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Abstract. A regional probabilistic model for the estima- tion. Nevertheless, investigation efforts in both categories of
tion of medium-high return period flood quantiles is pre- models, has lead to important advances of knowledge that
sented. The model is based on the use of theoretically derivetelp to indicate factors depending on climate, soil and vege-
probability distributions of annual maximum flood peaks tation as signatures for the identification of hydrological het-
(DDF). The general model is called TCIF (Two-Component erogeneity and similarity. In this context, regional analysis
IF model) and encompasses two different threshold mechis useful for analyzing, on a regional scale, the behaviour of
anisms associated with ordinary and extraordinary eventssome key parameters of flood frequency distribution, with
respectively. Based on at-site calibration of this model forthe aim of reducing the uncertainty in flood prediction in un-
33 gauged sites in Southern lItaly, a regional analysis is pergauged basins (Sivapalan et al., 2003).

formed obtaining satisfactory results for the estimation of The limitations of probabilistic and other operational mod-
flood quantiles for return periods of technical interest, thusels, such as a regression relation, a polynomial fit, a transfer
suggesting the use of the proposed methodology for the apfunction, etc. have been already discussed, for example, by
plication to ungauged basins. The model is validated by usKlemes (1982). Eagleson (1972) was the first to propose an
ing a jack-knife cross-validation technique taking all river alternative approach based on the use of theoretically derived
basins into consideration. distribution of flood frequency (DDF). DDFs allow the eval-
uation of theT-year flood, wherel' is the return time, ac-
counting for the observed rainfall probability distribution and
exploiting a rainfall-runoff model parameterized by means
of geomorphological information. This approach has been
sEXpIOited by several authors (e.g. Haan and Edwards, 1988;
required in several environmental and engineering applica- aines and Valdes, 1993; Kurothe et al., 1997; Gottschalk

; g d Weingartner, 1998; Goel et al., 2000; lacobellis and
tions. The methods for predicting flood peaks can be broadlya'.q ; ’ ' ! L. )

divided into statistically and physically based methods and,qur?mmO’ 2000; De Mlghgle and Salvador, 2.002’ Fran-
obviously, there is not a sharp division between the twoChInI etal., 2005). The ongma! approach was widely devel-
groups. Among the first are those that perform the statisticaPped’ neyertheless_lts appllcat_|on has alway_s peen devot_ed 0
regional analysis of annual maximum flood series (AMFS).'¢¢09nizing the main hydrologlpal charaf:terlstlgs controlling
These often suffer from the poor availability of long and re- f'°°‘?' freque_ncy and to a”f""yz'”g the Q|§tr|but|on of floods
liable time series and try, not without difficulty, to exploit at-site. In this paper, a reg|on_al analysis 1S pe.rfor.meq on the
physical information within this context. The second cate- parameter yalues of atheoret'lcal P robabl!lty d|str.|buft|on (re-
gory includes distributed or semi-distributed models able tocently applied to souther talian river basins) which is based

account for an accurate representation of the flood processeg.n ;he concefrf;t_ that th? part|(r;1l (sourge%lare? t?] contréblljtlr_}% o
Also these models often suffer from a lack of information SUTace runolt 1S a main random variablé of the model. The

- : B - foresaid model was proposed by lacobellis and Fiorentino
necessary for their implementation, calibration and valida-2 : A .
y P (2000), and is based on the IF distribution which was gener-

alized by the TCIF distribution (Gioia et al., 2008), assuming

Correspondence toA. Gioia that the infiltration process may be produced trough two dif-
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1 Introduction

Estimating the flood peaks of an assigned return period i
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et al. (2002) who used, among others, the runoff coefficient
(Crunoff) proposed by De Smedt et al. (2000), the coefficient
of variation of the wetness index proposed by Beven and
Kirkby (1979) and the basin Normalized Difference Vege-
tation Index (NDVI) averaged on an annual scale. For the
purpose of this paper we have also considered other descrip-
tors that are introduced in Sect. 3.

Another important issue which we investigated in order
to find reliable regional relationships between model pa-
rameters and geomorphoclimatical descriptors regards the
partitioning of river basins in homogeneous groups or sub-

+ Gauged stations

Puglia
[ Besiicata regions, within which the best regression equations are pro-
i vided. Moreover, we tested the model in ungauged basins by
) %% means of a jack-knife cross-validation technique. In order to
e : focus attention on the regional analysis, we report the main

model features in Appendix A and the procedure for the es-

Fig. 1. Investigated basins in Southern Italy. timation of the first group of parameters in Appendix B.

Thus, we propose a complete regional application of DDFs2 Case studies and probabilistic model

which provides an operational procedure for prediction in un- h ional vsis includes 33 d basins in South
gauged basins in a large region of Southern Italy. Results ar € regional analysis Includes 5 gauged basins in southern

relevant because this approach allows exploiting the robust-ta!y (see Fig. 1) dlf_l‘erlng in climate, geq_morphology, vege-
ness of regional analysis and the potential of DDFs, whosﬁat'on coverage, soil type and permeability. Some important

parameters may be controlled by several basin features su ﬁatures_ of these basins are reported in Tgble 1, wheiee
as geology, geomorphology, soil-use, etc. the basin aregy, Cy, Cs and N are, respectively the mean,

L . . the coefficient of variation, the coefficient of skewness and
An application of the IF model to basins of Puglia and

Basilicat ively th th d central reqi he sample size of the observed AMHS= (P — Ep)/Ep is
asficata, respectively the northerm and central regions O, o rpthwaite climatic index (Thornthwaite, 1948), which
Southern Italy (see Fig. 1), was proposed by Fiorentino an

: : : . . ompares annual precipitatidh and annual potential evap-
lacobellis (2001), which also provided a preliminary inves- otranspirationZ,. The climatic index distinguishes, in gen-

tigation of the regional variability of some key parameters. eral, between dryl(< 0) and humid { > 0) basins, the min-

The TCIF model has been tested by Gioia et al. (2008) onIyimum value observed in the study areai8.28 Gemi-arid

n hlghhly-skewed b?;lns ofI_Puglla, BaS|I|ctatadar(;dt Cg:l;ap”ain Puglia while the maximum is 1.6&yper-humid in Cal-
(SOI.J emn region). The app ication was eXIended 10 23 Ve o~ The values of basin area range from 15 to 1657 km
basins in Southern Italy by Fiorentino et al. (2011), who used

. . nd the skewness coefficiefi§ ranges from 0.08 to 3.18.
the numerical procedure suggested by lacobellis et al. (2010 . L o .

R X ) The physical characteristics of the basins investigated are
for the estimation of parameters and best-fit selection be-

tween the IF and TCIF nested distribution, and focused Ondescrlbed in Table 2 using a list of descriptors that will be

the regional behaviour of the runoff thresholds. We ShOWused in the regional analysis. They can be grouped in factors

results of the regional analysis of parameter estimates angependmg on-
provide relationships for the evaluation of flood quantilesin - _ i geomorphology: basin ardatotal length of the

ungauged'basms. o ) stream networld, fraction of floodplane areas Flp, av-
lacobellis et al. (2010) divided the model parameters into erage slope of the basin S, wetness index distribution
two categories: those dependent on information other than  pw), mean and standard deviation of WI;

AMFS (among these are all parameters dependent on pre-
cipitation), and parameters calibrated by means of AMFS. _ pasin geology: permeability index;
Estimates of parameters of the first group are based on a pri-
ori information, thus, our attention here is given to the in-  _ basin landcover: % of Forest in basin area (Fst), 9% of
vestigation of regional relationships between the calibrated  Grass (Gr) in basin area, annual Normalized difference
parameters and physical (geomorphoclimatical) descriptors. vegetation index (NDVI);

First insights into the role played by geomorphoclimatical
descriptors were gained, in this context, by Fiorentino and — basin hydrology:Cunoff depending on soil type, land-
lacobellis (2001); they highlighted the role of climatic and cover and local slopa; N depending on soil type and
geological factors. More details were provided by Fiorentino landcover.
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Table 1. Main features of the investigated basins.

