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Abstract. The present paper proposes a dimensionless aralffamework to predict the hydrologic responseaajiven
catchment thus assessing the impact of the raiefalht structure on the runoff peak. The dimens&sform of the rainfall
depth is described as a simple power function efdimensionless duration. Soil abstractions areethed! using the Soil
Conservation Service method and the InstantanemitsHydrograph theory is undertaken to determiree dimensionless
form of the hydrograph; the two-parameter gamméiligtion is selected to test the proposed methmyglol A set of
analytical expressions are derived in case of emdhtensity hyetograph to assess the highesffrpeak with respect to a
given rainfall event structure irrespective of fpecific catchment. Looking at the results, thesewf the highest values of
the runoff peak reveals a local minimum point ia treighbourhood af, andn values equal to 1 and 0.3, respectively. As
an example, the proposed approach has been appléetlyse the hydrologic response of a small Medihean catchment

to three observed rainfall events characterizeditbgrent rainfall internal structures.

1 Introduction

The ability to predict the hydrologic response afver basin is a central feature in hydrology. Bogiven rainfall event,
estimating rainfall excess and transforming itunaff hydrograph is an important task for plannidgsign and operation of
water resources systems. For these purposes, dsasign based on the statistical analysis of theiaihmaximum series of
rainfall depth are used in practice as input datauvaluate the corresponding hydrograph for a gioatichment. Several
models are documented in the literature to desdtibehydrologic response (e.g. Chow et al., 1988ved, 2012): the
simplest and most successful is the unit hydrographcept proposed firstly by Sherman (1932). Dueattimited

availability of observed streamflow data mainlysimall catchment, the attempts in improving the d&ak predictions are
documented in the literature since the last centary. Henderson, 1963; Meynink and Cordery, 19@6)ate. Recently,
Rigon et al. (2011) investigated the dependencgeaatk flows on the geomorphic properties of rivesibs In the

framework of flood frequency analysis, Robinson &idapalan (1997) presented an analytical desoriptif the peak
discharge irrespective of the functional form assdno describe the hydrologic response. Goel ef2800) combine a
stochastic rainfall model with a deterministic falhrunoff model to obtain a physically based pabbity distribution of

flood discharges; results demonstrate that thetipesiorrelation between rainfall intensity and ahion impacts the flood
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flow quantiles. Vogel et al. (2011) developed apdarstatistical model in order to simulate obserfledd trends as well as
the frequency of floods in a nonstationary wordliding changes in land use, climate and water usesbellis and
Fiorentino (2000) proposed a derived distributidril@od frequency identifying the combined role yda by climatic and
physical factors at the catchment scale. Bocchaold Rosso (2009) developed a derived distributgpra@ach for flood
prediction in poorly gauged catchments to shift sketistical variability of rainfall process inttsicounterpart in terms of
statistical flood distribution.

In this framework, the present research study takelfferent approach by exploring peak flow ratdues, which are
subject to a very broad range of climatic, physic@omorphic and anthropogenic factors, limitedthte rainfall input
neglecting the expected rainfall event featuresleared in the Depth-Duration-Frequency (DDF) cur¥és main focus of
this paper is to assess the impact of the raiefaht structure on the peak flow rate based ontermdmistic event-based
analysis. With this aim, rainfall-runoff processa® modelled using the Soil Conservation Service@S)Smethod for soil
abstractions and the Instantaneous Unit Hydrog(lpH) theory to provide a dimensionless analytieapression for peak
flow.

The first specific objective is to define a struetwelationship of the rainfall event in terms ddimple power function. The
second specific objective is to analytically derthie highest peak flow rate caused by a rainfadinewvith given internal
structure irrespectively of the specific featurédhe catchment. Finally, as an example, the pregagpproach has been
applied to analyse the hydrologic response of allsiMaditerranean catchment to three observed rhirdaents
characterized by different rainfall internal sturets.

2 Methodology

A dimensionless approach is proposed in order fim@l@n analytical framework that can be applieduny study case (i.e.
natural catchment). It follows that both the raihfepth and the rainfall-runoff relationship tree strongly related to the

climatic and morphologic characteristics of thechatent, are expressed through dimensionless forms.

