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Abstract

The construction of design flood hydrographs for ungauged drainage areas has traditionally been approached by regiorealihetion,
transfer of information from the gauged to the ungauged catchments in a region. Such approaches invariably depend upom tittgolese
linear regression analysis to relate unit hydrograph parameters to catchment characteristics and generalised rainfall k&atisticept of
the geomorphological instantaneous unit hydrograph (GIUH), in relating the shape and scale of the catchment transfeo fstnetion t
network topology and channel characteristics, offers an alternative methodology. GIUH derivation depends upon a serigstiohassum
including that of estimating a “characteristic velocity”; these continue to attract attention and debate. However, ifditysivebkpressed

in terms of the kinematic wave approximation, the peak and time-to-peak of the IUH may be expressed in terms of a grbopenf eatt
channel characteristics and the intensity of rainfall excess, giving the so-called geomorphoclimatic IUH (GCIUH). Prevésusedidng

the GCIUH have developed a single IUH relating to the total duration of rainfall excess. In this study, the rainfall eatiesswhs divided
into several (equal) time increments, with separate I[UHs being generated for each interval. This quasi-linear approadk dvims 185l
storm events from nine catchments in the south-west of England, ranging in size from 6 to £20l{km@sults showed that, providing the
time interval chosen is fine enough to capture the shape of the runoff hydrographs, a comparable level of goodnessebtfitainadfor
catchments covering a range of about 1:75 in area. The modified GCIUH approach as described is therefore recommended for furthe
investigation and intercomparison with regression-based regionalisation methods.

Keywords: floods; geomorphology; rainfall-runoff modelling

Introduction

There can be few, if any, practising engineering hydrologistdinear regression analysis (MLRA), although the potential
who have not been called upon to produce estimates of tHer applying modern informatic tools, such as artificial neural
magnitude of the flood corresponding to a specified returmetworks, has recently been demonstrated, at least for
period for a catchment without a conveniently-locatedconstructing regional flood frequency distributions (see Hall
gauging station. The problem is compounded if theand Minns, 1999). Many national flood estimation
hydrograph of the flood is required in addition to the peakprocedures, such as the UKood Studies Report (FSR)
flow rate. Various techniques of regionalisation, i.e. the(Natural Environment Research Council, 1975), have
transfer of information from the gauged to the ungauged sitesuccessfully applied MLRA to develop relationships for key
in a region, have been developed specifically for this purposgrarameters, but levels of explained variance are not always
In general, relationships are sought between the magnitudas high as could be wished.

of key parameters, such as the time-to-peak of the When constructing an IUH, its shape is often approximated
instantaneous unit hydrograph (IUH), and a selection oby a simple geometric figure, such as a triangle, as in the
catchment characteristics, which can be measured from BSR procedure and that developed by the US Soil
topographic map, and generalised rainfall statistics, such gsonservation Service (see McCuen, 1982). Alternatively, a
average annual rainfall. The preferred technique forsimple conceptual hydrological model is invoked, such as a
developing such relationships has invariably been multiplecascade of linear reservoirs (e.g. Nash, 1960). Descriptors

93



M.J. Hall, AF. Zaki and M.M.A. Shahin

of the geometrical figure, or the parameters of the conceptugarticular, a variant of an extended version of the original
model, then form the dependent variables in the MLRA. TheGIUH approach, the so-called geomorphoclimatic
choice of independent variables is often limited toinstantaneous unit hydrograph or GCIUH (see Rodriguez-
information that is either readily available or easily measurediturbeet al, 1982), is proposed that permits the analysis of
and so may not reflect any theoretical link between thestorms with variable rates of rainfall excess. The data
hydrology and the geomorphology of the catchments in themployed in the study, which were obtained from the
region. The concept of the geomorphological instantaneouRepresentative Basin Catalogue for Great Britaimintained
unit hydrograph (GIUH), introduced by Rodriguez-lturbe by the Centre for Ecology and Hydrology, Wallingford, are
and Valdes (1979), has provided the basis for such a linkhen described, prior to the presentation of results and some
but has attracted comparatively little attention as a potentiatoncluding remarks.
practical tool for the regionalisation of catchment response.

