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Abstract. While the correspondence of rainfall return period 1  Introduction

Tp and flood return period’ is at the heart of the design

storm procedure, their relationship is still poorly understood.n catchments with limited streamflow data or subject to ma-
The purpose of this paper is to shed light on the controls orjor land use changes, the estimation of the design flood, i.e.,
this relationship examining in particular the effect of the vari- the largest flood that should be considered in the evaluation
ability of event runoff coefficients. A simplified world with  of a given project, is typically performed using tdesign
block rainfall and linear catchment response is assumed angtorm procedure In this procedure, a particular storm with

a derived flood frequency approach, both in analytical anda known return period is used as an input to a rainfall-runoff
Monte-Carlo modes, is used. The results indicate gt ~model (e.g.Pilgrim and Cordery1993 p. 9.13), and it is
can be much higher thafi» of the associated storm. The thenassumed that the simulated peak discharge has the same
ratio Tp/ Tp depends on the average wetness of the systenieturn period as the storm (e.Backman and Kidd198Q

In a dry system7, can be of the order of hundreds of times Bradley and Potterl992. This is a pragmatic assumption
of Tp. In contrast, in a wet system, the maximum flood re- but clearly not always correct because it does not account for
turn period is never more than a few times that of the cor-the role of different processes in determining the relation-
responding storm. This is because a wet system cannot bghip between the frequencies of the design rainfall and the
much worse than it normally is. The presence of a thresholdlerived flood peakRilgrim and Cordery1975 p. 81). This
effect in runoff generation related to storm volume reducesrelationship, hereafter referred to aepping of rainfall to

the maximum ratio of p / T since it decreases the random- flood return periodsis the result of the interplay of many
ness of the runoff coefficients and increases the probabilitycontrols which include storm rainfall intensity, storm dura-
to be in a wet situation. We also examine the relation be-tion, temporal and spatial rainfall patterns, and antecedent
tween the return periods of the input and the output of thesoil moisture conditions.

design storm procedure when using a pre-selected runoff co- Due to the complexity of the problem, we examine here
efficient and the question which runoff coefficients producea simplified world in which the effects of the processes on
a flood return period equal to the rainfall return period. Forthe mapping of return periods are more transparent than in
the systems analysed here, this runoff coefficient is alwayghe real world. Inviglione and Bbschl(2009 we have con-
larger than the median of the runoff coefficients that causesidered the basic case where only the storm durations play
the maximum annual floods. It depends on the average weta relevant role. It was shown that, even in this very simple
ness of the system and on the return period considered, argltuation, the mapping of return periods is not trivial: ex-
its variability is particularly high when a threshold effect in cept for very particular cases, the return period of the flood
runoff generation is present. peak is always smaller than the return period of the generat-
ing rainfall. This is in contrast with the observations in the
real world where, often, very extreme floods are produced by
storms whose magnitude is not so extref@etknecht et a.
2002 Reed 1999 vol. 1, p. 32—33). The reason for this has
then to be searched among other factors than the variability
of storm durations. In this paper we focus on the role of the

Correspondence toA. Viglione antecedent conditions of the basin expressed by the variabi-
m (viglione@hydro.tuwien.ac.at) lity of the runoff coefficients.
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The event runoff coefficients defined as the portion of We first summarise the design storm procedure and define
rainfall that becomes direct runoff during an event. In hydro-the storm return period. We then present the methods used
logical modelling, it represents the lumped effect of a num-and provide one example system of the mapping of return
ber of processes on the catchment soil moisture state (includaeriods to illustrate the methods. In the results section we
ing antecedent evaporation, rainfall and snowmelt) and henceompare different systems with different distributions of the
runoff. The concept of event runoff coefficients dates backrunoff coefficient.
to the beginning of the 20th century (e §herman1932
but it is still widely used for design in the engineering prac- ] o
tice. The importance of this coefficient as a lumped indica-2 Design-storm procedure and definition of storm
tor of the runoff generation is also confirmed by the inter-  réturn period
i;g%f glguss%ﬁgfgl;ﬁgm?nnégnﬂéfgggtB%Sse?zrgg (gggtf’ro The idea of the design storm procedure is to estimate a flood

etal, 1999 Cerdan et a) 2004 Merz et al, 2006 Merz and of a selected return period from rainfatitensity-duration-
Bl'c')s’chl 2009 | ' frequency(IDF) curves for the site of interest. In many cases,

Many studies on the design storm method (Sigker the hydrological engineer has standard IDF curves available

and Verworn 198Q Packman and Kidd198q Pilgrim and for the site but it is important to undgrstand the procedure
Cordery 1993 Alfieri et al., 2008 have concentrated on the used_ to deve_lop th_em. Eor gach duration sele(_:ted,_ the af‘”“a'
choice of the design event, trying to fitits parametersin a Wa);'naxmum rainfall intensity is extracFeq from.hlstoncal rain-
that the correspondence of storm and flood return periods iga” record_s: Then frequengy analysis IS appll_ed to the anr_1ua|
achieved in the real world. Concerning the runoff coefficient, data obtaining a return period for each intensity and duration.

the choice is usually made considering “average antecedelwhat is termed “duration” in the procedure is in fact not a

conditions” for the catchmenP{lgrim and Cordery1975 storm duration but an aggregation time intervalaggrega-
1993. The use of the median value, for example, is moti- tion level For example, if hourly rainfall data are available
vated by the fact that the probability c,>f occurrence ,of higher"’md one s interested in the IDF curve for an aggrega}tion level
and lower values of the runoff coefficient would be equal. fipF=3 h, one runs a moving averaging window of wieliy

As stated irPilgrim and Cordery1993 p. 9.13) the “use of over the hourly data and extracts the largest 3-h average of

these median values in design should minimize the problen?aCh year to do the frequency analysis. The moving averag-

of joint probabilities and produce a flood estimate of similar mglproc.et(rj]ure |stequw|alepltt to cq?r\]/olut;ung th]:a3rﬁ|nff:1tlrll time
probability to that of the design rainfall”. series with a rectangular filter (with a base o in the ex-

Rather than focusing on the design event, in this paper Wéample).bIUsmgf t?}e wording q{outsffoyrqlanlglé et aI(lgga,
are interested in the relationship between the return periodghe probiem 0 .t € constructllon oft € CUIVES 1S pot a
of the “occurring storms” and the corresponding flood peaksproblem of statistical analysis of a single random variable,
(which was also the topic ofiglione and Bbsch| 2009 as it includes two variables, intensity and aggregation level.