2.1 The dimensionless form of the rainfall structue relation

Rainfall DDF curves are commonly used to descriteerhaximum rainfall depth as a function of durationgiven return
periods. In particular for short durations, raihfatensity has often been considered rather tla@mfall depth, leading to
intensity-duration-frequency (IDF) curves (Borgaaét 2005). Power laws are commonly used to desdDDF curves in
Italy (e.g. Burlando and Rosso, 1996) and elsewfeere Koutsoyiannis et al., 1998).

In the proposed approach, each rainfall event seriteed in terms of a simple power function sinljldo the DDF curves,

therefore assuming that the internal structurdicelahip of a rainfall event can be described devio

h(d) = a'd" 1)
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where h [L] is the maximum rainfall deptd, [LT-n] and n [-] are respectively the coefficieanid the structure exponent of
the power function for a given duration, d [T].

As an example, Fig. 1 describes the internal atracbf a rainfall event according to the abovesitated power function. In

Fig. 1, the observed rainfall depth (at the topg ¢bserved and evaluated maximum rainfall deghthé centre), and the
corresponding rainfall structure exponent (at tbtdm) are reported.

For a given catchment, by assuming a specific mep@riod Tr [T], the reference value of the maximtainfall depth, hr

[L], is defined according to the corresponding D&ves, as follows:
hy (T, t) = a(T)t,” (2)

wherea(T) [LT-b] and b [-] are respectively the coefficieamd the scaling exponent of the DDF curve whilfTtris the
reference time of the hydrologic response.

Referring to a rainfall duration corresponding to the rainfall depth is assumed equal to the esfee value of the
maximum rainfall depth. Based on this assumptioelationship between the parameters of the DDFecand the rainfall

structure function can be derived as follows:

! b
h(t,) = by (T, t,) = a't," = a(T)t,” —» —— =12 3)

a(Ty) "

The dimensionless form of the rainfall depih, is defined by the ratio of the rainfall depththe reference value of the
maximum rainfall depth; similarly the dimensiordedurationd,, is expressed by the ratio of the duration tordference

time. Therefore, the dimensionless form of thefedistructure relationship may be expressed itigZ=gs. (1), (2) and (3):

h*(d*)=h£_r= aldnb=£=d*n (4)

a(Ty)ty

2.2 The dimensionless form of the Unit Hydrograph

The hydrologic response of a river basin is heedigted through a deterministic lumped model: titeraction between
rainfall and runoff is analysed by viewing the ¢atent as a lumped linear system (Bras, 1990). €hponse of a linear
system is uniquely characterized by its impuls@aoase function, called the Instantaneous Unit Hgcaph (IUH). For the
IUH, the excess rainfall of unit amount is appliedthe drainage area in zero time (Chow et al.81.980 determine the
dimensionless form of the unit hydrograph a funwioform for the IUH and thus the S-hydrograph ttabe assumed. In
this paper the IUH shape is described with the paameter gamma distribution (Nash, 1957):

=) e® (5)

K(a) \k

wheref (t) [T™] is the IUH,7"[] is the gamma functiory, [-] is the shape parameter white[T] is the scale parameter. In

the well-known two-parameter Nash model, the pataree and &k represent the number of linear reservoirs addeeliies
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and the time constant of each reservoir, respdgtiidie productak is the first order moment thus corresponding to the
mean lag time of the IUH. Note that the IUH parametcan be related to watershed geomorphologyhédget terms the
Geomorphologic Unit Hydrograph (GUH) theory attesf relate the IUH of a catchment to the geomefrthe stream
network (e.g. Rodriguez-lturbe and Valdes, 197%901984).

The dimensionless form of the IUH is obtained bingshe dimensionless time,, defined as follows:

The proposed dimensionless approach is based ars¢éhef the I[UH scale parameter as the referenee di the hydrologic

response (i.e&, = ak). Using the first order moment in the dimensioslgsocedure, the approach can be applied to any

IUH form. By applying the change of variakde ak t,, the IUH may be expressed as follows:

£(t) 1 (cxk t*)o‘_l e—(%) 7

= KT (or) k

The dimensionless form of the IUIA(t,), is defined and derived from Eq. (7) as follows:

f(t) = @ ak = 7 (at,)*em@) (8)

Note that for the dimensionless IUH the first ord@ment is equal to one and the time-to-peak caaxpeessed as follows:
—=0 - t,, =— 9)

The dimensionless Unit Hydrograph (UH) is derivegdriegrating the dimensionless IUH:

S(t.) = J," f()dr. (10)

whereS(t,) is the dimensionless S-curve (e.g. Henderson,)1963
For a unit dimensionless rainfall of a given dimenkess durationd,., the dimensionless UH is obtained by subtractivgy t
two consecutive S curves that are lagded

