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Introduzione

INTRODUZIONE

Gli eventi naturali estremi, quali portate di piegs&cita, forti piogge, mareggiate,
terremoti o venti di particolare intensita, possomenerare conseguenze
catastrofiche per 'uomo e per la societa. E’' pgdaevidente come la stima della
frequenza di accadimento di un particolare evengo usm problema di grande

importanza ed interesse scientifico.

Le attivita di pianificazione e controllo di emenge climatiche, le attivita di
protezione civile, il progetto di strutture di irggeeria civile, la gestione delle riserve
naturali, il controllo ambientale e il calcolo darprotezione da rischi ambientali si
fondano in buona misura sulla conoscenza del redinfrequenza di eventi estremi.
La stima di tali frequenze non risulta pero agevolguanto gli eventi estremi sono
rari per definizione e la loro osservazione e asgaradica, a cido va sommato il fatto

che molto spesso le serie storiche disponibili bdonghezza assai limitata.

In particolare la valutazione di eventi pluviomeitdi progetto & una problematica
che desta molto interesse nell’idrologia. La cortauscientifica negli ultimi anni, ha
dedicato numerosi sforzi alla messa a punto diiceenaffidabili, per la stima di
portate fluviali o di altezze di precipitazione atieassegnato livello di rischio.

Gli eventi idrologici di progetto (ad esempio poetae precipitazioni)
rappresentano ipotetici eventi associati a una gat@abilita di superamento, in
genere espressa in termini di tempo di ritorno. és@mpio, I'informazione relativa
alla portata di progetto e necessaria al fine @niticare le misure di protezione del

territorio e delle costruzioni idrauliche dal riszldi esondazione.

Per quanto riguarda le portate estreme la letteratiocumenta la diffusa
utilizzazione di curve inviluppo regionali (REC9d)ali curve riassumono I'attuale
limite di portate estreme verificatesi in una dagione. L'idea di limitare le portate
sperimentate tramite una curva inviluppo é classiefi’ambito dell'idrologia e, per
gli Stati Uniti, si rifa aJarvis (1925), che presentdo una REC basata sulle portate

registrate su 888 siti
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Introduzione

Solo 50 anni piu tardiCrippen e Blug1977, eCrippen,1982 aggiorono lo studio
fatto daJarvis nel 1925 creando 17 diverse REC, una per ognirshveegione
idrologica statunitense, basate su un totale dis883Matalas 1997 eVogel 2001
hanno mostrato come le REC identificateGtgpen e Blug1977, eCrippen,1982
rappresentino il limite delle portate estreme anclkperiodo che va dal 1977 al

1994 per 740 dei 883 siti analizzati@dappen e Blue

Enzel et al 1993 esaminarono le serie storiche di portatédie da una REC per
il bacino del fiume Colorado e videro che la steB&C corrispondeva anche al
limite delle stime delle paleo-portate disponip#ir il bacino.

Lo sviluppo e la costruzione delle RECs non e rimasnfinato agli Stati Uniti;
sono state sviluppate per I’ ltalidMérchett, 1955), per la Grecia occidentale
(Mimihou, 1984), per il Giappon&K@adoya 1992) e per altre regioni. Le RECs sono
state usate per confrontare le portate manifestagggi Stati Uniti, in Cina e nel

mondo daCostg 1987 e, piu recentemente, ldarschy 2002.

Le RECs hanno continuato ad essere costruite e sgirattutto quali resoconto
delle portate manifestatesi, piuttosto quali stmtmeconoscitivo per il progetto di
misure di tutela nei confronti di portate “catafitiee”. Si pensava che non ci fosse
la possibilita di associare a una REC un valorerdbabilita Crippen e Blug1977;
Crippen,1982;Vogel et al, 2001).

Water Science and Technology Board, Commission @ms@ences, Environment
and Resources (1999) sancirono che la determinazidella probabilita di
superamento di una REC era difficile principalmeatecausa della correlazione
spaziale tra i siti. Di conseguenza le REC non amewrande utilita nonostante I’
U.S. Interagency Advisory Committee on Water Dat886) ne riconobbero la
necessita per “mostrare e riassumere i dati diaforestremi attualmente in

accadimento”.

Sarebbe pertanto interessante fornire un’interpia@t@ probabilistica di una
REC, considerato anche il fatto che negli 80 amsspti da quandarvis (1925) ha
proposto una curva inviluppo, nessuna interpretezfrobabilistica € mai stata presa

in esame.
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Introduzione

Le precipitazioni costituiscono la componente detloc idrologico che
maggiormente concorre alla formazione del deflumguerficiale, pertanto lo studio
del loro regime di frequenza € un requisito essd@zper valutare il rischio

idrogeologico in una determinata regione.

Scopo del presente lavoro di Tesi e I'estensionénderpretazione delle curve
inviluppo probabilistiche agli eventi di precipitane estremi, nei bacini italiani e
austriaci. Il primo obiettivo dello studio consistell'identificazione di un’affidabile
metodologia di valutazione, che ci consenta diiferfa stima accurata, in una
regione precisa, dell’'altezza di precipitazionatigh ad una data durata e posizione,
per un assegnato tempo di ritorno, elevato o neddwvato

In particolare tale analisi punta I'attenzione suturve inviluppo regionali, gia
sviluppate per le portate d@astellarin et al (2003 e 2007). Gli autori hanno
sviluppato uno stimatore empirico del tempo dirntoT associato a una determinata
REC che, il linea di principio, consente l'utilizzielle RECs a fini ingegneristici di

progetto in bacini strumentati e non.

Il seguente lavoro propone I'estensione del cona@itREC agli eventi estremi di
precipitazione introducendo la Curva di Durata-a#te di precipitazione (DDEC),
definita come il limite superiore regionale di tudti eventi meteorici registrati per
diverse durate di precipitazione (qui i dati rajg@r@ano massimi annuali).

Si adattera inoltre l'interpretazione probabiliatisroposta per le REc alle DDEC
e alladattamento di tali curve per la stima de#ato di pioggia corrispondente ad

un elevato tempo di ritornd e a una assegnata durata.

Saranno due i datasets nazionali considerati,rla depicchi di precipitazione al
di sopra di una soglia (POT) per le durate di 3Autij 1, 3, 6, 9, 12 e 24 ore ottenuti
da 700 stazioni di registrazione in Austria, eddesdei massimi annuali (AMS) per
gli eventi meteorici di durata compresa tra i 15umi e le 24 ore raccolti da 220

stazioni di registrazione nell’ Italia centro-settégonale.

