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KEYWORDS Summary Flow simulation in ungauged catchments is presently regarded as one of the
Ungauged catchment; most challenging tasks in surface water hydrology. Many of the ungauged catchments
Regional analysis; are located in the headwaters of rivers in mountainous regions of the world having enor-
Multi-model; mous potential for sustainable water resource development. However, due to inaccessibil-
Combination techniques ity, rugged and inhospitable terrain, and historical lack of foresight concerning the need

to have these headwaters adequately gauged, their potential is not readily realizable.
Many downstream sites also suffer from non-availability of site-specific data as even in
countries having extensive networks of gauged stations data may not be available at sites
where these are most needed. As predictive tools for water resources, water quality, nat-
ural hazard mitigation and water availability assessment are generally data-driven, the
lack of adequate hydrometric records poses difficult problems for planners, engineers,
managers, and stake-holders alike.

In this study, a methodology is developed for flow simulation in ungauged catchments
using a regionalisation and multi-model approach involving a suite of rainfall—runoff mod-
els and combination techniques. Daily observed hydrometeorological data for 12 French
catchments are used for illustrating the procedures. Following a preliminary investigation
of the regional homogeneity of that group of catchments, three regional flow simulation
techniques are applied. Although all 12 catchments are gauged, initially each catchment is
successively considered as being ungauged for the purpose of flow simulation in that
catchment, their actual discharges being subsequently used for evaluating the perfor-
mance of the flow estimation procedures for the catchment. The Nash-Sutcliffe efficiency
index (R?) is used for assessing and ranking the relative performances of the regionalisa-
tion—model couples to identify the most appropriate couple for the region. The final step
of applying that couple to a truly ungauged (13th) catchment in the region is described.
Results are presented and conclusions drawn on the efficacy of the regional-multi-model

* Corresponding author. Tel.: +353 91 493172; fax: +353 91 495565.
E-mail address: monomoy.goswami@nuigalway.ie (M. Goswami).

0022-1694/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhydrol.2006.09.018


mailto:monomoy.goswami@nuigalway.ie

518

M. Goswami et al.

approach. Of the couples considered, the pooling method of regionalisation coupled with
the conceptual soil moisture accounting and routing (SMAR) model is deemed to be the
best for simulating flow in an ungauged catchment in the region.

© 2006 Elsevier B.V. All rights reserved.

Introduction

The need for methods to deal with ungauged
catchments

With the growing demand to harness untapped potential of
river water resources in many parts of the world, the need
to devise new approaches and methodologies for assess-
ment of water resources from these sources is also increas-
ing. In this context, a typical problem often being faced is to
simulate flow in an ungauged or poorly gauged catchment,
referred to collectively in this paper by the term ‘ungauged
catchment’. Usually such ungauged catchments are located
in headwater regions. Absence of any historical data records
or mere inadequacy of whatever information is available for
catchments in headwaters is generally caused by inaccessi-
bility, inhospitable terrains, and historical lack of foresight
of planners and developers to have potential sites gauged
for harnessing the water resource of such catchments in
the future. Apart from the headwater regions, many poten-
tial sites even in the downstream reaches also suffer from
insufficiency of site-specific records of data. In some coun-
tries, having wide and extensive networks of gauge stations,
data in many cases do not exist at locations where these are
most needed. Lack of data, both qualitative as well as quan-
titative, often inhibits the undertaking of scientific analyses
for such catchments which are required for purposes such as
assessing the water resource, ensuring its long term avail-
ability, forecasting its occurrence over short lead-times,
predicting its future occurrence, and developing its source.

Literature review

Following the endorsement of the **PUB (Prediction in Unga-
uged Basins) Science and Implementation Plan’’ by the IAHS
(International Association of Hydrological Sciences) Bureau
and the IAHS General Assembly in 2003, and the adoption of
the ‘'IAHS Decade on PUB: 2003—2012’’, scientific ap-
proaches and systematic efforts are being currently orches-
trated by many research groups and individuals for the
‘‘prediction of stream flow, sediment and water quality vari-
ables at multiple scales, which is not based on the availability
of measured data of these variables’’, but ‘‘requires the
development of new predictive approaches that are based
on deep understanding of hydrological functioning at multi-
ple space—time scales.”’ (Sivapalan and Schaake, 2003).
Transfer of hydrological information from one or more
gauged catchments to a contiguous ungauged catchment by
extrapolation from the gauged data, observation by remote
sensing, hydrological model simulation, and integrated
meteorological and hydrological modelling are recognised
as potential predictive approaches. In this study, some proce-
dures for flow simulation in ungauged catchments by region-
alisation and rainfall—runoff model simulation are discussed.

Ideally, a physically based distributed model like the Sys-
téme Hydrologique Européen (Abbott et al., 1986) should be
most suited for application to ungauged catchments but,
unfortunately, the need to calibrate such models with a
large volume of different types of data has largely restricted
their application. Hence their initially perceived superiority
in this context has not been realised. In earlier works, multi-
ple regressions involving empirical and black-box models
were used to relate dominant hydrological behaviour with
rainfall and topographic factors. The method advocated
by Nash (1960) was based on estimating the values of two
parameters (lag and shape, in terms of dimensionless mo-
ment ratios) of the Gamma Instantaneous Unit Hydrograph
(IUH) model for an ungauged catchment by using regional
relations involving topographical characteristics derived
from a study of 60 gauged British catchments. The Nash
study was revisited, refined, and greatly extended in the
Flood Studies Report (NERC, 1975) and its subsequent revi-
sion (Flood Estimation Handbook, 1999). The technique of
multiple regressions has been applied extensively, primarily
to estimate event and unit hydrograph characteristics, a
good description of which can be found in Sefton and Ho-
warth (1998).