S(t,) fort, <d,

u(t) = {S(t*) —S(t.—d) fort.=d,

(11)

whereU(t,) is the dimensionless UH. The time-to-peak ofdheensionless UH,,,, is derived by solvingU(t.)/dt, =

0. Using (8) and (11) and recognizing that > d, gives the following equation fat,,:

adx
F(tp) = ftp—d.) > tp. = d.—aq— (12)

ea-1-1

Similar expressions for the time-to-peak are atglan the literature (e.g. Rigon et al., 2011; Rebn and Sivapalan,

1997). Consequently the peak value of the dimefessriJH may be expressed as a functiod,dfy:

4
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Umax(d.) = S(tp.) = S(tp. — d.) (13)

2.3 The dimensionless runoff peak analysis

Based on the unit hydrograph theory and assumirggtangular hyetograph of duratidn the dimensionless convolution

equation for a given catchment becomes:
Q(t) = . (dIU(L.) (14)

whereQ(t,) is the dimensionless hydrograph dp@l,) is the dimensionless excess rainfall intensity.
In the following sections the dimensionless hydapdr and the corresponding peak are examined inafasenstant and

variable runoff coefficients.

2.3.1 The analysis in case of constant runoff coifient

By considering a constant runoff coefficiegt,, similarly to the dimensionless rainfall depththe dimensionless excess

rainfall depthh,, is defined by:

h,, =28 —gn (15)

@ohr

The corresponding dimensionless excess rainfahbity becomes:
i, =d ! (16)

From Egs. (13), (14) and (16), the dimensionleskdgraph and the corresponding peak may be exmfbyse

Q(t.) = d."'U(t) 17
Qmax(@) = A" WUpar(d) = d."7YS(t,.) = S(tp. — du))] (18)

In order to investigate the critical condition foigiven catchment which maximizes the runoff pélad,partial derivative of
the Eqg. (18) with respect to the variableis calculated.

anax(d*) — 0

dd. - ﬂ%:zfi* = S(tp*) - S(tp* - d*) = Umax(d*) (19)

The analytical expression for estimating the aitiduration of rainfall that maximizes the peakwflavas firstly derived by
Meynink and Cordery (1976).

From Eq. (19) it is possible to derive thestructure value that maximizes the dimensionlesmffupeak for a specific
durationd, referring to a given catchment:

_ f(tps)d.

-1
n Umax(@)

(20)



10

15

20

Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-267 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Discussion started: 6 June 2017 Sciences
(© Author(s) 2017. CC BY 3.0 License.

Discussions

2.3.2 The analysis in case of variable runoff coétfent

In order to take into account the variability oétimfiltration process during the rainfall eventyariable runoff coefficient,
@, is introduced. The variable runoff coefficieneistimated based on the SCS method for computihglsstractions (SCS,
1985). Since the analysis deals with high rairifa#nsity events it would be reasonable to foreeSILS-method in order to
always produce runoff (Boni et al., 2007). The agstion that the rainfall depth always exceeds tfital abstraction is
implemented in the model by supposing that a previminfall depth at least equal to the initial tedxgtion occurred;

therefore, the excess rainfall depthis evaluated as follows:

2
he=(ph_h——>(p=L (21)

T h+s h+s

whereS is the soil abstraction [L]. The variable runoffefficient is therefore described as a monotonicaasing function
of the rainfall depth. It follows that the runofhimponent is affected by the variability of the limfition process: the runoff is
reduced in case of small rainfall events and isaapnbd in case of heavy events.

The dimensionless excess rainfall depth, is defined by:

h h
he* — —e — —(p — —(p h* — —<p d*n (22)
he, Prhy Pr Pr

The corresponding dimensionless excess rainfahiity becomes:
ip = %d*”‘l (23)

From Eq. (21) the ratié)— may be determined in terms of:

£ =l o (1) < (25) 2

wheres, is the dimensionless soil abstraction defined gy tatio ofS to h,. The ratiof is lower than one when the
r

dimensionless rainfall depth is lower than one sing versa. In the domain a&f < 1 (i.e.d, < 1), the variable runoff

coefficient implies that the runoff component islueed with respect to the reference case and sy The impact of the

ratioZ on the runoff production is enhanced jfincreases thus causing a wider range of runofficints.