Although the GIUH can be formulated on a deterministic
basis (see Chutha and Dooge, 1990), the original papers welEhe Geomorphoclimatic Instantaneous
cast in a probabilistic framework. As restated by Ggbta .
al. (1980), the IUH is interpreted as a probability densityUnlt Hydrograph
function (PDF) of water travel times within a catchment. Comprehensive descriptions of the derivation of the GIUH,
The scale and shape of the GIUH then depend upoand its extension to the GCIUH, have already been provided
assumptions on by Guptaet al (1980); Bras and Rodriguez-lturbe (1989)

and Bras (1990; Ch 12). As noted above, the IUH of a
(a) the probability that a droplet of rain will fall on to an catchmenth(t), can be interpreted as the PDF of the water

area draining to a stream of order, travel times within the catchment, i.e.
(b) the transition probability of the droplet from the
stream of orderto that of ordey, i £ j; and h(t) = fTs(t)'P(S) Q)
(c) the probability density function (PDF) selected to al f3hs s
describe the holding times for any given order of ~ wheref (t) is the PDF of total path travel times within the
stream. catchment andP(s) is the probability that a water droplet

will follow the specific paths. The latter depends upon the
Items (a) and (b) are independent of scale and determingatoduct of the probability that a droplet will originate from
only by network topology, which can be described in termsa hillslope segment draining to a stream of a particular order,
of the Horton ratios. In contrast, the holding times areand the transition probabilities of moving between different
dependent upon the drainage channels and their hydraularders of streams within the network. These probabilities
properties. For intensities of rainfall excess which arecan be evaluated exactly for any specific drainage area (see
essentially constant within their duration, the GIUH approachRodriguez-lturbe and Valdes, 1979; Guptaal, 1980).
allows explicit equations to be developed for the peak ratélowever, a form of PDF must be assumed for the distribution
of flow and the time-to-peak of the direct runoff hydrograph of total path travel times, and Rodriguez-lturbe and Valdes
in terms of catchment and channel characteristics. N¢1979) proposed the exponential
calibration with observed rainfall and flow data is required.
However, the derivation of these equations involves a series fTs(t) =K
of assumptions that are required essentially to maintain the
tractability of the method and to minimise the amount ofwhereK * is the mean travel time in channels of oridend

expCKt) 2

map (and field) work. can be approximated by
In this paper, the GIUH approach is applied to data from a
group of catchments in the south-west of England varying g = H 3)
==

in size from just under 6 to 422 KA selection of storm
events was analysed for each catchment in order to determine
whether comparable levels of goodness-of-fit can bewhereU is a “characteristic velocity”, assumed constant
obtained, thereby demonstrating the utility of the GIUH throughout the network, and is the average length of
catchment and channel characteristics as a possible basis &ireams of ordeir Selection of the most appropriate value
the regionalisation of catchment response. The paper begig U has proved to be one of the most widely-debated aspects
with a brief overview of the concept, emphasising the severabf the GIUH approach. Suggested values include the average
practical issues that are encountered in its application. lflow velocity (Rodriguez-lturbe and Valdes, 1979), the

94



Regional analysis using the Geomorphoclimatic Instantaneous Unit Hydrograph

velocity at the instant of peak discharge (Rodriguez-Iturbedeveloped analytical solutions to a wide range of cases of
et al, 1979) and the velocity of the flood wave (Kirshen andnetwork geometry using Egn. (1), and then regressed the
Bras, 1983). More recently, Franchini and O’Connell (1996)values obtained on the characteristics of the networks
have proposed that this velocity should be considered purelgnalysed. The results were:

as a calibration parameter. Those authors proceeded to

develop a prediction equation fodrin terms of the Horton — 1_31 R8-43 U

length ratio and the length of the highest-order stream of the P Lo

catchment, along with a time of concentration derived from 55

the time base of the IUH. Similarly, Al-Wagdany and Rao{ = 044 L, HRB g R1:038 (8)
(1997) have related the characteristic velocity to the total P U HRA

rainfall depth, the total catchment area and a cumulative slope
parameter. Of course), may be related to the dischar@, whereR,, R, andR are the Horton area, bifurcation and

by the familiar power function length ratios of the catchmertt, is the length (km) of the
highest order stream akds the average peak flow velocity
U =K, Q? (4) (m s?). Since Eqgns. (8) express the dependent variables in

terms of catchment characteristics and a velocity term which
whereK is a constant and is the power. According to can be estimated from the properties of the cross section at
Pilgrim (1977; Table 1), 0.06a £ 0.19. Over this range, a the catchment outlet, the IUH can be synthesised without
doubling of discharge results in a change in U of onlythe need for calibration with observed rainfall and flow
between 4 and 14 per cent. This comparative lack ofecords. Therein lies the advantage of this approach.
sensitivity may well account for the variety of the definitions However, Rodriguez-Iturbe and Valdes (1979) remained
that have been suggested. concerned about the extent of the geomorphological analysis

Leaving aside for the moment the problem of defitihg  required to determing,, R, andR , and proposed th&/R,

even with the assumption of an exponential distribution forshould be set at a constant value of 0.8, thereby leaving only
the PDF of total path travel times, Eqn. (1) is tedious tothree independent variabld, L, andU, to be estimated.
evaluate for specific catchments. Rodriguez-Ilturbe and Equations (8) constitute the basis of the GIUH. In a later
Valdes (1979) therefore proposed a simplified procedureontribution, Rodriguez-Iturbet al (1982) proposed a more
based upon two assumptions. Firstly, the shape of the IUHgorous approach for determining the characteristic velocity
was taken to be triangular and, therefore fully specified byterm, U, by applying the kinematic wave assumptions.
its peak,qp (h), time—to—peaklp (h) and time basd, (h); Provided that the duration of rainfall excess exceeds the time
and secondly, the rate of rainfall excegswas essentially to equilibrium for the first-order basins in a catchment, the
constant throughout its duration, (h). Under these equilibrium dischargeQ,, for those basins is given by the
conditions, following Henderson (1963), the peak dischargeproduct ofi and their average are®, Given that the mean
Q, and the time-to-peaﬁ',p, of the resultant direct runoff flow velocity,U, = Q,/A, whereA is the cross-sectional area

hydrograph may be expressed as of the channel, and noting that
2t t
Q, =Q CH- 5) Q=a, A" ©)
t, 2t
wherea_is the kinematic wave parameter of the chanhel,
d, tp c )
T =t + t - (6) can be eliminated to give
p p r 2 1

1 m-1
e s dechare o 0,=%=q Erd=ar (o Afy @
whereQ, is the equilibrium discharge given by the product A )

of i and the catchment area. The varialije,can be
eliminated from Eqn. (5), which applies for alif t, by However, the area rati®,, can be invoked along with the
noting that, for a triangular IUHy . t = 2: assumption that

q, t : : :
= t - £ (7) U,.=U.: = )
Q=0 g, t A~ P U @S AT

To estimateqp andtp, Rodriguez-lturbe and Valdes (1979) where the subscrip§, refers to the highest-order basin in
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the catchment, to give Using this value oP, Eqgns. (14) may be substituted into
Eqns. (7) and (6) to give the peak®@r) and the time-to-
A=A R/lgﬁ ;al =a, (Ri}—l)m‘l (12) peak b) respectively of the direct runoff hydrograph for a

constant intensity,, of rainfall excess over the duratian,

With the further assumption that= 5/3, Eqn. (10) may be

- _ i, Ayt 0.218 t,
expanded into Q, =242 e+ El_ TE{lg)
U=0665 al® (i, A,)" (13)
T,=0585 M%*+ 0745 t, (20)