L’approccio alla REC proposto sara diverso perde distinte regioni, cosi come
saranno diverse le modifiche apportate al metodo lpestima empirica della

probabilita di superamenio
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Introduction

1 INTRODUCTION

Extreme environmental events, such as floods, drsyugainstorms, and high
winds, may have severe consequences for humantsadiew frequently an event
of a given magnitude may be expected to occur gredt importance. Planning for
weather-related emergencies, design of civil ereging structures, reservoir
management, pollution control, and insurance riskcwations, all rely on
knowledge of the frequency of these extreme evé&ssmation of these frequencies
is difficult because extreme events are rare byndiein and, therefore, available

information are often very sparse or short.

In particular the evaluation of extreme design blayyical events is a
fundamental and highly debated topic in hydrologiye scientific community gave
great importance to the optimization of reliablehteiques for the estimation of
extreme rainfall events and resulting floods inldst decades.

Design hydrological events (e.g., floods and rairmes) are hypothetical events
associated with a given exceedance probabilityegdly expressed in terms of
recurrence interval. For instance, design floodonmiation is needed for the
identification of flood protection measures in &eri basin and the design of the
related structures, such as levee systems thattodmsldesigned in order to prevent
failure or overtopping (hydrologic failure). Desidgioods are also required for

planning measures and structures as well as fetysedntrol of existing structures.

Concerning extreme floods, the literature documehes diffuse utilization of
regional envelope curves (RECs). These curves suerthe current bound on our
experience of extreme floods in a region. The wlelounding our flood experience
with an envelope curve is classical in hydrologd,aior Unites States dates back to
Jarvis [1925], who presented a REC based on refloodis at 888 sites in the
conterminous United States. Roughly 50 years |l&eppen and Bugel1977 and
Crippen,1982 updated the study Bgrvis, 1925 by creating 17 different RECs, each
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for a different hydrologic region within the Unitestates, based on a total of 883

sites.Matalas,1997 andv/ogel et al, 2001 document that the

RECs identified byCrippen and Bugl977 andCrippen, 1982 still bound our
flood experience gained from 1977— 1994 at 740haef 883 sites compiled by
Crippen and BueEnzel et al. 1993 examine the REC bounding the historical flood
experience for the Colorado river basin and shat tire same REC also bounds the

paleoflood discharge estimates available for thsgrba

The construction of RECs is not confined to thetebhiStates; they have been
developed for Italy Nlarchetti, 195%, western GreecgMimikou, 1984) Japan
(Kadoya, 1992) and elsewhere. RECs have been used to compaved réood
experience in the United States, China, and thddway Costa, 1987 and, more
recently, byHerschy 2002.

The REC provides an effective summary of our regjidlood experience. The
pioneering work ofHazen, 1914, who formalized flood frequency analysis, a
formalism still in use, and who was among the firstsuggest a method for
improving information at a site through the tramsfé information from other sites
(i.e., substitution of space for time), has temgdree use of a flood magnitude as a
design flood without an accompanying probabilitgtement. Our objective is to
provide a probabilistic interpretation of the RHE the almost 80 years since Jarvis
[1925] introduced the envelope curve, a probahilistterpretation of a REC has

never been seriously addressed.

RECs have continued to be constructed and viewedlyras summary accounts
of record floods, rather than as meaningful tootsttie design of measures to protect
against “catastrophic” floods. It has been suggdghat there is no obvious way to
assign a probabilistic statement to a RE€e( e.g., Crippen and Bue, 1977; Crippen,
1982; Vogel et al., 2001 Water Science and Technology Board, Commission o
Geosciences, Environment and Resources (1999)dthaethe determination of the
exceedance probability of a REC is difficult dudhe impact of intersite correlation.
As a consequence, RECs are assumed to have titilg leyond the suggestion of
the U.S. Interagency Advisory Committee on Watetaldd986) that they are useful
for “displaying and summarizing data on the actoeturrence of extreme floods.”
A probabilistic interpretation of the REC offerspmptunities for several engineering
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applications which seek to exploit regional floodformation to augment the

effective record length associated with designdlestimates.

A potential advantage of assigning a probabilistatement to a REC is that this
approach avoids the need to extrapolate an assuatsde flood frequency
distribution hen estimating a design event.

Rain is the most important component of the watgec with respect to the
formation of runoff for a wide portion of Europeafimates, the analysis of its
frequency regime is fundamental for the assesswfeiiboding potential of a given

area.

Aim of this work is the extension of the probaliitisinterpretation of regional
envelope curves to extremes rainfall events inatahnd Austrian catchments. The
primary objective of the present study is the ideattion of a reliable methodology
that enables us to accurately evaluate the raidigith for a given duration and

location associated with high and very high requeeintervals.

In particular this study focuses on probabiliségional envelope curves proposed
by Castellarin et al.,(2009 and Castellarin (2007 for flood flows. The authors
formulated an empirical estimator of the recurreimtterval T associated with a
given REC, which, in principle, enables us to udeCR for design purposes in

ungauged basins.

This work extends the REC concept to extreme rainstevents by introducing
the Depth-Duration Envelope Curves (DDECs). DDE@sdefined as the regional
upper bounds on all the record rainfall depthsrasgnt for various rainfall duration
(here record indicates historical maxima). It alsdlapts the probabilistic
interpretation proposed for RECs to DDECs and seases the suitability of these
curves for estimating th€&-year rainfall event associated with a given doratnd

largeT values

The study focuses on two different national datgsttte peak over threshold
(POT) series of rainfall depths with duration 30naotes, 1, 3, 6, 9 and 24 hours
obtained for 700 Austrian raingauges and the AnMiakimum Series (AMS) of
rainfall depths with duration spanning from 15 ntesito 24 hours collected at 220
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raingauges located in northern-central Italy. Tppraach to the REC is different for
the two catchments as well as the adjustment ofetheirical estimator for the

exceedance probability
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Design Flood Estimation

2 METHODOLOGIES FOR THE
DESIGN FLOOD ESTIMATION

This paragraph aims to presenting the possible adetbgies for the design-flood
estimation. This task, as already mentioned, isdémmental in the evaluation of

hydrologic risk, and in particular, of flooding jgottial of a given site.

Both floods and rainfall data can be used as hgdical variables for the
estimation of the design flood. The identificatioh an hydrological variable is
developed by two different methodologies, the diraethods that directly calculate
the floods and the indirect methods that identify tainfalls to be given as input in a
rainfall-runoff model, able to convert the rainfalhto floods thanks to appropriate

calibrations.