Pr

From Egs. (13), (14) and (23), the dimensionleskdgraph and the corresponding peak may be exmtbgse

Q(t.) = %d*”‘lu (t.) (25)

Qmax(d) = =" W (d.) = =" [S(t.) = S(t. — d.)] (26)
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Similarly to the runoff peak analysis carried autcase of the constant runoff coefficient, the iphderivative of the Eq.

(26) with respect to the variabde is calculated:

9Qmax(d+)
dd.

ndl ] 27)

Al +S,

=0 - f(tp)d. =[S(tp.) = S(tp. —d)][1 - 20+

From Eq. (27) it is possible to implicitly derivhetn structure value that maximizes the dimensionles®ff peak for a

specific durationd, referring to a given catchment.

3 Results and discussion

The proposed dimensionless approach is tested tiséngvo-parameter gamma distribution for the shzgrameter equal to
3. Such assumption is derived by using the Nashemedation proposed by Rosso (1984) to estimagestiape parameter
based on Horton order ratios according to whichdtgarameter is generally in the neighbourhood of 8 Barbera and
Rosso, 1989; Rosso et al., 1991). In Fig. 2, theedsionless rainfall duration is plotted vs. the@isionless time-to-peak
together with the dimensionless IUH and the cowadmg dimensionless UH fat,=1.0. Note that the dotted grey lines
indicates the UH peak while the dashed grey lihes\s,,., f(t,.) andf(t,. — d.), respectively.

The dimensionless UH is evaluated varying the dsimiiess rainfall duration; then the runoff peaklgsis is carried out in
case of constant and variable runoff coefficieRisally a numerical example of the application tgraall Mediterranean
catchment is presented.

In the following sections the achieved results@esented with respect to the dimensionless duraiiothe range between
0.5 and 2 that is wide enough to include the donatif the rainfall able to generate the maximumkpiéaw for a given

catchment (Robinson and Sivapalan, 1997).

3.1 Highest dimensionless runoff peak with constamunoff coefficient

The dimensionless form of the hydrograph is shawhig. 3 with varying the rainfall structure expote&n, for the selected

dimensionless rainfall duration. The hydrograptes@btained for excess rainfall intensities char@ad by constant runoff
coefficient and rainfall structure exponenfs.2, 0.3, 0.5 and 0.8.

The impact of the rainfall structure exponentstmhydrograph form depends on the rainfall durafiond,lower than one,

the highem the lower is the peak flow rate and vice versa.

Figure 4 illustrates the contour plot of the dimenkess runoff peak as a function of the rainfallisture exponent and the
dimensionless rainfall duration. In the contourtpibis possible to observe a saddle point locétetthe neighbourhood of
d, andn values equal to 1 and 0.3, respectively. Note tti@tntersection line (reported as bold line ig.H) between the

saddle surface and the plane of the principal ¢urea where the saddle point is a minimum indic#tteshighest values of

the runoff peak for a givemstructure exponent.



10

15

20

25

30

Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-267 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Discussion started: 6 June 2017 Sciences
(© Author(s) 2017. CC BY 3.0 License.

Discussions

In Fig. 5, the highest dimensionless runoff peald #ime corresponding rainfall structure exponent gldted vs. the
dimensionless time-to-peak. Further, the dimens&mllUH and the corresponding dimensionless UHdferl.0 are
reported as an example. The reference line (short-short dashed grey line) indicates the lowettiad line corresponding
to the rainfall duration infinitesimally small. Nothat the rainfall structure exponent that maxasithe runoff peak for a
given duration can be simply derived as a functafnthe dimensionless time-to-peak (see Eq. 20). Thighest
dimensionless runoff peak tends to one for longetisionless rainfall durationl( > 4) when consequently thestructure
exponent tends to one (see Eq. 18). Results cottfiatrthe highest runoff peak curve reveals thallognimum point at,,
of 1.29 corresponding to of 0.31 andi,of 1. In light of such trend, it emerges that thssl critical runoff peak occurs rat
structure exponent values corresponding to the tymsally derived by the statistical analysis betannual maximum
rainfall depth series in Mediterranean climateother words, referring to the Chicago hyetograpmmonly used in the
engineering practice as design storm (Kiefer and, Q957), results illustrated in Fig. 5 reveal thithough Chicago
hyetograph shows the maximum intensity over eachtaiun, such rainfall condition may not be repréagwe of the most
critical condition in terms of runoff peak for avgn catchment at assigned return period. At theesimme, looking at the
highest runoff peak curve there are different @inévent conditions (rainfall structure exponenand duratiord) in the
neighborhood of the minimum point that determinenparable effects in term of the runoff peak valNete that these

comparable effects are related to rainfall deptitis different return periods for given durations.