Given that parameters of a conceptual model are the
synthesis of the physiographic and hydrometeorological
characteristics of a catchment, attempts are made to relate
the parameter values of a single hydrological model to some
catchment-specific characteristics for application to unga-
uged catchments. Vandewiele and Elias (1995) used a
monthly water balance model on Belgian catchments, and
applied the techniques of kriging and maximum likelihood
estimates concluding that kriging produced better estimates
of parameters for use in ungauged catchments. Sefton and
Howarth (1998) and Littlewood (2003) attempted to derive
relationship between the dynamic response characteristics
(DRC) and land cover, soil and climatic variables using a var-
iant of the IHACRES model. Dunn and Lilly (2001) used the
hydrology of soil type (HOST) system of soil classification
in the UK to develop a spatially distributed DIY model, orig-
inally developed as a distributed conceptual model for the
river Ythan in Scotland (Dunn et al., 1998), with the objec-
tive of transferring calibrated parameter sets from one
catchment to another. Merz and Bloschl (2004) used eight
regionalisation methods to estimate model parameters for
ungauged catchments, and found that methods based on
spatial proximity performed better than the regression
methods based on catchment attributes. Hundecha and Bar-
dossy (2004) applied a regionalisation scheme using a linear
transfer function to relate parameter values to land use,
soil types, size, slope and shape of catchments. The IAHS
publication by Diekkriiger et al. (1999) included a number
of relevant studies involving regionalisation in hydrology.
However, reliability of all studies for flow assessment in
ungauged catchments by regional analysis depends on the
type, quantity and quality of available data at gauged sites
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in the region, and the degree of similarity of the gauged and
the ungauged sites (Littlewood, 2003). All such studies were
generally ‘‘limited in terms of statistical accuracy’’ (Sefton
and Howarth, 1998), producing rather poor results. Andréas-
sian et al. (2003) cited over-parameterisation, dependency
on input data bias, and lack of a systematic link between
parameter precision and model efficiency as the three main
factors which complicate the regionalisation of conceptual
rainfall—runoff models.

The present authors are not aware of other published
work on the use of the multi-model approach for the simu-
lation of flow in ungauged catchments. However, Shamsel-
din et al. (1997) and Shamseldin and O’Connor (1999), for
example, used a multi-model approach in applying the sim-
ple average method, the weighted average method and the
neural network method to combine the outputs of rainfall—
runoff models to obtain better consensus discharge esti-
mates for gauged catchments. Xiong et al. (2001) used a
Takagi—Sugeno model (Takagi and Sugeno, 1985) in a flood
forecasting study, combining the forecasts of five different
rainfall—runoff models. See and Abrahart (2001) used an
amalgamation of neural network, fuzzy logic, statistical,
and persistence forecasts to produce a single predicted out-
put following a multi-model data-fusion approach to hydro-
logical forecasting. Working within a multi-model
framework, Aspinall (2004) used multiple models of land
use patterns to draw inference from a set of time-variant
models. With this growing evidence of the advantages of
the multi-model approach, its application to flow simulation
in an ungauged catchment is considered worthy of investiga-
tion in this study.

Scope of the study

The focus of this study is the development of a methodology
for simulating the flow in an ungauged catchment for which
its rainfall and evaporation data together with the data of a
number (12) of gauged catchments in the region are avail-
able. It is based on a comparison of the results of the appli-
cation of selected flow regionalisation methods coupled
with rainfall—runoff models to the available gauged catch-
ments. Each catchment is treated in turn as if it was unga-
uged in order to identify the best couple for simulating flows
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in the region, having validated the procedures by checking
the simulated discharges against their actual values. The se-
lected optimum couple can be applied to simulate the dis-
charge in a truly ungauged (13th) catchment in the region
by using the data of all (12) gauged catchments to calibrate
the couple for that catchment using its actual rainfall and
evaporation data. Although the simulation of flow for an ac-
tual ungauged (e.g. 13th) catchment in the region is not car-
ried out in this study, the procedure for doing so is
described. Naturally, the simulated discharges so obtained
for such an ungauged can not be validated.

In this study, three methods of regional analysis are ap-
plied for simulation of flow in ungauged catchments using
records of observed data from neighbouring catchments.
The procedure involves an amalgamation or combination
of data and also of model results (in a multi-model context)
obtained for the gauged catchments for application to the
ungauged catchment under consideration. In this context,
the term ‘region’ is not restricted to geographical proxim-
ity. Contiguous or local catchments are generally deemed
to be included in the region. The theory and the applicabil-
ity of the regionalisation approaches for flow simulation in
ungauged catchments are demonstrated using the data from
12 French catchments considered in two combinations, i.e.
the whole set of gauged catchments and a sub-set of three
catchments.

Six black-box models and one conceptual model are used
in this study as individual substantive rainfall—runoff mod-
els. For simulating flow by combining outputs from different
models, three combination techniques are applied. Results
are presented and conclusions are drawn on the potential
of the seven individual models, the multi-model approach,
and three regionalisation schemes.

The catchments and the data characteristics

Twelve French catchments, ranging in area from 32.1 km? to
371 km?, are considered. The locations of these catch-
ments, denoted by their respective station codes, are shown
in Fig. 1. A summary of the catchment characteristics is gi-
ven in Table 2. Topographically, the mean altitude, the alti-
tude at the highest point, and the altitude at the outlet of
the three catchments in the north-west, namely J2034010,
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12034010
13024010

14124420

A1522020
H5723011
H3613020
H2001020
K0744010
K0753210
V6035010
Y 3514020
Y5615030

Le Guindy a Plouguiel

Le Guillec a Trézilidé

La Riviere de Pont-1'Abbé a
Plonéour-Lanvern

La Lauch & Guebwiller
L'Orgeval a Boissy-le-Chiitel
Le Lunain 2 Episy

L'Yonne a Corancy

L'Anzon a Débats-Riviére-d'Orpra
Le Lignon du Forez 4 Boén
Le Toulourenc &4 Malaucéne
Le Vistre a Bernis

Le Loup & Villeneuve-Loubet

Location of 12 catchments in France.
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Table 1 Individual models and references
Model Acronym Type Reference for description
Parametric simple linear model P-SLM System theoretic Kachroo and Liang (1992),
Goswami et al. (2002)
Non-parametric simple linear model NP-SLM System theoretic Kachroo and Liang (1992),
Goswami et al. (2002)
Parametric linear perturbation model P-LPM System theoretic Kachroo and Liang (1992),
Goswami et al. (2002)
Non-parametric linear perturbation model NP-LPM System theoretic Kachroo and Liang (1992),
Goswami et al. (2002)
Linearly varying gain factor model LVGFM System theoretic Ahsan and O’Connor (1994),
Goswami et al. (2002)
Artificial neural network model ANN Data-driven Shamseldin (1997),
Goswami et al. (2002)
Soil moisture accounting and routing model SMAR Conceptual Kachroo (1992)
(original form)
Variant of SMAR model for application to SMARG Conceptual Goswami et al. (2002)
conservative system (with groundwater modification)
Variant of SMAR model for application to SMAR-NC1 Conceptual Goswami and O’Connor (2005)
non-conservative system (loss/gain module before
groundwater storage module)
Variant of SMAR model for application to SMAR-NC2 Conceptual Goswami and O’Connor (2005)
non-conservative system (loss/gain module after
groundwater storage module)
Table 2 Catchment characteristics
Station code no. Area (km?) Length of longest Altitude at Altitude at Mean altitude (m)
stream (km) outlet (m) highest point (m)
J2034010 125 40.737 20 300 83
J3024010 43 22.652 35 120 85
J4124420 32.1 20.456 15 158 84
A1522020 68.1 13.572 290 1420 775
H5723011 104 12.818 77 185 148
H3613020 252 51.447 51 201 131
H2001020 98 29.615 332 900 592
K0744010 181 29.192 410 1345 755
K0753210 371 66.707 470 1628 863
V6035010 150 39.242 311 1900 850
Y3514020 291 38.770 15 212 79
Y5615030 279 46.648 2 1760 837