Although this work gives particular attention tanfall events, we are going to

illustrate the common methodologies for the desiigod estimation.

A common approach for estimating design flood cstssiof modeling
hydrological events as random variables, allowing tietermination of the flood
exceeded with given probability. Usually the probles that of information: if one
had a sufficiently long record of flood flows, r&ah, low flows or pollutant
loadings, then a frequency distribution for a sitelld be precisely determined, so
long as change over time due to urbanization aurahprocesses did not alter the
relationship of concern. In most situations, avddadata are not sufficient to

precisely define the risk of large floods, rainfalbllutant loadings or low flows.

A fundamental step for the identification of a dgsevent is the evaluation of the
relationx = X(T). Then the design event is identified by selectimgreturn period
believed to be adapt to the importance of the &iradtself and to the implications

that its failure would involve.

The direct methodsletermine the expressior= x(T), from the available rainfall

data analysis in neighbourhood catchments, otheninem the extrapolation of
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statistical analysis known for neighbourhood catehts, similar from the

hydrological point of view.

The indirect methodglerive the same expression from the statisticalyaisaof
the extreme rainfall events occurring in the hydapdical catchment, applying later
a transformation of these rainfall events in supedf runoff, that means they
evaluate the design flood from extreme rainfallrgse

The choice between the two methods can be madedatgdo the reliability and
validity of the available rainfall data. The use direct methods requires
hydrometrical observations of annual maxima flofm¥sa sufficiently long period of
time; this information is later analysed by statat techniques in order to indentify
the probability distribution that better represetiie collected data. As described
direct methods seem to be the more suitable far thaidity and simplicity in
application: the variable on which the measureraemimead is the flood itself that is

the variable to be estimate for design purposes.

In practical the problem stands in their applicatimeasures are often uncertain
or related to hydrometric sections different frdmattof design, thus their utilization

requires extrapolations and hypothesis not eagyrtoulate.

Moreover, rarely it is possible to arrange suffitig long flood data sets (20-30
years) able to allow the analysis of return pericdsnected with the design. If Ts
larger than the mean length of the available sethes error in the corresponding
flood estimation can be significant and conseqadiytthe extrapolations became to
have uncertain reliability (it would be better nothave estimations df greater than
2-3 times the series lengtlCiynnane, 198f. Series of limited length can be
represented by different probability distributionfrom which the obtained
extrapolations are very different.

As said, a possible alternative is the recurs éoitidirect methods which, based
on the rainfall-runoff transformation, are stronigtlte statistical distributions of the
rainfall data, much more than the hydrometricabdainyway, the transformation of
the design rainfall event in design flood needs firenulation and estimation of
model parameters which have the aim of simulatiog igfiltration, storage in

surface and interception by vegetation. Such cermphodels introduce great
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uncertainty being a rough approximation of redltys for this reason important, for
the using of indirect methods, the accurate knogdedf the hydrological
characteristics of the analysed catchment.

Definitely, the indirect methodology has the powérbeing correct for a great
number of cases, much more than the direct methtbdsk to the density of the
rainfall net. This typology presents all the sammme limiting factors:

» The difficult in arranging sufficient rainfall datéor the calibration of the

rainfall-runoff model, model that can be very coexl

» Supposing the same frequency for rainfall eventsfloods, the method gives
the same probability to floods and rainfall everdssumption that can be
criticised;

In spite of these critics, the indirect one is bgwna valid methodology,

fundamental for drainage systems and hydrographetsl

Next paragraph focuses on the indirect methodology.

2.1 INDIRECT METHODS

A different approach is to view flood flows as tpeoduct of a deterministic
transformation of rainfall events, seen as randammables. Because is rain cause of

floods, it is also supposed to be strictly relatethem.

The consequent transformation of rainfall in flowd# then entrusted to rainfall-
runoff models. Several are the typologies of maqdeld able to represent
hydrological phenomena that make the basin as errdetistic system by which

rainfall events and floods becomes inputs and dsipu

Different models can be distinguished accordingh® applied transformation
model (event-based or continuous simulation) andhe way the design rainfall

event is represented.

We will focus on this representation of rainfalleets, without giving importance

to the rainfall-runoff simulation.
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2.2 ESTIMATION OF THE DESIGN RAINFALL EVENT

Input to a rainfall-runoff model can be design loggaphs, historical series of
rainfall data, or synthetic series of rainfall eteelgenerated by stochastic rainfall
models: each input is connected to a different @lodlstic structure thus a different
bond betweerx and T. According to the defined input indirect methodm doe

classified as:
» Methods based on depth-duration-frequency curves
* Methods derived by simulation
* Analytic-derived methods

The first ones consist of using a single event rhadenput to the rainfall-runoff
model; these give the bond between the rainfalttdepwith occurrence perioland
durationt, and the duration t itself. These methods can caend by statistical
interference methods by the analysis of the extremstorical series in the
neighbourhood of the region of concern. Data arppked by the National
Hydrographical Service of Italy (SIMN) that provideries of maximum rainfall
depth data for durations of days or less than a BHay each duration are estimated
the parameters of the suitable probability distidoy so to identify the correct
quantiles of rainfall depth. Rainfall depths forralions different from the estimates

ones, will be calculated by interpolation of theaobed data.

Some other lows are useful for expressing this esgon, in Italy we find an
exponential relation that describes the grow ofdakpected rainfall in a certain site
with the growing of the duratiot) function of the return periott

htT)=at" (2.2-1)

where h represents the rainfall depth, aadand n; are the parameters to be

estimates as function of the return period.

Figure 2.2-1shows that equation (2.2-1) assumes a convex expiahform on a
t/h graph, actually for a given frequency the rainfate decreases with duration and

the cumulative rain also progressively decreasasti duration itself.
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Figure 3.2.1-1 Representation of the rainfall depth versus duration for different values of

return period, it is easily recognizable a convex exponential form

Limit of this method is that for each single sigeimportant to define a depth-
duration-frequency curve that require the estinmatad many parameters: two
parameters for each duration, and two for derivirggexponential law. Considering
that the length of the series and the availabla de¢ not sufficient, usually smaller

than 50-60 years of registration, the estimatiothefparameters is not possible.

In order to supply the lack of information, somegiifications can be introduced.
For example an constant scale that means rainggiihdfor the duration equal to
one corresponding to a given duration, simply mili#d by an estimated scale
factor. Although this assumption, not always amgilie and to be verified, there is
the problem of obtaining rainfall data for ungaudpagins: we need a more general
expression applicable on regional scale. The initbdn of envelope curves let the
extension of information to ungauged basins, inrntet paragraphs this concept will
be studied in depth.

