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Abstract. In general, different mechanisms may be iden- data; the second one more closely investigates the physical
tified as responsible of runoff generation during ordinary processes, acting at hillslope and basin scales, by field ex-
events or extraordinary events at the basin scale. In a simperiments and advanced simulation modelling. In this gen-
plified scheme these mechanisms may be represented lsral framework, methods based on the theoretical derivation
different runoff thresholds. In this context, the derived of flood frequency distribution may represent a way to in-
flood frequency model, based on the effect of partial con-crease process understanding and bridge the two approaches
tributing areas on peak flow, proposed by lacobellis andenhancing their reciprocal support. A technical use of de-
Fiorentino (2000), was generalized by providing a new for- rived distributions of flood frequency is still far from opera-
mulation of the derived distribution where two runoff com- tional. But, the immediate outcome of their development lies
ponents are explicitly considered. The model was tested olin a deeper knowledge of hydrological controls in extreme
a group of basins in Southern Italy characterized by annuakvents. Through this progress, designated factors depending
maximum flood distributions highly skewed. The applica- on climate, soil and vegetation should be eligible as signa-
tion of the proposed model provided good results in termstures for the identification of hydrological heterogeneity and
of descriptive ability. Model parameters were also found similarity.
to be well correlated with geomorphological basin descrip- In principle, the flood distribution can be derived us-
tors. Two different threshold mechanisms, associated respedng rainfall distribution and a rainfall-runoff model which
tively to ordinary and extraordinary events, were identified. includes water losses and flow routing. Eagleson (1972)
In fact, we found that ordinary floods are mostly due to rain-tackled the problem by first modelling it analytically. Af-
fall events exceeding a threshold infiltration rate in a smallter this pioneering work, further investigations on this mat-
source area, while the so-called outlier events, responsible aer have been performed (e.g. Haan and Edwards, 1988;
the high skewness of flood distributions, are triggered whenRaines and Valdes, 1993; Kurothe et al., 1997; Gottschalk
severe rainfalls exceed a threshold storage in a large portioand Weingartner, 1998; Goel et al., 2000; De Michele and
of the basin. Salvadori, 2002; Franchini et al., 2005). Among others,
Sivapalan et al. (1990) accounted for the effect of differ-
ent mechanisms of runoff generation (infiltration excess and
1 Introduction saturation excess) while Sivapalan et al. (2005) strongly fo-
cused on the role of seasonality and used mixed distribu-
Today'’s research on flood prediction is strongly focused ontions. lacobellis and Fiorentino (2000) introduced the par-
the reduction of uncertainty with particular attention to un- tial contributing area as a random variable and considered
gauged basins (e.g. Sivapalan et al., 2003). Two main aponly one runoff threshold mainly associated either to infil-
proaches can be distinguished in this field: the first one igtration excess in arid basins or to saturation excess in humid
based on regional analysis as a tool for identifying hydro-basins. Other authors numerically evaluated the flood fre-
logic similarity, and mainly relies on statistical analysis of quency distribution through Monte Carlo simulations (e.g.
Consuegra et al., 1993; Muzik, 1993; Loukas, 2002) or by
@ Correspondence tA. Gioia continuous simulation (e.g. Beven, 1987; Bras et al., 1985;
g R Blazkova and Beven, 2002; Fiorentino et al., 2007). These
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combine a stochastic rainfall forcing with a reliable repre- The IF model is based on the concept of partial contribut-
sentation of physical dynamics affecting basin response. Iring (or source) area and relies on the following assumptions.
particular, Fiorentino et al. (2007) used a distributed hydro-The peak of direct streamflo@® is the product of two ran-
logical model (Manfreda et al., 2005) in cascade with a rain-dom variables strongly correlated, the source area contribut-
fall generator with multifractal properties (Veneziano and la- ing to runoff peaka and the runoff peak per unit of, u,.
cobellis, 2002). They investigated the role of climate, soil Both random variables are controlled by: (i) rainfall inten-
and vegetation in runoff generation during extreme eventssity, duration and areal extension; (ii) runoff concentration;
and concluded that runoff source areas are mainly affectediii) hydrological losses. The probability distribution of,

by pedologic features in arid basins, while a geomorphologiccan be derived from the probability distribution of rainfall in-
control prevails in humid basins. tensity conditional on a duration equal &9, lag-time ofa.

The effects of runoff thresholds have received particularThe lag time is intended as the lag of direct runoff centroid
attention in flood frequency analysis in last few years (e.g.to effective rainfall centroid. The runoff peak per unit area,
McGrath et al., 2007). Kusumastuti et al. (2007) focused onu,, is linearly dependent on the areal net rainfall intensity in
catchment storage and derived the flood frequency distribua time interval equal ta,.
tions by Monte Carlo simulations, using a non-linear concep- Fiorentino et al. (1987), by means of numerical simula-
tual rainfall-runoff model. Struthers and Sivapalan (2007) tions, showed that, within a large range of observed intensity-
analysed the influence on flood frequency of spatial het-duration-frequency (IDF) curves and of basin response func-
erogeneity in non-linear thresholds, seasonal variability intions, the basin lag-time is close to the critical rainfall du-
storms, and space-time variability in the storage-dischargeation (the one maximizing the flood peak). Moreover, they
relationship associated with the rainfall-runoff process. Theyfound that a constant routing factprclose to 0.7, fairly well
observed that temporal variability in seasonal storms in-represents the ratio of peak runoff to net rainfall intensity in
creases the frequency of threshold exceedence and the mag;.
nitude of the flood response associated with a given runoff Thus, the runoff per unit area is
process. Interestingly, spatial variability in landscape and
climatic properties provides a spatial variability in the local #a=£(ia,c — fa). (1)
frequency of threshold exceedence, while the decreasing of o . . o
soil depth towards the stream masks the impacts of threshVN€r€ia,r is the average areal rainfall intensity 4 cover-
old upon the resulting flood frequency. Working on a runoff N9 the contributing area, f, is the corresponding space-
threshold and exploiting the theoretical model proposed byliMe averaged hydrologic loss. The exce?dancg probability
lacobellis and Fiorentino (2000), lacobeliis et al. (2002) ex- function of the peak of direct streamflag, G, (¢), is found
plored the spatial variability of the coefficient of variation of 2 the integral of the joint probability density function (pdf)
annual maximum floods. of a andu,