No. River basin Sub-region A (km?) m Cy Cs N I

1  Santa Maria at Ponte Lucera Torremaggiore  Puglia 58 1844 092 0.99 1528

2  Triolo at Ponte Lucera Torremaggiore Puglia 56 3544 0.70 045 1®.25

3 Salsola at Ponte Foggia San Severo Puglia 455 76.14 054 0.28 4027

4 Casanova at Ponte Lucera Motta Puglia 57 2653 0.82 1.32 16.14

5 Celone at Ponte Foggia San Severo Puglia 233 4570 0.72 243 3924

6 Celone at San Vincenzo Puglia 92 31.82 0.61 1.27 150.06

7 Cervaro at Incoronata Puglia 539 215.80 0.58 0.64 530.19

8 Carapelle at Carapelle Puglia 715 283.74 0.57 1.34 3680.23

9  \enosa at Ponte Sant’ Angelo Puglia 263 55.84 1.18 2.26 34€.17

10 Arcidiaconata at Ponte Rapolla Lavello Puglia 124 45.06 0.64 0.85 3D.04

11 Ofanto at Rocchetta Sant’ Antonio Puglia 1111 456.62 0.57 046 52 0.16
12  Atella at Ponte sotto Atella Puglia 176 61.27 057 0.96 45 0.17
13 Bradano at Ponte Colonna Basilicata 462 20156 0.76 1.21 3R.08

14  Bradano at San Giuliano Basilicata 1657 507.06 0.79 1.03 10.17

15 Basento at Pignola Basilicata 42 3486 043 1.13 28 0.7
16 Basento at Gallipoli Basilicata 853 352.61 0.63 225 38 0.28
17 Basento at Menzena Basilicata 1382 400.63 0.63 157 24 0.08
18 Agri at Tarangelo Basilicata 511 189.24 049 1.19 32 0.47
19  Sinni at Valsinni Basilicata 1140 55491 056 242 22 0.57
20  Sinni at Pizzutello Basilicata 232 23263 035 0.82 17 1.26
21  Cratiatconca Calabria 1339 441.42 052 144 31 0.61
22  Esaro at La musica Calabria 520 32884 082 164 19 0.77
23  Coscile at Camerata Calabria 285 80.34 0.74 165 29 0.65
24 Trionto at Difesa Calabria 32 8.73 1.09 3.18 16 0.90
25 Tacina at Rivioto Calabria 79 81.16 127 279 25 1.43
26  AlliatOrso Calabria 46 16.66 0.72 2.74 47 1.26
27  Melito at Olivella Calabria 41 17.18 0.62 142 16 0.72
28  Corace at Grascio Calabria 182 151.65 0.70 1.83 38 0.90
29 Ancinale at Razzona Calabria 116 8235 0.73 134 50 1.34
30 Alaco at Mammone Calabria 15 13.61 0.75 1.76 19 1.66
31 Amato at Marino Calabria 113 79.19 118 243 26 0.86
32 Lao at pé di Borgo Calabria 280 21431 059 098 24 1.16
33 Noce at la Calda Calabria 43 30.68 0.41 0.08 30 1.58

Descriptors were obtained from the following sources: 2.1 Model description and parameter estimation
the Corine Land-Cover 2000 map, geological maps (scale

1:50000), DEM (cellsize 90 m), pedological maps produced-l-he TCIF distribution was developed in analogy with the

at a scale of 1:100 000, NDVI images from AVHRR sensor
on NOAA mission (with a resolution of 1.1 Km and acquired

in 1998).

well-known TCEV distribution (Rossi et al., 1984), with
the aim of exploiting all available information regarding

Al holoaical d . h b derived i physical processes, such as rainfall distribution and river
geomorphological descriptors have been derived In ay, ;g features, that significantly affect the Annual Maxi-

GIS environment. In particular, we exploited the distribution mum Flood Series (AMFS). The TCIF model stems from
of the topographic index which is a measure of basin storagge consideration that runoff generation occurs when rain-
Capa.c'tY (Manfreda gnd F|0re.nt|n(.), 2008; Manfrc_eda, 2008)'fall intensity and/or rainfall depth exceed given thresholds.
TW.Q |nd|c§s are certainly new_ln.th|s context: onels the prc’b'DiI"ferent runoff thresholds may be due to different values
gbll{ty of (1;|n(rdl|ng a to%ograﬁh'c mdgx V\f “\t’)\" +Tow ina q of permeability and soil moisture dynamics, thus providing
asin and the second 1S the portion of a basin assumed a3, phenomenological interpretation for ordinary and ex-
flood prone defined with the p_rocedure p_ro_posed by Man'traordinary components of the AMFS. The TCIF distribu-
freda et al. (2011). In order to give a description of these WOiion is a generalization of the IF distribution (lacobellis and

adopted indices, we reported in Fig. 2 the portion of the bas_ir\:iorentino, 2000) previously developed on the basis of a sin-
with W1 > w1 +owi and the flood prone areas for the Crati gle runoff threshold leading to a single (ordinary) component

basin at Conca (Calabria). of the flood distribution. This new model is based on the
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Table 2. Descriptors adopted for the regional parameter estimation.

No. A (km2) v Flp Sl Crunofi  P(WI> uw+owy)  PWI>puw) PWIl>ow) L (km) Fst Gr CN NDVI

1 58 099 04 0.05 0.46 0.08 0.63 0.55 27.87 0 0 86.32 0.29

2 56 0.98 0.34 0.06 0.49 0.09 0.64 0.54 29.84 4.24 0 85.36 0.3

3 455 096 0.51 0.05 0.46 0.11 0.62 0.51 198.62 5.8 0.37 8298 0.31
4 57 092 0.21 0.09 0.51 0.08 0.63 0.55 32.39 10.69 0 81.53 0.3

5 233 098 046 0.03 0.48 0.1 0.62 0.52 106.56 6.6 405 83.86 0.3

6 92 096 021 0.1 0.5 0.07 0.61 0.55 59.94 1488 10.1 8335 0.33
7 539 0.55 0.25 0.09 0.63 0.07 0.62 0.55 270.33 12.06 7.81 75.08 0.34
8 715 0.59 0.33 0.07 0.58 0.08 0.61 0.53 389.74 3.79 1.94 80.63 0.33
9 263 0.85 0.18 0.06 0.52 0.05 0.65 0.6 188.88  8.33 0 78.37 0.34
10 124 0.83 0.03 0.12 0.49 0.03 0.67 0.64 72.41  20.98 0 52.51 0.39
11 1111 0.25 0.05 0.12 0.52 0.04 0.65 0.61 651.13 23.75 7.34 71.89 0.4
12 176 045 0.06 0.11 0.52 0.05 0.65 0.59 128.57 23.37 995 7192 042
13 462 046 011 0.1 0.55 0.04 0.64 0.6 255.68 20.93 188 75.74 0.36
14 1657 0.48 0.14 0.09 0.56 0.04 0.65 0.61 785.75 15.21 2.3 79.03 0.32
15 42 0.63 0.09 0.15 0.4 0.05 0.64 0.59 3262 7209 044 7495 044
16 853 04 0.03 0.16 0.52 0.04 0.64 0.6 439.82 41.71 13.93 70.52 0.4
17 1382 0.41 0.07 0.12 0.51 0.03 0.65 0.62 771.28 40.02 8.74 7291 0.35
18 511 0.63 0.13 0.15 0.46 0.05 0.63 0.59 303.61 48.29 1599 74.66 043
19 1140 0.41 0.05 0.16 0.4 0.03 0.65 0.62 664.67 57.79 10.21 73.01 0.39
20 232 03 002 0.2 0.44 0.04 0.65 0.61 11293 6452 139 76.96 0.43
21 1339 089 0.1 0.2 0.44 0.03 0.66 0.63 956.38 37.74 1.6 76.96 0.43
22 520 0.88 0.11 0.16 0.44 0.05 0.64 0.59 382.13 4153 4.24 64.3 0.42
23 285 097 0.07 0.2 0.4 0.09 0.61 0.53 160.52 46.93 16.6 68.14 0.39
24 32 0.9 0.07 0.06 0.34 0.07 0.64 0.57 19.44 40.04 199 54.83 043
25 79 091 0.02 0.17 0.31 0.03 0.67 0.64 70.04 86.16 10.13 36.93 0.47
26 46 09 0.04 0.15 0.32 0.03 0.69 0.66 3747 6542 16.74 3578 0.47
27 41 091 0.02 0.16 0.38 0.02 0.67 0.64 32.46 67.5 575 5122 047
28 182 09 0.03 0.16 0.4 0.01 0.68 0.67 119.08 64.89 6.58 51.22 0.46
29 116 0.9 0.1 0.16 0.3 0.04 0.66 0.61 63.62 63.44 11.22 51.22 0.48
30 15 09 0.17 0.09 0.26 0.08 0.63 0.55 4.69 73.03 13.48 36.39 0.5