Methods derived by simulation use the rainfall dataa limited number of years
to generate, by appropriate rainfall stochastic emdsynthetic rainfall series of
greater dimensions to be used as input in rainf@bff models that give as output
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simulated series of floods. By applying to thesgesehe usual statistical techniques
we will obtain estimations of design floods. Defighy the design flood is estimated
by a simulated series of rainfall data, not realbgerved. Thus the method can be
applied to generate simulated series of given lengtso 1000 years, without having

such a complete database.

Analytic-derived methods use simplified assumptidos the transformation
process of rainfall in runoff, in order to be abbeanalytically derive the statistical

proprieties of the runoffs as functions of simioprieties in rainfall events.

2.3 OTHER FLOOD ESTIMATION METHODS

Besides the methods mentioned above, many othetisodwogies have been
developed for estimating design floods. Anotherrapph that can be very useful is
based on consideration of the largest floods thaetbeen observed in the region of
interest. The usual procedure is to drawesvelope curveon a regional plot of
maximum recorded flood at each gauging station nsgadrainage basin area.
Logarithmic values are normally plotted with disae in m/km® The graph
provides a useful summary of flood experience region. Plotting and labelling of
the maximum flood for each drainage basin makesstadter of the data obvious.
Trends in flood characteristics in a region canex@amined, as with elevation,
latitude, stream slope, distance from the ocearo#mer moisture source, or different

record length.

It may be possible to draw envelope curves foreddifit subregions. However, as
time proceeds, higher floods are recorded and tivelepe curve moves to higher
discharges. Probabilities of floods can not benested objectively by this method.
Anyway where data are sparse and other methodsatabe used, envelope curves
are better employed for either checking that esesméy other methods are of the

correct order of magnitude of providing preliminastimates.
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3 FREQUENCY ANALYSIS OF
EXTREME EVENTS

At present the description of design flood derifieen a probabilistic approach
that models hydrological events as random variadlewing the determination of
the flood exceeded with given probability. Usuallge problem is that of
information: in most situations, available data aot sufficient to precisely define

the risk of large floods, rainfall, pollutant loads or low flows

Frequency analysis is an information problem: ideorto supply the lack of
information explained above, such as a not suffitydong record of flood flows or
rainfall, hydrologist are forced to use practicablwledge of the processes involved

and efficient and robust statistical techniquesideelop the best estimator they can.

These techniques generally restricted, with 10 @0 $ample observations to
estimate events exceedance with a chance of sit lean 100, corresponding to

exceedance probability of 1 per cent or more.

The hydrologist should be aware that in practieettihe probability distribution
of phenomena in question are not known. Even il there , their functional
representation would likely have too many paranseitebe of much practical use.

The practical issue is how to select a reasonabte ssmple distribution to
describe the phenomena of interest, to estimatedis&ribution’s parameters, and

thus to obtain risk estimates of satisfactory a@cyrfor the problem at hand.

3.1 PROBABILITY CONCEPTS

We introduce here some probabilistic concepts #tands at the basis of

frequency analysis.
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Let the upper case letter X denoteaadom variable and the lower case letter x
be a possible value of X. For a random variableitX,Cumulative Distribution
Function (cdf), denoteBx(x), is the probability the random variable X is l&san or

equal to x:
FXx(x) = P(X £ X)
Fx(x) is the nonexceedance probability for the value x.

Continuous random variables take on values in nanoth. For example, the

magnitude of floods and low flows is described bgipve real values, so that=0.

The Probability Density Function(pdf) describes the relative likelihood that a
continuous random variable X takes on differentgal and is the derivative of the
cumulative distribution function:

x(X) =M
dx
In hydrology thepercentilesor quantilesof a distribution are often used as design
events. The 10® percentile or thepth quantilex, is the value with cumulative
probability p:
Fx(x) = p

The 10@ percentilex, is often called thelOO(1-p) percent exceedance event

because it will be exceeded with probability.

The Return Period(sometimes calledRecurrence Intervalis often specified
rather than the exceedance probability. For exantpke annual maximum flood-
flow exceedance with a 1 percent probability in gmar, or chance 1 in 100, is
called the 100-year flood. In genenrgljs theT-year flood for

T= 1
1-p
Here are two ways that the return period can benstolod. First , in a fixes, T-
year period the expected number of exceedanceedf-ilear event is exactly 1, if
the distribution of floods does not changeover tietod; thus on average one flood

greater than th&-year flood level occurs in Byears period.
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Alternatively, if floods are independent from yearyear, the probability that the
first exceedance of leve}, occurs in year k is the probability of (k-1) yeavghout
an exceedance followed by a year in which the vafu¢ exceed:

P (exactly k years until ¥ x,=p ** (1-p)

This is a geometrical distribution with mean 1 4pj1 Thus theaveragetime until
the levelx, is exceeded equal§ years. However, the probability tha§ is not
exceeded in ar-year period is p = (1-1M)" , which for 1/((1p) = T > 25 is
approximately 36,7 percent, or about a chanceinf3l

Return period is a means of expressing the exceedamobability. Hydrologists
pften speak of the 20-year flood or of the 1000ryeanfall, rather than events
exceeded with probabilities of 5 or 0,1 percerarily year, corresponding to chances
of 1 in 20, or 1 in 1000. Return period has be@oirectly understood to mean that
one and only on&-year event should occur evefyyears. Actually , the probability
of the T-year flood being exceeded isTlh every year. The awkwardness of small
probabilities and the incorrect implication of netyperiods can both be avoided by
reporting odds ratios thus the 1 percent exceedance event can be ldedcas a

value with a 1 in 100 chance of being exceeded gaah

Several summary statistics can describe the cleract the probability
distribution of a random variable. Moments and diles are used to describe the
location or central tendency of a random variabig its spread.

