1988 were
developed using a geographic information system, a digital elevation map, and digital
monthly time series grids for precipitation, minimum and maximum monthly tempera-
ture. The monthly precipitation, minimum monthly temperature and maximum monthly
temperature time series were obtained from 0.5 degree digital time series grids using the
PRISM (Daly et al., 1994, 1997) climate analysis system. These grids were resampled to
0.1 degrees using bilinear interpolation. Spatially averaged values of each climate
characteristic over each basin were obtained using the PRISM digital time series grids
and watersh~d boundaries derived from a 1-km digital elevation map of the United
States The digital precipitation and temperature time series grids were generated using
the PRISM modelling system (Daly et al., 1994, 1997). PRISM Parameter-elevation
Regressions on Independent Slopes Model is a climate analysis system that uses point
data, a digital elevation model (DEM), and other spatial information to generate gridded
estimates of annual, monthly, and event-based climatic parameters. It has been designed
to accommodate difficult climate mapping situations in innovative ways, These include
vertical extrapolation of climate well beyond the lowest or highest observation,
reprodqcing gradients caused by rain shadows and coastal effects, and assessing the
varying effects of terrain barriers on precipitation. Originally developed in 1991 for
precipitation estimation, PRISM has been generalized and applied successfully to
temperature, snowfall, growing degree-days, and weather generator parameters, among
others (Taylor et al., 1997).

Monthly potential evapotranspiration

The spatially-averaged time series of monthly temperatures were combined with
estimates of extraterrestrial solar radiation for each basin to obtain time series of
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monthly potential evapotranspiration (PE) for each basin using the Hargreaves
(Hargreaves & Samani, 1982) method. Extraterrestrial solar radiation was estimated
for each basin by computing the solar radiation over 0.1° grids using a method intro-
duced by Duffie & Beckman (1980), and then summing those estimates for each river
basin. Even though it is only based on temperature and solar radiation measurements,
numerous studies have shown that the Hargreaves method performs well when com-
pared with other more complex methods. For example, the Hargreaves method was the
highest ranked temperature based method for computing PE reported in the ASCE
Manual 70 analysis (Jensen et al., 1990). Allen (1993) showed that the Hargreaves
method performs well in a wide range of latitudes and climates for periods of five days
or longer, without significant error. Among all temperature-based methods, the
Hargreaves me~od is the only one recommended by Shuttleworth (1993).

MODEL CALmRATIONS

Traditional approaches to model calibration assume that the primary objective is to
obtain a "best fit" to the streamflows at each site; thus the objective function tends to
focus on the model residuals at each site. The traditional calibration objective function
treats each site independently even if the goal is to obtain a regional hydrological
model. The idea of this study is to modify the objective function to reflect the fact that
one's interest is in both a "best fit" to the streamflows at each' site and a "best fit" to
the regional relationships which relate model parameters to watershed characteristics.

Two approaches to model calibration are compared: (a) traditional automatic
calibration which estimates model parameters at each site which yield a "best fit" to
streamflow observations, and (b) a regional calibration methodology which estimates
model parameters at all sites concurrently in an effort to obtain a good fit to
streamflows at all sites while simultaneously obtaining a good fit to the relationship
between model parameters and watershed characteristics.

At-site calibrations

Calibration algorithms have evolved considerably and it is now common practice to
use a specially designed optimization algorithm, such as the shuffled complex
evolution (SCE) algorithm developed at the University of Arizona for calibration of a
watershed model (Duan et al., 1992). Unfortunately, most algorithms such as the SCE
algorithm are suited to calibration of a hydrological model at a single site and are not
suited to the computational burdens posed by the regional calibration methodology
introduced later in this paper. Instead a generalized reduced gradient nonlinear
programming algorithm was employed: the Premium Solver Plus Version 3.5
(Frontline Systems, 1999) is an extension to the standard Microsoft Excel Solver, with
the capacity to solve much larger problems, up to 1000 variables, at speeds anywhere
from three to 100 times faster than the standard Solver. This algorithm was employed
to calibrate the "abcd" model to the climate and streamflow traces at each of the 30
waters~~ds. This approach is termed the "at-site"calibration methodology. In this case,
the objective at each site is to:
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Minimize t~n(Qr)-ln(Q,») (13)
r=l

~
where Qt is observed monthly streamflow in month t, Qt is modelled monthly

streamflow ill month t (from equation (6» and n is the number of months of data
available for calibration. The sum of the difference between logarithms of observed
and modelled streamflow are minimized so as to give roughly equal weight to wet and
dry months. Otherwise, without taking logarithms, reproduction of monthly mean
flows during the dry summer months is poor.