whereU is in m s, a_is in m.s, i isin cm h* andA, is
in km?. AssumingR/R, = 0.8 and thaR is raised to the
power 0.4 in both expressions, Eq (13) may be substitute@ince Eqns. (14) depend only on geomorphological and
into Eqns. (8) to give new relations fgrandt : climatic data, they are referred to as the geomorphoclimatic
IUH or GCIUH. Note, however, that the relationship between
rainfall excess and direct runoff is now only quasi-linear,
= 0.871 ; t =0.585 M° (14) i.e. the linear operation is only valid origewhich features
P mnos P ' prominently in theP-term, and, have been determined.
In practice, the condition that the intensity of rainfall excess
where is reasonably constant throughduts unduly restrictive.
However, for storms in whichvaries markedly in time, the
25 total duration may be conveniently divided into a series of
Mn= Lo (15) increments, and a different GCIUH associated with each
i A, R aés increment according to the average intensity of rainfall excess
in each successive interval. The drawback to this approach
and the kinematic wave parameter of the highest-ordeis the possibility that the chosdlt may not satisfy the
stream,a ,, is obtained from Eqn. (9) by invoking the assumption associated with the application of the kinematic
Manning uniform flow formula, expressirgas the product wave approximation that the duration of rainfall excess
of breadth,B,, and depthh, of flow in the highest-order exceeds the equilibrium time for the first-order basins. In

stream: these circumstances, the second and third identities of Egns.
2 (11) are no longer applicable. does not exceed the time
Q=a, A" :é h3 \/§ to equilibrium when applying the kinematic wave
n approximation, then Eqgn. (13) may be revised into (see
hence Nowicka and Soczynska, 1989):
2 2
_ B, h 2 ~ he _ A, 0t 21
%5 h \/g_(BQ T JS, U=117 a, ETEB (21)
(16)

whereL is the main channel length of the catchment. Using
whereS,is the slope andlthe Manning roughness coefficient the same units and assumptions as before, Eqns. (14) become:
of the highest-order stream. Since= 5/3 for Manning

2
roughness, q, = 1'53’3 ; t, =0.333 |‘|15 (22)
3
a, =V (17) n;
n Bg’ where s s
and Eqn. (15) may be revised as M, = L& 3”2 By L (23)
3
.- S ROA It
__n Lo Bg (18)  Since in this study the total duration of rainfall was divided
rl 3
2 into a series of successive increment&tofEqns. (22) and
i Ay RS
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(23) were used to define the form of the IUH in preferencewhereA , N, andL are the average area draining, the number

to Egns. (14) and (18). and the average length of theorder streams respectively.
Since the preferred 1:25,000 scale Ordnance Survey maps
could not be obtained within the time scale of this study,

The data estimates of the ratios were derived from 1:50,000 maps from

. . theLandrangerseries. Values of the ratig,/R, were found
To evaluate the ability of Eqns. (22) to describe a transfe{'0 range from 0.685 to 0.987 with a mean of 0.822. Using

fslggzor:;h;tatl:lagr?; ?Er?cllfefd doz;/tzr \?V(\;Vrlgeor; r;?r?eOJ ??;?Tﬁ;gqns. (8) fortp, this variation would cause changes in the
' time-to-peak between +7 and —12 per cent, which for this

Eefgisggai::?o?a;glgata;z%us fg:j;eat a;ﬁ?ngs;gegK study was deemed acceptable. Length ratios varied from 2.48
Y oy ydrology, grord, L. {pixton) to 1.4 (Tinhay).

A total of nin tchments wi I from th th-w » . .
otalo e catchments was selected from the sou N In addition to the total catchment arég, its main channel

of England, covering almost two orders of magnitude Oflength,L, and the length raticR. Equation (23) requires

drainage area. Further details of the catchments are .. : . . .