Our focus is on the hydro-meteorological system, and ayiNOr s it a problem of two random variables, becatgse is

the events that may occur are considered as potential desiiﬁOt a random variable. |t consists of the study of a family of

events. In our analysis, different artificial worlds are mod- a;r:di(;rp l}/acaf)lcﬁff’ rthr?t ;?rixwir;#r?\;alnnual average intensities
elled assuming simple hypotheses for the controlling pro-O aintall ove ere € Intervalsor

cesses (block rainfall and linear catchment response) from, dThebvlvat))/ the design stprm metg)dv:lsKagggedP\(;slrl_es con-
which the relationship between rainfall and flood return peri-SI erably between countries (see &YWK, 9 Pilgrim,

ods is derived. Concerning the runoff coefficients, two main1987: I;oughtonk;Car,rlgga _butdthe '];nﬁ'n gomponents of the
situations are considered: (1) the event runoff coefficientg?"0C€AUre can be summarised as 1ollowing:

vary independently of the storm characteristics, meaning that 1 gglection of many storms of different durations read-
they are completely determined by the antecedent conditions; ing off their mean intensities from the IDF curve corre-
(2) the event runoff coefficients are related to the volume sponding to the return periofp of interest. As noted

of the flood producing stormi.e., the storm that_ causes the above, rainfalls from the IDF curves do not represent
flood. In both cases we analyse the relationship between the  complete storms but are from intense bursts within these
runoff coefficient and the mapping of return periods using storms. The storm durationmay hence differ from the
both Monte-Carlo simulations and analytical derivations in aggregation levelpr used to read off the intensity from

the domain of frequency distributions. For the simplified the IDF curve. However, in many cases storm duration
worlds analysed here, we also derive the relation betweenthe 5 chosen equal to the aggregation level Gaew et al

return periods of the input and the output of the design storm 1988 for details).

procedure when using a pre-selected runoff coefficient and

the event runoff coefficient for which the one-to-one map- 2. Application of rainfall time patterns to these storms
ping is achieved and that should be used in the design storm  (design hyetograph). Rigorously, the design temporal
procedure. patterns need to be appropriate for the intense bursts
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within storms, and not for complete storn#®&lgrim and To be consistent with the design storm method, the return
Cordery 1993 p. 9.13) but, again, in practice these two period Tp of a block storm of duration, is defined as the
are often set equal. inverse of the exceedance probability of its intensityn the

distribution of maximum annual rainfall intensities averaged

3. App|icati0n of Spatia| pattel’nS to rainfall or, more sim- over the aggregation |eV$bF=tr (SeeVignone and Bbschl

ply, of an areal reduction factor for catchmentarea.  2009. 7y, is the inverse of the exceedance probabi-lity of
one flood peak on the distribution of maximum annual flood
. X eaks obtained by the model. The mapping of rainfall to
graph using an evgnt based runoff model ca|_|b.r§1ted f(,) flood return perioé/s is described by grappphsgthat relate the
the_ catchment. pf mtere;t apd \_Nlth chosen initial soil storm return period’s to the return period’y of the cor-
moisture conditions (which, in smple models, are rep- responding flood peak (i.e., the same event).
resented by the event runoff coefficient). We use two approaches to derive flood frequencies from
rainfall: Monte-Carlo simulations and an analytical ap-
proach. In Figl a comparison between the two approaches
is provided for one particular system. To produce Panels (a)

Itis then assumed that this flood peak has a return pdijod ~and (b), the following Monte-Carlo approach has been used:

equaltoZp. , _ 1. Synthetically generateV years (e.g.N=100000) of
When analysing occurring storms, tsi®rm return period rainfall events using the rainfall model of Appendix
is defined as the return period which would be assigned to (Egs.Al andA4);

the storm event if it were used as input to the design storm

procedure. It is indeed the maximum return period that can 2. Calculate the IDF curves from all storms;
be assigned to a rainfall event when considering different ag-
gregation levels, i.e., the return period read off the IDF curve
for the aggregation level corresponding to the main burst of
the storm, and hence equalZp.

In the real world applications of the design storm proce- 4. Scan the resulting events and pick the largest flood peak
dure, there is no rigorous solution to the problem of choos- and the flood producing storm (i.e., the storm responsi-
ing the design parameters (i.e., the shape of the hyetograph, ble for this flood) for each year;
the rainfall-runoff model parameters, etc.) in a way thigt
matchesl'» because of the large number of controls that are
difficult to understand. In contrast, when a simplified world
is assumed, the exact mapping of rainfall to flood return peri- 6. Evaluate the return perio@lp of the flood producing
ods can be derived. In the case of block rainfall, as assumed  siorms comparing their intensities with the IDF values
here, the total rainfall event and the main burst are indeed  corresponding to their durations (fose=t.).
identical, so the aggregation level used to evaluate the re-

turn period of a storm is equal to the duration of that storm The points in Fig.1a show the 100000 maximum annual
(toE=t,). floods. The colours represent the event runoff coefficients:

dark blue corresponds to large runoff coefficients, light yel-
low to low runoff coefficients. As would be expected, the
3 Method and one example system dark blue points concentrate in the upper part of the graph,
meaning that high runoff coefficients are responsible for high
We use here a simplified version of the rainfall and rainfall- flood return periods. However, a number of large runoff co-
runoff models presented iBivapalan et al(2005. Essen- efficients are associated with lofp because the durations
tially, the rainfall model consists of uniform and independent of these storms are very different from tbitical storm du-
events whose durations and intensities are random and ration ¢ (seeViglione and Bbsch| 2009.
mutually dependent. Other factors such as multiple storms, Panel (b) has been obtained by slicing Fig.by horizon-
within-storm intensity patterns, seasonality and spatial vari-tal planes, and plotting the ratio between the return periods
ability of the rainfall intensities are deliberately neglected Tp/Tp vs. the storm duration normalised by the basin re-
for clarity. The lumped rainfall-runoff model considers the sponse timer(/t.). For the slices, flood return periods be-
runoff routing component as a linear reservoir with responseween 50 and 200 years have been selected to represent the
time 7., with variable event runoff coefficients and without Tp~100years case. As explainedVfiglione and Bbschl
accounting for a base flow component. The runoff coeffi- (2009, the maximum of the return period ratios is due to the
cient is always assumed constant during the event but is alinterplay between catchment processes and rainfall processes
lowed to vary between events. In Appendixmore details  and occurs at a critical storm duratigh The maximum oc-
on the rainfall and rainfall-runoff models are provided. curs for the highest runoff coefficients.

4. Transformation of the design storm to a flood hydro-

5. Selection of the maximum flood peak of the flood hy-
drographs produced by storms of different durations.

3. For each event, draw a runoff coefficientfrom a beta
distribution (see Sec#) and apply it to calculate runoff
(Eq.A8 in AppendixA);

5. Calculate the return period of all the flood peaks by the
Weibull plotting position formula;
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Fig. 1. Relationship between rainfall return periofls and flood return period€,: Monte-Carlo simulation vs. analytical derivation.