In the present work, we generalize the theoretical probabil- A
ity distribution proposed by lacobellis and Fiorentino (2000) , o
introducing a two component derived distribution where theGQ(Q)z / _/i glula)g(a)duda, 2)
role of runoff thresholds is emphasized. Thus, we improve o "

the descriptive properties of the theoretically derived distri-\\hare runoff pealu, is expressed asla (i.e. « conditional
bution with particular attention to its ability of coping with 5, a)

the so-called “condition of separation” of Matalas, (i.e. high Thé pdf ofu, is found from the pdf of areal rainfall in-

dispersion of coefficients of skewness in annual maXimumtensityia,t which is assumed Weibull distributed with two
floods, Matalas, 1975; Cunnane, 1986). Then, a phenomencbarameter@ andk:

logical interpretation of highly skewed distributions is pro-

vided. k ik
We also investigate the role of climate, soil and geomor-g(ia,f)=9 i"j;lexp (— ”’r> , 3)
phology on runoff thresholds with particular focus on the @t @t
way they affect runoff source areas. with
_ .k _ . k
2 Theoretically derived flood frequency distribution Oac=E [l“’f] = (E [ia] /TA+1/8)". )

(IF model) The lag-timer, scales withu according to a power law with

lacobellis and Fiorentino (2000) proposed a theoretically de-£XPonent 0.5. o
rived flood frequency distribution hereinafter referred to as  11€ IF model assumes that a power law relationship also
“IE” model. exists betweelE[i, -] anda

E[ia,r]:ilaiszE[iA,r](a/A)ig (5)
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and betweery, anda These considerations also have implications for the distri-
78, 78, bution of variable contributing areawhose pdfg(a) is sum
Ja=fra™" =fala/A)", (6)  of a continuous gamma functidi(c, B) and the probability

wherei; and f; are respectively the average rainfall intensity P4=probla=A] by the Dirac functiors()

and the average hydrologic loss on the unit of contributing 1 a\B-1 a
area, whileE[i, o] and f4 are referred to the entire basin 8'%) = al'(B) (&) exp(—a) +(a—=A)Py ®)
areaA.

Under the hypothesis that the rate of occurrence of rainfall?arametera andg respectively control position and scale of
exceedances over the threshgigis Poisson distributed and the Gamma distribution and the following relationship holds
being rainfall intensity Weibull distributed with parameter a=rA/p )
the following relationship holds:

. wherer is

_ fa

Ag=Apexp[ —— (1) r=Elal/A. (10)
E[lAJ]

where A, is the mean annual number of floods, afg is

the mean annual number of rainfall events.

Fiorentino and lacobellis (2001) investigated the variabil-
ity of f4 in real basins. They used Eq. (7) with available
estimates of other valuea(, A, k, E[ia 1) in order to es- . .
timate thefa values. They found that Eq. (6) holds in arid tion (Cdf.) of the annual maximum flood peak by means of

U . ) o . the relationship
and semi-arid basins of Puglia and Basilicata with parameters

According to a geomorphological interpretation by lacobellis
and Fiorentino (2000) the expected valuedas equal to 4.
Thus, under the hypothesis that the annual maximum
floods arise from a compound Poisson process, lacobellis and
Fiorentino (2000) derived the cumulative distribution func-

valuesf1=37 [mm trtkm~2¢7 and ¢'=0.5. In humid basins Fy, (qp)=exp{—Ay4 LG (gp)]}, (11)
they found low values and low variability of4, providing
the following estimatesf1=0.7 [mm - km—2¢’] and e'=0. ~ Where

The scaling behaviour of, represents a significant signa- 0,=0+4o. (12)

ture of basin hydrological response. Fiorentino and lacobel-

lis (2001; Sect. 5.1) also showed that a value'e0.5 means  with ¢, is the base flow.

that runoff occurs when a storage capacity has been exceededFurther analyses were conducted on arid basins
in the source area. This was found in arid basins where a longFiorentino and lacobellis, 2001) where the parameter
dry period is likely expected before rainfall events. Thus, r showed a significant correlation with a permeability index
runoff source area is controlled by pedology and vegetatiordefined as)=,+0.9y,, wherey;, andy,, are fractions of
density consistently with an infiltration excess mechanismthe total basin area with bedrock characterized by high and
where infiltration is mainly affected by initial adsorption due medium permeability, respectively.