J3024010 and J4124420 are of the same order of magnitude,
whereas Y3514020 in the group of three catchments in the
south-east is located at a much lower altitude in comparison
with V6035010 and Y5615030 in that group. A1522020 is lo-
cated at a high altitude in the north-east. K0753210, and its
sub-catchment K0744010, in the south-central region, have
mean altitudes of 755 and 592 m, respectively. Among the
three catchments in the central region, H5723011 and
H3613020 are located at nearly the same altitude, whereas
H2001020 is at a higher altitude.

Seven years of concurrent daily rainfall, evaporation and
discharge data for each of the 12 catchments are used.
These data were generously provided by Météo France and
the Direction de ’eau, through Dr. Vazken Andréassian, of
Cemagref, Paris, for application in the MOPEX (model

parameter estimation experiment) research project and
made available to the present authors for their contribution
to the 2004 MOPEX Workshop held in Paris (Andréassian
et al., 2006). Summary characteristics of these hydrological
data are given in Tables 3a and 3b.

Climatologically, the three catchments in the north-west
are in the humid seaboard climatic zone, the three in the
south-east are in the Mediterranean zone, the one in the
north-east is in the semi-continental zone, and the remain-
ing five are characterized as being in an intermediate cli-
matic zone. Of the 12 catchments, A1522020 is the
wettest and H3613020 is the driest. The group of three
south-eastern catchments have considerable evaporation,
with evaporation exceeding rainfall for almost 80% of the
time. From Table 3a, it may be observed that the group of
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Table 3a Characteristics of hydrological data (period 1/8/1995—31/7/2002)

Station code no. Discharge Q (mm/day) Rainfall R (mm/day) Evaporation E (mm/day) % days R > E

Qmax Qmin Qmean SDQ Rmax Rmin Rmean SDR Emax Emin Emean SDE

J2034010 11.8 0.10 0.89 090 458 0.0 2.63 456 3.7 050 194 1.11 37.3
J3024010 14.4 0.30 1.45 1.28 499 0.0 2.78 466 3.6 0.34 1.8 1.17 38.7
J4124420 8.94 0.08 1.43 1.43 55.5 0.0 3.38 596 4.4 0.48 197 1.20 38.1
A1522020 244 0.14 2.04 2.63 84.8 0.0 4.56 8.61 4.26 0.28 2.01 1.41  40.0
H5723011 16.0 0.02 0.66 1.34 473 0.0 2.20 450 4.30 0.34 2.06 1.39 30.7
H3613020 3.0 0.00 0.34 0.25 46.5 0.0 2.21 4.41 4.26 0.28 2.01 1.38 31.6
H2001020 33.1 0.17 2.36 2.35 59.4 0.0 3.56 6.48 4.26 0.28 2.03 1.34 37.0
K0744010 16.5 0.00 1.02 1.20 73.1 0.0 2.68 516 4.34 0.24 199 1.35 34.1
K0753210 13.7 0.07 1.21 1.25 77.6 0.0 2.77 535 434 024 199 135 34.6
V6035010 14.35 0.00 0.83 1.48 102.7 0.0 290 7.89 6.18 0.62 296 1.89 20.1
Y3514020 11.92 0.07 0.71 1.04 65.4 00 232 719 6.48 0.80 3.18 190 15.4
Y5615030 62.28 0.06 1.58 3.34 1293 0.0 3.17 9.96 570 1.18 3.07 1.51 17.1

Subscripts ‘max’, ‘min’ and ‘mean’ indicate maximum, minimum and simple average of Q (discharge), R (Rainfall) and E (Evaporation)

data in the available data series, and SD indicates respective standard deviations.

Table 3b Characteristics of hydrological data (period 1/8/
1995—31/7/2002)

Station code no.

Emean
mean

Rmean - Emean (mm/day)

J2034010 0.74 0.69
J3024010 0.68 0.90
J4124420 0.58 1.41
A1522020 0.44 2.55
H5723011 0.94 0.14
H3613020 0.91 0.20
H2001020 0.57 1.53
K0744010 0.74 0.69
K0753210 0.72 0.78
V6035010 1.02 —0.06
Y3514020 1.37 —0.86
Y5615030 0.97 0.10

three catchments in the north-west, i.e. J2034010,
J3024010 and J4124420 have very little variability in their
hydrometeorological data values.

Hydrometeorological regions and regional
homogeneity

From Table 3b, it is seen that the ratio of mean values of
evaporation to rainfall (Eyean/ Rmean) is considerably greater
than unity (at 1.37) for the Y3514020 catchment in the
south-east, very close to unity for the two neighbouring
catchments, i.e. V6035010 and Y5615030, and less than
unity for remaining nine catchments. These statistics, while
indicating higher evaporation levels in the three catchments
in the south-east of the country, also suggest that in the
context of regional homogeneity, the catchment Y3514020
might perhaps be justifiably excluded from the regional
analysis. Topographically, Y3514020 is located at the lowest
altitude amongst the three catchments in the south-east.
For A1522020, the value of the difference Rmean—Emean iS
the highest (2.55 mm/day), indicating that the rainfall in

this catchment is greatly in excess of the evaporation in
comparison with the other 11 catchments. The climatologi-
cal and topographical characteristics indicate that the three
catchments in the north-west of France, namely J2034010,
J3024010 and J4124420, may be considered to constitute
a  hydrometeorologically = homogeneous  sub-group.
K0753210, and its sub-catchment, K0744010, which are both
located at similar altitudes, also display uniformity in their
hydrometeorological characteristics and hence may be con-
sidered a homogeneous sub-group.