Panel (a) shows the mapping of return periods obtained simulating 100 000 years of events. Events characterized by high runoff coefficients
re are dark-blue while low, events are represented in light-green. In Panel (c) the same system is analysed by the derivation in the domain
of frequency distributions. Each line corresponds to events with the same runoff coefficient (colour) and the same storm duration (line-type).
Horizontal slices fop=100 years are represented in termg'gf Tp in Panels (b) and (d) as a function of the storm duratiamormalised

by the basin response time

Panels (c) and (d) depict the same situation, but the derivaffor any duratiorr, and runoff coefficient.). The analytical
tion is performed in the domain of the frequency distribu- derivation gives the relationship betwe®p and Ty of any
tions. We use the same approach explainediglione and  event of giverr, andr. in a particular system, correspond-
Bloschl(2009, with the only difference that the runoff coef- ing to the application of the design storm method, but gives
ficientsr. are allowed to vary randomly (see AppendB) no information about the probability that such an event hap-
while Viglione and Bbschl (2009 used a constant runoff pens. An estimation of this probability can be obtained from
coefficient. Random runoff coefficients make the analyticalthe Monte-Carlo simulation of Panel (a), as it is related to the
derivation of the flood frequency distribution more complex density of points.

(see AppendiB1) while the IDF-based methodology is the  Panel (d) is analogous to Panel (b) but shows the maximum
same as presented \Aglione and Bbschl(2009 (see Ap-  more clearly to occur around a critical durationspfc1.81,
pendixB2). In Fig. 1c the mapping of’p andTy is evaluated  for all the runoff coefficients. This is similar to the case of
for five runoff coefficients£.=0.2, 0.4, 0.6, 0.8, 1) and six constant runoff coefficients and is explainedviglione and
storm durationst(/7.=1/2, 1, 2, 3, 5, 10). This gives thirty Bloschl(2009.

lines with colours relating te, (as in Panel a) and line-types

relating toz,. The figure clearly shows that the mapping of

the return periods is a function of bathandr. In particular, 4 Results: comparison between systems

theenvelope curvecorresponding to the most critical events,

has runoff coefficients equal to 1 and a critical storm dura-Different hypotheses on the distribution of the runoff coef-

tion r*. This curve is a maximum that cannot be exceededficientr. are formulated in the following. Two main situa-
tions are considered: in Sedtl1the event runoff coefficient
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Fig. 2. Relationship between rainfall return peridfis and flood return periods, for two possible runoff coefficients., <r.,. Panel (a)

— Mapping of return periods and envelope curves /fjg~0.45 (dashed line) ang.,=0.55 (continuous line) with equal probabilities
p(rey)=p(rc,)=0.5; Panel (b) — Horizontal slice of Panel (a) in termsTgf/ Tp for Tp=100; Panels (c) and (d) — Sensitivity to the ra-
tio r¢, /re, (Only the envelope curves are drawn) whet.,)=p(rc,)=0.5; Panels (e) and (f) — Sensitivity to the ratio of probabilities
p(rey)/ p(rey) (Only the envelope curves are drawn) whep=0.45 andr:,=0.55. In all the figures, we use colours when one system is
represented and the grey scale when many systems are compared.

varies independently of the storm characteristics, while in4.1 Event runoff coefficients independent of the event
Sect.4.2it is related to the volume of the flood producing storms

storm through a threshold effect. The first case is moti-

vated by the results dflerz and Bbschl(2009 that indicate  4.1.1 Two possible runoff coefficients

that the runoff coefficients tend to be more controlled by an-

tecedent soil moisture than by rainfall event characteristicsSuppose that only two runoff coefficients, =0.45 and
The second case is motivated by the importance of threshol¢cz=o,55 are possible with occurrence probabilities
effects in runoff generation reported in the literatuveeét- p(re)=p(re,)=1/2. A Monte-Carlo simulation of such
ern et al, 1998 Zehe and Bbschl 2004 Struthers and Siva- 3 sijtuation is shown in Fig2 (Panels a and b), where the
palan 2007 Zehe et al.2007 Kusumastuti et al.2007). In  |ight-green points represent,=0.45 and the dark-green
both cases, we analyse first the simple situation where 0”|¥)oint5rc220.55. Obviously, for a given storm intensity and
two runoff coefficients can occur, which is a small exten- duration, the events W|t}-}2 produce |arger floods. The two
sion to the constant runoff coefficient case\aflione and  plack envelope curves in Panel (a) are derived analytically.
Bloschl(2009. Next we analyse the more realistic case of They represent the result of the design storm procedure in

continuous variability of the runoff coefficients. Finally, we such a system when usimg (dashed line) or., (continu-
examine what is the result of different choices for the runoff ous line) as design runoff coefficient. The situation is also

coefficient in the design storm method and what runoff coef-shown as a slice witlip~100 years (Panel b). Similar to the

ficients give a 1:1 correspondenceZof and ). case of constant runoff coefficientgiglione and Bbsch|
2009, the ratio between the return periods increases with
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storm duration, reaches a maximum, and decreases for »:
larger durations. The maximum is reached,dt.~1.8 for
the events with the large runoff coefficients. However,
To/Tp is always below 1 which is a similar result as the
constant runoff coefficient case ofi¢lione and Bbschl
2009.

In Panels (c) and (d) different systems are compared in <L>; 2 7]
order to investigate the sensitivity to the ratjo/r., of the
mapping of the return periods using the analytical derived
distribution approach. In Panel (c) the two envelope curves 0 |
o

are shown for each system: the curve of the events with crit-

ical storm duratiory} and the small runoff coefficient,,

(dashed lines), and the curve of the events with critical storm

durationz* and the large runoff coefficient, (continuous

lines). The light-grey curve corresponds-ip=r., and is the

one obtained irViglione and Bbschl (2009 (i.e., constant A

runoff coefficients). For.,=0.8r, there is a separation into 3

two curves, one above and one below the light-grey line of R

the basic system with constant runoff coefficient. By increas-c'f:i% 32 dA"erage r;”]]"ff :g:fﬂdet”?c vs. f?leﬁiCi?”t(lg_f Ve;,r\i/‘a”o”

; ; ; red crosses) for ustrian catchments (Fig. Merz

ing the difference betwean, and’?cz’ the distance betwe_en andc Bbsch| 2009. The values of. and CV, corresp%nding to

the upper and the lower curves increases but the maximurp o grey circles are used as parameters for the systems analysed in

To/Tp does not exceed a threshold that is almost always be'Sect.4.1.2

low the 1to 1 line. The same situation is reflected in Panel (d)

consideringl’p =100 years and different storm durations.
Figure2e and f examine instead different occurrence pro-

babilities p(r.,) and p(rc,) when r.,=0.45 andr.,=0.55.