to vegetation interception and soil storage capacity. The spa- Fiorentino et al. (2003) also found that the r estimates,
tial variability of soil storage capacity, with particular regard in arid basins, were well correlated to the runoff coefficient
to scarcely vegetated and less permeable areas, is also e&- proposed by De Smedt et al. (2000), which depends on
pected to play an important role. On the other hand, a valuesoil type, land-use and local slope. Moreover they provided
of ¢'=0 indicates the existence of a constant runoff thresholda quantitative assessment of the morphological control on
conventionally related to the average infiltration rate of thesource areas in humid basins. In fact, a strong correlation
soil-bedrock system in saturated conditions (Fiorentino ancbetween the expected value of contributing area and the vari-
lacobellis, 2001; Sect. 5.3). This behaviour was observed iration coefficient of the topographic index proposed by Beven
humid and semi-humid basins. In fact, in basins subject toand Kirkby (1979) was found.

frequent precipitations, a buffer area covered by dense vege-

tation along the stream network is likely characterized by wet

soil m_oisture condition before any rainfa_ll eve_nt. This areag Ty Component IF model (TCIF)

can yield surface runoff even for low rainfall intensity. In

this process source areas may expand and contract depend-

ing on rainfall intensity as well as on surface and subsurfacé=2'l1er applications of the IF model allowed to identify two

conditions, but source areas expected value is always a smafiiferent response types in basins of Southern Italy. In fact,
fraction of the entire basin area mainly controlled by topog-dEpend'_ng on several factors including climate, ggomorpho-
raphy. logy, soil-bedrock features, one of these mechanisms could

prevail over the others. Nevertheless it is well known that, in
general, different mechanisms may arise, in any basin, with
different frequency and weight (e.g. Sivapalan et al., 1990).
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Thus, in particular basins,different mechanisms may coex- The corresponding peak flow distributions are:

ist, being in turn responsible of peak runoff depending on 4

the characteristics of the rainfall event and on the soil- , 00

bedrock antecedent conditions. Let us introduce two diﬁer-GQ,L(Q)=//; g (ular) glar)dudar, (19)
ent threshold-driven processes defined as: 0o ¢

- L-type (frequent) response, occurring when a lower for L-type (frequent) events and
threshold is exceeded, and responsible of ordinary
floods likely produced by a relatively small portion of

A
o0
the basin; /Q,H(‘I)=f/1 g (ulapy) glap)duday (20)
0 a

- H-type (rare) response, occurring when a higher thresh-

old is exceeded, and providing extraordinary floods o H-type (rarhe) events. g - deend
mostly characterized by larger contributing areas. Assuming that L-type and H-type ever_lts are indepen ent
and that both rates of occurrence are Poisson distributed, the

Thus, a process-based support is provided for two componeraverall process of exceedances is also a Poisson process and,
probability distributions. Among these there is the TCEV the cdf of the annual maximum floods is
(Two Component Extreme Events, Rossi et al., 1984), which
is largely used in regional flood frequency analysis. Fo,(qp)=exp{—AL Gy 1 (gp)] —Au [Gy ulap]}  (21)
Based on this rationale, a new two component probability
distribution is herein proposed. It has been given the namavhere the mean annual number of independent flood events
“Two Component IF distribution” (TCIF), being a general- 1S AL for L-type andAp for H-type events. Furthermore,
ization of the IF distribution. In particular, Egs. (3), (4), (5), the following relationships hold:
(8), (9) and (12) remain unchanged while the following rela-
tionships are introduced. fﬁ L
The L-type (frequent) peak unit runoff arises whereas rain-*¢=AL A=A €XP <_ E[ik’ ]) (22)
fall intensity exceeds the lower threshafgl;, to form a con- A

tributing areauy.: rk
i Ag=Apexp| — /fl’cH (23)
ug, =5~ fa,L) (13) E[IA’-[]

Analogously, the H-type (rare) peak unit runoff arises The flood frequency derived distribution can be written re-
whereas rainfall intensity exceeds the higher threslfplg placing Egs. (3), (4), (5), (8), (9), (12), (13), (14), (15), (16),
to form a contributing areay;: (17), (18), (19), (20), (22) and (23) in Eq. (21). Notwith-

. standing the structural model complexity, the strong differ-
Ua, =50 = fa.1r) (14) ence be?tween the IF and the TCIdeistrin/)ution is ev?dent by
Equations (13) and (14) include the routing facipwhich ~ comparing the respective cdf Egs. (11) and (21). The TCIF
is independent from the runoff generation mechanism, whiledistribution includes fifteen parameters: baseflgy),(four
fa.. and £, y scale with contributing area according to the parameters dependent on basin geomorpholagyJ, &, B),

following power law relationships: four rainfall parameters(ia .1, &, A p, k), and six parame-
. ters (fa.r, fa.u. €L, €H, L, ru), Which are strictly related

faL=fa.LlarL/A)~* (15)  to runoff generation mechanisms.