Although it is recognised that the catchments A1522020
and Y3514020 in the group of 12 catchments may be consid-
ered as outliers, the data from all 12 catchments are used in
this heuristic study. In a separate exercise to further inves-
tigate the effectiveness of the methods tested, the more
homogeneous sub-group of the three north-western catch-
ments, namely J2034010, J3024010 and J4124420, is also
considered. Clearly, while it would be desirable from the
perspective of drawing a generalized conclusion on the per-
formance of the regional methods to include more catch-
ments in the sample, the use of 12 catchments is deemed
sufficient for the purpose of the present exercise.

Methodology

For assessing the relative performance of the methods for
flow estimation in ungauged catchments, each of the group
of the 12 gauged catchments is used initially in turn as if it
was ungauged but having rainfall and evaporation data. Sub-
sequently, after simulation of its flows by application of the
regionalisation method and calibration of the model, it is
recognised as being gauged (having measured flow data)
for the sole purpose of evaluating the efficiency of the pro-
cedure of flow simulation in that catchment. A catchment,
when thus considered, is called ‘pseudo-ungauged’. The
ultimate step of actually predicting the discharge in an
ungauged (e.g. 13th) catchment within the region using
the finally selected regionalisation—model couple, is not
undertaken in this study.

Firstly, a naive no-model regional method, to be used as
a base-line for evaluating the efficiency of the simulation
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methods on each pseudo-ungauged catchment, is adopted.
For this purpose, the no-model simulated discharge depths
(i.e. the discharge expressed as an equivalent depth over
the catchment area in the given time step),of each pseu-
do-ungauged catchment is considered to be the average of
the synchronous discharge depths of the whole set of
gauged catchments (excluding its own measured discharge
as if that was unknown). The discharge depths (in mm) are
used instead of discharge (in m®s™') in order to offset the
scale effect of catchment size. Clearly, no rainfall—runoff
modelling exercise is involved in estimating this no-model
discharge. For a large region such as that encompassing
the 12 catchments located throughout France, the averag-
ing of discharge depths is rather a crude approximation to
that of a pseudo-ungauged catchment in that region due
to the wide variability of hydrometeorological and physio-
graphical conditions of the catchments. The regionalisation
procedures proposed in this study are developed for applica-
tion to hydrometeorologically homogeneous regions and are
applied to the two groups, consisting of the whole set of 12
and a sub-group of only three catchments, for the purpose
of demonstrating the methodology.

For regionalisation of data to simulate discharges for the
pseudo-ungauged catchments to enable calibration of the
six rainfall—runoff models, the three methods described in
the following sub-sections are applied and their simulation
efficiencies compared with those of the no-model case.
With the exception of the pooling method, for which a
regionally calibrated model based on a group of gauged
catchments is applied with the rainfall and evaporation data
of the pseudo-ungauged catchment (and ultimately for a
truly ungauged catchment) for which the simulation is re-
quired, these methods do not involve the transfer of param-
eter values of any model from a gauged catchment to the
pseudo-ungauged one, and no attempt is made to link the
parameter values of the rainfall—runoff models to physical
catchment descriptors.

Regional averaging of discharge for model
calibration

In this method, the regional average discharge series, as
computed for the no-model method, is used for rainfall—
runoff simulation in each pseudo-ungauged catchment by
calibration of the chosen hydrological models. Thus for a
pseudo-ungauged catchment in a group of N catchments,
this discharge series is taken as the average of the discharge
depths of the other N — 1 gauged catchments. The rainfall
and the evaporation data series used for model calibration
are those of the pseudo-ungauged catchment. The models
are calibrated using six out of the seven years of record,
the first year being considered as the warm-up period.
The method is initially applied to all 12 catchments in the
group and subsequently to the sub-group of the three
north-western catchments which are deemed to be strongly
regionally homogenous.

Regional pooling of data for model calibration

In this method, the observed hydrological data series are
combined by putting the m years of data of each of the

gauged catchments (N — 1 in a group of N) in series, end
to end. The rainfall—runoff models are then calibrated by
maximising the R? value over the calibration period using
the pooled input of the N — 1 gauged catchments in the re-
gion as inputs to the model. Finally, using the regionally cal-
ibrated model with the rainfall and evaporation data of the
pseudo-ungauged catchment as its inputs, the discharge ser-
ies for that pseudo-ungauged catchment is simulated. It is
assumed in this procedure that the concurrent rainfall and
discharge data from all catchments in a hydrometeorologi-
cally homogeneous region are expected to produce similar
response characteristics representative of the whole region.
An appropriate hydrological model fitted to the long data
series obtained by pooling is therefore considered to be
applicable to any ungauged catchment in the region. Clearly
there will always be discontinuities in the pooled data series
made up of data from catchments having different hydro-
meteorological and physiographical conditions when placed
end to end. In a hydrometeorologically homogeneous re-
gion, the effect of such discontinuities would be less. In or-
der to offset such effects, a warm-up period of one year is
considered at the beginning of the data series from each
catchment used for pooling. Thus, in calibrating any given
model, while the simulated discharge values are computed
using the complete pooled length of data, the objective
function is evaluated and the efficiency values obtained
excluding the warm-up periods.

Transposition of nearest neighbour discharge data
for model calibration

This nearest neighbour approach is appropriate when very
few catchments in a homogeneous region in the neighbour-
hood of a pseudo-ungauged catchment are gauged. The flow
data series of the nearest gauged catchment, measured in
volume of flow per unit time, i.e. m*s™", are scaled up or
down in the proportion of catchment areas depending on
whether the pseudo-ungauged catchment is larger or smal-
ler in area than the gauged catchment considered. In effect,
this means that the discharge depths are averaged. Taking
the rainfall and the evaporation data series as those ob-
served for the pseudo-ungauged catchment, and the flow
data series as that obtained by scaling the data series of
the nearest-neighbour gauged catchment, the hydrological
models are calibrated (for the last six years in this study,
taking the first year as the warm-up period). This method
is a special case of regional averaging for estimation of dis-
charge where data from only one gauged catchment are
used. In this study, the transposition method is applied only
to the sub-group of the three north-western catchments.