In the “drier system”, where the probability of ha-

ving a low runoff coefficient is high g(r.,)/p(rc,)=10),

the ratio Tp/Tp is greater than in the “wetter system

(p(rey)/p(re,)=0.1). This could appear as counter intuitive

but has a simple justification: in the wetter system it is nor-

mal to have the high runoff coefficient, so that heavy

floods are not particularly rare. In contrast, in the drier

system, occurrence of a large runoff coefficient is rare

In order to consider a realistic range of distributions for
the runoff coefficient, we used the database collectddidre
and Bbschl(2009 that consists of 64 461 events in 459 Aus-
» trian catchments. In Fi@ the sample coefficient of variation
CV. is plotted against the sample mean event runoff coeffi-
cientss,. for each Austrian catchment (red crosses). There is
a clear decreasing trend of CV with increasing mean runoff
coefficients (continuous black line), meaning that in catch-
ments where runoff coefficients tend to be large, the vari-

and corresponds to a very unusual event (and to highgr ability between the events is small. On the other hand, in

o (aatchments where runoff coefficients tend to be small, events
Therefore, the envelope curve is high and can even exceed:. -
the 11 line. with runoff coefficients much greater than the mean can oc-

cur, which results in a much higher CV.
4.1.2 Continuous distribution of runoff coefficients Figure 4 compares three different systems characterised
by different distributions of.: panels (a) and (b) represent
Assume the runoff coefficients. of all the events to be a a dry system having.=0.1 ando2=0.009 (CV.=0.95), Pa-
random variable, modelled according to the beta distributionnels () and (d) a wetter system with=0.3 ando?=0.038

as inGottschalk and Weingartnét998: (CV,=0.65), and Panels (e) and (f) a very wet system with
1 8.=0.7 ands?=0.022 (C\.=0.21). These three systems cor-

fr(re) = rg—l(l — rc)v—l O<r. <1, (1) respond to three of the grey points in F&\respectively the
B(u, v) first, the third and the last, starting from left). The simulated

where B(u, v) is the incomplete beta function. Given the runoff coefficients are indicative of the type of system: the
means. and standard deviatian. of the runoff coefficients, dry system has lower runoff coefficients (i.e., yellow, light-
the parameters andv of the beta distribution can be esti- green colours), while the wet system has higher runoff co-

mated as efficients (i.e., dark-green, blue colours). Looking at these
52(1— 6,) graphs one question immediately arises: why does the dry
u= % — 8, 2 system have highefy/Tp? One would have expected the
% contrary with larger runoff coefficients and hence larger flood
5o(1— 8.)2 peaks_ in the wet system. The exp_lanation is anal_ogous to_ the
V= Yz (1-34.). (3) one given for the case of two possible runoff coefficients with

c
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Fig. 4. Relationship between rainfall return periofis and flood return periodgy for beta distributed runoff coefficients independent

from the rainfall events. The three upper Panels (a), (c) and (e) represent the mappngily. The crosses are obtained by Monte-

Carlo simulations (100 000 years). The envelope curves (continuous lines) are calculated analytically. The three lower Panels (b), (d) and
(f) represent one horizontal slic&§=100 years) of Panels (a), (c) and (e) respectively in terms of the ratio of return p&ggd%. The
parameters of the beta distribution are: Panels (a) and (b) — Dry system with average runoff coéffiflehtand variancerczzo.oog
(CV,=0.95); Panels (c) and (d) — Wetter system witk0.3 andaCZ:O.OSS (C\.=0.65); Panels (e) and (f) — Very wet system wittr0.7
ando?=0.022 (CV.=0.21).

different probabilities. In the wet system, the flood peaksthis section, we examine what is the result of the design
are indeed higher, because of the higherbut high flood  storm method when choosing different runoff coefficients.
peaks are frequent (i.€lp is not particularly high). In con-  In particular we comment on the result of the design storm
trast, having.~1 in the dry system is rare and corresponds method when choosing the commonly used median value of
to very unusual events (resulting in hi@p), i.e., in dry sys-  r. showing that generally, in our simplified world, this does
tems the effect of the event runoff coefficient on the flood not give the correspondendg=7p. What runoff coeffi-
return period is larger than in wet systems. The black enve<cients need to be selected in order to obtain this correspon-
lope curves of Fig4, for the critical storm duratiom* and  dence is calculated for different systems.
r.=1, are calculated by the analytical approach. The distance The coloured lines of Figh show the mapping correspond-
between these curves and the simulated events, particulariyng to the critical storm duration* (i.e., the result of the
evident in the dry system of Panels (a) and (b), is related tadesign storm method) when differentare selected for the
the probability that such extreme events happen. three systems (dry, wet, very wet) analysed in Big.The
spacing between these lines is a measure of the sensitivity
4.1.3 Choice of the runoff coefficient in the design storm  of the design storm method to the choice of the runoff co-
method efficient. In the dry system, the result of the design storm

) . ) . . method changes a lot for small variationsrgf much more
In the engineering practice, when applying the design stormpan, in the wet case. Moreover, once the desiga chosen,

procedure, one is usually interested in obtaining flood peakgpe ratioT/ Tp for the dry case is not a constant but highly
with the same return period as the input storms. In
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Fig. 5. Relationship between rainfall return peridtls and flood return periodsg resulting from the application of the design storm method
for beta distributed runoff coefficients independent from the rainfall events, as in FigThe coloured lines correspond to the critical storm
duration and the runoff coefficient ranges from 0.1 to 1 with intervals of 0.1; the black line corresponds to the critical storm duration and
the median flood producing runoff coefficient.

depends on the desirgg. In the wet case of Panel (c) this ©
dependence is much weaker. This is a general result: in
dry systems, great emphasis should be given to the correct
choice of the design runoff coefficient when applying the de- ~
sign storm method, much more than in wet systems.

The black line in Fig.5 refers to the mediafiood pro-
ducing runoff coefficientwhich is the median value of the
runoff coefficients of the maximum annual flood events. In
all three cases, using the median runoff coefficients produces o
flood return periods that are different from the rainfall re-
turn periods. Reading the graphs, the black line provides
the storm return perio@p that should be considered to ob-
tain a flood return period’y when using the median flood 10
producing runoff coefficient in the three systems. In the dry
system, one should use a valueTof close to 1000 years to
obtainT,=100years and the ratiy /T, changes a lot de-
pending on the desirel, (i.e., Tp should be chosen smaller N
than Ty for Tp<10years). In the wet case, instead, one
should always choosgp>Typ, e.9. Tp~300years to have
To=100years. e

Note that the median runoff coefficient highlighted as the 00 02 04 06 08 10
black line in Fig.5 is different from the median of the dis-
tribution of runoff coefficients of all flood events (Ed) o
as only a small fraction of all events are maximum annual
events. Figuré shows the transition from the parent distri- Fig. 6. Distributions of the runoff coefficients corresponding to the
bution (all events,fz(r.) of Panel a) to the flood producing 9rey points in Fig3. Panel (a) — Parent distributions of the runoff
distribution (maximum annual eventﬁ;; (rc) of Panel b) of coeff|C|entsz(rC); I:anel (b) — Distributions of the flood producing
the runoff coefficients. The darkest grey shade represent®noff coefficientsfz (rc).
the driest system, and the lightest grey shade represents the
wettest system, using the same grey scale as for the points ithe runoff coefficients that should be used for the different
Fig. 3. cases: r1.1 has low values for the dry systems and high

The runoff coefficientsy.; (for which Tp=Ty) have been values for the wet systems. Moreover, as already emerged
back calculated from the results in Figand are shown in  from Fig. 5, r1.1 varies with the return period considered: it
Fig. 7a for the seven systems corresponding to the seven greycreases with increasing magnitudes of the event, especially
points in Fig.3. Obviously, there is a big difference between in the driest systems.

fR(rc)
3

fH*(rc)
3
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Fig. 7. Runoff coefficients-1.1 that give a 1 to 1 correspondence between rainfall and flood return periods plotted against return period.
Panel (a) — Runoff coefficiemi.1; Panel (b) — Non-exceedance frequency;of on the parent distributions of; Panel (c) — Non-exceedance
frequency ofrq1.1 on the distribution of the flood producing runoff coefficients. The parent beta distributions correspond to the seven grey
points in Fig.3 (from dry to wet systems).