3.2 Highest dimensionless runoff peak with variableunoff coefficient

The excess rainfall depth, in the case of varialteff coefficient, is evaluated by assigning aueato the reference runoff

coefficient. In particular, the reference runofefficient is defined as follows utilizing Eq. (21):

hy 1

= - [p——
Pr hy+S Pr 145,

(28)

In order to provide an example of the proposed @gogr, the presented results are obtained assundimgemsionless soll
abstractiors, of 0.25. It follows that the reference runoff digént ¢, is equal to 0.8.

Similarly to the results presented for the caseasistant runoff coefficient, Fig. 6 illustrates ttienensionless hydrographs
obtained for excess rainfall intensities charazeatiby variable runoff coefficient amdstructure exponentsf 0.2, 0.3, 0.5
and 0.8. at assigned dimensionless rainfall dungtig=0.5, 1.0, 1.5, and 2.0). The dimensionless hy@qoigys, obtained for
the variable runoff coefficient, show the same ahas of the ones derived for the constant ruogfficient (see Figs. 3
and 6), even if they differ in magnitude, thus @oning the role of the variable runoff coefficieah the runoff peak. In
particular, due to the variability of the infiltiah process, the runoff peaks slightly decreasedmfall duration lower than
one (i.ed,=0.5) when compared with the ones observed in aisenstant runoff coefficient while they rise wgy fluration

larger than one (i.el,=1.5 and 2).
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Figure 7 shows the contour plot of the dimensianlesoff peak as a function of the rainfall struetexponent and the
dimensionless rainfall duration in case of variabieoff coefficient. By comparing Figs. 7 and 4eiherges that the contour
lines observed in case of variable runoff coeffitieeveal a steeper trend with respect to constardff coefficient ones
indeed the impact of thestructure exponent on the runoff peak is enhamdesh the runoff coefficient is assumed variable.
The saddle point is again located in the neighbmediofd, andn values equal to 1 and 0.3, respectively whiledine of
the highest values of the runoff peak (reportedad line in Fig. 7) is moved on the left.

In Fig. 8, the highest dimensionless runoff peald #ime corresponding rainfall structure exponent gdted vs. the
dimensionless time-to-peak in case of variable ffuocoefficient. Results plotted in Fig. 8 confirrhat the highest runoff
peak curve reveals the local minimum point,atof 1.29 corresponding toof 0.26 andl,of 1. Referring tc, of 0.25, the
highest dimensionless runoff peak tends to 1.25dieg dimensionless rainfall duratiod, (> 4) when consequently the
structure exponent tends to one (see Eqgs. 24 gnd 26

Figure 9 illustrates the highest dimensionless fupeak and the corresponding rainfall structureament vs. the
dimensionless time-to-peak in case of variable ffucoefficient (for S, values of 0.25 and 0.67) together with the
comparison to the case of constant runoff coefiicidhe highest dimensionless runoff peak are amfor short rainfall
duration (i.et,, lower than 1.5) when the variable runoff coeffiti¢educes the runoff component with respect to the
reference runoff case (that is also the constamifficase i.eS,=0). On the contrary, the highest dimensionlessffureak
increases with increasing the dimensionless satrattion for long rainfall duration. Indeed, ireie cases, the variable
runoff coefficient enhances significantly the runodmponent with respect to the constant runofeqae.S,= 0). The rate
of change in the runoff production ascribable te variable runoff coefficient is predominant wittspect to the one due to
the rainfall duration increase, therefore thetructure exponent that maximizes the runoff pedakreases for increasing the

dimensionless soil abstractions.

3.3 Catchment application

In order to provide a numerical application of fhposed methodology, this approach has been ingpitad for the
Bisagno catchment at La Presa station, locatdukatdntre of Liguria Region, (Genoa, Italy).