Jau=fanlau/A)~" (16)

The flood-peak contributing areas anday are assumed, in 4  Case studies: climate, geomorphology and land use
analogy with the IF model, as Gamma distributed (Eg. 10),

with =4, and different mean values. Therefore, two dimen-

sionless parameters are introduced: In order to investigate the thresholds effect on the flood
probability distribution we used available series of annual
ri=Elar]/A a7) maximum floods characterized by high skewness coefficient
(Ca>1.7, see Table 5). Thus, ten gauged basins in South-
rg=Elanl/A (18)  ern Italy were selected (Table 1 and Fig. 1) with surface area

ranging from 15 to 1140kf Four out of these ten basins
were already included in previous studies (see Fiorentino et
al., 2001): 1 Celone at Ponte Foggia San Severo, 2 Venosa at

withrg>ry.
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Table 1. Climatic and geomorphological descriptors of study basins.

n.  Akm?) I c ¥ Dy Cvigp
Celone at Ponte Foggia San Severo 1 2330.24 0.48 0.98 0.46 0.22
Venosa at Ponte Sant’ Angelo 2 263-0.17 0.52 0.85 0.72 0.21
Sinni at Valsinni 3 1140 0.57 040 0.41 0.58 0.23
Basento at Gallipoli 4 853 0.28 052 0.40 0.52 0.22
Alli at Orso 5 46 1.26 0.32 0.98 0.81 0.22

Corace at Grascio 6 182 0.90 040 0.94 0.67 0.24
Alaco at Mammone 7 15 166 0.26 1.00 0.31 0.18
Tacina at Rivioto 8 79 1.43 0.31 097 0.91 0.22
Trionto at Difesa 9 32 0.90 0.34 099 0.62 0.18
Amato at Marino 10 113 0.86 041 095 0.54 0.22

Puglia Region

Calabria Region|

1: Celone at P.te Foggia S.Severo
2: Venosa at P.te Sant' Angelo

3: Sinni at Valsinni

4: Basento at Gallipoli

5: Alli at Orso

6: Corace at Grascio

7: Alaco at Mammone o
8: Tacina at Rivioto

9: Triontd at Difesa a a
10: Amato at Marino ° %

I" OO ]

LN

Fig. 1. Study basins in Southern Italy.

Ponte Sant’Angelo, 3 Sinni at Valsinni and 4 Basento at Gal- The mean annual rainfall ranges from around 600 mm in

lipoli. These basins are located in Basilicata and Puglia. ThePuglia to more than 1800 mm in Basilicata and Calabria.

other basins (5, 6, 7, 8, 9 and 10) are in Calabria. These threRainfall and temperature show a typical Mediterranean sea-
regions are quite heterogeneous in climate, geology and landonality. Rainfall in the October—March semester is, on

use. average, more than twice the amount of the period April—-

In fact, the north-eastern sector of the entire area (PuglicBeptember. The climatic pattern is well reflected by the cli-

region in Fig. 1), is characterized by low hills and flatlands matic index (Thornthwaite, 1948):
where the climate is of the hot-dry Mediterranean type (semi- h—E

arid or dry sub-humid), with mild, not very rainy winters = P

and warm-dry summers. Moving to the West-Southern sector Ep

(Basilicata and Calabria), climate becomes colder and morgyith  mean annual rainfall and, mean annual potential
humid (Southern Appennine).

(24)
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Table 2. Parameters of the TCIF model.

n. AL Apg fa,L faH L TH 12 n  Elia ] e Ap k TA qo
(mm/h)  (mm/h) (mm/h) (mm/h) (h) (Ais)
1 5.82 0.17 2.25 8.01 0.09 0.70 23.33 0.27 1.07 039 446 0.80 5.20 2.20
2 6.54 0.46 1.95 6.05 0.04 0.92 24.13 0.26 1.02 039 446 0.80 5.60 1.40
3 20.59 0.41 0.00 7.32 0.16 0.50 23.13 0.40 1.50 033 21.0 0.80 5.60 45.00
4 8.82 0.18 0.91 7.92 0.24 0.70 21.00 0.31 1.27 033 21.0 0.80 4.80 25.00
5 6.93 0.07 1.68 40.28 0.04 0.08 33.20 0.52 277 028 20.0 0.53 3.00 2.34
6 8.57 0.43 0.68 13.18 0.16 0.40 29.80 0.45 1.88 0.28 20.0 0.53 3.80 8.84
7 6.76 0.74 0.40 25.27 0.04 0.04 39.60 0.63 750 032 100 053 1.30 0.96
8 9.26 0.74 0.00 10.24 0.05 0.30 32.70 0.59 414 0.32 10.0 0.53 3.00 3.40
9 8.82 0.18 0.96 27.49 0.02 0.10 31.00 0.50 2.65 028 20.0 053 280 1.17
10 6.42 0.58 1.00 9.90 0.09 0.54 28.80 0.43 1.65 0.28 20.0 0.53 4.60 5.32

evapotranspiration calculated according to Turc’'s formula5 Model application
(Turc, 1961) dependent only on mean annual temperature.
Eight out of ten selected basins show a positive climatic in-All the model parameters, which were listed in Sect. 3, have
dex indicating humid climate. The other two basins have a2 clear physical meaning and much about their behaviour
negative climatic index which corresponds to arid climate. is known from previous applications of the IF model. The
Vegetation and land cover patterns are consistent withsix parameters representative of the role of runoff thresh-
climate differences and morphological conditions. Arid 0lds (fa,., fa,u, €L, €n, ro, ru) Will be particularly fo-
and semi-arid zones are characterized by scarce vegetatiopused in this section. In order to understand their behaviour,
which gradually turns into shrub and bush formations, wheathe model was applied to gauged basins, thus exploiting
crops and pasture land, to finally reach woodlands and forestthe available time series of annual maximum floods. Then,
in humid and hyper-humid areas of the Southern Apenninghe model was first tested evaluating its descriptive abil-
mountains. ity. Best-fit estimates of the six parameters were obtained
Different lithological units are recognized showing char- for each basin and their dependence on climatic and geo-
acters of permeability of different type and degree. In fact,morphological descriptors was explored. Also, a conceptual
sediments and rocks, permeable because of porosity and figaodel validation was obtained by analyzing the consistency
suring, can be distinguished. In some areas the system algef parameters regional patterns with the dominant hydrolog-
shows communicating cracks like bedding joints, faults, andical processes. These analyses and results are described in
intense circulation of groundwater. SubAppennine clays andSect. 5.2 while Sect. 5.1 reports the estimation of rainfall
flysch formations are also present with interbedding of marlsparameters. Regarding the other model parameters, the val-

and sandstones.