31 113 09 0.07 0.15 0.41 0.02 0.67 0.65 62.17 59.78 172 5574 0.46
32 280 0.76 0.04 0.19 0.52 0.04 0.66 0.62 170.32 53.83 11.85 71 0.41
33 42.53 079 0.01 0.2 0.47 0.05 0.65 0.6 2082 8463 395 6359 042

assumption that runoff generation may be due to two differ- The parameters that need calibration by means of AMFS

ent generation mechanisms: one L-type (frequent) responsare two (A,,7) for the IF model 4, is the mean annual num-

occurring when a lower threshold is exceeded, and the seder of independent flood events ands the ratio between

ond named H-type (rare) response, occurring when a highethe average contributing ardg{a] and the total basin area

threshold is exceeded providing extraordinary floods. MoreA) and four Az, Ag,rr,rg) for the TCIF model Az, Ay

details on the theoretical background of the two distributionsare the mean annual numbers of independent flood events of

are reported in Appendix A. the ordinary and extraordinary components, respectively, and
Fiorentino et al. (2011) performed the application of the r;,ry are the ratios between the average contributing area of

two distributions to the same set of river basins in South-the ordinary and extraordinary components, respectively, and

ern ltaly and highlighted the influence of the soil and cli- the total basin ared). All these parameters are strictly re-

mate physical characteristics on the probability distributionlated to runoff generation mechanisms and were estimated by

of floods, the skewness coefficients and the mean annudtiorentino et al. (2011) by means of a numerical, at-site eval-

number of ordinary and extraordinary independent eventsuation procedure based on maximizing a likelihood function

The two probability distributions IF and TCIF are character- evaluated on AMFS.

ized respectively by twelve and fifteen parameters (see Gioia Using such estimates @f, and the a priori estimates &f

et al., 2008); most of these are evaluated by a priori knowl-A , E[i, . ] the relationship

edge based on data different from the AMFS, mainly rainfall

records and other geomorphoclimatic information (see Ap- A 1/k

pendix B and Table 3). Nine of these parameters are commorfa = [E[ilfx,r] |09<—p>} (1)

to both distributions while the values of the loss threshold

scaling factors’, e1, e, were assigned according to basin proyides the space-time average hydrologic loss per unit of
climate. basin aregf of the IF distribution.

q

Nat. Hazards Earth Syst. Sci., 11, 68385 2011 www.nat-hazards-earth-syst-sci.net/11/673/2011/



V. lacobellis et al.: Flood quantiles estimation based on theoretically derived distributions

Table 3. Parameters of the IF and TCIF distributions based on information other than AMFS.

No. AKm) go(M3sY) wah) pr(mmhY n EliaJmmh?d ¢ A, ¢ el epy
1 58 0.2 2.6 24.27 0.29 2.01 039 446 080 05 05 0.50
2 56 0.3 2.6 34.50 0.30 2.90 039 446 080 05 05 0.50
3 455 2.8 7.3 23.29 0.27 0.81 039 446 080 05 05 0.50
4 57 0.5 2.6 24.57 0.30 2.06 039 446 080 05 05 0.50
5 233 2.2 5.2 23.33 0.27 1.07 039 446 080 05 05 0.50
6 92 1.2 3.3 24.08 0.29 1.65 039 446 080 05 05 0.50
7 539 8.0 8.0 23.86 0.28 0.79 039 446 080 05 05 0.50
8 715 7.0 9.2 24.13 0.28 0.72 039 446 080 05 05 0.50
9 263 1.4 5.6 24.13 0.26 1.02 039 446 080 05 05 0.50
10 124 1.2 3.8 24.13 0.26 1.42 039 446 080 05 05 0.50
11 1111 26.0 11.5 24.13 0.26 0.78 039 210 080 05 05 0.50
12 176 3.0 4.6 24.13 0.26 1.59 039 21.0 080 05 05 0.50
13 462 5.0 4.3 22.20 0.28 1.46 033 21.0 080 05 05 0.50
14 1657 10.0 7.1 23.52 0.28 1.08 033 21.0 080 05 05 0.50
15 42 1.5 2.9 21 0.31 2.20 039 210 080 00 0 050
16 853 25.0 4.8 20.41 0.31 1.27 033 21.0 080 0.0 0.0 0.50
17 1382 25.0 6.0 21.48 0.31 1.16 033 21.0 080 05 05 0.50
18 511 10.0 8.9 21.56 0.36 1.05 039 21.0 080 00 0 050
19 1140 45.0 5.6 23.13 0.4 1.53 033 21.0 080 00 0 050
20 232 15.0 2.4 21.56 0.36 2.03 033 320 080 00 0 050
21 1339 52.0 5.5 24.27 0.4 1.05 028 200 053 00 O 050
22 520 22.4 4.7 22.13 0.46 1.17 028 200 053 00 O 050
23 285 8.4 3.7 22.27 0.55 1.55 028 200 053 00 O 050
24 32 1.2 2.8 31.02 0.5 2.65 028 200 053 00 O 050
25 79 3.4 3 32.66 0.59 4.14 032 100 053 00 0 050
26 46 2.3 3.0 33.22 0.52 2.77 028 200 053 00 O 050
27 41 1.8 3.0 33.22 0.47 2.63 028 200 053 00 O 050
28 182 8.8 3.8 29.84 0.45 1.87 028 200 053 00 O 050
29 116 7.1 3.9 37.92 0.54 3.97 032 100 053 0.0 0 050
30 15 1.0 1.3 39.58 0.63 7.50 032 100 053 0.0 O 050
31 113 5.3 4.6 28.84 0.43 1.65 028 200 053 00 O 050
32 280 12.4 37 27.79 0.46 1.37 028 340 053 00 0 050
33 43 2.7 1.3 26.61 0.47 2.59 028 340 053 00 O 050

677

Analogously, for the TCIF distribution, the evaluation of problem of a priori identification of basin hydrological be-
fa,L and f4 g, using estimates of, A, Elia <], AL, An

is provided by:

faL= [E[if;,,] |09<

Ap

AL +Ag

A 1/k
= [e08, ven(£2)
H

1/k
)} and

www.nat-hazards-earth-syst-sci.net/11/673/2011/
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haviour from observable physical features.

This issue is faced in Sect. 3 where the basins’ behaviour
is investigated on a regional scale providing the identifica-
tion of regional relationships for parameteis, fa.r, fa.u,
r,rr, rg, and a criterion for establishing whether the distri-

bution is of the IF or TCIF type. With this aim, we consid-

ered the regional variability of the quantifa g = fa.m-ta
The at-site parameter estimates are reported, for all basingorresponding to the cumulated infiltration in the lag-time of
in Table 4 with the best-fit distribution selected by meansthe river basin. It represents a capacitive threshold of the ex-
of a maximum likelihood criterion. Results show that the traordinary () component and its evaluation was extended
IF distribution was selected against TCIF for 19 out of 33 to the entire set of basins by at-site calibration of the TCIF
basins. From the analysis of data in Tables 3 and 4 it is posmodel. It is worth noting that the parametgr 5, estimated
sible to observe that the presence of two components is quitéor AMFS classified as IF distributed, is expected to reach
homogeneous throughout the study area and independent bigh values with respect to the mean rainfall intensity. Such
climate, observed skewness of AMFS and geographical poa condition produces as result that the frequency of the events
sition of the basin. This consideration raises the importantoelonging to the second component tends to zero. These

Nat. Hazards Earth Syst. Sci., 89%2841
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Table 4. At-site parameter estimates and selected probability distribution.

No. r e org fammby) fap(mmbl) fag (mmbh) o Fa g (mm) Ay Ar Ay  Bestfit

1 - 0.03 059 - 6.04 10.37 26.95 - 238 074 TCIF
2 019 - - 7.78 [7.76] [27.08] [70.41] 39 [3.86] [0.06] IF

3 012 - - 1.69 [1.69] [4.82] [35.17] 6.1 [5.65] [0.45] IF

4 - 01 072 - 5.31 11.23 29.2 - 361 061 TCIF
5 - 0.09 037 - 2.29 7.96 41.38 - 564 018 TCIF
6 011 - - 3.12 [3.12] [15.47] [51.03] 7.1 [7.04] [0.06] IF

7 062 - - 1.76 [1.76] [17.28] [138.20] 55 [5.52] [0.00] IF

8 - 041 099 - 1.01 3.86 35.53 - 986 066 TCIF
9 - 0.06 0.99 - 2.93 5.93 33.23 - 293 049 TCIF
10 02 - - 3.33 [3.33] [11.55] [43.88] 5  [4.88] [0.12] IF
1 09 - - 1.12 [1.12] [15.80] [181.70] 48 [4.82] [0.00] IF
12 016 - - 1.99 [1.98] [32.15] [147.88] 56 [5.62] [0.00] IF
13 - 015 0.99 - 2.0106 5.0826 21.85518 - 398 1.04 TCIF
14 038 - - 2.03 [2.02] [8.44] [59.90] 34 [3.35] [0.07] IF
15 023 - - 0 [0.00] [44.50] [129.06] 21 [21.00] [0.00] IF
16 - 025 086 - 0.99 8 38.38 - 835 0.17 TCIF
17 02 - - 1.32 [1.32] [9.04] [54.26] 6.2 [6.13] [0.07] IF
18 019 - - 0 [0.00] [8.16] [72061] 21 [20.93] [0.07] IF
19 - 016 0.85 - 0 8.75 49.02 - 2058 024 TCIF
20 03 - - 0 [0.00] [4.04] [9.70] 32 [27.29] [4.71] IF