The Bisagno — La Presa catchment has a drainageofi@4 kni with an index flood of about 95%s. The upstream river
network is characterized by main channel lengtt886 km and mean streamflow velocity of 2.4 m/sgd&ding the
geomorphology of the catchment, the areg)(Rifurcation (R) and length (R ratios that are evaluated according to the
Horton-Strahler ordering scheme, are respectivglyakto 5.9, 5.6 and 2.5. By considering the altigyevegetation and
limited anthropogenic exploitation of the territptjre Bisagno — La Presa is a mountain catchmesnacterized by an
average slope of 33%. The soil abstractignis&ssumed equal to 41 mm; its evaluation is basethe land use analysis
provided in the framework of the EU Project CORINEEA, 2009). The mean value of the annual maximaimfall depth

for unit duration (hourly) and the scaling exponefitthe DDF curves are respectively equal to 4In8h/h and 0.39.
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Detailed hydrologic characterization of the Bisagrmdchment can be found elsewhere (Bocchiola ares&®009; Rulli
and Rosso, 2002; Rosso and Rulli, 2002). Focusimghe rainfall-runoff process the two parametersthld gamma
distribution are evaluated based on the Hortonroraléo relationship (Rosso, 1984). The shape aadesparameters are
estimated equal to 3.4 and 0.25 h respectivelys touresponding to the lag time of 0.85 h.

In this application three rainfall events obseriedhe catchment area have been selected in codenalyse the different
runoff peaks occurred for the three rainfall intdrstructures. The selected events are charaaldniz@analogous magnitude
of the maximum rainfall depth observed for the tioraequal the reference time (itg.= 80 mm,, =0.85 h).

Figure 10 illustrates the internal structure of theee selected rainfall events. The graphs atidpereport the observed
rainfall depths while the central graphs show tkénmeated rainfall structure exponents. At the hmttof Fig. 10, by
considering the three structure exponents corraipgrio the Bisagno — La Presa reference timer{i=e0.55, 0.62, 0.71),
the rainfall structure curves are derived for afal durations ranging between ,5and 2t,; for comparison purpose, the
DDF curve is also reportedased on each rainfall structure curve, four megtdar hyetographs with duration of 0.425,
0.85, 1.275, and 1.7 h are derived to evaluatdntipact on the hydrologic response of the Bisagin@-Presa catchment.
Note that the analysis is performed in case ofabdei runoff coefficient whose reference value iga¢do 0.66 (i.eS, = 0.5).
In Fig. 11, the net hyetographs, the correspondiydrographs and the reference value of the runedkflow are plotted
for the three investigated rainfall structure exgais. The reference value of the runoff peak flaash-dot line) is
evaluated by assuming a constant-intensity hyepdgdd infinite duration and having excess rainfatensity equal to the
one estimated for the reference time. The roléhefrainfall structure exponent emerges in the diffe decreasing rate of
the excess rainfall intensity with the durationyghesulting in the corresponding increasing rate@peak flow values.
Figure 12 shows the contour plot of the dimensismlaunoff peak in case of variable runoff coeffiti€S, = 0.5). The
highest runoff peak curve is also reported (balé)litogether with the dimensionless hydrograph pégiey-filled stars) for
the selected rainfall structure exponemis: (0.55, 0.62, 0.71) and durations, € 0.5, 1.0, 1.5, and 2.0). Similarly to Fig. 7,
the Bisagno — La Presa catchment application skogsve of the highest values of the runoff peakratterized by a local

minimum (saddle point) in the neighbourhoodipfandn values equal to 1 and 0.3, respectively.

4 Conclusions

The proposed analytical dimensionless approachvallaredicting the hydrologic response of a givetcloaent; particular
attention has been posed on the assessment afrtb# peak commonly required for design purposes.

Both the rainfall depth and the rainfall-runoff agbnships are expressed through dimensionlesssfotine first one is
described in terms of a simple power function whie SCS method and the IUH theory are undertakemddel the

rainfall-runoff process. The proposed approachésefore valid within a framework that assumes thatwatershed is a
linear causative and time invariant system, whaty the rainfall excess produces runoff. In thespré paper the two-

parameter gamma distribution is adopted as IUH fonowever the analysis can be repeated using dthidr forms
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obtaining similar results. Indeed, as previouslgradsed by Robinson and Sivapalan (1997) the abitltlshape is of
secondary importance if the main objective is esting the peak discharge.
A set of analytical expressions has been derivegréwide the estimation of the highest peak witbpest to a given n
structure exponent. Results reveal the impactefdinfall event structure on the runoff peak thamting out the following
features:

» the curve of the highest values of the runoff peadeals a local minimum point (saddle point);

» different combinations of n structure exponent aadfall duration may determine similar conditionsterms of

runoff peak.