Themeanof a random variabl¥ is defined as
ux=E[X]
The second moment about the mean is/éir@nce denoted VaiX) or ox* where
ox’ = Var (X) = E[(X- ux)’]
The standard deviatioax is the square root of the variance and describes

width of scale of a distribution. These are examméproduct momentbecause

they depend upon powers Xf

A dimensionless measure of the variabilityXinappropriate for use with positive

random variableX>0, is the coefficient of variation defined as

cvx=% (3.1)
LIX
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Also the coefficient of skewnegx is a dimensionless measure that describes the
relative asymmetry of a distribution, it is definasl
_ 3
K= M (3.12)

0.3

X

and the coefficient of kurtosis which describesttiiekness of a distribution’s
tails:

E(x—ux)*
- (2.1.3)

X

From a set of observationXY, ..., X) the moments of a distribution can be

estimated. Estimators of the mean, variance anfficeat of skewnwss are

X=X = z% (2.1.4)
o Zn:(Xi—X)Z
R Gl N (2.1.5)
n-1
ni“h?f

(n-1)(n-2)S* (2.1.6)

When data vary widely in magnitude, as often happehe sample product
moments of the logarithms of the data are often leyepl to summarize the
characteristics of a data set or to estimate paemef distributions. A logarithmic
transformation is an effective vehicle for normalg values which vary by orders of
magnitude, and also for keeping occasionally lavgkies from dominating the
calculation of product-moments estimators. Howeuwde danger with use of
logarithmic transformations is that unusually snaddservations (or low outliers) are
given greatly increased weight. This is a concéihis the large events that are of
interest, small values are poorly measured, snailes reflect rounding, or small

values are reported as zero if they fall below stineshold.

Page 23 of 122



Frequency Analysis of Extremes Events

3.2 PROBABILITY DISTRIBUTIONS FOR EXTREME EVENTS

This paragraph provides descriptions of several ili@sn of distributions
commonly used in hydrology. These include the ndtognormal family, the
Gumbel/Weibull generalized extreme value familyd dhne exponential/Pearson/log
Pearson type 3 family. Table 2.1-1 in Appendix jdeg a summary of the pdf and
cdf of these probability distributions, and theieans and variances.

Many other distributions have also been succegsthployed in hydrologic

applications.

3.2.1 The Normal Distribution

The normal distribution is useful in hydrology falescribing well-behaved
phenomena such as average annual stream flow, emages annual pollutant
loadings. Thecentral limit theoremdemonstrated that if a random variaklén the
sum of n independent and identically distributed randomialdes with a finite
variance, then with increasingthe distribution ofX becomes normal regardless of

the distribution of the original random variables.

The pdf for a normal random varialX¥ds

1 1 x—,uxj2
fx(X) = -
00 2mo; eXF{ 2( ox :l

X is unbounded both above and below, with mg&nand variancesx®. The

normal distribution’s skew coefficient is zero besa the distribution is symmetric.

The product-moment coefficient of kurtosis, E[(%)*]/ ¢*, equals 3.

The two moments of the normal distributiopx and ox* are its natural
parameters. They are generally estimates by thg@lsamean and variance in Eq.
(2.1.4) and (2.1.5); these are the maximum likethestimates ifrt1) is replaced
by n in the denominator of the sample variance. Theotdfie normal distribution is

not available in closed form. Selected poipgor the standard normal distribution
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with zero mean and unit variance are given in Tdble1l; because the normal

distribution is symmetric,=-z; .

p
Z,

0.998 0.999

2.326 782.83.090

0.5 0.6 0.75 0.8 0.9 0.95 0.975 0.99
0.000 | 0.253| 0.675 0.842 1.282 1.645 1.960
Table 3.2-1 Quantiles of the Standard Normal Distribution
Mormal
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Figure 3.2.1-1Effect of parameters on the Normal pdf, we consider (1) u =0, ¢ =1; (2)
u =10, 0 =1;(3) © =0, 0 =5.
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3.2.2 The Lognormal Distribution

Many hydrologic processes are positively skewed amd not normally
distributed. However, in many case &irictly positive random variables>R, their
logarithm

Y =In (X)
is described by a normal distribution. This is paiarly true if the hydrologic

sample results from some multiplicative processeash as dilution.
Inverting the equation above:

X =-exp {)

If X has a lognormal distribution, the cdf f¢iis

Fx(X) = P(X £ x) =P[Y <In(X)] = p|:Y —Hy < In(x) _,uy:| — q{m(X) —,uy}
Oy gy gy

where® is the cdf of the standard normal distribution.
As a function of the coefficient of variation @the skew coefficient is
yx = 3CW + CV3x
As the coefficient of variation and skewness gadm, the lognormal distribution
approaches a normal distribution.

The sample mean and variance of the obsernyi@alftained by using Eq. (2.1.4)
and (2.1.5) are the maximum likelihood estimatdrshe lognormal distribution’s
parameters ifr-1) is replaced by in the denominator of°g.
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Figure 3.2.2- Effect of parameters on the Normal pdf, we consider (1) ¢ =2, « =1,k
=0;12) &£ =2, «a =1,k =0.5;(3) £ =2, @« =1,k =-0.5;4) &€ =2, « =3,k == 0.5.

3.2.3 The Gumbel Distribution

Many random variables in hydrology correspond te thaximum of several
similar processes, such as the maximum rainfaflamd discharge in a year. The
physical origin of such random variables suggest their distribution is likely to be
one of severagxtreme valu€EV) distributionsdescribed by Gumbel. The cdf of the
largest ofn independent variates with common cdk)F§ simply F&)". For large n
and many choices for §( F(X)" converges to one of three extreme value
distributions, called type 1,1l and lll. Unforturedy, for many hydrologic variables
this convergence is too slow for this argument almnjustify adoption of an extreme

value distribution as a model of annual maxima mmima.

The EVtype | distribution is calle@Gumbel Distribution
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Let My, ..., M, be a set of daily rainfall data, and let the randeaniable
X=maxM;) be the maximum for he year. If tiM are independent and identically
distributed random variables unbounded above, aittexponential like upper tail,
then for largen the variateX has an extreme value type Gumbel distribution. For
example the annual maximum 24-h rainfall depthadten described by a Gumbel

distribution.
The Gumbel distribution has the cdf, mean and wagalescribed in Appendix,

the Gumbel pdf is

whereg is the location parameter ands the scale parameter.

The case wheré =0 anda =1 is called thestandard Gumbel distributioriThe

equation for the standard Gumbel distribution (miam) reduces to

f(x)=ee*®
The Gumbel distribution’s density function is veiynilar to that of the lognormal
distribution withy=1,13. Changing anda moves the centre of the Gumbel pdf and
changes its width, but does not change the shathe afistribution. The Gumbel

distribution is asymptotically equivalent to theperential distribution with cdf :

Fx(X) = ex;{— exp{—%‘rﬂ . (3.2.3-5)

The following is the plot of the Gumbel cumulatigisstribution function for the

maximum case.
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Estreme Waloe Type | (Manlmum) COF
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While the following is the plot of the Gumbel pemtepoint function for the

minimum case.