. . . additional information that relates essentially to the highest-
summarised in Table 1, along with the numbers of Stormorder stream, including its lengt, slope and Mannin
events for each site which were analysed. The data were ’ g gth, slopes,, 9

: : . . roughness coefficient), and the breadttg , of the outlet
?bf[amed in ASCli file f°”T‘at’ with runoff hydro.graph's*(m cross-section. The first two parameters were estimated from
) listed at one-hour (but in some cases 30-minute) interval

?he 1:50,000 maps and the Manning roughness coefficient

and rainfall hyetographs in the form of areally-averaged totaI.T,N as extracted from standard tabulations, based upon the

(mm) at one-hour intervals. The areal averfa\glng had beeQtation descriptions contained in tHgdrological Data UK
performed using théutostormmethod. In this approach, . . .
R . . . .’ Yearbookge.g. Institute of Hydrology and British Geological
individual raingauge totals are multiplied by a weight, deﬂnedSurve 1989). Strictly, since the velocity, is supposed
as the ratio of the reciprocal of the distance between the 4 ' Y. ’ PP y

raingauge site and the centre of the catchment divided ba pe-ak flow ng00|tyBWshouId be thg width of the cross-
. . ection associated with the peak discharge of the event.
the sum of the reciprocals for all the raingauges used. Th

Eiowever, since the time available precluded site visits, and

roducts are then summed to give a total for each time unit . . . )
b 9 In the absence of detailed cross-sectional information, a

és:s)a Natural Environment Research Council, 1975; I:Igur?elationship was developed between bankfull widths and

: , , bankfull discharge m?s), for the stations identified
Equations (22) incorporate the length ratio of the. 9 SQB.( ) . . .
. - . L in Table 1 and others in the same hydrometric regions using
catchment,R , and implicit in their derivation is the . .
i . . . data from theRepresentative Basin Catalogaad the
assumption that the ratio of the bifurcation raRg, to the

. . . . .~ YearbooksA linear regression using the logarithms of the
arearatioR, is approximately 0.8. These ratios are defined . : .
A variables yielded the expression

as follows:
_AL R, = Ny - R _ L B, =exp(0.7+ 0468 InQ,) (25)
YA N, L, (24

Table 1 Details of catchment areas for which data were analysed

Station no  Catchment Area (Kim)No of events
45002 Exe at Stoodleigh 421.7 10
45009 Exe at Pixton 147.6 18
46003 Dart at Austins Bridge 247.6 13
46005 East Dart at Bellever 215 15
46802 Swincombe at Swincombe Intake 14.2 11
46805 Bala Brook 5.67 5
47007 Yealm at Puslinch 54.9 10
47008 Thrushel at Tinhay 112.7 11
47011 Plym at Carn Wood 79.2 12

97



M.J. Hall, AF. Zaki and M.M.A. Shahin

with an explained variance of 87 per cent. Equation (25ximilar flashy character. The following discussion therefore
was then applied to approximdig, for each event. considers the results for the River Swincombe and Bala
Brook separately from the other seven.