Panel (b) represents the probability of non-exceedance ofhe catchment soil moisture exceeds a threshold, or the esta-
r1.1 corresponding to the parent distributionsrpf(i.e., all blishment of connected flow paths within a catchm&ie$t-
events) in Fig.6a. For all wetness conditions and return ern et al, 1998 Zehe and Bbsch| 2004 Struthers and Siva-
periods, the non-exceedance probability(r1.1) of r1.1 is palan 2007 Zehe et al.2007 Kusumastuti et al2007).
around 0.9 and decreases slightly with increasing wetness of
the system. 4.2.1 Two possible runoff coefficients

The patterns of the probability of non-exceedance;af
corresponding to the distribution of the flood producing
runoff coefficientsf%(r.) (i.e., only the maximum annual ¢ < ] )
events) is more complex. It is shown in Panel (c) and relateder the threshold’, the runoff coefficient is.,, otherwise
to Fig. 6. There is no unique non-exceedance probability of it IS 7c,- This means that. is deterministically related to the
the runoff coefficients that give a 1:1 correspondencgof ~ Storm volume, i.e.r. is not fully random because its vari-
and T, which depend significantly on the wetness of the ability is determined by sForm randomness. Pane_ls €) _and
system and the return period. For the driest systehry.1) (b) show the events obtained by a Monte-Carlo simulation

significantly depends on the return period (ranging from 0.5°f 100000years. As in Fig the light-green points repre-
to 0.8), while it is almost constant and close to 0.8 for the S€Ntre;=0-45 and hence correspond to storms with volumes

wettest system. In all cases, however, it is evidentthais ¥ <V (Wit_h V*=100mm), while the dark-green points re-
greater than the median value 6§ (r.), that is represented presentr.,=0.55 and volumes larger than the threshold. In

by the black line in Fig5 and that would be used in a com- Panel (b) the deterministic relationship between runoff coef-
mon application of the design storm method. ficients and storm event volumes is clearly represented for

a flood return period of 100years. Short storms, that have
4.2 Non-linear relationship between flood runoff coeffi- ~ smaller volumes, are associated with and produce lower

cients and event storm volumes: the threshold effect  flood peaks. The transition to the long storms, responsible for
the highest floods, is abrupt and is characteristic of the non-

Up to this point, the runoff coefficients were assumed to varylinearity of the model. The continuous lines show the results
randomly, independent of storm characteristics. This secof the analytical derivation: in Panel (a) only the envelope
tion now considers a situation in which the runoff coefficient curve is plotted; in Panel (b) the relationstiiy, Ty, 7) is

is dependent on the overall storm volurie=i r, through  represented fof =100 years. The shapes of the two graphs
a threshold effect. Specifically, we assume that, below aare due to the fact that the rainfall event volume depends on
fixed threshold volumé’*, the average runoff coefficient is the rainfall intensity, which explains the subdivision between
low, while aboveV* the average runoff coefficient is large. r., andr., in Panel (a), and on its duration, which explains
Hydrologically, this threshold effect represents, for exam-the two peaks in Panel (b). In Panel (b) the transition between
ple, the transition from saturation excess runoff to infiltra- the two runoff coefficients is a short segment which we term
tion excess runoff, the activation of macropores beyond aseparation line

moisture threshold, the onset of subsurface stormflow once

We, again, first consider the simple case where only two
runoff coefficients, <r., are possible. In Fig, if V is un-
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Fig. 8. Relationship between rainfall return peridls and flood return periodgg for two possible runoff coefficients., where the highest

one occurs when the storm volume is over the threshdidmm]. The three upper Panels (a), (c) and (e) represent the mappifyg .

To. The crosses are obtained by Monte-Carlo simulation (100 000 years). The three lower Panels (b), (d) and (f) represent horizontal slices
(Tp=100years) of Panels (a), (c) and (e) respectively in terms of the ratio of return pEggds . Panels (c) and (d) show the sensitivity to

the ratio between., andr.,; Panels (e) and (f) show the sensitivity to the threshold In Panels (a), (b), (e) and (f),=0.45 and-,=0.55.

Panels (c) and (d) examine the sensitivity of the map-depends on the threshold. For low thresholds, the line is part
ping to the ratio between. andr., for a given threshold of the rising limb of the graph while for large thresholds it is
V*=100 mm. If the ratio between the two runoff coefficients part of the decreasing limb (viewed from left to right). The
is far from unity (i.e., the runoff coefficients are dissimi- maximum ratiol'p/Tp occurs when the separation line stays
lar) the transition betweer, andr., of the envelope curves close to the critical storm duration.
shown in Panel (c) happens for small return periods. Looking
at the horizontal slices of Panel (d), the difference betweer#.2.2 Continuous distribution of runoff coefficients
Tp andTp under and above the threshold is very different for
different systems, but the separation line is always the samel© account for the random nature of, the following as-
as it is a consequence of the threshold only. sumption is made: iV is under the threshold'*, then the

It is also of interest to examine the sensitivity to the runoff coefficient follows a beta distribution with mean
threshold value. For very low and very high thresholds, @nd standard deviatian, ; otherwise the mean &, and the
the mapp|ng of the return periods is the same (not Showrﬁtandard deViatiOﬂcz. This means that the threshold volume
here), because the systems have essentially only one pod-" splits the(i, #,) space into two regions wherg has two
sible r. and the situation is the one examinedViglione  different distributions (see Fi@1 in AppendixB).
and Bbschl(2009. In the transition between these two ex-  Some examples are given in F@that depicts three sys-
tremes (Panels e and f of Fig).the envelope curve is slightly tems where the difference between the distributions oh-
higher than in the case of a single runoff coefficient, be-der and over the threshold is Iarge Below the threshold the
cause the nonlinear threshold effect introduces some degregystem tends to be dry{=0.2,02=0.024), while it tends to
of variability of r.. Panel (f) shows how the separation line be wet when the threshold is exceedé(q:(0.6,0021—0.035).
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Fig. 9. Relationship between rainfall return periofis and flood return period#, for beta distributed runoff coefficients dependent

on the storm volumé/. Below the threshold the system tends to be dgy:(o.z,afl:o.om), while it tends to be wet if the threshold is
exceededa(cZ:O.G,03120.035). The sensitivity to the threshold® [mm] is analysed. The three upper Panels (a), (c) and (e) represent the
mapping of7'p vs.T. The crosses are obtained by Monte-Carlo simulation (100 000 years). The three lower Panels (b), (d) and (f) represent

horizontal slicesTp=100 years) of Panels (a), (c) and (e) respectively in terms of the ratio between return fgyidgs