21 012 - - 0 [0.00] [65.02] [357.59] 15 [20.00] [0.00] IF
22 - 02 06 - 0.01 9.67 45.47 - 1732 03 TCIF
23 008 - - 1.18 [1.18] [96.12] [355.63] 6.1 [6.12] [0.00] IF
24 - 003 014 - 1.65 40.49 113.37 - 6.84 006 TCIF
25 - 008 043 - 1.41 21.78 65.34 - 425 037 TCIF
26 004 - - 0.56 [0.56] [171.99] [515.97] 11.1 [11.10] [0.00] IF
27 005 - - 0 [0.00] [163.47] [490.41] 20  [20.00] [0.00] IF
28 023 - - 0.32 [0.32] [116.14] [441.33]  11.7 [11.70] [0.00] IF
29 009 - - 0.19 [0.19] [220.86] [861.35] 76 [7.62] [0.00] IF
30 005 - - 0 [0.00] [417.53] [542.79] 10  [10.00] [0.00] IF
31 - 012 079 - 1.55 11.67 53.7 - 4.9 042 TCIF
32 021 - - 0.19 [0.19] [92.58] [342.53] 21 [21.02] [0.00] IF
33 008 - - 0 [0.00] [174.45] [226.79] 34  [33.99] [0.00] IF

at-site estimates of 4 y are reported in Table 4 for all 33 tioned according to the geographical region of origin that cor-
river basins, where all values referred to the H-componentespond to the Puglia (Northern sub-region), Basilicata (Cen-
evaluated on basins showing only a single ordinary compo+ral sub-region) and Calabria Region (Southern sub-region,
nent (because their AMFS are IF distributed) are given insee Fig. 1). The best-fit regressions were selected accord-
brackets. ing to the adjusted coefficients of determinati®hwhile the
regional predictive capacity was tested with a jack-knife pro-

) ) . cedure.
3 Regional relationships of model parameters

3.1 Runoff thresholds
The spatial variability of parameteys, fa.r., fa.x. Fa.H,
r,rp, rg Was analyzed, on a regional scale, by exploring theirThe main purpose of the regional analysis is to provide an es-
statistical dependence on the geomorphological descriptorsmate of flood peaks with a given return period in ungauged
previously introduced. In order to provide reliable relation- river sites. In this framework, regional relationships for the
ships, two different criteria were used to identify homoge- parametersa 1., fa.u, rr, ru, of the TCIF distribution and
neous groups of basins, based on climatic conditions andor the parameterg, andr of the IF distribution are needed.
geographical position, for both the IF and TCIF model. In Once the value offs, fa.r, fa.m is available, the corre-
the first case, the basins are partitioned between Hey ) sponding values oA, Ay, Ay can be evaluated by means
and humid ( > 0), while in the second case basins are parti-of Egs. (A9) and (A16) reported in Appendix A.
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The regional behaviour of thés, f4. 1 andfs x parame-
ters was already analyzed by Fiorentino et al. (2011) and is
described in Fig. 3, in which four different scaling relation-
ships can be recognized depending on climatic conditions.
Starting from top to bottom of Fig. 3, one finds: (k. u
in humid basins (red squares); (ifk x in dry basins (ma-
genta stars); (iii)f 4,z (blue stars) angf4 (blue circles) in dry
basins; (iv) f4,. (green squares) anfl, values (green cir-
cles) in humid basins. The continuous lines represent power
laws with exponent 0.5 (red, magenta, blue) and O (green).
Results show that the runoff threshold of the low component
(fa.r) of the TCIF distributions has the same behaviour ob-

mwi +owi and(b) the floodprone areas defined using the procedureserved for the single runoff threshold of the IF model both in

proposed by Manfreda et al. (2011).

www.nat-hazards-earth-syst-sci.net/11/673/2011/

dry and humid climates. This important observation suggests
that the single threshold of the IF model is referred to the low
component of runoff.
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Thus, for the purpose of this paper, we have performed &.2 Average contributing area ratio
best fit regression analysis on the three patterns above num- . . . . . o
bered as (i), (ii) and (iii), by assuming a power law with an In order to identify regional relationships for estimating

exponent equal to 0.5, which provides: rr, ru, and F4 g, we used several available descriptors
and performed all the linear multiple regressions obtainable,
for humid basins — H-type: adopting not more than three descriptors. We also consid-
ered different grouping criteria; in the following we report
fa.n =2085247%°-034 R?=0.89 (3)  onlythe regressions which showed the best coefficient of de-

terminationR? for the described model parameter.

It is noteworthy that we obtained a good fit for the val-
ues including all 19 river basins following a TCIF distribu-
tion independently from climate and geographical location.

for dry basins — H-type:

05 . p2 . y MO &
fan=6775A"""4204 R“=0.93 (4)  The regional relationship is
for dry basins — L-type: ri = 2.51Cnoft — 7.56 P (WI > puwi +owr)
—2.22I P(WI > uwi +ow) R?=0.925 9)

_ _ -05 : 2_
fa=faL=45324 —025 R°=082 (5) where the descriptors selected are: the climatic indlex

the runoff coefficient proposed by De Smedt et al. (2000),
In Fig. 4, for these three cases, we report the comparisom,, o, andP (WI > uwi +ow) which is the probability that
between the “at-site” parameter values and the correspondinghe wetness index WI (Beven and Kirkby, 1979) exceeds the
regression estimates which we conventionally call “regional” sum of its meanuy and standard deviatiany, .

values. With regard to the expected valuesindr;, of the partial
Regarding the fourth pattern in Fig. 3, the regional rela- contributing area, in analogy with results obtained far
tionship is: and f4.., we grouped the values associated to the single
component of the IF model with the values of the ordinary
for humid basins — L- type: component of the TCIF model. In this case, we obtained a
better result grouping basins by geographical regions. As a
fa= fa,rL=045[mm h1y. (6) consequence, we obtained the following relationships,
Thus, for determining the lower thresholfl, ; , it is possible in Puglia:

to adopt, as regional relationship valid for humid river basins,
the constant value of infiltration rate reported in Eq. (6), and
for dry river basins the value of infiltration rate derived from

Eq. (5). For the higher thresholdly 4, it is possible t0 ex-  \here S is the mean slope of the river basinis a perme-
ploit respectively in humid and dry river basins the Egs. (3) ability index defined agy = 1 — (Y 1ow + 0.1¢1ow) Where
and (4). Yviow andyiow are the fractions of the total basin area with

These results could be quite satisfactory for a regional appeqdrock characterized respectively by very lai, fow) and
plication. Nevertheless, we also considered that the basifyy permeability (/1ow):

classification, based on the climatic indéxmay produce
uncertainty wher is close to zero. In this case, a small bias i, Basilicata:

in the evaluation of could lead to a large difference in the

regional prediction of the runoff thresholds. In order to avoid r =r;, =+0.000784 — 0.00147L 4 0.24, R?>=0.80 (11)
this discontinuity for smalll, Egs. (3) and (4) (as well as
Egs. 5 and 6) can be replaced by a single equation taking th
variable! into account to be used in a small rangel/dfe-

logr = logr; = 3146 SI—86.351 P(WI > pw; +owi)
—3.50y —2.6515 R>=0.86, (10)

gyhereL is the total length of the stream network;

neath 0. The results of this analysis comprise the following N Calabria:
regional relationships: logr = logr, = —10.464~%5 4 0.02Fst
2

fan=71604-95 1 16817 405 42 +56.71FIp(1—y)—2.88, R2=0.75 (12)
R*=0.93 inthe range-0.4<7<0.2, (7)  where Fst s the percentage of forest in basin area and Flp is

the fraction of flood plain areas evaluated as in Manfreda et

L 05 05 al. (2011).

f*;_fAvL __24'49A —56.241 A7 +0.74 It is important to point out that Egs. (3), (4), (7) and (9)
R*=0.93 intherange-0.2<7<0.2. (8)  were obtained using data from basins that show evidence of
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Table 5. Regional estimates of parameteys;,,r g, fa, fu.L, fa. H-