Data analysis

The GCIUH is defined in the same manner as anyDISCllSSIOD of results
instantaneous unit hydrograph in terms of a transfer functiomnitially, plots of the computed discharge hydrographs for
between rainfall excess and direct runoff. The testing of theach storm were compared visually with the original flow
technique therefore required the prior separation of thelata. As an example, Fig. 1 shows the results for six of the
baseflow component from the observed hydrographs and then storms for the River Yealm at Puslinch. This selection
determination of the rainfall excess from the hyetograph ofncludes two of the best results (a,d) and the worst result (e).
areal rainfall. Baseflow was assumed to be represented byEhese data were summarised using two different approaches.
straight line joining the start of the rising limb of the Firstly, perhaps the most important characteristics to be
hydrograph to the point of inflection on the recession limb.replicated by a rainfall-runoff model are the magnitude of
The latter point was identified from the time at which a semi-the peak flow rate and its timing. Plots were therefore
logarithmic plot of the recession became well-representegirepared of the computed versus the observed peak flow
by a straight line. The losses from the total rainfall wererates and the estimated versus the measured times-to-peak
assumed to consist of an initial loss and a continuing lossf all events on the seven largest catchments. These plots
The former included all rainfall that occurred prior to the are presented in Figs. 2 and 3, which also show lines of equal
start of the rising limb of the hydrograph. The latter wasvalues. For convenience in presentation, Fig. 2 shows the
subtracted as a uniform loss rate determined such that thresults for the three largest catchments separately from the
rainfall excess volume equalled the direct runoff volumeothers. In Fig. 2(a), the points cluster closely around the line
obtained by subtracting the baseflow from the observedf equal values, whereas, for the two largest catchments in
hydrograph. If the loss rate exceeded the rainfall rate foFig. 2(b), there is a tendency for the model to underestimate
any time interval, the rainfall excess was set to zero. If thebserved peak flow rates. With regard to times-to-peak, Fig. 3
rate of rainfall excess fell below 0.5 mni,ithe rate was again reveals a tendency for the GCIUH technique to
also set to zero and the amount equally distributed over thenderestimate. However, since all data were analysed using
remaining (non-zero rainfall) time intervals. This precautiona one-hour time interval, the minimum error is one hour and
was taken to avoid the generation of GCIUHs with very lowthe effect is perhaps exaggerated.
peaks and excessively long time bases that contribute little The second approach to summarising the data was based
to the overall shape of the direct runoff hydrograph. upon the use of an index of the goodness-of-fit for each event.
For each of the 105 storm events that were analysed, th@ne such index, which has been widely used in hydrological
rainfall totals for each successive intervall®f= 1 hour  modelling work, is the coefficient of efficiendy, as defined
within the distributions of rainfall excess were employed toby Nash and Sutcliffe (1970):

derive the peak ordinamp, and time-to-peakr,, of individual n .
GCIUHs using Egns. (22). The finite-period unit Z(Qi - Qi)2
hydrographs were computed using the S-curve technique, g =1 - 1= (26)

Y- Qf

1=1

and their ordinates proportioned according to the rainfall
excess volume within thdt. The estimated direct runoff
hydrograph was then obtained from the linear superposition -
of the direct runoff responses for all time intervals within whereQ is the observed discharge at timeQ) is the mean
the hyetograph of rainfall excess. of theQ, and Q, is the computed discharge at timen

The time interval of one hour was employed in both rainfallEgn. (26), the sum of the squares of the differences between
and runoff data files, although the discharges for the twacomputed and observed flows is expressed as a proportion
smallest catchments (the River Swincombe and Bala Brookf a “no model” variance, i.e. the sum of squares of the
— see Table 1) were recorded at 30-minute intervals. Asleviations when the computed flows are represented by the
might be anticipated, the responses of these two uplanchean of the observed flows, a null hypothesis that has been
headwater catchments were not well-described at this datiticised by Beran (1999). Subtraction of this ratio from
interval. Indeed, a time interval of one hour was also ratheone then provides a coefficient that represents an increasingly
too long to give satisfactory definition of the hydrographsbetter fit as€€ approaches unity. However, unlike the classical
for the East Dart at Bellever, a neighbouring catchment of @oefficient of determination, its lower limit is minus infinity,
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Fig. 1L Observed and estimated hydrographs of storm events for the River Yealm catchment: (a) 24 June, 1968;
(b) 27 June, 1968; (c) 10 November, 1965; (d) 28 November, 1965; (e) 24 February, 1966; and (f) 20 February, 1966.