Referring to the Bisagno — La Presa catchment egpdn, the saddle point of the the runoff peak$ocated in the
neighbourhood of n value equal to 0.3 and rairdatation corresponding to the reference timhe=1). Further, it emerge
that the highest runoff peak value correspondintihéoscaling exponent of the DDF curve is comparablthe less critical
one (saddle point).
Findings of the present research suggest reviethiaglerived flood distribution approaches that ¢ediphe information on
precipitation via DDF curves and on the catchmesponse based on the iso-frequency hypothesisteFtggearch with
regard to the structure of the extreme rainfallntvis needed; in particular the analysis of seveaaifall data series
belonging to a homogeneous climatic region is meglin order to investigate the frequency distidrutf specific rainfall
structures.
The developed approach, besides suggesting renarisgues for further researches and unlike theelpanalytical
exercise succeeds in highlighting once more theptexity in the assessment of the maximum runofkpea
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Figure 1: Internal structure of a rainfall event according to a power law. The observed rainfall depth(at the top), the observed and
evaluated maximum rainfall depths (at the centre),and the corresponding rainfall structure exponent &t the bottom) are

reported.
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Figure 2: Dimensionless rainfall duration vs. dimesionless time-to-peak; Dimensionless Instantaneounit Hydrograph and the
corresponding dimensionless Unit Hydrographs fod,=1.0. Note that the shape parametes is equal to 3.
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Figure 3: Dimensionless Hydrographs obtained for esess rainfall intensities characterized by constantunoff coefficient and
different rainfall structure exponents, n (n = 0.2, 0.3, 0.4 and 0.5) at assigned dimensionleamfall duration, d, (d.=0.5, 1.0, 1.5,
and 2.0). Note that the shape parametex is equal to 3.

16



Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2017-267 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Discussion started: 6 June 2017 Sciences
(© Author(s) 2017. CC BY 3.0 License.

Discussions

Dimensionless Hydrograph Peak - Constant Runoff Coefficient

2.0

0.80

Dimensionless rainfall duration, d« [-]

// ;
//.

0.64

0.60 e

0.56 ' i

oo

048

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Rainfall structure exponent, n [-]

Figure 4: Contour plot of the dimensionless runoffpeak as a function of the rainfall structure exponat and the dimensionless
rainfall duration in case of constant runoff coeffcient. The maximum dimensionless runoff peak curves also reported (bold line).
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Figure 5: Maximum dimensionless runoff peak and thecorresponding rainfall structure exponent vs. dimesionless time-to-peak
in case of constant runoff coefficient; Dimensionks Instantaneous Unit Hydrograph and the correspondg dimensionless Unit
Hydrographs for d,=1.0. Note that the shape parametex is equal to 3.
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Figure 6: Dimensionless Hydrographs obtained for esess rainfall intensities characterized by variablerunoff coefficient and

different rainfall structure exponent, n (n = 0.2, 0.3, 0.4 and 0.5) at assigned dimensionlesmfall duration, d, (d,=0.5, 1.0, 1.5,
and 2.0). Note that the shape parametax is equal to 3.
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Figure 7: Contour plot of the dimensionless runoffpeak as a function of the rainfall structure exponat and the dimensionless
rainfall duration in case of variable runoff coefficient. The maximum dimensionless runoff peak curves also reported (bold line).
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Figure 10: Internal structure of three rainfall events observed in Genoa (IT): the observed rainfall dpths (at the top) and the
estimated rainfall structure exponents (at the ceme) are reported. At the bottom, the rainfall strudure curves evaluated for the
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reference time of the Bisagno — La Presa catchmeahd the corresponding Depth-Duration-Frequency cures are reported.
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Figure 11: The excess rainfall hyetographs, the corsponding hydrographs and the reference value ohe runoff peak flow for the
Bisagno — La Presa catchment evaluated for three iall structure exponents. Note that each graph ioludes four rainfall
durations (i.e. 0.5, 1.0, 1.5, and 2.0 times thefezence time).
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Figure 12: Contour plot of the dimensionless runoffpeak evaluated for the Bisagno — La Presa catchmem case of variable

runoff coefficient ( S, =0.5). The maximum dimensionless runoff peak curvés also reported (bold line) together with the

dimensionless hydrograph peaks (grey-filled stardpr the selected rainfall structure exponentsr{ = 0.55, 0.62, 0.71) and durations
(d,=0.5,1.0, 1.5, and 2.0).
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