Regional Regional-Jack Knife
No. r,rp rm  fa.faL Fanm faH Parent ror rH fasfaL FAH faH Parent
(mmh Yy (mm) (mmhl (mmbh Y (mm) (mmnl
1 0.07 0.59 5.70 30.15 10.94 TCIF 0.09 0.59 5.95 31.20 11.46 TCIF
2 0.14 0.56 5.80 39.04 11.097 TCIF 0.12 0.56 5.80 34.95 11.10 TCIF
3 0.15 0.37 1.87 27.45 5.2198 TCIF 0.17 0.37 1.87 23.95 5.22 TCIF
4 0.13 0.65 5.75 46.08 11.017 TCIF 0.13 0.64 5.75 49.58 10.81 TCIF
5 0.05 0.48 2.71 36.73 6.4821 TCIF 0.03 0.56 2.71 36.02 6.14 TCIF
6 0.09 0.75 4.47 49.85 9.107 TCIF 0.08 0.75 4.47 49.57 9.11 TCIF
7 0.54 1.00 1.70 104.54 13.068 IF 0.51 1.00 1.70 55.84 4.96 TCIF
8 0.41 0.88 1.44 42.00 45773 TCIF 0.40 0.85 1.46 83.71 9.10 IF
9 0.06 0.96 2.54 52.45 6.2212 TCIF 0.05 0.96 2.62 57.09 6.29 TCIF
10 0.19 1.00 3.82 51.03 8.1277 TCIF 0.18 1.00 3.82 52.23 8.13 TCIF
11 0.84 1.00 1.10 200.64 17.447 IF 0.79 1.00 1.10 245.49 21.35 IF
12 0.20 0.87 3.16 123.17 26.775 IF 0.25 0.87 3.16 112.87 24.54 IF
13 0.22 1.00 1.85 31.61 5.1956 TCIF 0.24 1.00 0.00 36.42 5.24 TCIF
14 0.38 1.00 0.86 60.67 3.708 TCIF 0.38 1.00 0.00 60.80 3.71 TCIF
15 0.22 0.51 0.00 123.04 42.427 IF 0.21 051 0.47 109.74 37.84 IF
16 0.26 0.97 0.00 21.47 6.8007 TCIF 0.26 1.00 0.42 14.09 6.28 TCIF
17 0.19 1.00 0.96 40.16 3.8661 TCIF 0.17 1.00 0.00 34.62 3.87 TCIF
18 0.19 0.73 0.00 78.17 8.7827 IF 0.19 0.73 0.47 82.58 9.28 IF
19 0.15 0.74 0.00 60.60 5.8369 TCIF 0.15 0.72 0.47 73.65 4.39 TCIF
20 0.25 0.68 0.00 19.08 13.351 TCIF 0.23 0.68 0.47 22.61 13.35 TCIF
21 0.17 0.86 0.45 310.63 56.478 IF 0.19 0.86 0.47 274.99 50.00 IF
22 0.18 0.59 0.45 132.48 8.8054 TCIF 0.17 0.59 0.47 162.59 8.51 TCIF
23 0.09 0.23 0.45 386.78 104.54 IF 0.09 0.23 0.40 434.96 117.56 IF
24 0.03 0.16 0.45 63.00 36.523 TCIF 0.03 0.19 0.38 45.56 26.74 TCIF
25 0.11 0.42 0.45 139.15 23.122 TCIF 0.13 041 0.39 201.23 67.08 IF
26 0.06 0.54 0.45 351.67 117.22 IF 0.06 0.54 0.44 280.21 93.41 IF
27 0.05 0.73 0.45 233.37 77.789 IF 0.05 0.73 0.47 208.75 69.58 IF
28 0.11 0.89 0.45 243.94 64.195 IF 0.10 0.89 0.46 226.39 59.58 IF
29 0.14 031 0.45 823.55 211.17 IF 0.15 031 0.46 802.21 205.70 IF
30 0.04 0.04 0.45 650.70 500.54 IF 0.02 0.02 0.47 726.36 558.74 IF
31 0.10 0.81 0.45 151.94 19.277 TCIF 0.10 0.82 0.38 202.09 43.93 IF
32 0.15 0.86 0.45 398.07 107.59 IF 0.14 0.86 0.46 427.23 115.47 IF
33 0.07 0.61 0.45 103.02 31.64 TCIF 0.07 0.61 0.47 83.25 31.64 TCIF

the extraordinary component (because their AMFS are TCIF3.3 Cumulated infiltration and a priori identification of
distributed), while Egs. (5), (6), (8), (10), (11) and (12) ex- basin behaviour

ploit data from all the river basins considered, by merging

the single component of the IF distribution with the ordinary Finally, we wish to report the results of the analysis per-

component of the TCIF distribution. _ formed on the parametef, 5. In this case the aim is to
The regressions obtained show that physical parameterg,qognize the basin behaviour as characterized by only one
controlling the mean extent of the contributing area areq; 1o components. Thus, it comprehends the at-site values
mainly related to geomorphological characteristics of theggiimated in all 33 river basins. Considering tifaty and
river basin. This confirms that the contributing area (de- ;416 respectively inversely and directly proportional to the
scribed by the parameteyj is strongly controlled by the to- root square of the basin area, their prodéat z, should
pographic characteristics of a basin that are described hergg independent from the basin area. On a’regional scale,
by the indices derived from the maps of wetness index. gjtterent values may be expected according to local values
of f1 and 1 (which are space-time average infiltration and
lag-time, respectively, per unit basin area). Nevertheless a
certain regional homogeneity could be expected in areas
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L : . . I:ig. 6. Comparison between the at-site and regional estimates of
ryg inriver basins showing the extraordinary component.

andry, for all river basins.

where the scaling law of lag-time has a constant coefficient 100

71. Even in this case the regional relationships were identi- wol| * Fan (Puglia, TCIF)
fied according to the geographical criterion, + Fan (Pudlia 1F)
sol-| ® F AH (Baslicata, TCIF)
. . * Fan (Basilicata, IF)
in Puglia: oo F . (Calabria, TCIF)
T F, (Calabria, IF)
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R==057 (15) Fig. 7. Comparison between the at-site and regional estimates of

in which the followings descriptors are use@N SCS-Curve A, for all river basins.

Number, NDVI, annual Normalized Difference Vegetation
Index, Gr, percentage of grass cover in basin area.

In Table 5 the regional estimates af, ry, fa.L, fa.H, index for the a priori classification of the basin behaviour.
and F4_ g for 33 river basins by means of Egs. (3)-(15), are The limits just introduced can be used to identify the parent
reported. In Figs. 5, 6, 7 and 8, the comparison between theistribution, which will be considered TCIF if4 g < Fo.
at-site and regional estimatesrof, , r, Fa g is displayed.  (Fo= 70 in Puglia and Basilicata anky =200 mm in Cal-

In particular, Fig. 8 reveals that river basins with AMFS abria). In this case, we suggest using the regional Egs. (3),
following the TCIF model in Puglia (no. 1, 4, 5, 8, 9) and (4) or (7) (depending on the climatic index value) for
Basilicata (no. 13, 16, 19) are characterized by values othe estimation of thresholg4 . In the second case, for
F4 p always less than 70 mm, whilgs g is always less basins withF4 y > Fp we suggest using an IF distribution
than 200 mm for TCIF basins of Calabria (no. 22, 24, 25, with regional estimates of4 from Egs. (5), (6) or (8). If
31). On the other hand, most of the river basins that fol- F4 n > Fo one may also use a TCIF distribution whereas the
low the IF model are characterized by valuegafy greater  f4 g value should be estimated from Egs. (13), (14) or (15)
than 70 mm in Puglia and Basilicata and 200 mm in Calabria.as f4,m = Fa u/ta. In fact, the IF and TCIF distributions
Thus, we adopted the value 6% g, to be estimated in un- provide indistinguishable results for high valuesfafy be-
gauged basins by means of Egs. (13), (14) and (15), as acause the TCIF distribution tends towards the IF distribution.

Nat. Hazards Earth Syst. Sci., 11, 68385 2011 www.nat-hazards-earth-syst-sci.net/11/673/2011/
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In Table 5 we report the indication of the parent distribu-

or all river basins.

3. one of these gauged sites, say statjprand its corre-

tion following the above described criterion. As one can see,
the identification is consistent with the at-site estimate in 25
out of 33 cases. Nevertheless it can be seen that the identi-

spondingy and X values are removed from the set of
equations in Eq. (17);

fication of a TCIF model, which is observed in 8 basins, al-

ways produces a quantile overestimation with respect to the
IF model (then, safe side errors). In Table 6 we report the

flood-quantile estimates for return periods of technical inter-
est of 30, 200 and 500 years obtained by the regional mode

4 Model validation

4. the regression analysis is carried out using in Eq. (17)
the data of the remaininys — 1 gauged sites and find-
ing a new vector of coefficients;;

| 5. ajack-knife estimate of for site j is then retrieved re-
* placing in Eqg. (16) the regression coefficients identified
at steps 3 and 4;

. steps 3-5 are repeatdd times, considering in turn one
of the gauged sites.

In order to test the performances of the above described re-

gional model, we performed a jack-knife procedure struc-
tured as follows:

1. consider a regression model that relajeand X by a
functiong() so that:

y=9¢X,p), (16)
wherey is a scalar quantity whil& is a vector of length
equal to the numbeNp of the considered descriptors.

The vectorp consists ofNp + 1 unknown coefficients
which are recovered by regression analysis at step 2.

coefficientsg from the set of equations
yi=¢(Xi,B) 7

with i varying from 1 to Ns number of considered
gauged sites wittNs > Np;

www.nat-hazards-earth-syst-sci.net/11/673/2011/

On the right side of Table 5, we report the jack-knife esti-
mates of parameters of the proposed regional model includ-
ing those for the identification of the parent distribution. The
results show that, in this case, we have 21 out of 33 basins
with indication consistent with the at-site estimate. Only in
three basins, no. 8, 25 and 31, a regional IF distribution is
selected instead of a TCIF compared to the at-site best-fit se-
lection.