so that poorer levels of performance generate negativeight of the ten events scoring above 0.9. For the catchments
numbers. Indeed, of the 105 storms analysed, 61 had negatisetween 50 and 250 Rpthe minimum coefficients are also
E-values, although only four produced values of —0.5 andeasonably consistent at around 0.5. Typically, such values
below. The value of —0.5 represents the point where the surwise from large timing errors; for example, Bealue for
of squares of the differences is 50 per cent larger than thgae storm shown in Fig. 1(e) was 0.54. However, the range
variance of the observed data, and for clarity in subsequernif goodness-of-fit for the smallest catchment, the East Dart
presentation, these events have not been considered furthRiver, is notably poorer.
SinceE is used here to compare model performance between For the two smallest catchments, the use of a one-hour
catchments, its deficiencies as an index of fit were deemetime interval proved to be too coarse to capture the details of
acceptable. their response, as has already been noted above. Since the
Taking the results from the seven largest catchments, theinoff data were available at 30-minute intervals, a further
average, maximum and minimum coefficients of efficiencyanalysis was carried out in which the one-hour rainfall data
were obtained as well as their their variation with the size ofvere divided equally between two successive 30-minute
the catchment area. A plot of these results is presented intervals. TheE-values were greatly improved. A further
Fig. 4, and demonstrates that, for drainage areas of some st was undertaken in which the one-hour rainfall data were
km? and over, both average and maximimalues were  divided equally over four successive 15-minute intervals,
reasonably consistent. The performance of the method oand 15-minute ordinates were interpolated from the 30-
the largest catchments is quite good, considering theninute flow hydrographs. Table 2 summarises the co-
limitations of Eqn. (26), with n&-values less than 0.81 and efficients of efficiency obtained for both catchments.
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Fig. 2. Estimated versus observed peak flow ratesstifhalong with lines of equal
values for (a) catchments less than 120 ¢kmand (b) catchments larger than 120 (Km)
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Fig. 3. Estimated versus observed times-to-peak (h) for the seven largest
catchment areas (89 events in total).

100



Regional analysis using the Geomorphoclimatic Instantaneous Unit Hydrograph
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Fig. 4. Average, maximum and minimum values of the coefficients of efficiency for the
estimation of storm hydrographs from sets of events for the seven largest catchment areas.
Each set contains a minimum of 10 storms (see Table 1).

Table 2.Coefficients of efficiency for storm events on the expressed in terms of a functioh, given by Eqn. (23).
River Swincombe and Bala Brook using notional 15-minuteThis function involves a set of catchment characteristics,

data including the total drainage area, the lengths of the main
channel and the highest-order stream, the length ratio of the
Catchment Coefficients of efficiency catchment and the breadth, slope and Manning roughness of

average maximum  minimum the highest order stream, all of which can be estimated from
maps or from site surveys. The-term also contains in its
River Swincombe 0.81 0.96 0.30 denominator the product of the average intensity and the
Bala Brook 0.80 0.97 0.63 total duration of rainfall excess, so that the peak of the [UH
increases and the time-to-peak decreases with increase in
Table 2 shows that, given data with a sufficiently fine timethe total depth of rainfall excess according to Eqns. (22).
resolution, the average performance of the GCIUH technique When this approach was applied to the 105 storm events
is comparable to that of the seven larger catchments (sgeom the nine catchment areas in the south-west of England,
Fig. 4). With regard to the minimui&values, that for the Fig. (4) demonstrates that a comparable level of performance
River Swincombe is by far the worst; all other events hadwas achieved for all six catchments larger than 58 kor
coefficients above 0.72. The range of goodness-of-fit for théhe three smaller drainage areas, the standard time interval
two smallest drainage areas is therefore somewhat small@f one hour used in the analysis was found to be too coarse
than those of the other catchments, as shown in Fig. 4.  to mirror their flashy behaviour. Numerical experiments with
the observed rainfall and flow data showed that when the
. storm events were analysed with a shorter time interval, a
Concluding remarks performance comparable to the larger catchments could be
A modification to the basic GCIUH technique has beenexpected. This result is reminiscent of the recommended
suggested in which the duration of rainfall excess is dividedpractice in unit hydrograph analysis to choose a data interval
into a number of equal time increments and IUHs arethat provides at least five points on the rising limb of the
generated for each time increment rather than for only thélirect runoff hydrograph, as for example infheod Studies
total duration. The technique is, as in previous versions oReportprocedures (Natural Environment Research Council,
the GCIUH approach, based upon the construction of 4975). Furthermore, the original basis for deriving the
triangular shape of IUH whose peak and time-to-peak aré -term is that thé&x chosen does not exceed the equilibrium
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time for the first-order basins, a condition that a one-houBeran, M., 1999. Hydrograph prediction — how much skijt@rol.