Entreme Walue Type | {Minlmum] PPF

Proba bliity

The cdf is easily inverted to obtain
x, =&-aln-In(p)]  (3.2.3-1)

The estimator ofi obtained by using the second sample L moment is
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=1,443), (3.2.3-2)

If the sample variancg was employed, one obtains

G=3V6 _ 07797  (3.2.3-3)
71

The corresponding estimator in either case is
E=x-05772 (3.2.3-4)
The form of the Gumbel probability paper is baseddinearization of the cdf.

From Equation (3.2.3-5), the Gumbel probability grapesulting from this linearized

cdf function is shown next.
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Portata adimensionale

L-moments estimators for the Gumbel distributioa generally so good or better
than method-of-moment estimators when the obsemnstare actually drawn from
case. However, L-moments estimators have been shiowe robust , providing
more accurate quantile estimators than product moraed maximume-likelihood
estimators when observations are drown from a rafigeasonable distributions for

flood flows.

Some of the specific characteristics of the Gundlstibution are the following:
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The shape of the Gumbel distribution is skewedhéol¢ft. The Gumbel pdf
(Gumbel probability density functiphas no shape parameter. This means
that the Gumbel pdf has only one shape, which doeshange.

The Gumbel pdf has location parametewhich is equal to the mode, but it
differs from median and mean. This is because tmalé&l distribution is not

symmetrical about it&.
As & decreases, the pdf is shifted to the left.

As & increases, the pdf is shifted to the right.

As o increases, the pdf spreads out and becomes skallow

As ¢ decreases, the pdf becomes taller and narrower.

For T =% pdf = 0. For T =, the pdf reaches its maximum po@g}
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Gumbel

451

filach

Figure 3.2.3-1 Effect of parameters on Gumbel pdf, we consider (1) & =5, a« =1; (2)

£ =5 a =15@) & =7, « =1.5

3.2.4 The Generalized Gumbel Distribution (GEV)

The Generalized Extreme Valug&EV) Distribution is a general mathematical
incorporates Gumbel's type Ilinda Ill extreme value

formulation which
distributions for maxima. The GEV distribution’sfezhn be written
k(x=¢)

Fx(x) = exp{— {1——}1”(}
a

The Gumbel distribution is obtained when k=0. FgxQ,3 the general shape of
the GEV distribution is similar to the Gumbel diistrtion, though the right-hand tail

is thicker for k<0 and thinner for k>0.
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Hereé& is a local parameteu, is a scale parameter and k is the important shape
parameter. For k>0 the distribution has a finiteperp bound até+o/k and
corresponds to the EV type Il distribution for nmaa that are bounded above; for
k<O, the distribution has a thicker right-hand &ad correspond to the EV type Il
distribution for maxima from thick-tailed distribabs like the generalized Pareto
distribution with k<O.

The moments of the GEV distribution can be expmrksseterms of the gamma

functionI'(:), or k>-1/3 the mean and variance are given inekuix.

Generalized Extremes Yalus
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Figure 3.2.4-1Effect of parameters on GEV pdf, we consider (1) £ =1, a = 1.7, k= 0; (2)
£€=2,0a=1,k=05;13)¢=2,a=1,k=-0.5.
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3.2.5 The Weibull Distribution

The Weibull Distributionis developed as the extreme value type Il distidn

for minima bounded below by zero.

If Wi are the minimum stream flows in different daysh# year, then the annual
minimum is the smallest of th&/i, each of which is bounded below by zero. In this
case the random variabhk=min(Wi) may be well described by the EV type llI
distribution for minima, the Weibull distribution’sdf, mean and variance are
included in Appendix. The skewness coefficient he nhegative of that of GEV
distribution, the second L moment is

A= a(1-2Y%) T(1+1/K)

There are important relationship between the WegibGumbel and GEV
distributions. If X has a Weibull distribution, thery= -In(X) has a Gumbel
distribution. This allows parameter estimation mdures and goodness-on-fit tests
available for the Gumbel distribution to be used tfte Weibull, thus if In) has

meanhy onx) and L-momenks; gnx), X has Weibull parameters

k=|n(2)/ XZ,(InX) and a= eXpQ»1’(|n>()+ 0,5772/k)

3.3 PLOTTING POSITIONS AND PROBABILITY PLOTS

Probabilistic plots are extremely useful visualgvealing the character of data
sets. The graphical evaluation of the adequacy fifted distribution is generally
performed by plotting the observations so that thewld fall approximately on a
straight line if a postulated distribution were ttnee distribution from which the
observations were drown. This can be done withube of special commercially
available probability papers for some distributiortss with the more general
techniques presented here, on which such spe@alpare based.

Let {Xi} denote the observed values afgl theith largest value in a sample, so
that Xp<Xn-1< ... <X(). The random variable; defined as

U= 1-FX[X(i)] (2.1.3.1)
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correspond to the thexceedance probabilitassociated with theth largest
observation. If the original observations were peledent, in repeated sampling the
U; havebeta distributionwith mean

E[Ui] = i/(n+1) (2.1.3.2)
and variance

i(n—i+1)

VarUi) = —————
(n+)H°(n+2)

(2.1.3.3)

Knowing the distribution of the exceedance probgbil; one can develop
estimatorgyi of their values which can be used to plot edghagainst a probability

scale.

Let G(X) be a proposed cdf for the events. A visual comsparof the data and a
fitted distribution is provided by a plot of thi largest observed evexg) versus an
estimate of what its true value should beG(Kk) is the distribution oK, the value of
Xiy = G(1- U)) should be nearl®*(1-qi), where theprobability plotting positiory
is our estimate of); Thus the pointsG™*(1-qi), Xi)] when plotted would, apart from

sampling fluctuation, lie on a straight line throutpe origin.

The exceedance probability of tith largest event is often estimated using the

Weibull plotting position
: [
i=—— (2.1.34
9 n+1 ( )

corresponding to the meandf.

3.3.1 Choice of Plotting Position

Hazen originally developed probability paper ancégmned the probability scale
divided inton equal intervals with midpointg = (i-0,5)h, i=1, ..., n; these served as
his plotting positions. Gumbel rejected this foremuh part because it assigned a

return period of & years to the largest observation, Gumbel promBtpq2.1.3.4).

Cunanne argued that plotting positiaqisshould be assigned so that on average

Xiywould equalG}(1-qi), that isqi would capture the mean &) o that
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E[Xo)] = G™(1-q))

Such plotting position would be almost quantiledaskd. The Weibull plotting
positioni/(n+1) equal the average exceedance probability ofahked observation
Xi), and hence are probability-unbiased plotting pmst The two criteria are
different because of the nonlinear relationshipveenXx; anduUi.