In Panels (a) and (b) the threshdid is high, meaning that r.~1 can be more easily reached. If the threshold is lower,
the wet behaviour is less probable. This leads to a high ensee Panel (f);* is closer to the separation line, which is the
velope curve. In Panels (e) and (f), instead, the envelopgeason why the envelope curve in Panel (e) is closer to the
curve is lower because the wet behaviour of the system isimulated events (high can be easily reached) than in Pan-
more probable (lower threshold). Panels (c) and (d) depictkls (a) and (c).
an intermediate situation. Similar to the case of two runoff Figure10 shows the effect of the threshold on the parent
coefficients, the abrupt switch caused by the threshold camnd the flood producing distributions of the runoff coeffi-
be clearly recognised. The horizontal slices of Panels (b), (drients. The parent distributiofiz (r.), is hardly affected by
and (f) show that the separation line exists and correspondthe threshold (Panel a) causing only a small increase in the
to the change of density of the points. The position of thethickness of the right tail of the distribution. In contrast, the
line is related to the threshoM*. threshold significantly affects the distribution of flood pro-
In Panels (b) and (d) the critical storm duratigi(i.e., ducing runoff coefficientsz(r.) (Panel b). This is because
where the maximum dfp / Tp occurs) corresponds to storm the flood producing storms have significant volumes to ex-
volumes far below the threshold*. This means that, for ceed the threshold regularly, while the relative number of to-
storms of duration;*, the runoff coefficients belong to the tal storms exceeding the threshold is small. For the same
distribution typical of dry systems, and events witlr1 reason, the effect is more pronounced for small thresholds
happen rarely. Fay. longer than*, V is greater thaiv* and than it is for large thresholds.
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Fig. 10. Distributions of the runoff coefficients corresponding to
different threshold valueg *. Below the threshold the system tends
to be dry 6C1=0.2,oc21:0.024), while it tends to be wet if the thresh-
old is exceeded(%z:O.G,aczl:0.0SS). Panel (a) — Parent distribu-
tions of the runoff coefficientgy (r.); Panel (b) — Distributions of
the flood producing runoff coefficien;é’;e(rc).

4.2.3 Choice of the runoff coefficient in the design storm
method

The coloured lines of Figl1 show the mapping correspond-
ing to the critical storm duration* (i.e., the result of the

design storm method) when differentare selected for the
three systems analysed in F#J.The black line refers to the

A. Viglione et al.: On the role of the runoff coefficient in the mapping of rainfall to flood return periods

To=Tp of the design storm method when the design runoff
coefficient is not correctly selected.

In Fig. 12a the runoff coefficienty.1, for which Tp=Tp,
has been derived for different values of the threshold. The
darkest line ¥*=160mm) is very close to the line with
3.=0.2 in Fig.7a. Because of the high threshdld the sys-
tem is almost always in the dry condition. The value-pf
increases for decreasing thresholds from about 0.4 to about
0.8. This is because the systems change to increasingly prob-
able wet conditions. In the limiting case Bf=0 (not shown
here)r1.1 would correspond to the line with=0.6 in Fig.7a
(i.e.,r1.1 of about 0.8). In all the intermediate cases, because
of the non-linearity of the threshold effeat,.; varies a lot
for varying return periods.

Panel (b) represents the probability of non-exceedance of
r1.1 in the parent distributions of, i.e., the ones represented
in Fig. 10a. The runoff coefficient to be used in the driest
system corresponds to the lowest quantilefgfr.), and in-
creases for increasing wetness of the system. This is because
the parent distribution of. does not vary much with decreas-
ing thresholdv*, so that higher values @f.1 correspond to
higher quantiles (that was not the case in Fig. Moreover
r1.1 is always greater than the 90% quantifé (r1.1) is be-
tween 0.9 and 1).

A similar behaviour is shown in Panel (c), representing
the probability of non-exceedance ef1 in the distribu-
tion of the flood producing runoff coefficientg;(r.) (see
Fig. 10b). Here the non-exceedance probabilities range be-
tween 0.5 and 0.9 and increase with decreasing threshold.
For example, if one is to match the return periods for the
case ofTp=Tp=100years, for a threshold of 160 mm one
would have to choose a runoff coefficient that is exceeded in
35% of the maximum annual events, while for a threshold of
60 mm one would have to choose a runoff coefficient that is
exceeded in less than 10% of the maximum annual events.
If one considers the dry and wet systems of Fig.corre-
sponding to the situations below and above the threshold, the
respective percentages range between around 35% and 30%
depending on the average wetness of the system. In all cases

median flood producing runoff coefficient. In all three cases, ., is greater than the median value fif (r.) that is usually
using the median runoff coefficients produces flood returnrecommended for design flood applications.

periods that are very different from the rainfall return periods.

Comparing Figl1lwith Fig. 5, one sees that the ratiy / Tp
strongly depends on the desiréd when the threshold effect

4.3 Biases in the design storm method when assuming
To=Tp and the medianr,

is present. This would be expected because of the different
percentage of under-threshold and over-threshold events fohlthough the focus of the paper is on return periods (i.e.,

different values ofl, (see Fig.9, Panels a, c, d), i.e., dif-

on probabilities), a practical question related to our analy-

ferent mechanisms dominate for different flood magnitudessis of the design storm method arises: how far is Tpe

The graphs can be used to sel&gtso that the design storm
method results in a flood with the desired return pedipd

If considering the median flood producing runoff coefficient,

with a valueTp=1000 years one would obtaify~70 years

year flood peak quantilgr, from the flood peakjr, ob-
tained when applying the design storm method? We consider
here the common application of the method, i.e., we assume
To=Tp and we choose the median flood producing runoff

in the system with high threshold, while one would obtain coefficient as design value. In Tahlethe percentage bias

To~20years only in the system with low threshold volume.

100@r, /91,—1) has been calculated for different systems

This is a clear example of how wrong can be the assumptiorand different return periods. The three systems of Higsad
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Fig. 11. Relationship between rainfall return periofis and flood return period$, resulting from the application of the design storm
method for beta distributed runoff coefficiemtsdependent on the storm volurive as in Fig.9. The coloured lines correspond to the critical
storm duration and the runoff coefficieptranges from 0.1 to 1 with intervals of 0.1; the black line corresponds to the critical storm duration
and the median flood producing runoff coefficient.