In Table 6 we display the flood quantile estimates for re-
turn periods of technical interest of 30, 200 and 500 years
performed with at-site, regional and regional jack-knife pro-
cedures.

In Fig. 9 we report for all 33 river basins a Gumbel proba-

. the regression analysis is performed by estimating thebility plot representing:

— the Weibull Plotting Positions (blue circles) of the ob-
served AMFS;

— the cdf of the best-fit (IF or TCIF) distribution (contin-
uous blue line) with at-site calibration procedure (Ta-
ble 5);
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Table 6. Quantiles of the TCIF and IF models with return periods of 30, 200 and 500 years.

No. At-Site 07 (m®/s) Regionalg 7 (m°/s) Regional jack-knif@d 7 (m°/s)
T=30 T=200 T=500 Parent T=30 T=200 T=500 Parent T=30 T=200 T=500 Parent
years  years years years  years years years  years years

1 86.483 152.34 186.62 TCIF 83.094 148.2 182.33 TCIF 62.316 120.38 153.33 TCIF
2 96.383  148.19 175.45 IF 152.86  243.46 290.88 TCIF 152.59  243.32 290.78 TCIF
3 183.76  274.31 322 IF 228.73  361.72 436.94 TCIF 237.85 372.59 447.39 TCIF
4 90.925 160.2 196.44 TCIF 89.997  155.53 190.6 TCIF 94.093 159.4 194.3 TCIF
5 118.6 197.6 245.93 TCIF 138.22 261.77 327.83 TCIF 164.47 299.97 370.92 TCIF
6 73.876  109.42 128.06 IF 114.76  205.14 252.44 TCIF 114.02  205.05 252.4 TCIF
7 534.33 790.17 921.27 IF 460.17 702.29 827.48 IF 467.18 722.64 854.79 TCIF
8 634.5 934 1090.4 TCIF 573.26  860.85 1011.8 TCIF 532.38 793.41 929.69 IF

9 212.14  384.85 472.84 TCIF 196.3 367.58 455.09 TCIF 192.19  368.15 450.55 TCIF
10 113.97 172.33 203.09 IF 151.1 253.75 309.34 TCIF 149.85  253.06 308.87 TCIF
11 11553 17031 1981.4 IF 1117.5 1658.9 1934.6 IF 1091 1625.9 1898.7 IF
12 154.65  233.37 274.9 IF 179.87  270.95 319.09 IF 208.2 311.92 366.4 IF
13 649.5 1070.4 1286.3 TCIF 652.6 1063.6 1277.3 TCIF 649.59 1057.1 1269.8 TCIF
14  1446.2 2268 2702.5 IF 1949.8 3029 3589.6 TCIF 19725 3046.8 3605.5 TCIF
15 74901 108.21 125.67 IF 70.423 102.61 119.64 IF 69.181 100.85 117.61 IF
16 851.45 1344 1623.8 TCIF 962.45 1506.5 1811 TCIF 997.56  1565.5 1880.1 TCIF
17 970.7 1464.7 1727.1 IF 1610.6  2607.3 3121.8 TCIF 1604.7  2605.1 3120.4 TCIF
18 389.12 561.1 651.69 IF 361.26  530.39 620.33 IF 359.78  528.76 618.17 IF
19 12535 2079.4 2574.4 TCIF 1497.4  2481.2 3005.7 TCIF 1721.3 27413 3271.7 TCIF
20 475.38 675.35 780.63 IF 431.84 636.42 749.41 TCIF 410.14 610.64 723.28 TCIF
21 1226.3 2074.4 2559.6 IF 14259  2473.7 3087.4 IF 1582.2  2746.9 3438 IF
22 1032.1 1978.2 2559.3 TCIF 1015.3 1988 2577.1 TCIF 1014.2  1995.1 2586.5 TCIF
23 248,57 438.95 551.65 IF 283.38 491.94 615.89 IF 293.06 507.75 636 IF
24 30.162  73.097 105.47 TCIF 34.885 85.481 121.39 TCIF 49.421 116.44 157.5 TCIF
25 366.88 790.76 1047.8 TCIF 370.32 773.19 1021.9 TCIF 24554  446.89 564.49 IF
26 47.325 81.267 101.49 IF 61.223 105.35 131.31 IF 63.969 110.08 136.66 IF
27 49885 84.756 105.16 IF 46.247 79.63 99.419 IF 45.94 79.139 98.826 IF
28  448.83 775.11 967.61 IF 264.19  456.26 569.21 IF 237.32 409.24 511.72 IF
29 268.7 485.21 615 IF 352.3 640.1 808.9 IF 375.65 680.75 864.79 IF
30 45.209 81.034 102.46 IF 39.063  70.749 89.782 IF 27.034  48.799 61.864 IF
31 335.02 689.85 896.14 TCIF 224.4 551.03 754.86 TCIF 137.32  236.45 295.31 IF
32 565.62 940.68 1159.3 IF 435.88  726.66 898.6 IF 41555  693.22 856.34 IF
33 84.076 138.34 169.78 IF 14462  339.05 455.75 TCIF 144.05  338.97 455.72 TCIF

— the regional cdf (dashed green line) evaluated by meangt is important to observe that the regional-jack knife cdf pro-
of the regional estimates; vides satisfactory results in most of the cases and it is almost

i ) . always within (or very close to) the confidence limits at 95%

— the regional jack-knife cdf (red stars) evaluated by ¢or yetyrn periods of technical interest. The only clear excep-

means of the regional relationships reelaborated by;ion, js provided by basin 28, Corace at Grascio, which is not

means of the jack-knife procedure described above;  4ftected by the choice of the parent distribution which is IF

— the upper and lower confidence limits at 95% obtainegin all the _estir_nati_on _proc_edures (see_ Table 6). The quantiles
by MonteCarlo analysis. For each river basin, the Con_gnde_reshm(:ltlon is, in this case malnly due to the u_nderes-
fidence bands are defined by extracting from the at-sitd!Mation of the parameter and hence in the evaluation of
best-fit (IF or TCIF) distribution, a number of samples descriptors in £q. (12).
equal to the size of the AMFS. Each sample is created
generating one thousand random elements from the se-
lected distribution. For each sample a plotting position® Conclusions

corresponding to non-exceeding probability of 5% and
95% is reported as a confidence band. The estimation of flood quantiles in ungauged basins is one

of the most challenging topics in hydrological applied re-
search. In many areas of the world, the lack of reliable
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Fig. 9. Weibull Plotting Positions (blue circles) of the observed AMFS, cdf of the best fit model (continuous blue line), regional cdf (dashed
green line) and regional Jack.

discharge measurements and the unavailability of time seriebwing physical information in ungauged river basins to be
of sufficient length still compels the use of statistical analy- exploited. We have shown that, within this context, the use
sis of rainfall coupled with deterministic rainfall-runoff mod- of theoretically derived distribution may be beneficial to im-

els. In this context, the employment of a regional analysisprove available regional methods. The main result that we
framework performed by the investigation of the most ap- have obtained is in the increased capability of investigating
propriate relationships between model parameters and rivethe spatial variability of parameters affecting the flood fre-

basin descriptors related to climate, geomorphology, vegetaguency distribution.

tion coverage, soil type and permeability, may help to solve

the open problem of identifying hydrologic similarity and al-
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Fig. 9. Continued.

As a second important result, we mention the possibilityicantly reliable, thanks to the availability of DEMs of high
to identify significant regional relationships in sub-regions quality and high resolution. On the other hand, the prolifera-
characterized by geographical continuity. The positive sidetion of geomorphological descriptors is also a consequence
of this is that such subdivision is operatively more reliable of the lack of soil type characterization. The pedological
than others referring to hydrological factors whose determi-datasets within the studied region are inhomogeneous and
nation may be affected by the estimation procedure or by thelso with coarse resolution.

choice of the indicator. We believe that, in progress, the results of regional anal-

As a final remark we have to observe that we exploited aysis may be further improved by means of detailed study of
high number of geomorphological descriptors,and in somebasins’ hydrological behaviour, for example by allowing for
cases, with similar meaning. This is probably due to thea direct identification of events that arise as a consequence
fact that topographical information today has become signif-of different mechanisms of runoff generation. Important

Nat. Hazards Earth Syst. Sci., 11, 6835 2011 www.nat-hazards-earth-syst-sci.net/11/673/2011/
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Fig. 9. Continued.

breakthroughs are expected in this direction from the study
of soil moisture dynamics and from the observation of hy-
drological processes.