ues of8=4 ands=0.7 were assigned following lacobellis and

Such variability is properly described in Table 1 which re- Fiorentino (2000); basin area and lag-time were available in

ports climatic index [), basin area4), runoff coefficient
(C), permeability index), drainage densityly,;), and co-
efficient of variation of topographic indeX{ip) of study

previous studies (lacobellis and Fiorentino, 2001; lacobellis
et al., 2002); the base floy, was estimated as the average
monthly flow measured at-site in January and February (see

basins. Drainage density was calculated as the total networkable 2).

length divided by the entire basin area.
All geomorphological descriptorsA( C, v, Dy, Cvitop)

5.1 Estimation of rainfall parameters

reported in Table 1 were computed in a GIS using maps
of geology, pedology, land cover, local slope and a digi- Parameters dependent on rainf@[{4 -1, €, A, k) were es-
tal elevation model (DEM) of Southern ltaly. For basins timated, for each basin, exploiting regional frequency analy-

in Puglia and Basilicata values @, v, and Cvitop Were

sis of annual maximum rainfall.

evaluated by Fiorentino and lacobellis (2001) and Fiorentino According to a compound Poisson process, if a variable

at al. (2003).

For all other values we used the Corine(base process) is Weibull distributed and its rate of occur-

Land-Cover 2000 map, geological maps (scale 1:50000)rences is Poisson distributed, the distribution of the an-
DEM (250m), and pedological maps produced at thenual maxima turns out to be a Power Extreme Value (PEV)

scale 1:100 000.

Hydrol. Earth Syst. Sci., 12, 1295307, 2008

(Villani, 1993). Then, a regional estimation procedure, based
on the PEV distribution and on the maximum likelihood
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Fig. 2. Runoff thresholds scaling law with basin aréa) estimated by TCEV distributior{p) estimated by TCIF distribution.

method (ML), was applied to 403 annual maximum daily 5.2.1 Scaling factorsy, ey

rainfall series in order to evaluate the exponéntf the

Weibull distribution of rainfall intensity. Regional values of The TCIF distribution arises, in Eq. (21), as a two component
k equal to 0.8 in Puglia and Basilicata (Fiorentino and laco-compound Poisson distribution as well as the TCEV distri-
bellis, 2001) and 0.53 in Calabria (Claps et al., 2000) werebution (Rossi et al., 1984). The TCEV distribution has four

found. parametersA1, 61, A, 62, and its cumulative distribution
According to the same compound Poisson process, the rlinction is
lationship between the averages of the annual maxima and of ap ap
| —exp|—Arexp(— /) —Azexp(— "/ )|;  (26)
the base process is known. Thus, the expected value of spac&2» (4)=eXP 61 02

time average rainfall intensit[i 4 .1, in the total basin area

A and duratiorr;, may be evaluated as: with 62>61>0, andA 1> A2>0. Using the annual maximum

flood series we obtained, via maximum likelihood, at-site es-
nel 0.95 095 timates of TCEV parameters, for each basin. Then, assuming
E[l'A]ZplTA (- EXp(fl'h;}D )+e>,(pj(71'1rf‘ —00044)] (25) Ar=A1 and Ag=A», we found the threshold values 1.
Ap ) % and f4 gy by means of Egs. (22) and (23). Results are re-
/=0 ported in Table 3. Figure 2a shows that each runoff thresh-
in which the US Weather Bureau areal reduction factor isold scales with area according to a power law with exponent
used (see Eagleson, 1972), is the mean annual number ¢.=0 andey=0.5, respectively.
of independent rainfall eventg;; andrn (Table 2) are the Such scaling relationships confirm the existence of signif-
parameters of the intensity-duration-frequency (IDF) curveicant regional patterns of the above defined runoff thresholds
of the expected annual maximum rainfall intensity (Table 2).as observed by Fiorentino and lacobellis (2001). It is impor-
We used also regional estimatessofind A, given by  tant to highlight that these results were obtained by means
Fiorentino and lacobellis (2001) and Claps et al. (2000), andof a model-independent estimation of parameikis A g
reported in Table 2. based on the use of the TCEV distribution. Then, the differ-
ent scaling behaviour of the thresholds allows to characterize
the two processes:

5.2 Evaluation of parameters dependent on runoff

thresholds and model results - the L-type (frequent) response occurs when rainfall in-

tensity exceeds a constant infiltration rate (1st thresh-
By means of Egs. (22) and (23) it is possible to replage old) in the source areg; ;
and f4 g in, respectively, Egs. (15) and (16). In this way,
the derived distribution can be expressed using the following
six parameters dependent on runoff thresholds; Ay, 1,
EH,TL,TH.