Different plotting positions attempt to achieve abhquantile-unbiasedness for
different distributions; many can be written

gi= i—a
n+1l-2a

which is symmetric so that; = 1-gn+1. Cunanne recommendea0,40 for

obtaining nearly quantile-unbiased plotting positidor a range of distributions.

Other alternatives are Blom’s plottin positi@¥8/8) which gives nearly unbiased
quantiles for the normal distribution, and the @drten position §=0,44) which
yields optimized plotting positions for the largesbservations from a Gumbel
distribution. These are summarized in Table 2.1wRich also reports the return
periodT; = 1/q:, assigned to the largest observation.

The difference between the Hazen formula, Cunanregemmendation and the
Weibull formula is modest for of 1 of 3 or more. However, differences can be
appreciable fori=1, corresponding to the largest observation. limportant to
remember that the actual exceedance probabilitypcaded with the largest
observation is a random variable with meam41) and a standard deviation of
nearly 1/6+1), see Eqg. (2.1.3.2) and (2.1.3.3). Thus alltpigtpositions give crude
estimates of the unknown exceedance probabilisesaated with the largest (and

smallest) event.
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Table 3.3-1 Alternative Plotting Positions

Name

Weibull

Median

APL

Blom

Cunnane

Gringorten

Hazen

Formula

n+1

i1 —0.3175

n+0.36<

i—035
n

i—3/8
n+1/4

i —040
n+0.2

i — 044
n+0.12

i—05
n

a T

0 n+1

0.3175 | 1.4@+0.5

0.35 1.54

0.375 | 1.60+0.4

0.40 1.61+0.3

0.44 1.79+0.2

0.50 A

Motivation

Unbiased exceedance
probability for all
distributions

Median exceedance
probability for all
distributions

Used with PWMs

Unbiased normal quantiles

Approximately quantile-
unbiased

Optimized for Gumbel
distribution

A traditional choice
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4 PROBABLE MAXIMUM
PRECIPITATION

For design of high-hazard structures as spillway$aoge dams it is necessary to
use precipitation values with very low risk of eedance. Ideally a hydrologist
would like to choose design storms for which thereno risk of exceedance. A
theoretical problem that has plagued the searchsfich a storm is determining

whether there is indeed an upper limit of raindaiount.

The existence of an upper limit on rainfall is batlathematically and physically
realistic Gilman,1964. The spatial and temporal context of the uppendbon
rainfall amount is incorporated into the definitiohprobable maximum precipitation
(PMP), which is defined as “theoretically the gesatdepth of precipitation for a
given duration that is physically possible overeqg size storm area at a particular
geographical location at a certain time of year.tnAre troublesome problem than

ascertaining whether an upper bond exists is datergwhat it is.

Observed rainfall totals worldwide provide a broeudlication of maximum
possible rainfall totals at a point as functiordafation.

The estimation of probable maximum precipitationswadeveloped and has
evolved in the United States as a hydrometeorosbgiprocedure. Three
meteorological components determine maximum prabpi#cipitation:

1. amount of precipitable water
2. rate of convergence
3. vertical motion

Meteorological models representing all three conepds have been developed,
but it has proved quite difficult to specify maximuates of areal convergence and
vertical motions for the models. In the standargprepch to estimating PMP
observed storm totals for extreme storms are usephdicators of the maximum

values of convergence and vertical motions. The major components of the
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standard approach to the PMP computation moésture maximizatiormand storm
transposition In the first step of moisture maximization, theagis to increase storm
rainfall amounts to reflect the maximum possibleisnoe availability. In the storm
transposition step, it is determined whether amgisterm, which occurred in a broad
region around the basin of interest, can be trasephdo represent rainfall over the

basin.
The principal data required for standard PMP colputs are:
1. a catalogue for extreme storms
2. surface dew-point temperature observations

The storm catalogue for Austria and Italy contateesm date, location and depth.
Additional meteorological information, including réace and upper-air maps, is
typically used subjectively in determining storrartsposition regions and for other
quality-control purpose. Surface dew-point is uasca moisture index for moisture
maximization . Precipitable water can be computednfsurface dew-point values

under the assumption that saturation levels extietice ground.

Storm transposition is based on the assumption fbata given storm
meteorologically homogeneous regions exist overckvithe storm is equally likely
to occur. The transposition procedure involves orelegical analysis of the strom
to be transposed, determination of transpositiomitdi and application of
adjustments for changes in storm location. Metewgichl analysis provides a
characterization of key aspects of storm type. Jpasition limits are determined
from a long series of daily weather charts by idging the boundary of the region
over which meteorologically similar storm type hazurred. Adjustments account
for differences in moisture maxima for the stornsation and transposition sites.
Adjustments are sometimes also made for topogragtiects, although objective
procedures for determining orographic adjustmargsot widely accepted.

Having obtained a series of storms, PMP is detexchibby envelopment
Envelopment entails selection of the storm which tie largest maximised storm

rainfall for a given time interval.

The envelopment process is used because a sistiheital storm is generally not

the critical event the entire range of time scadegiired.
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5> PROBABILISTIC ENVELOPE
CURVES FOR EXTREME FLOODS

This chapter wants to introduce the method develdpeCastellarin et.al, 2005
for the estimation of extreme floods by envelopeves and for the assumption of
their connected probability. This method has besmarranged in order to make it
applicable to extreme rainfall events, both to altmrmaximum series and peaks-
over-threshold series . The following methodologl ke then applied not to floods
as explained, but to extreme rainfall events ifedént ways for Austrian and Italian

catchments, as discussed in Chapter 7.

Next paragraphs propose the original probabiligtierpretation of envelope
curves and the formulation of an empirical estimaibthe recurrence interval

associated with a REC.

5.1 DEFINITION OF REGIONAL ENVELOPE CURVES

A regional envelope curve (REC) summarizes the ecirrbound on our
experience of extreme floods in a region. AltholRfECs are available for many
regions of the world, their traditional determirggnterpretation limits the use of the
curves for design purposes, as magnitude, butrequéncy of extreme flood events,
can be quantified. A probabilistic interpretatioh @ REC is introduced via an

estimate of its exceedance probability.

The bound on our experience of extreme floods ghinpeto the present through
systematic observation of flood discharges in doregs defined in terms of the
largest floods observed at all gauging statiore iegion. Herein, the largest flood is
termed the record flood, and gauging stations efierned to as sites. An example of
a REC is illustrated in Figure 5-1 which plots, &ach site, the normalized record

flood, defined as the logarithm of the ratio of teeord flood to its basin area, versus
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the logarithm of the basin area. The REC is the linawn on Figure 5-1 which

provides an upper bound on all the normalized kfloods at present.