Validation of the simulation procedures

In each of the three cases above, the corresponding valida-
tion efficiency for each pseudo-ungauged catchment is ex-
pressed in terms of the Nash-Sutcliffe R? value. This is
obtained by taking the last 6 of the 7 years of data for the
pseudo-ungauged catchment as the validation period (tak-
ing the first year as the warm-up period) based on the mean
square error between its simulated and measured discharge
values. Clearly, in application to a truly ungauged catch-
ment, no such validation is possible.
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Models and efficiency criterion
The individual models

The full names of the seven individual substantive models
(or variants), used in this study and their acronyms are given
in Table 1. One of these is a conceptual model, the rest
being black-box. The emphasis in this paper being on the
applicability of the regionalisation methods, the descrip-
tions of the models are not included. Suggested references
for their detailed descriptions are also given in Table 1. It
may be observed from Table 3b that for A1522020, unlike
the other catchments, the mean effective rainfall depth
(2.55 mm) is substantially higher than that of the mean dis-
charge (2.04 mm). This indicates that, apart from evapora-
tion loss, there is additional loss of water from the system
which is unaccounted for in the given discharge data. Such
systems are ‘apparently non-conservative’. In regional anal-
yses, the flow series estimated for pseudo-ungauged catch-
ments including data from A1522020 (considering it as a
gauged catchment) are biased by the latter’s apparent
non-conservative system behaviour. In transposition of dis-
charge data from a nearest-neighbour catchment, the simu-
lated discharge also displays similar behaviour when used
with observed input data for some pseudo-ungauged catch-
ments due to the observed rainfall being greatly in excess of
the simulated discharge. In such situations, either the
SMAR-NC1 or the SMAR-NC2 variant of the SMAR model is
used instead of the rigidly conservative SMARG. With the
exception of the naive NP-SLM and P-SLM, all of the other
individual models applied in this study were developed at
the Department of Engineering Hydrology at the National
University of Ireland, Galway, Ireland. The Galway Flow
Modelling and Forecasting System (GFMFS), a software pack-
age incorporating a suite of different hydrological models
and techniques, also developed in Galway, is used.

The multi-model approach

In the context of regionalisation, irrespective of the degree
of homogeneity of a region, the gauged catchments in the
region and the associated rainfall—runoff relations i.e. the
models, are not equally valuable as sources of information
for application to ungauged catchments. Combining these
various sources of information in an efficient consensus
form may be a useful means of utilizing all relevant and
available information. The multi-model approach is an
effective means of such combination. In this approach, it
is recognised that (i) the *‘plurality of models and modelling
approaches may be valid for the same catchment and appli-
cation’’ (Sivapalan et al., 2003), (ii) each model has its
inherent strengths and weaknesses, (iii) each makes use of
different information, processing different forms of knowl-
edge, and (iv) it is possible to use a number of models simul-
taneously whereby the strengths of individual models are
pooled and perceptible weaknesses de-emphasised to pro-
duce a consensus output.

For obtaining consensus outputs by combination, the
neural network method (NNM), the weighted average meth-
od (WAM), and the simple average method (SAM) are used.
These techniques are described by Shamseldin et al.
(1997) and Shamseldin and O’Connor (1999).

The performance evaluation criterion

The GFMFS has provision for 14 different model perfor-
mance evaluation criteria. However, for brevity, and de-
spite its known shortcomings (Kachroo and Natale, 1992),
only the dimensionless efficiency index R? (Nash and Sutc-
liffe, 1970) is used in this paper for judging the relative per-
formance of the individual models and the techniques. This
criterion, which is based on the mean square error that pen-
alises the model much more for large errors than for small
errors, irrespective of the magnitude of the variable at
which such errors occur, is widely used by catchment mod-
ellers. Since the objective of the study is to assess relative
performance of the regionalisation methods without
emphasis on any particular application of flow analysis
e.g. low flow study, flood forecasting, water resource
assessment etc., use of the R? index only for performance
evaluation is considered satisfactory for the purpose of
the study. Whereas R? = 100% would denote an ideal or per-
fect fit, it is generally agreed that for simulation of flows in
gauged catchments, R*> 90% is indicative of a very good
model fit, while that in the range of 80—90% is a fairly good
fit, with a range of 60—80% considered as being unsatisfac-
tory. In many studies involving flow simulation in ungauged
catchments, mean and median values of the R? index are re-
ported (Sefton and Howarth, 1998; Merz and Bloschl, 2004).
Sefton and Howarth (1998) used R? value of 50% as the
threshold for rejection of a model or procedure in the con-
text of ungauged catchments.

Results
Results of regional averaging of discharge

Considering each of the 12 catchments as being ungauged in
turn, i.e. as a pseudo-ungauged catchment, each corre-
sponding regionally averaged discharge series is generated.
The results obtained by calibrating the rainfall—runoff mod-
els both individually and in combination for all 12 catch-
ments are given in Table 4. The values of the R? index for
the no-model case are also given. Although the unrealistic
negative no-model R? value for the catchment Y3514020
suggests possible heterogeneity, as indicated also in Section
‘*Hydrometeorological regions and regional homogeneity’’,
the greater possibility of heterogeneity suggested by the
much larger negative value for H36113020 is not apparent
from the study described in that section, except for the fact
that the catchment is the driest in the group. Although a
very poor model performance, compared to that of the
other catchments in the region, does not necessarily indi-
cate that a catchment is an outlier, it does make it a
suspect.

Amongst the individual models, performances of the P-
SLM and the NP-SLM are generally inferior to those of all
other models in calibration. The performance of the con-
ceptual SMAR model in calibration is close to that of the
LPM forms for all except the Y3514020 and Y5615030 catch-
ments, the performance of the SMAR model for these last
two catchments being considerably lower than that of the
LPM model forms. However, while the non-linear ANN model
is best in nine out of the 12 catchments in calibration, it
fails to perform well for the three catchments in the south