- the H-type (rare) response occurs when rainfall depth
exceeds a storage capacity (2nd threshold) in the source
areaay.
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Table 3. Parameters of the TCEV model. Table 4. Maximum, minimum and step values used in generation
of synthetic time series.
n. A1 01 Az O3 faL  fau
(mm/h)  (mm/h) Minimum  Maximum Step
1 6.61 15.64 0.19 67.93 2.07 7.83 rp 001 0.50 0.01
2 6.74 11.10 0.38 103.41 193 6.35 rg L 0.99 0.01
3 2051 12752 049 48135 0.00 6.90 A, A1-5 min(A1+5, Ap—Ay) 0.01
4 8.33 110.11 0.38 337.22 0.95 6.34 Ay 0.01 minA2+1, Ap—Ag) 0.01
5 8.18 494 0.38 18.43 1.13 20.67
6 6.52 39.63 1.19 114.14 095 7.37
7 6.65 3.23 111 11.29 0.31 18.33
8 8.90 6.52 1.10 85.15 0.00 10.24
9 7.75 226 021 19.05 126 25.75 (Table 4). In particular;; ranges from 0.01 to 0.5y ranges
10 830 11.71 070 10290 060 892 fromr. (thus satisfying the conditiony/r.>1) to 0.99;

A and Ay range in intervals around their TCEV-ML es-
timates (see Sect. 5.2.1 and Table 3). More precistly,
ranges fromA1—5t0A1+5 (orA,—A g if A1+Ag+5>A,

In fact, we referred to the phenomenological interpretation@s it happens for basin #3), anty from 0.01 to Az+1
provided by Fiorentino and lacobellis (2001), which is here (Of Ap—Ar if Az+A2+1>Ap). In other words, in order
briefly resumed. In a simple scheme, if the runoff thresh-t0 satisfy the conditions\ ;+A; <A, andAy /AL <1, the
old corresponds to a constant storage déptithe average Maximum value ofA . is set equal to the minimum between

infiltration rate in the critical duration, is: Ar+5 andA ,—Ap, while the maximum value of p; is set
equal to the minimum betweef,+1 andA ,—A;, (see Ta-
fa=— o a0 27) ble 4). For each parameters dataset, a synthetic time series of
a— . . .
Ta 5000 TCIF-distributed random numbers was generated. The

selected parameters dataset was chosen as the one generat-
ing the synthetic time series with the minimum euclidean
distance, in the space of mean, coefficient of variation and
coefficient of skewness, to the observed time series of annual
maximum floods.

Thus, the threshold scales wiitwith a power law with expo-
nent—0.5 as well as the lag-time, scales withz according
to a power law with exponent 0.5 (Viparelli, 1963; Troutman
and Karlinger, 1984; lacobellis et al., 2002). Otherwise, if
the runoff threshold corresponds to the gravitational infiltra-

tion ratec,
¢ 5.2.3 Results

fao=" . (28)

7, Table 5 displays meanuj, coefficient of variation Cv) and

. . L coefficient of skewnessa) of the annual maximum floods
Hence the threshold rainfall intensity is constant and the o )

. and of the synthetic time series generated by the selected pa-
scaling exponent can be assumed equal to 0. Reasonabl

Eq. (27) holds in areas where the expected antecedent soPi/ meter set. For mere comparison we show the same descrip-

) . . ! . tive statistics obtained by the TCEV distribution, too.
moisture condition is dry while Eq. (28) holds in areas with he TCIF distributi h d perf .
wet antecedent soil moisture condition. For further de- The TCIF distribution shows good performances in terms

tails about this rationale the reader is kindly addressed toOf descriptiye ability. The ViSL.'aI comparison of the TCI.F cdf
Fiorentino and lacobellis (2001; Sect. 5). and the Weibull plotting positions of the annual maximum

flood series is reported in Fig. 3 for all basins. With par-
ticular reference to the Matalas condition of separation, the
skewness of the annual maximum flood distributions is al-

According to the findings reported in Sect. 5.2.1, we assumedvays captured by the TCIF distribution as confirmed by the
¢2=0 in Eq. (15) and:z=0.5 in Eq. (16). Then, for the es- analytical comparison shown in Table 5.

timation of parameterd.;, Ay, rz, ry, an at-site estima- We estimated the threshold valugi . and fa.u by

tion procedure was implemented based on generation of syrmeans of the TCIF estimates af,, Ay, and Egs. (22) and
thetic time series of annual maximum floods. For each study(23). Results are shown in Table 2 and Fig. 2b. Once again,
basin the following procedure was repeated. A number oftheir behaviour is consistent with scaling laws Egs. (15) and
datasets of four values\(, Ay, rz, ry) was prepared in  (16) with exponents; =0 andes;=0.5.

which all possible combinations of these parameters values This results confirm that, in the study basins, two thresh-
were given. We uniformly sampled the parameter space conelds are identified. Each has a peculiar scaling behaviour
sidering, for each of the parametexg, Ay, rr, ry, values  that properly reflects the process mechanism described in
ranging from a minimum to a maximum with a constant stepSect. 5.2.1.

5.2.2 Parameters;, Ay, rL,ry
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Fig. 3. Gumbel probability plots of TCIF distribution and Weibull plotting positions of annual maximum flood series recorded in study

basins.
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Table 5. Descriptive statistics of annual maximum flood series.