Appendix A
The IF and TCIF distributions

The IF model (lacobellis and Fiorentino, 2000) assumes that

— the peak of direct streamflo@ is the product of two
random variables strongly correlated, the source area

www.nat-hazards-earth-syst-sci.net/11/673/2011/
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contributing to runoff pealk and the runoff peak per
unit of contributing areay,, .

— the runoff peak per unit area,, is linearly dependent
on the areal net rainfall intensity (which is assumed
Weibull distributed with shape parameter in a time
interval equal to lag-time, (intended as the lag of di-
rect runoff centroid to effective rainfall centroid) with a
constant routing factay

— the lag-timer, scales withu according to a power law
with exponent 0.5.
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Fig. 9. Continued.
™ . . . A
The non exceedance probability distribution of the peak flood 4
Go(q), is derived integrating (e.g. Eagleson, 1972) the joint G0 (¢) =f/0 g(ula)g(a)duda (A1)
probability (pdf) density functiorg (u,a) of the runoff peak 0
per unit areay,, and the contributing area, over the ap- o o .
propriate domain where their product is minor than The 1€ distribution of the contributing aregéa) is:
functiong(u,,a) is expressed as: 1 anB-1 a
2(a) = (_) exp(——) +8(a—A)Ps (A2)
ol (B) \«a o

in which I'(-) is the particular function GammaP, =
probla=A] ands is the Dirac function.
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Fig. 9. Continued.

The coefficientsy and 8 represent the position and shape u, =&z — fa) (A4)

parameter of the Gamma Distribution, respectively. The po-
sition parametetr =rA/B depends on the ratio,, of the

expected contributing area to the basin area:

Ela]
A

The runoff peak per unit areay, is related to the rainfall
intensityi, - in the critical durationg,, of areaa, minus the

hydrological lossf, depending on the same area

www.nat-hazards-earth-syst-sci.net/11/673/2011/

(A3)

& is a constant routing coefficient, ; is the mean spatio-
temporal rainfall intensity in the duration equaltpand in
the areas, andf, is the corresponding mean spatio-temporal
hydrological loss. The distribution af, is obtained exploit-
ing Eq. (A4) and assuming that the distribution of the, is
Weibull distributed with two parameters,andk, in particu-

lar the first is a function of the mean of thg, :
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. k . . — g
. E[ik ] ( Elia] a5y  Eliarl=Eliacl@/A) © fa=fata/A)”C (A6)
“r @t C(1+1/k)
in which T'(1+1/k) is the Gamma function. whereEl[is -] and f4 are the average rainfall intensity and

Besides the three main hypotheses mentioned befordh€ average hydrologic loss respect to the entire basin area
the IF model assumes that both average rainfall intensityd; ¢’ iS @ parameter representative of the space-time average
(Elia.,]) and average hydrologic losg,( scale with con- hydrological losses.
tributing area according to the following power law relation-  Finally, under the hypothesis of Poissonian occurrence of
ships: independent annual maximum floods, the cumulative distri-

bution function (CDF) of the annual maximum flood peak
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qp = 0+qo,, is derived, withg, the base flow. PDFy, (¢p) =CDFg, (¢,)
CDFyp (gp) =expy —A g(a) Aq /g(a) . k
0, (a7) ‘ ) a) (Elia <)/ T (A1+1/K))
0 k-1
k k _ -
((ap=a0) / E@) + fa)" = (fa) (4p—40) ,
expl — T da (Ea) a
(Elia,c]/T (1+1/k))
k k
(A7) dp—4o)/(aL)+ fa) —(fa)
p—4o L a a
expl — (( ) ) da (A8)

The probability density function (PDF) is (Elia,]/T (14 1/k))k
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Fig. 9. Continued.

Based on these hypotheses, the following relationship bethat two different response-mechanisms may arise, in both
tween the mean annual number of rainfall ) and flood  humid and dry basins:

events {\,) holds: .
— “L-type” (frequent) response, occurring when a lower

thresholdf, ; = fa.r(ar/A)~°L is exceeded, and re-
sponsible for ordinary floods likely produced by a rel-
atively small portion of the basin;, producing a peak
runoff per unit area, 1, =& (ia.r — fa.L);

g =npexp(— 1/ ELiE ) (A9)

Inwhich A, andA, are, respectively, the mean annual num-
ber of independent rainfall and flood events.

The two-component derived distribution called “Two — “H-type” (rare) response, occurring when a higher
Component IF” distribution (TCIF) was introduced by Gioia threshold f, y = fa.u(ag/A)~%H is exceeded, and
et al. (2008), who generalized the IF distribution considering providing extraordinary floods mostly characterized by
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Fig. 9. Continued.

larger contributing areagy, producing a peak runoff
per unitarear,, g =§ (ia,r — fa,n);

whereg, routing coefficient, is independent from the mecha-
nism of runoff generation and two different runoff thresholds

are introduced, ; and f, g (with f, g > f,, 1) which scale

with the contributing area following the power law relation-

ships:
fa,L = fa,L(ar /A"t (A10)
fa,u = fa,ulag/A)~H (A11)

The flood-peak contributing areag anday are distributed

as in the IF model with expected contributing areas related to

rp andry:
ro=Ela1/A (AL2)
ru=Elanl/A (A13)

and that both rates of occurrence are Poisson distributed, the

A
/Q’H(Q)Z/ﬁ g(ulag)g(ag)duday, (A15)
0 a

A and Ay are respectively the mean annual number of in-
dependent flood events for L-type and for H-type processes
and are related to the runoff thresholds by means of the fol-
lowing relationships:

fiL
Ay =AL+Ag=A,exp|— : and
q L H p p( E[if",]

fk
Ay = A,,exp(- E{;‘,f’}). (A16)
AT

The TCIF cumulative distribution function and its probability
density function are:

A

CDFQP (qp) =exp{ —AL |:/g(aL)

0

eXp(_ ((ap—40) / (Ear) +fa,L)"—(fa,L)") daL} }

(Elia, 1/ T (1+1/k))"

A
+EXI0= —Ay |:fg(aH)

0

exp(_ ((4p—=40)/ Ean) + fan) = (fan)* ) daH} }

(Eliay -1/ T (14+1/k))"

(A17)

PDFo, (‘Ip) =CDFy, (qP)

A
k
L /g(dL) : Z
0 (§ar) (E[laL,r]/F(1+1/k))
k—1
(QP_QO)
( (§ar) tfar

Assuming that L-type and H-type events are independent _ k. k
eXID(_((% d0) | Eap) + far) —(far) ) }+

overall process of exceedances is also a Poisson process and

the cdf of the annual maximum floods is

CDFo, (qp) =exp{=AL[G 1 (ap)] = Au[Go.u (ap)]}
(A14)

whereG,, . andG,, g are the peak flow distributions of the
direct streamflowQ corresponding respectively to L-type
events and H-type events and are described as:

A
o0
/Q,L(q)Z//q g(ular)g(ar)duday and
0 "
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(Elia, <1/ T (1+1/k))*

A
k
+AH /g(aH) : Z
4 (¢an) (Eliay.)/T (1+1/k))

(ap-a) , o
Eag) M

exp(_((q,,—qo)/<saH>+fa,H)"—(fa,H)"> daH”

(Eliay 1/ T 1+1/k))"

(A18)
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Appendix B and 31 withe =0.28) and lonian (basins 25, 29 to 30, with
¢ =0.32).
Parameter estimation of the IF and TCIF models The loss threshold scaling factars ¢, , ¢y deserve par-

) ) _ _ ticular attention. According to Fiorentino and lacobellis
Nine parameters depending on information other thani001)the exponent of the scaling relationship in Eq. (A6) of
AMFS, are common to the IF and TCIF models and wereine thresholdf, in humid climates [ > 0) is typicallye’ = 0

all available from previous studies (Table 3), they are: reflecting the threshold behaviour of a constant infiltration