M. Goswami et al.

524

LGl v LE— 8'GE L'6S 765 0'8l 87T~ ¥'GT 0°0C 8'/S ¥G°6S €65 uotjeptjep
LS €S L°€9 8L 6°0L LLL 129 6°G9 816 0°€9 0¥°09 0°29 uopeiqued
(¢ 3s99)
€91 v 6E— 0°GE 6’19 €65 8/l 0977~ (W74 6'81 G'LS £8°%S T8¢ uotjeptjep
S'¥9 675 £°99 €°0L 6°69 4ty 0°89 6°99 L9 €9 6£°29 v°L9 uoleiqued
(G 3s2g)
0°Gl 8'0p— 9°GE 8'65 709 8/l €670 6°€C 0°0¢C 9°/8 L1°GG G'8¢g uotjeptjep
G'09 0°95 0'+9 1L 9°69 T (A1) €99 L9 £49 09°19 G'89 uoleiqued
(9 3s29)
8'91 9'GE— G'€€ 1'86 AL 0'8l LGET— 817 9'81 1'86 VL LS £°86 uotjeptjep
9°€6 66V 299 67 (V4 TU (V4 Z'89 L'b9 9 86 069 uoleiqued
(s19pow £ v)
suonbulquiod jopow
L°GL ¥°9z L'ty 8°/9 0°59 6°LL UL~ 6°92 11T 799 89°G9 8'€9 uotjeprjep
8°01 9 S 6°19 079 6°89 AL 9°/6 8'06 8°GG £€°16 0°09 uonje.iqied
UYWS
€U 8°91— 16T 9°:09 €86 78l 91— G'6l 0L g 88y 1766 uotjepljep
9'8p L 6°LS r9 z'/9 z'69 Lb9 6729 696 09 LE°86 2279 uotje.iqied
NNV
9°17 Gl Gy €09 709 L9l Y877~ G'€z L0 09 L0°¥9 (A uotjeptjep
791 11T 9'9% LTS G'6S ¥°99 £°€9 8'79 1°9G 96 vLG €19 uopeiqued
W4DA1
vl (Al LY 9 €hp G'8 0907~ 9°7L Gyl 0'Gh 6'Sh 9'vp uotjepljep
6°6F 1°8b 0°86 819 6°19 €°€9 165 1°8G GG G'8g 195 09 uotjelqred
Wd1d
8Tl 9'vT— Y4 196 L€ 8Ll 0807~ L'y T 6°9G 0°€s G'€g uotjepjep
9 0'Sy GPG 819 079 ¥'€9 0°48 €66 TS G'9g e G'09 uotjelqred
WdT1dN
LTl (AX4Z vy €1g LT 09— 6LZL— (A1)} L0~ G'0g 6°67 v 16 uorjepleA
v'97— 9'/LL— v'E Gl L'yl 6°9¢ €91 8'/1 v'€T [AF43 JAIS 8°'/§ uotjelqred
W1sd
11T G'0¢ L'y L'GE Tye 10 Y0LL— 1’9 L T8y 8Ly 8°0F uotepljep
81— 9'LL— L€ Lyl LGl Al 2 9'61 8'/1 9'Z¢ 0w 6°9¢ L'y uotjelqred
WSdN
sjapow JonpiApu|
611 oLL— 9°61 0¥ A4S 00! 99/7— 8/ 9°GJ 9°6€ £pE 9°€7 ]apow-oN
0€0GL9GA  OZOVISEA  OLOSEO9A  OLZESZOM  OLOVPZOM  OZOLOOZH  OZOSI9EH  LLOSZZGH  0Z0ZISLY  OTYZIyr  OLOVZOST  0LOPE0Zr

(s3uswyd3ed 7| 11R) sanjeA pagelaAe Ajjeuotdal Suisn uoleulquiod WNN Y3 pue ‘s|apow JenplAlpul :sjuswydjed pagnesun-opnasd 4oy (%) 4 ¢ 319el



Development of regionalisation procedures using a multi-model approach 525

(Best 3)

69.7 69.6 69.8 63.6 50.4 54.6
—28.4

67.2
—2237

60.39 63.1 62.9 66.0

64.0
61

Calibration
Validation

(Best 2)

6.2

60.8 62.5 36.0

8.1

1

55.57 58.5 12.6 25.3

.6

24.2

49.5

69.3 66.8 70.8 46.3
-18.1

68.1
—2268

52.94 63.2 51.3 59.1

57.08
60

61.6

Calibration

Validation
% Improvement in validation

14.8
37

39.4
115

60.3
32

58.1
60

8.4
78

1

23.6
179

58.9 19.4
19

45

62.2
149

63

15

by the best calibrated model

% Improvement in validation

27

124

174

54

75

79

38

245

39

67

91

170

by the SMAR model

east, namely Y3514020, Y5615030 and V6035010. In valida-
tion, the performance of the SMAR model is generally best
but, for the three south-eastern catchments, the perfor-
mances of all models are poor.

When combination techniques are applied to the outputs
of the individual substantive models, the results show that
the performance of the NNM is generally the best, followed
by the WAM. SAM, being a special case of WAM with equal
weights, generally performs worse than the other two com-
bination techniques. For brevity, only the results of the NNM
are provided in Table 4. Although some slight improvement
of performance in calibration is achieved by the combina-
tion of model outputs, the performance in validation gener-
ally remains lower than that achieved by the individual
SMAR model, and all performances are still considered
unsatisfactory.

The Table 4 also shows that the improvement in perfor-
mance attained by the SMAR model in validation over that
of the no-model case is generally considerably higher than
that of the best performing combination technique. Overall,
when using the regionally averaged data series, the SMAR
model simulates the flow in the pseudo-ungauged catch-
ments better than the other individual models and combina-
tion techniques.

Table 5 shows the results of the regional averaging meth-
od when applied to the small homogeneous region com-
posed of the sub-group of the three north-western
catchments only. Amongst the individual models, the ANN
model performs best in all three catchments in calibration
and in two out of the three in validation. For the third,
namely J2034010, the NP-LPM model performs best in vali-
dation. The R? values in calibration, obtained by the best
combination technique, range from 90% to 94% but the val-
ues in validation remain below 80% with an unacceptably
low value of 25% for J2034010. The performances of the
best calibrated structures of the combination techniques
in calibration, for all three catchments, are higher than
the corresponding performances of the best individual mod-
els. However, in validation, the combination technique out-
performs the best individual model in only one case, namely
J3024010. In the case of J2034010, for which the no-model
efficiency is very low, no individual model or model combi-
nation produces good efficiency in validation.

Results of regional pooling of data

The second method, using pooled data, is applied to the
whole sample of 12 catchments and also to the sub-group
of the three north-western catchments. A warm-up period
of one year is considered at the beginning of the data series
from each catchment. This is done in order to take into ac-
count the effect of discontinuities caused by joining of data
from catchments having hydrometeorological and physio-
graphical heterogeneity. The results are shown in Tables 6
and 7, respectively. In calibration, for the whole group of
12 catchments, the LVGFM performs as the best individual
model for eight of the catchments, the ANN model being
the best for the remaining four. The individual model per-
formance in calibration improves by a few percent by the
application of the combination technique. In validation,
the performance of the LVGFM is best for six catchments,
the SMAR for five and the ANN for one. In validation also,
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Table 5 R? (%) for pseudo-ungauged catchments: individual models, and the NNM combination using regionally averaged values

(three catchments in NW France)