Study basins TCEV distribution TCIF distribution
n. n.obs. " Cv Ca " Cv  Ca " Cv  Ca
1 39 4570 0.72 2.43 46.01 0.67 1.98 4562 0.76 1.94
2 34 55.84 1.18 2.26 5454 1.15 2.39 55.87 1.09 2.20
3 22 55491 056 242 54589 051 2.07 55579 052 1.82
4 38 35261 063 225 34794 059 189 352.80 0.62 1.86
5 47 16.66 0.72 2.74 16.59 0.66 2.34 16.66 0.82 2.35
6 38 15165 0.70 183 149.16 0.67 1.63 14365 0.81 1.72
7 19 1361 0.75 1.76 13.78 0.73 1.61 13.61 081 1.62
8 25 81.16 1.27 2.79 80.85 1.11 1.94 81.21 1.17 2.83
9 16 8.73 1.09 3.18 8.36 0.99 3.05 853 0.99 290
10 26 79.19 1.18 2.43 78.44 110 2.24 79.21 1.11 2.38
1.00 -
000 |@ o2 ()
0.80 0.20 1 3
1 . 4
0.70 4 oy ey
0.60 - 10 , 0151
= 050 - 3,',"' E; 1/10 o
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Fig. 4. (a)regional relationship between H-type contributing area rgticand runoff coefficienC; (b) L-type contributing area ratiogy
vs. multiple regression estimates based on permeability index, drainage density and variation coefficient of the topografiviggadex

Further analyses were carried out to assess physical cordrainage densityD,; and the variation coefficient of the to-
trols on model parameterg andry. We analyzed the re- pographic indexCwviop (Fig. 4b):
gional patterns of they, andry estimates and found a signif-
icant dependence on the geomorphological descriptors listed 5
in Sect. 4. In particular; ranges between 0.04 and 0.70 and 72 =—0.145D;—0.164y+1.99Cvitop—0.10R“=0.83  (30)
is linearly related to the runoff coefficiedt confirming that

this type of runoff mainly depends on soil, slope and land In other terms the average contributing area decreases for
cover (Fig. 4a). ’ higher values of bedrock permeability and drainage density

while it increases for higher values of variation coefficient

) (Cvitop) of the topographic index. Even in this case results

ry=3.12C—-0.81 R“=0.89 (29) confirm findings of Fiorentino et al. (2003) in humid basins

of Puglia and Basilicata with the IF (one component) model.
It is relevant that an analogous dependency was observelloreover a dependence on permeability and drainage den-
by Fiorentino et al. (2003) only in arid basins of the samesity emerges which was never before observed in humid
regions with the IF (one component) model. On the otherbasins. This significant dependence is probably due to the
hand, the L-type (frequent) contributing area ratiooanges  heterogeneous behaviour of basins in Calabria (5, 6, 7, 8, 9
between 0.02 and 0.24. Results of multiple regression analand 10) that were not considered in previous applications of

ysis show that; depends on the permeability indek, the the IF model.
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6 Conclusions These findings reveal that floods are produced by two differ-
ent mechanisms that coexist in both arid and humid climates.
) ) ) Moreover, these relationships (see Fig. 2) allow to character-
In this work a simple analytical scheme for flood frequency ¢ the runoff thresholds and recognize their behaviour with
derived distribution, that includes two different threshold- respect to consolidated hydrological schemes. In fact, the
driven mechanisms of runoff generation, is used in order t0gcgjing behaviour of the H-type (rare) runoff threshold cor-
explain highly skewed annual maximum flood distributions. regnonds to a storage threshold while the L-type (frequent)
Particular insights are provided into dynamics of source arnoff threshold corresponds to a constant infiltration rate.
eas by revealing the scaling behaviour of non-linear runoff-l-hus, the H-type (rare) response arises, in both arid and hu-

thresholds. The research also focus on interactions betwee,rmd basins, only when an intense and persistent rainfall of

climatic, topographic, geologic, soil, and other landscapegjgnificant areal extension produces runoff by exceeding a
properties with flood frequency distributions.

) : | ] water storage capacity over large and more or less vegetated

We started from the basic consideration that, depending Oflislopes. On the other hand the L-Type (frequent) response
geology, pedology and landuse factors, storage capacity cagoy|d be associated to a saturation excess mechanisms. In
be exceeded, in both humid and arid climates, only duringct source areas by saturation excess arise when the water
rather rare storms. Nevertheless it sometimes happens thagpje intercepts the land surface and expands while rainfall
depending on soil moisture conditions and on dynamics Ofintensity recharges the shallow groundwater. Therefore rain-
sub-surface flow, also less intense rainfall intensity may pro+a)| intensity must be greater than the constant infiltration rate
duce a significant flood peak. which drains, in a dynamic equilibrium, the shallow ground-