5 (dry-wet) and the three syst(_ams of Figsand 11 (high— . Table 1. Percentage bias of the flood peak quantile when applying
low threshold) have been considered. The percentage biasgge gesign storm method assumifig=Tp and the medianm, of

of estimation ofgr, are consistent with the mapping of the g maximum annual floods. The systems considered are: three sys-
return periods represented by the black lines in Figand  tems with beta distributed runoff coefficientsindependent of the

11 For the dry system, the design storm method under—ainfall events (Fig5); three systems with beta distributed runoff
estimatesyr, moderately {-2.8%) when the return period coefficients. depending on the storm volumé(Fig. 11).

of interest is 10 years but considerably more30%) when

Tp=1000 years. On the other hand, in the wet system the bias Tp=10 Tp=100 Tp=1000
is esseptlally non-affected by the desired return period and is Fig.5a  —2.8% —21%  —30%
approximately always equal t610%. When a threshold ef- Fig.5b —1.2% -11% —17%
fect _in runoff generation is prgsent, the bias of estimation o_f Fig: 5¢ —8:4% _92% —99%
qr, is generally greater than in the no-threshold cases. This _

can also be observed qualitatively comparing Figand11. Fig.1la  —-4.9% -29%  —41%

Fig.11b —12% —37%  —45%

The difference between percentage biases for low—high val- _
Fig.1lc —-26% —41% —44%

ues of the desired return period is more pronounced when
the threshold is high (i.e., when the dry situation dominates),

ranging from —4.9% whenTp=10years to—41% when
ging 0 r y ° the event runoff coefficient varies independently from the

Tp=1000years. When the threshold is low (i.e., when the L . -
wet situation dominates), this difference is less evident: theStorm characteristics, i.e., it is determined by the antecedent

percentage biases range froa26% whenT»=10years to conditions; (2) the event runoff coefficient is related to the

—44% whenTp=1000years. This means};hat in a practi- volume of the flood producing storm, i.e., it is determined by

cal case of a true design value of say, =100 n¥/s for the storm that causes the flood as well as antecedent condi-
g 0

Tp=1000years, the design storm method would only givet'ons' ) ) )
41,60 /s if runoff generation thresholds are present. Inthe d95|gn storm_proce(_jure the ratio of flood and rainfall
return periodslp / Tp is maximised by varying storm dura-

tion. Viglione and Bbschl(2009 showed that, for a system
5 Conclusions with a constant runoff coefficient, this maximum ratio is al-
ways lower than unity, being around 0.4 ffp~100 years.
In this paper we examine the effect of event runoff coeffi- The findings in this paper indicate that allowing for variabil-
cients on the relationship between rainfall and flood returnity of the runoff coefficients may increase the maximum ratio
periods to shed light on design practice. We make simple hysignificantly. In a dry system, where high runoff coefficients
potheses for the controlling processes (block rainfall and lin-are very rare, one event with a high runoff coefficient can pro-
ear catchment response) and analyse the relationship usingdace a flood with a return peridth that is hundreds of times
derived flood frequency model in analytical and Monte-Carlo the return period of the corresponding storm. In a wet sys-
modes. Two main hydrological systems are considered: (1Jem, where runoff coefficients are always high, the maximum
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Fig. 12. Sensitivity of the runoff coefficient;.; to the threshold storm volumeé* [mm]: Panel (a) — Runoff coefficient.1; Panel (b) —
Non-exceedance frequencyaf1 on the parent distributions of; Panel (c) — Non-exceedance frequencyf on the distribution of the
flood producing runoff coefficients.

flood return periods are never more than a few times that of We also examined the question which runoff coefficients
the corresponding storm. This is because a wet system cam4.1 produce a flood return period equal to the rainfall re-
not be much worse than it normally is. turn period if the design storm procedure is applied (i.e.,
A threshold effect in runoff generation was examined maximising To/Tp with respect to storm duration). For
where it was assumed that, beyond a threshold rainfall volthe systems analysed here, the runoff coefficient that gives
ume, large runoff coefficients are more probable. Presenca perfect match of the return periods is always larger than
of a threshold effect reduces the maximum ratid’gf/ Tp the median of the runoff coefficients that cause the maxi-
since it increases the probability of the system to be in a wemum annual floods. For a system without runoff genera-
situation and decreases the randomness of the runoff coefftion thresholds, one would have to choose a runoff coeffi-
cients in relation to the storm. If a continuous deterministic cient that is exceeded in about 30% and 35% of the max-
relationship between the runoff coefficient and storm volumeimum annual flood events for wet and dry systems respec-
exists (not shown here), the mapping would be the same as itively (for To=Tp=100years). If a runoff generation thresh-
the constant runoff coefficient systems examinediglione old is present, the mapping depends on the threshold, the
and Bbschl(2009. In other words, the absence of “indepen- exceedance probabilities associated with have a wider
dent randomness” of. in relation to the storm leads to the range and the variability with the return period is higher. For
same mapping of return periods as a constant runoff coeffiZp=7p=100 years one would have to choose a runoff coef-
cient. ficient that is exceeded in about 10% and 35% of the maxi-
Regarding the design storm method, its result when choosmum annual flood events for low and high thresholds respec-
ing a design runoff coefficient (in particular the median of the tively. This means that the choice of a runoff coefficient for
runoff coefficients that cause the maximum annual floods)design, based on the distribution of the runoff coefficients of
has been analysed. It was shown that, in dry systems, ththe maximum annual flood events, is more complex if the
results of the method are much more sensitive to the chosystem has a threshold effect in runoff generation.
senr. and the desired’y than in wet systems. When us-  Comprehensive sensitivity analyses (not shown in this pa-
ing the median runoff coefficient, the bias of estimation of per) indicate that the above results are generic and do not
the design flood peak in the dry system ranges frof8%  depend much on the particular rainfall model used. For a
for Tp=10years to-30% for Tp=1000 years. On the other world where
hand, in the wet system the bias is essentially non-affected
by the desired return period and is approximately equal to
—10%. If a runoff generation threshold is present, the ra-
tio To/Tp strongly depends on the desirég because dif-
ferent mechanisms dominate for different flood magnitudes.
Also, the bias of estimation of the design flood peak is more  _ extreme rainfall intensity decreases with storm duration
pronounced when the threshold effect is present, reaching
percentage values 6f45% for a desired return period of and considering the simplifying assumptions made in this
1000 years. paper

— storm duration varies,

— rainfall intensities are distributed according to a
positively skewed distribution,
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— block rainfall,

— linear catchment response,

— random runoff coefficients and/or existence of thre:sholdl'5 and—

effects

the mapping of rainfall to flood return periods will always
look very similar to the results shown here.
In ongoing work, we will deal with the effect of storm

time-patterns and multiple storms on the mapping of rainfall

to flood return periods.

Appendix A

Rainfall and rainfall-runoff models

We use a simplified version of the rainfall and rainfall-runoff
models presented iBivapalan et al(2005. The main sim-

plifications are that we do not consider seasonality and do NOY, = Mo, ty. re) = re-i
generate a continuous series of synthetic rainfall but a num-

ber of independent storms. As a stochastic rainfall model
we consider the Weibull distribution for storm duratiaps
whose probability density function is

ﬂr—l /Sr
W) ()
Vr

Iy
fT, ) = — <_

Yr \Vr
with known parameterg, (scale) and3, (shape). The first
parameter is linked t@,, the mean storm duration, by the
relationship

=

i (A1)

iy

r

(A2)

while the shape parameter is linked to the coefficient of vari-

ation of the distribution, that is
ra+2/8)

[T 1+1/8)]

We assume that the number of storm events per year is Poi
son distributed with meam. In particular, in this paper
m=40,5,=6 h andg,=0.7.