; : : ; : Earth System S¢i3, 305-307.
time interval is unlikely to satisfy on the smaller catchments.Bras’ R.L.. 199CHydrology. An introduction to hydrologic science

With this proviso relating to the data interval, Bheterm Addison-Wesley, Reading, Mass, 643 pp.
would appear capable of reflecting the essential features ddras, R.L. and Rodriguez-Iturbe, 1., 1989. A review of the search

storm events for catchments differing in size by a ratio of fora quarr:tiltativelrlfi\rllk bgmegn hyfdroéog}c rewonsiﬂa’ad I1|‘!uvial
i e . . . geomaorpnhology. iInNew irections for Surface Water Mode ng
1:75. In terms of sensitivity to the variables entering into the \ | kawvas, (Ed.), Proc. Baltimore Symp., Inter. Assoc. Hydrol.

P -term, the peak and time-to-peak of the IUH are directly Sci. Pubn. No. 181, 149-163.
proportional to both the length and the Manning roughnes&hutha, P., and Dooge, J.C.1., 1990. The shape parameters of the

. . . geomorphologic unit hydrograph, Hydrol, 117, 81-97.
of the highest-order stream. Next in order of importance arie:ranchini, M. and O’Connell, P.E., 1996. An analysis of the dynamic

the breadth of the highest-order stream, the length of the component of the geomorphologic instantaneous unit hydrograph,
main channel and the area of the total catchment, and theJ. Hydrol, 175 407-428.

: . upta, V. K., Waymire, E. and Wang, C. T., 1980. Representation
total depth of rainfall excess. A ten per cent change in any of of an instantaneous unit hydrograph from geomorphologier

these variables altegsandt by some seven per cent. Finally,  Resour. Res16, 855-862.
the slope of the highest-order stream and the length ratio dfall, M.J. and Minns, A.W., 1999. The classification of

i ; ; hydrologically homogeneous regioksydrol. Sci. J.44, 693-704.
the catchment prodU(.:e e_ﬁects of §|m|lar magnltude,_wnh ehenderson, F.M., 1963. Some properties of the unit hydrogdaph,
ten per cent change in either varying the peak and time-to- Geophys. Res8, 4785-4793.

peak by four to five per cent. In effect, the variables derivednstitute of Hydrology and British Geological Survey, 1989.
from maps are of comparable weight to those obtainable by Hydrological data UK 1988 yearbopiatural Environment

. . . . Research Council, Wallingford, 192pp.
site survey, i.e. the properties of the highest-order StrearTi!<irshen, D.M. and Bras, R.L., 1983. The linear channel and its

As proposed, the approach retains the assumptions relatingeffect on the geomorphologic IUH, Hydrol, 65, 175-208.
to the triangular shape of the IUH, the setting of the ratioMcCuen, R.H., 1982A guide to hydrologic analysis using SCS

I - . methodsPrentice-Hall Inc, Englewood Cliffs, NJ, 145 pp.
RB/RA’ to a value of 0.8, and the application of the I('nem""t'CNash, J.E., 1960. A unit hydrograph study with particular reference

wave approximation. Nevertheless, the results obtained tg British catchmentsroc. Inst. Civil. Eng.17, 249-282.

would appear to justify a more comprehensive study on &ash, J.E. and Sutcliffe, J.V., 1970. River flow forecasting through

wider range of caichment sizes and types, comparing resulfg 0o B BHI ot S0 argod Studies

with a regionalised approach. Report, Vol I: Hydrological StudiedNERC, London, 550 pp.
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dimensionless hydrograph models in ungauged basins, In:
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