Then, in analogy with the theory behind the TCEV dis- water through the saturated soil-bedrock system. This mech-
tribution (Rossi et al., 1984), we introduced two different anism usually dominates in humid areas where frequent rain-
threshold mechanisms as responsible of ordinary and extraoka|| and subsurface flow almost continuously recharge a shal-
dinary events. The first one is characterized by frequent ocigy groundwater underlying the river streams. This is con-
currences (higher mean annual numbgrand lower aver-  firmed for humid basins 3 and 4 that according to Fiorentino
age of exceedances. The second one produces rare evenfigd |acobellis (2001) showed a saturation excess dominant
(lower A) and higher average of exceedances. We implemechanism when studied with a single component model.
mented a two component derived distribution model (TCIF), Nevertheless, a saturation excess mechanism, in particular
which generalizes the derived distribution proposed by la-conditions, may also occur in arid or semi-arid basins (e.g.
cobellis and Fiorentino (2000). The model is based on thqquby, 1997; Calvo-Cases et al., 2003; Lange et al., 2003;
simple rationale that ordinary floods are produced by less sepaggs et al., 2008, among many others). In fact, even in
vere storms inSiSting on rE|ative|y small Contributing areasgrid zone, with Sparse|y Vegeta‘[ed hi||s|opes7 there is gener-
displaced along the river network. The extra-ordinary floodsa|ly a concentration of vegetation in the catchment drainage
arise when a large part of the basin area contributes to runof§ystem_ Here saturation-excess may produce (at least sea-
with high net rainfall intensity. sonally) soil saturation via a high water table or lateral water

The model was applied to 10 gauged basins in Southerfimovement above an impeding horizon due to soil-bedrock
Italy characterized by high coefficient of skewness. For eachow permeability. This is the case of basin #=—0.24)
basin the fifteen model parameters were estimated. Ten ouyhere a deep and very fine textured clay soil surrounds most
of fifteen parameters were estimated using rainfall data anef the river network. Also in basin #2&—0.17) a bedrock
geomorphologic information. We estimated the base flow uswith low permeability formed by lake deposits of piroclastic
ing available records of measured stream discharge and exediments and alluvial deposits of fine texture lies beneath
ploited the recorded series of annual maximum flood serieshe entire river network. In both basins ordinary floods seem
in order to better characterize the six parameters dependefi be originated by not severe storms insisting on the less
on runoff thresholds. permeable portion of the basin while the remaining (greater)

The TCIF distribution provided good performances in surface contributes only when precipitation depth is enough
terms of descriptive ability as shown in Table 5 and Fig. 3. to exceed the storage capacity of a larger source area.

One of the main results, provided by different estima- This interpretation of results is of particular interest within
tion procedures, regards the scaling behaviour of the runofthe ongoing research about thresholds dynamics in the hydro-
thresholds. In Sect. 5.2.1, in fact, the runoff thresholds ardogical processes. In particular, it is apparently contrast-
estimated, for each basin, under the following hypothesesing with the hypotheses assumed by McGrath et al. (2005)
(i) rainfall intensity is Weibull distributed, (ii) the rate of oc- which use a threshold rainfall intensity for infiltration ex-
currences of runoff thresholds exceedances is Poisson digess and a threshold storage for saturation excess. Never-
tributed, (iii) the annual maximum floods are TCEV dis- theless one has to recognize that their runoff thresholds are
tributed. Analogous results are obtained by using the TCIFused in a marked Poisson process with instantaneous rain-
model in Sect. 5.2.2. They show that Egs. (15) and (16) actufall events combined with a lumped water balance model
ally hold with exponents close to valuesspf=0 ands ;=0.5. while our runoff threshold are referred to rainfall events of
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critical duration equal to the lag-time, and they represent interaction in hydrological extremes”. Authors would like also to
an infiltration rate averaged in space (over the contributingthank M. Sivapalan, J. Parajka and three anonymous referees for
area a) and in time (over the lag timg). their constructive suggestions.

On the other hand we find good agreement with Siva-
palan et al. (1990) and Sivapalan et al. (2005) that observe
a change of dominant runoff processes from saturation ex-
cess to infiltration excess with increasing return period. In
fact, consistently with the associated runoff generation mechreferences
anisms and with previous results of Fiorentino and lacobel-
lis (2001) we found that: Beven, K. J.: Towards the use of catchment geomorphology in flood

frequency predictions, Earth Surf. Proc. Land., 12, 6-82, 1987.

- the L-type (frequent) contributing area ratip has a  Beven, K. J. and Kirkby, M. J.: A physically-based variable con-

much smaller regional range (from 0.02 to 0.24) and tributing area model of basin hydrology, Hydrol. Sci. B., 24(1),

gdited by: M. Sivapalan

depends (Eg. 30) on the permeability ind¢x the 43-69, 1979.
drainage density,; and the variation coefficient of the Blazkova, S. and Beven, K. J.: Flood frequency estimation by con-
topographic inde)C\ﬂtop; tinuous simulation for a catchment treated as ungauged (with un-

certainty), Water. Resour. Res., (38)8, 1-14, 2002.
- the H-type (rare) contributing area ratioy() shows a  Bras, R. L., Gaboury, D. R., Grossman, D. S., and Vicen, G. J.: Spa-
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0.70) and is linearly related (Eq. 29) to the runoff co- ASCE, 111, 754773, 1985.

eﬁ|c|entc Wh|ch depends on SO|I type, |and cover and Ca|V_O-Cases., A, BOiX'FayOS, C, and. |meson, A. C Runoff gener-
local slope ation, sediment movement and soil water behaviour on calcare-

ous (limestone) slopes of some Mediterranean environments in
These regional relationships (see also Fig. 4a and b) also southeast Spain, Geomorphology, 50, 1-3, 269-291, 2003.
support the idea that measurable basins features may hefglaps. P., Fiorentino, M., and lacobeliis, V. Regional flood fre-
in characterize the basin response type. quency analysis with a thgo_retlcally derived dlstrlbut_lon func-
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. .. . . ) gra, D., Meylan, P., and Musy, A.: A probabilistic approach
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