At each site, the initial soil moisture storage So and the initial groundwater storage
Go are constrained to equal their average modelled values during the month of
September, because model simulations always begin at the start of the water year on
1 October. Therefore Go and So represent the average ending groundwater and soil
moisture storage, respectively, in September. This approach is physically plausible and
avoids the need to optimize two extra model parameters, instead treating them as
model constraints.

Regional calibrations

The traditional at-site approach described above, treats each site independently in an
effort to obtain the best possible calibration at each site. The regional calibration
approach attempts to get the best possible calibration at each site while simultaneously
obtaining the best possible regional relationships between model parameters and basin
characteristics. In this case the objective is to:

[1 m ] lR2 +R2 +R2 +R2 J.Maximize -LR; + a b c d (14)
m 1=1 4

where there are m = 30 sites in the region, R? represents the coefficient of
determination for site i which measures the goodness of fit of the logarithms of the
modelled flows at site i and Ra2, Rb2, Rc2, and Rd2 represent the coefficient of
determination associated with each of the regression models for the model
parameters a, b, c and d given in equations (7), (8), (10) and (12), respectively. The
idea of the objective function in equation (14) is to maximize the average goodness
of fit of the "abcd" model across all sites as well as to maximize the average
goodness of fit of the four regional regression models. The coefficient of deter-
mination is employed as a measure of the goodness of fit, not because it is the best
overall criterion, but because it provides a simple and equal weighting scheme for the
two concurrent objectives.

To implement the regional calibration approach, one could use the SCE
algorithm (Duan et al., 1992); however, since there are now 30(4) = 120 model
parameters to optimize, this approach is computation ally infeasible. Instead a
generalized reduced gradient nonlinear programming algorithm (Frontline Systems,
1999) was employed. Implementation of the regional calibration approach for 30
sites with an average record length of 30;4 years (365 months), took approximately.
30 min on a 200 MHz Pentium.
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regional calibration approach. This is to be expected because the objective function in
the at-site calibration algorithm seeks to obtain the "best possible" fit at each site.
Nevertheless the goodness-of-fit values corresponding to these two different
calibration approaches are quite similar.

Figure 2(c) documents the percent bias computed using the formula:

%Bias == lOO(Q -QyQ

where Q represents the mean of the model generated flows and Q represents the

mean of the observed flows. Both calibration methods often result in bias because it is
possible to obtain high values of R2 even for a biased model. Overall, the regional
calibration approach led, on average, to unbiased models for the entire region, while
the traditional at-site calibration approach resulted in upward bias. For individual sites,
both approaches led to roughly the same variability in %Bias.

Figure 3 illustrates the remarkably precise relationships between calibrated model
parameters and watershed characteristics which result from using a regional calibration
strategy. When an at-site calibration strategy is applied, the right-hand panels of Fig. 3
illustrate that the relationships between "abcd" model parameters and watershed
characteristics are extremely weak. This result is consistent with the dozens of
previous watershed model regionalization studies cited by Servat & Dezetter (1993),
Abdulla & Lettenmaier (1997), Sefton & Howarth (1998), Xu & Singh (1998), Post et
at. (1998), Xu (1999), Seibert (1999), Post & Jakeman (1999) and others. fu the left-
hand panels of Fig. 3 it is apparent that the regional calibration approach can produce
extremely accurate regional regression relationships between watershed model para-
meters and watershed characteristics, while maintaining a goQdness of fit between
modelled and observed streamflows which is nearly as accurate as the best fit one can
possibly achieve using an at-site algorithm. As is shown below, these nearly perfect
regional regression relationships obtained using the new regional calibration approach,
are misleading, because they do not result in improvements in the ability to calibrate a
watershed model at an ungauged site!

MODEL V ALIDATION

Research on hydrological watershed models has evolved considerably, along with the
awareness that model structures and their associated model parameter sets are not
unique, and infinite plausible mathematical representations exist. It is now generally
understood that one can never validate a watershed model, rather, one can only
invalidate it (Kirchner et at., 1996). fu an effort to invalidate the regional calibration
approach introduced here, the methodology is evaluated using three basins which were
not used to calibrate the model. The regional relationships between model parameters
and watershed characteristics illustrated in Fig. 3 were used to estimate watershed
mod~l parameters and to generate monthly streamflows at three validation sites and the
results are illustrated in Fig. 4. Here one observes that the traditional two-step

regionalization approach produces nearly identical results to the regional calibration
introduced in this study at all three validation sites. This result stems from the fact that
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Fig. 4 Comparison of simulated and observed monthly strearnflows corresponding to
the traditional regional approach and the regional calibration approach introduced in
this study fot three validation sites.