The rainfall intensityi within the storm is imposed to be
constant (rectangular storms), while its distribution only de-
pends on,, according to the gamma distribution

(A3)

A
fr, (ilty) = == i) texp(—1i) , (A4)
(k)
where parametersandk are functions of, as
Elilt;] = a1t?* and CVP[i|t,] = ant?? | (A5)
that means
t—bz t_bl_bz
K= — and 1= - (AB)
a aiaz
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In the following, we assume the parametefs b1, a2 and
b» to be known Givapalan et a).2005estimate them from
data) and to be respectively equal to 1.05 mrftht, 0.01,
0.55.

The rainfall-runoff model is a standard linear reservoir
with response time, with which the rainfall time series is
convoluted. For a single storm, the transformation of rainfall
to runoff can be expressed by the convolution integral of the
exponential UH

) dr’,

re ., t
q() =— [ i@@)exp| —

e Jo
wherei (¢) is the rainfall input time serieg,(¢) is the result-
ing runoff time series ang, is the runoff coefficient. Other
components, such as base-flow and seasonality, are not con-
sidered. As rainfall intensity within the storm is assumed to
be constant, the flood peak is

o

where we assumg as a constant. In this paper we consider
always the same exponential UH withr12 h.

—

(A7)

c

r

o)

c

1.

(A8)

Appendix B

Derived distribution approach
B1 Derived flood return period

Given the joint probability density function of rainfall in-
tensity i, rainfall durations. and runoff coefficientr. as
fr.1..r. (0, tr, rc), the probability for a given flood peak dis-
chargeY to be less than or equal tg, is

Fy(qp) =PY < qp] =

Z/f/fI,Tr,RC(ivtrvrc)dl.dtrdrc'v
R

(B1)

SvhereR is the region of thdi, ., r.) space for which the

combination of these three values is transformed into a peak
smaller than or equal g, by the rainfall-runoff model.

In the case of storm intensity being dependent on storm
duration but runoff coefficient being independent, applying
the Bayes theorem, the integral of EB1j§ simplifies to

1 poo
Frap = [ [ Fun (MG o)
0 Jo

'fT, @) fr(ro)dr dr.

whereF; |, (.|t,) is the conditional cumulative distribution of
rainfall intensities conditioned om, and f7, (¢,) and fr(rc)
are the probability density functions gfandr.. This is the
case discussed in Sedtl

(B2)
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When there is a dependence between the event runoff
coefficient and the storm event, for the relationship between
joint and conditional probability density functions (ekgpt-
tegoda and Ros$d997, p. 126), the joint distribution of
T, andR, is given by:

fr1 Rt 1) = fRo1T, (Peliy 1)
(B3) .
T Gl fr @) :

and the integral of EqQR1) simplifies to

o o 1
Friap= [ [ Fran (541 roli):

'fI\Tr(iltr)'fT,(tr)didtr . (B4)

This formulation ofFy(g,) is particularly convenient when
the non-linear threshold relationship between the event
runoff coefficient and the storm event of Setf2 holds. In

this case the spageof integration in Eq.B1) is represented  Fig. B1. Representation of the surfaces corresponding to the thresh-
in Fig. B1. The regionR is the one above the black surface, old rainfall-volumeV* (grey) and to one flood peaj, (black) in

that provides a representation of the rainfall-runoff model ex-the (s, i, r.) space (storm duration, storm intensity, runoff coeffi-
pressed by EqAB8). This surface corresponds to one flood cient).

peakg, and is a 3-D representation of the curve in Fig. 1 of

Wo0d (1976 (here alsar is taken into account). The surface

corresponding to the threshold* is shown in grey. Below

the grey surface|(=i 7. <V*) the probability distribution of  than or equal tap by the IDF filter with aggregation level

the runoff coefficient has parameteys ando.,; aboved.,  spe. The result of the rectangular filtering can be written as:
ando.,. The integration of Eq.B4) can then be easily di-

vided into two parts considering these two separate regions. . i if ftpe <t
Assuming the number of independent floods in a year to bep = pG, 1) = it /toF i fOF > ¢ : (B8)
Poisson distributed with meam, the cumulative distribution r/ 71Dk IDF = &
function of the annual maximum floogd is so that Eq.B7) can be simplified to
FQ(CI[J) :exp{—m [1—FY(¢]17)]} . (B5)

oo
Fi@.noe) = [ P, (M50l ) f1.6)ds, . (©9)
The same result can also be expressed in terms of the return 0

period (in years): wherel‘[;l(qj, t,) is the inverse of EqB8) and expresses the

To = {1— Fo( )}71 (B6) intensity of a storm of duration that has average intensity
Q odp ’ ¢ over the aggregation levepr. If we denote byP the
annual maximum rainfall intensity of storms averaged over
B2 Derived storm return period the aggregation levepr, then the probability distribution of

Pis
As explained inviglione and Bbschl(2009, we derive the
return period of storms referring to the IDF-based methodol-Fr (¢, tioF) = exp{—m [1 — F;(¢, tiop)]} , (B10)
ogy. If we let a random variablé denote the rainfall inten-
sity of storms averaged over the aggregation leygl, the  @n
probability that this intensity is lower or equal gois called _
Fi(¢, hpe). The cumulative distribution of (defined for a Tior (¢, tipF) = (1= Fp(¢, top)} ™
singlerpr) is then

(B11)

is the return period of storms with average intengitgver
the aggregation levejpe. This equation represents the IDF
Fi(¢,tpp) =PI < ¢] = //,fl,Tr(ivtr)didtr» (B7)  curves.
R In our simplified world, the return period of indi-
whereR’ is the region of th&i, 1) space such that the combi- vidual storms can now be read off the IDF curve as
nation of these two values is transformed into a value smallefTipr(¢p=i, fipF=t,). The return period’r of the storms that
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produce the maximum annual peaks (here called flood-  Kusumastuti, D. I., Struthers, I., Sivapalan, M., and Reynolds, D.

producing storms) is then A.: Threshold effects in catchment storm response and the oc-
1 currence and magnitude of flood events: implications for flood
Tp = Tior(¢ = 1 (qp. tr = tiDF, re), tioF = 1) (B12) frequency, Hydrol. Earth Syst. Sci., 11, 1515-1528, 2007,

http://www.hydrol-earth-syst-sci.net/11/1515/2Q07/
wherell-1(.) is the storm intensity that, for givep, . and Merz, R. and Bbschl, G.: A regional analysis of event
tc, produces the flood peak,. runoff coefficients with respect to climate and catchment

characteristics in Austria, Water Resour. Res., 45, W01405,

doi:10.1029/2008WR007163, 2009.
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