_ base flow §,) estimated as at-site average monthly flow "a€, Whilee’=0.5 is expected in dry climatel (< 0) where
observed in January and February (Fiorentino and Iaco-the thresholdf, y shows a storage behavior. Fiorentino et
bellis, 2001: Claps et al., 2000); al. (2011) analyzed the loss threshold scaling factgrand

ey of the TCIF and observed that for all basins, indepen-
— four parameters strictly related to basin geomorphologydently from climate, the higher thresholtl z scales with
(A,74&,B); basin aread and lag-timer,, available in  exponenty = 0.5 while the lower threshold scales with ex-
regional studies conducted on basins located in Pugliaponents; =0 in humid basins{ > 0) ande; = 0.5 in arid
Basilicata and Calabria (lacobellis and Fiorentino, basins { < 0).
2000; Fiorentino and lacobellis, 2001; Fiorentino et al.,
2011); 8 =4 and¢ = 0.7 as discussed in lacobellis and AcknowledgementsThis work was realized with support of PRIN-
Fiorentino (2000). Cubist-CoFin2007 of the MIUR (ltalian Ministry of Instruction,
University and Research) and the Calabria Region that funded the
— four rainfall parametersK[ia -], &, Ap, k) estimated,  project “Statistical methods for the estimate of flood peak events”.
for each basin, exploiting regional frequency analysis ofwe thank the editor and the anonymous reviewers for their useful
annual maximum rainfall series (AMRS); for the shape suggestions.
parameterk of the Weibull distribution of rainfall in-
tensity, a regional estimation procedure, based on thédited by: R. Deidda
PEV distribution (Villani, 1993), was applied to 403 Reviewed by: two anonymous referees
annual maximum daily rainfall series (178 belonging
to Puglia and Basilicata and 225 to Calabria) and pro-
vided regional values of equal to 0.8 in Puglia and References
Basilicata (Fiorentino and lacobellis, 2001) and 0.53 in
Calabria (Claps et al., 2000);, estimated as the re-
gional value of the mean annual number of independent

rainfall ?Ve_nts _(\1) of the Orqmary component of the Claps, P., Fiorentino, M., and lacobellis, V.: Regional flood fre-
TCEV distribution evaluated in the Italian VAPI reports quency analysis with a theoretically derived distribution func-

(e.g. Copertino and Fiorentino, 1994); expected value tjon Proc. of the EGS Plinius Conference on Mediterranean

Beven, K. J. and Kirkby, M. J.: A physically-based, variable con-
tributing area model of basin hydrology, Hydrological Sciences
Bulletin, 24, 43-69, 1979.

of space-time average rainfall intensiBfi .] evalu- Storms, 341—352, 2000.

ated as: Copertino, V. A. and Fiorentino, M.: Valutazione delle piene
in Puglia, 177-209, DIFA-Universit della Basilicata e CNR-

Elia,t]= GNDCI, Potenza, 1994 (in Italian).

Plfz_l[l— exp(—l.lrg'zs)+exp(—1.1r2'25—0.004A)] De Mighelg, C. and Sglvadori, G. Qn the derive.d flood frequency
- — dlstrlbutlon:_ an:_:llytlcal forr_n_ulatlon and the influence of an-
A Z : (4*1)"{\]1: . tecedent soil moisture condition, J. Hydrol., 262, 245-258, 2002.
jzol!(ﬁl)( JEED Eagleson, P. S.: Dynamics of flood frequency, Water Resour. Res.,
(Bl) 8(4), 878-898, 1972.
De Smedt, F., Yongbo, L., and Gebremeskel, S.: Hydrologic mod-

: : : _elling on a catchment scale using GIS and remote sensed land use
in which the US Weather Bureau areal reduction fac information, edited by: Brebbia, C. A., Risk Analysis I, WIT

tﬁr I.S use(_j,pé and_n (;I'able 3) are the paramfetﬁrs of press, Southampton, Boston, 295-304, 2000.
the intensity-duration-frequency (IDF) curve of the ex- Fiorentino, M., Carriero, D., Laguardia, G., Manfreda, S., Mar-

pected annual maximum rainfall intensity. giotta, M., Rosano, R., Sole, A., and lacobellis, V.: Una pro-

. . . . posta metodologica per la mappatura della variagb#ipaziale
The regional scaling oE[i -], provides the exponentfor delle perdite idrologiche durante i fenomeni di piena, Convegno

the _three re.glonsllnvestlgated; |n.partlcular for Pu_glla and Nazionale: La difesa della Montagna, 2002 (in Italian).
Basilicata Florentlno and. lacobellis (2001) recognized tWOFiorentino, M. and lacobellis, V.: New insights about the climatic
groups of basins: for basins 1 to 12, 15 and:180.39, for and geologic control on the probability distribution of floods,
basins 13-14, 16-17, 19-28= 0.33; for Calabria, Claps Water Resour. Res., 37, 721-730, 2001.

et al. (2000) recognized three zones: Tyrrhenian (basins 3Ziorentino, M., Gioia, A., lacobellis, V., and Manfreda, S.: Re-
and 33 withe =0.28), Central (basins 21 to 24, 26 to 28  gional analysis of runoff thresholds behaviour in Southern Italy

Nat. Hazards Earth Syst. Sci., 11, 68385 2011 www.nat-hazards-earth-syst-sci.net/11/673/2011/



V. lacobellis et al.: Flood quantiles estimation based on theoretically derived distributions 695

based on theoretically derived distributions, Adv. Geosci., 26,Kurothe, R. S., Goel, N. K., and Mathur, B. S.: Derived flood
139-144do0i:10.5194/adgeo0-26-139-2012011. frequency distribution for negativaly correlated rainfall intensity
Franchini, M., Galeati, G., and Lolli, M.: Analytical derivation of and duration, Water Resour. Res., 33(9), 2103-2107, 1997.
the flood frequency curve through partial duration series analy-Manfreda, S., Di Leo, M., and Sole, A.: Detection of Flood
sis and a probabilistic representation of the runoff coefficient, J. Prone Areas using Digital Elevation Models, J. Hydrol. Eng.,

Hydrol., 303, 1-15, 2005. posted ahead of print 3 Januadgi:10.1061/(ASCE)HE.1943-
Gioia, A., lacobellis, V., Manfreda, S., and Fiorentino, M.: 5584.000036,/2011.

Runoff thresholds in derived flood frequency distributions, Hy- Manfreda, S.:
drol. Earth Syst. Sci., 12, 1295-13@6i:10.5194/hess-12-1295- river basin, Nat. Hazards Earth Syst. Sci., 8, 1349-1357,
2008 2008. doi:10.5194/nhess-8-1349-2Q0R08.

Goel, N. K., Kurothe, R. S., Mathur, B. S., and Vogel, R. M.: A de- Manfreda, S. and Fiorentino, M.: A stochastic approach for the
rived flood frequency distribution for correlated rainfall intensity ~ description of the water balance dynamics in a river basin, Hy-

and duration, J. Hydrol., 228, 5667, 2000. drol. Earth Syst. Sci., 12, 1189-12@®i:10.5194/hess-12-1189-
Gottschalk, L. and Weingartner, R.: Distribution of peak flow de- 2008 2008.

rived from a distribution of rainfall volume and runoff coefficient, Raines, T. H. and Valdes, J. B.: Estimation of flood frequencies

and a unit hydrograph, J. Hydrol., 208, 148-162, 1998. for ungauged catchments, J. Hydraul. Eng., 119(10), 1138-1154,
Haan, C. T. and Edwards, D. R.: Joint probability estimates of re- 1993.

turn period flows, Trans. American Society of Agricultural Engi- Rossi, F., Fiorentino, M., and Versace, P.: Two component extreme

neers, 31(4), 1115-1119, 1988 value distribution for flood frequency analysis, Water Resour.
lacobellis, V. and Fiorentino, M.: Derived distribution of floods Res., 20(7), 847-856, 1984.

based on the concept of partial area coverage with a climatic apSivapalan, M., Takeuchi, K., Franks, S. W., Gupta, V. K., Karam-
peal, Water Resour. Res., 36(2), 469-482, 2000. biri, H., Lakshmi, V., Liang, X., McDonnell, J. J., Mendiondo,
lacobellis, V., Fiorentino, M., Gioia, A., and Manfreda, S.: Best E. M., O’Connell, P. E., Oki, T., Pomeroy, J. W., Schertzer, D.,
Fit and Selection of Theoretical Flood Frequency Distributions  Uhlenbrook, S. and Zehe, E.: IAHS Decade on Predictions in
Based on Different Runoff Generation Mechanisms, Water, 2, Ungauged Basins (PUB), 2003-2012: Shaping an exciting future

239-256, 2010. for the hydrological sciences, Hydrol. Sci. J., 48(6), 857-880,
Klemes, V.: Stochastic models of rainfall-runoff relationship. Sta-  2003.

tistical Analysis of Rainfall and Runoff, Proc. Int. Symp. on Thornthwaite, C. W.: An approach toward a rational classification

Rainfall-Runoff Modelling, Mississippi State University, 139— of climate, Am. Geograph. Rev., 38(1), 55-94, 1948.

154, 1982. Villani, P.: Extreme flood estimation using Power Extreme Value
(PEV) distribution, Proc. IASTED Int. Conf., Pittsburgh, 1993.

Runoff generation dynamics within a humid

www.nat-hazards-earth-syst-sci.net/11/673/2011/ Nat. Hazards Earth Syst. Sci., B9%2841


http://dx.doi.org/10.5194/adgeo-26-139-2011
http://dx.doi.org/10.5194/hess-12-1295-2008
http://dx.doi.org/10.5194/hess-12-1295-2008
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000367
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000367
http://dx.doi.org/10.5194/nhess-8-1349-2008
http://dx.doi.org/10.5194/hess-12-1189-2008
http://dx.doi.org/10.5194/hess-12-1189-2008