Figures 5 and 6 compare observed and modelled estimates of the mean and
standard deviation, respectively, of the monthly streamflows at the three validation
sites. One observes from Fig. 5 that both the traditional two-step regionalization
approach and the regional calibration approach introduced herein reproduce the
observed mean monthly streamflows with about the same accuracy at all three
validation sites. As expected, both regionalization approaches tend to underestimate
the standard deviation of the monthly streamflows as shown in Fig. 6. This is a general
problem with all watershed models which can be proven as follows. Regardless of the
model structure or temporal scale, streamflow can be expressed as:
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Fig. S Comparison of the observed and modelled mean monthly streamflows for the
three validation sites.

' Qt =f(~,PEtle)+�t =Qt +�t

where f(~,PEtle) denotes the deterministic watershed model,with inputs PI and PEt,

model parameter set e and model error �t and Qt denotes modelled streamflow. When

model error is independent of the model Var[Qt] = Var[Qt] -Var[�t] so that in

general, Var[Qt ] < Var[Qt ] with the inequality becoming more important as model

error increases. Therefore only a watershed model without error will be able to

reproduce the standard deviation of the observed streamflows.
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research will hopefully combine the regional calibration idea introduced here with
methods such as seemingly unrelated regression (Tung et at., 1997) and
generalized least squares regression (Kroll & Stedinger, 1998), which can account
for the covariance structure of both the dependent and independent variables when

fitting regional regression equations.
(d) Previous regionalization studies have taken a different approach from that outlined in

this study. Most previous studies have considered as their primary goal, estimation of
watershed model parameters at ungauged sites. The results of such studies are rarely
definitive because one never lmows whether the goodness of fit of the regional
relationships between watershed model parameters and basin characteristics could be
improved by gathering better drainage basin infomlation or by reformulating the
structure of the regional relationships between watershed model parameters and basin
characteristics. This study took a different approach. It set out only to develop regional
relationships between watershed model parameters and basin characteristics under
idealized conditions when streamflow records are available for estimating some of the
basin characteristics. If one cannot solve this "data-rich" problem, one cannot hope to
solve the "data-poor" (ungauged site) problem. It was found that even though the
regional calibration method introduced here appears to offer significant potential for
improving relationships between basin characteristics and watershed model
parameters, it will not necessarily offer improvements in the ability to estimate model
parameters at ungauged sites. If this experiment had been attempted for the "data-
poor" (ungauged site) problem, this point could not have been proved. It is
recommended that future researchers consider solving the "data-rich" problem
described here, or a variant thereof, before attempting to solve the "data-poor"
problem which exists at a purely ungauged site.

(e) The regional calibration methodology introduced in this study could be extended
to any problem involving the regionalization of a hydrological model. Other
regional hydrological problems include regional flood flow and low flow fre-
quency analysis and the regionalization of stochastic streamflow models.

(f) Some of the most significant improvements in watershed modelling over the past
few decades resulted from improvements in the ability to conceptualize and model
hydrological processes. Ultimately, improvements in the ability to regionalize
watershed models will only come after hydrologists begin to conceptualize and
model regional physical relationships between watershed model parameters and
watershed characteristics. As was clearly demonstrated by Wallis (1965), multi-
variate regression methods are unable to uncover basic physical laws. In other
words, until hydrologists formulate the basic theoretical (physical) relationships
between watershed model parameters and watershed characteristics, regionaliza-
tion studies will continue to produce mixed results. Vogel & Kroll (1996)
demonstrated this concept to the analogous problem of estimating regional
hydrological models of low flow. They showed that improvements in regional
models of low flow can be obtained by formulating spatial theoretical relationships
among watershed model parameters and landscape attributes. One could provide
citations to hundreds (possibly thousands) of different physically-based watershed
simulation models. Interestingly, the authors are unaware of any studies which
formulate physically-based regional hydrological relationships between watershed
simulation model parameters and their associated landscape attributes. Given this
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fact, it should come as no surprise that previous watershed model regionalization
, studies have met with limited success.
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