J2034010 J3024010 J4124420

No-model 5.1 78.7 74.8
Individual models
NPSLM

Calibration 48.2 61.9 56.5

Validation 47.7 65.6 53.6
PSLM

Calibration 43.6 59.3 46.0

Validation 39.4 53.0 34.0
NPLPM

Calibration 68.5 85.1 76.1

Validation 47.7 65.6 53.6
PLPM

Calibration 60.3 75.1 65.2

Validation 24.9 60.9 49.8
LVGFM

Calibration 85.6 90.5 84.2

Validation 24.8 76.4 76.6
ANN

Calibration 86.4 91.4 85.0

Validation 29.9 77.3 79.2
SMAR

Calibration 80.4 89.1 83.9

Validation 42.0 76.5 77.7
Model combinations
(AWl 7 models)

Calibration 88.3 94.3 90.3

Validation 25.3 79.1 76.3
(Best 6)

Calibration 88.1 93.8 90.1

Validation 26.6 78.0 76.1
(Best 5)

Calibration 89.8 93.6 90.6

Validation 25.1 77.5 75.8
(Best 4)

Calibration 89.8 93.6 90.6

Validation 24.6 77.4 76.9
(Best 3)

Calibration 87.5 94.0 90.1

Validation 29.2 78.6 77.0
(Best 2)

Calibration 87.9 93.8 89.9

Validation 26.6 78.9 77.4
% Improvement in validation by the best calibrated model 392 0.5 3
% Improvement in validation by the SMAR model 724 -3 4

the performance of the best combination technique is bet-
ter than that of the corresponding best performing individ-
ual model in 10 out of the 12 catchments.

From Tables 4 and 6, it is also observed that, in compar-
ison with the regional averaging method, the regional pool-
ing method produces better R* values in both calibration
and validation.

For the sub-group of three catchments, amongst the indi-
vidual models, the ANN model is best in calibration in two
catchments and the LVGFM is best in the third. However,

in validation, the performance of the SMAR model is higher
than that of the other individual models in two catchments,
while in the third the ANN model is best. After application of
the combination techniques, although the ANN performance
in validation in one catchment is increased, the perfor-
mance of the combination techniques in other two catch-
ments does not increase over the corresponding values
attained by the individual SMAR model. In the case of
J2034010, for which the no-model efficiency is very low,
the method of pooled data produces very high efficiency
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Table 6 (continued)

H3613020 H2001020 K0744010 KO0753210 V6035010 Y3514020 Y5615030

J2034010 J3024010 J4124420 A1522020 H5723011

(Best 3)

76.6 77.2 76.1 77.8 76.6 78.8 77.2 76.9 76.8 76.4 74.7

76.0

Calibration
Validation

(Best 2)

77.9 64.6 74.9 53.7 60.0 66.5 67.7 63.7 77.0 87.2 79.0

83.6

76.6 77.0 76.6 77.8 76.4 78.7 76.7 76.8 76.4 76.0 75.1

75.9

Calibration
Validation

78.2 62.6 74.5 55.7 57.5 66.2 66.9 63.5 75.5 87.2 80.3

83.4

123 66 389 569 102 558 88 53 390 179 614

223

% Improvement in validation

by the best calibrated model

% Improvement in validation

523

175

368

55

93

625

102

684

376

44

123

187

by the SMAR model

in validation in comparison with the regional averaging
method. From Tables 5 and 7 it is observed that, in compar-
ison with the regional averaging method, improvement in
validation using pooled data is very high in J2034010. How-
ever, in the other two catchments, there is generally no
improvement of performance of the regional pooling meth-
od, either in calibration or validation, over that of the regio-
nal averaging method.

Results of transposition of data

The results of application of the method of transposition to
the sub-group of three north-western catchments are given
in Table 8. The performance of the individual models only is
investigated in this case. It may be observed from the table
that in the case of the catchments J4124420 and J3024010,
having areas of the same order of magnitude, i.e. 32.1 and
43 km?, respectively, the transposition of data method per-
formed well. The R? values in validation for these two
catchments are even higher than those achieved by regional
averaging and regional pooling. However, due to the consid-
erable difference in areas of the two catchments J2034010
and J4124420, when selected for transposition, i.e. 125 km?
for J2034010 and 32.1 km? for J4124420, the performance is
generally low, i.e. the method performed poorly.

Discussion

Assessment of regional homogeneity from the study of phys-
iographic and hydrological conditions and a preliminary
analysis of the available data are very important for the sub-
sequent model calibration and estimation of flow in an
ungauged catchment using regionalisation approaches. The
performance of the regionalisation method, both in calibra-
tion and validation, reduces considerably as more and more
catchments, which are not consistent as regards their rain-
fall—runoff behaviour with the original members in the re-
gion, are included in the regional analysis.

Amongst the three methods of regionalisation involving
model calibration, the method of pooling generally provides
good estimates of flow in the pseudo-ungauged catchments.
Such improvement in performance is attributed to the use,
without any averaging, of catchment-specific data series
from each member in the group and hence without distor-
tion of the response characteristics of the individual catch-
ments. Thus, the models calibrated to the data series
generated by pooling can satisfactorily simulate the re-
sponse from a pseudo-ungauged catchment in the region.
When regional pooling of data is used instead of regional
averaging, the median and the mean value of R? index (as
a %) in the case of all 12 catchments increases from 67.5
and 67.2 to 77.9 and 77.9, respectively, in calibration,
and from 27.7 and —166.2 to 72.95 and 70.83, respectively,
in validation. The negative mean value can be attributed to
the large and unrealistic negative R? values in validation for
H3613020 and Y3514020. Hence it is seen that regional pool-
ing performs better than regional averaging. However, for a
region having a large number of gauged catchments of dif-
ferent sizes, such as the group of 12 catchments, a high per-
formance level by any model using this pooling method is
not achieved due to the scale-effect caused by pooling of
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Table 7 R? (%) for pseudo-ungauged catchments: individual models, and the NNM combination using pooled data (for the sub-

group of three catchments in NW France)

J2034010 J3024010 J4124420

No-model 5.1 78.7 74.8
Individual models
NPSLM

Calibration 51.72 57.61 50.60

Validation 46.65 52.22 51.38
PSLM

Calibration 48.07 56.40 43.83

Validation 57.07 49.93 41.01
NPLPM

Calibration 68.50 77.17 65.45

Validation 60.67 62.16 67.63
PLPM

Calibration 62.77 70.32 59.95

Validation 54.68 58.65 55.31
LVGFM

Calibration 83.29 90.65 88.29

Validation 85.39 70.10 60.30
ANN

Calibration 85.65 91.74 86.17

Validation 87.37 72.79 71.76
SMAR

Calibration 83.02 89.95 82.57

Validation 83.67 76.02 80.89
Model combinations
(All 7 models)

Calibration 86.90 93.08 88.73

Validation 87.45 72.23 64.88
(Best 6)

Calibration 87.16 93.06 88.48

Validation 87.72 72.22 68.21
(Best 5)

Calibration 86.93 92.98 88.39

Validation 88.21 72.52 66.38
(Best 4)

Calibration 86.79 92.96 88.40

Validation 88.44 72.39 64.29
(Best 3)

Calibration 86.70 92.88 89.05

Validation 88.52 72.17 58.84
(Best 2)

Calibration 86.57 92.25 87.25

Validation 87.52 72.89 70.98
% Improvement in validation by the best calibrated model 1613 -8 -21
% Improvement in validation by the SMAR model 1534 -3 8

data from catchments having different areas, and the inher-
ent diversities in the larger region.

Amongst all individual models and the combination tech-
niques, no single model performs consistently best. How-
ever, with pooled data, the SMAR model generally
performs best in validation in the more homogeneous sub-
group of the three north-western catchments. This reflects
the ability of the model to perform well in an ungauged
catchment within such a homogeneous region. This simple

conceptual model, coupled with the method of regional
pooling of data, is therefore deemed to be the best for
the pseudo-ungauged catchments in a homogeneous region
and, by interpolation, to a truly ungauged (as distinct from
pseudo-ungauged) catchment within that region.

In the case of the availability of only a few gauged catch-
ments in the region, transposition of data may be used pro-
vided the catchments are similar in hydrometeorological
and physiographic characteristics, and their areas are of
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Table 8 R? (%) for pseudo-ungauged catchments with individual models using transposition (for the subgroup of three

catchments in NW France)

Index catchment Ungauged catchment NP-SLM  P-SLM NP-LPM  P-LPM SMAR LVGFM ANN
J3024010 (43 km?) J2034010 (125 km?) Calibration  56.4 33.0 71.8 58.0 76.2 78.4 83.0
Validation 5.6 33.3 22.3 18.1 43.1 27.9 32.4

J4124420 (32.1km?)  calibration  65.0 36.6 78.4 60.8 76.8 80.0 82.4

Validation 61.2 33.7 82.3 52.1 825 78.8 82.2

J4124420 (32.1 km?)  J2034010 (125 km?) Calibration ~ 51.0 46.3 72.9 60.6 772 79.8 83.8
Validation  —0.7 30.4 9.5 22.8 32.9 12.7 11.5

J3024010 (43 km?) Calibration  59.6 55.0 81.8 67.1 84.1 86.2 87.2

Validation 60.1 58.4 72.2 66.0 76.8  76.7 80.5

J2034010 (125 km?)  J4124420 (32.1 km?)  Calibration ~ 55.1 40.0 69.4 61.2 75.3  75.6 75.4
Validation 37.3 16. 4  55.1 32.3 56.7  55.7 57.3

J3024010 (43 km?) Calibration  58.6 48.2 75.1 66.3 83.0 83.8 85.8

Validation 37.3 20.5 51.2 33.6 54.1 55.1 55.6

the same order of magnitude. Transposition of data from a
large gauged catchment to a small pseudo-ungauged catch-
ment or vice versa does not produce good results.

Although warm-up periods of one year were used in the
present study, for consistency with earlier results for all
the catchments presented at the MOPEX Paris Workshop of
2004, the authors are of the opinion that for the twelve
catchments considered in this study much shorter periods,
say one to two months, as determined by trial and error,
would be quite adequate. This would permit the use of more
of the data for calibration and validation.

Conclusions

Hydrometeorological and topographic characteristics of
catchments in a region are of assistance in the preliminary
screening of catchments for homogeneity. Assessing homo-
geneity is very important for estimation of flow in ungauged
catchments by regional analysis. Amongst the regionalisation
methods tested, the method of pooling generally works best.
In comparison with regional averaging, the regional pooling
of data consistently produces better estimates of flow in
the pseudo-ungauged catchments in a region having a large
number of gauged catchments. For a homogeneous region
having a small number of gauged catchments, the results ob-
tained by regional pooling of data is comparable to that ob-
tained by regional averaging. In the case of availability of
only a few gauged catchments in the region, transposition
of data from the gauged to the pseudo-ungauged catchment
may be used provided the catchments are similar in their
hydrometeorological and physiographic characteristics and
their areas do not differ greatly. The method of combination
in the multi-model approach improves the performance of
individual models considerably in calibration but not in vali-
dation. Amongst the models and the techniques tested, the
conceptual SMAR model, coupled with the method of regio-
nal pooling of data, appears to be the best to simulate flow
in an ungauged catchment within the region.

Based on the comparison of the simulation efficiency val-
ues of the regionalisation methods and rainfall—runoff mod-
els tested on each of the pseudo-ungauged catchments (12
in all), the best method—model couple for the region can

be identified. As the final step in the procedure, the se-
lected method—model couple can be subsequently applied
to a truly ungauged (13th) catchment in the region, without
validation of the simulated discharge. In the cases of regio-
nal averaging and transposition, this is achieved by region-
alisation of flows involving all 12 (instead of just 11)
gauged catchments and calibration of the selected rain-
fall—runoff model using the rainfall and evaporation data
of that ungauged (13th) catchment. In the case of regional
pooling, the regionally calibrated model is used to simulate
the discharges, without recalibration, with the rainfall and
evaporation data of the ungauged (13th) catchment as in-
puts. This final step was not undertaken in this study which
had as its primary concern the development of the method-
ology for the simulation of discharge in an ungauged
catchment.

Directions for further work

Subsequent to this heuristic study, the following aspects are
currently under investigation for the purpose of refining the
procedures described above.

(i) Based on a more elaborate regional homogeneity
study, some catchments considered as being outliers
may justifiably be excluded in subsequent analyses.

(ii) As refined no-model discharge estimates, the areally
weighted average can be considered instead of simple
average.

(iii) Although the method of transposition of data was con-
sidered here for a region having a small number of
gauged catchments, it would be worth investigating
if the transposition (nearest-neighbour) principle
applies also to a region having a large number of
gauged catchments.

(iv) Clearly, the use of rainfall—runoff models other than
those considered in this study is also worth
investigating.

(v) As the current version of the GFMFS used in this study
is not specifically designed for simulation in ungauged
catchments, its modification for this purpose is under
consideration.
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