ST

log(Q/4)

-1
2 0 2 4 6 8 10

Figure 5-3.3.1-1 Q in feet’/s (1foot=0.3048 m) and A in miles’ (1 mile=1.609km) [Jarvis,
1925]: elements of experience (pluses) and element of experience (circle) defining the

intercept of the envelope curve (shaded line).

The idea of bounding our flood experience datesk lacJarvis [1925], who
presented a REC based on record floods at 888 isitdse conterminous United
States. Roughly 50 years later, Crippen and Bug&7Land Crippen [1982] updated
the study by Jarvis [1925] by creating 17 differéECs, each for a different
hydrologic region within the United States, basedaototal of 883 sites. Matalas
[1997] and Vogel et al. [2001] document that the

RECs identified by Crippen and Bue [1977] and Ceipp1982] still bound our
flood experience gained from 1977- 1994 at 740haf 883 sites compiled by
Crippen and Bue. Enzel et al. [1993] examine th€BBunding the historical flood
experience for the Colorado river basin and shat tire same REC also bounds the

paleoflood discharge estimates available for thstrba

The development of RECs is not confined to the &thibtates; they have been
developed for Italy Marchetti, 1955], western Greece [Mimikou, 1984apan
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[Kadoya, 199P and elsewhere. RECs have been used to compeoedréood
experience in the United States, China, and thddway Costa [1987] and, more
recently, by Herschy [2002].

The REC provides an effective summary of our regjidlood experience. The
pioneering work of Hazen [1914], who formalized ditb frequency analysis, a
formalism still in use, and who was among the firstsuggest a method for
improving information at a site through the tramssé information from other sites
(i.e., substitution of space for time), has temgdhree use of a flood magnitude as a
design flood without an accompanying probabilitgtement. Our objective is to
provide a probabilistic interpretation of the RHE the almost 80 years since Jarvis
[1925] introduced the envelope curve, a probahilistterpretation of a REC has

never been seriously addressed.

RECs have continued to be constructed and viewedlyras summary accounts
of record floods, rather than as meaningful tootstlie design of measures to protect
against “catastrophic” floods. It has been suggddhat there is no obvious way to
assign a probabilistic statement to a RE€g]| e.g., Crippen and Bue, 1977; Crippen,
1982; Vogel et al., 2001 Water Science and Technology Board, Commission o
Geosciences, Environment and Resources [1999] authae the determination of the
exceedance probability of a REC is difficult dud¢he impact of intersite correlation.
As a consequence, RECs are assumed to have titilg lbeyond the suggestion of
the U.S. Interagency Advisory Committee on Watetal}&a986] that they are useful
for “displaying and summarizing data on the actoeturrence of extreme floods.”
A probabilistic interpretation of the REC offerspmptunities for several engineering
applications which seek to exploit regional floodformation to augment the

effective record length associated with designdlestimates.

A potential advantage of assigning a probabilistatement to a REC is that this
approach avoids the need to extrapolate an asswtsde flood frequency

distribution hen estimating a design event.

This work would provide a probabilistic interpredat of the REC, to approximate
its exceedance probability, and to quantify theeaffof intersite correlation on
estimates of the exceedance probability and extieeid utilisation from floods to

rainfall events.
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5.2 A PROBABILISTIC INTERPRETATION OF ENVELOPE
CURVES

It is common practice to construct a REC, as inuf@g5-1, which plots the
logarithm of the ratio of the record flood to theaidage area, In(Q/A) versus In(A).
Jarvis [1925] suggested modeling the REC for theeddrStates using,

In% =a+bin(A) (5.1-1)

with a = 9.37 (or a = 4.07 if log is used in (5)lHistead of In) and b =0.50,
where Q and A are in cubic feet per second andrequdes, respectively. Together
with Jarvis [1925], other empirical studies showleat b is negative and greater than
2/3 for various portions of the worldlipsley et al., 1949; Marchetti, 1955; Crippen
and Bue, 1977; Matalas, 1997; Herschy, 2D02

Assuming a fixed value of b, the intercept a il (b) may be estimated by forcing
the REC to bound all record floods to the pressey,up to the year n. L& denote
the annual maximum flood in year 1, 2,. . .,n at sitgj = 1, 2,. . .M, where M is
the number of sites in the region.

Let X denote the flood flow of rank (i) at site j, whesmking is from smallest

(1) to largest (n). The REC'’s intercept up to tkaryn can then be expressed as

XM
a®™ = max1In| —— |-bIn(A,)
i=1,..M Aj

where Ais the area of site j =1, 2, .M.

5.3 DESCRIPTION OF THE METHOD

The probabilistic regional envelope curves (PREMs)eloped byCastellarin et
al, 2005presented a probabilistic interpretation of theetope curve presented in
equation (5.1-1). The proposed probabilistic regloenvelope curves (PRECS)

are based upon two fundamental assumptions:
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1. the group of river basins (i.e., geographical rago pooling group of sites is

homogeneous in the sense of the index flood hygathe

2. the relationship between the index fload(e.g. mean annual flood) ardis

of the form,
/JX - CAb+l
whereb andC are constants arigis the same as in equation (5.1-1).

Under these assumptions has been developed ani@ahmstimator of the
exceedance probabilityof the expected PREC. The expected PREC is thel @
curve that, on average, is expected to bound tuslithg experience for a region of

given characteristics (i.eV] sites with record length and mean intersite correlation
Z)). The expected PREC is identified through a sewsfeBlonte Carlo simulations

experiments by generating a number of synthetisscomrrelated regions consisting
of M concurrent sequences of annual maximum flood wettord lengthn. It is
proposed an estimator pfof the expected PREC that is a function of theative
number of sitesMgc < M (i.e., number of independent flood series with an

equivalent information content).

The recurrence interval of the expected PREC cam the computed as the
inverse ofp. Assigning an exceedance probability, or equivljen recurrence
interval, to a PREC makes it a practical tool fstimating a design event at gauged

and ungauged river basins.

We present an algorithm for the application of @mepirical estimator of p to

historical annual maximum series of unequal length.

5.3.1 Estimating the Effective Number of Sites

The problem of estimating the exceedance probglplibf the expected PREC
reduces to estimating the exceedance probabilitth@flargest value in a regional

sample of standardized annual maximum peak flows.
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The proposed estimator pfconsiders the spatial correlation between theoregi
data. The estimator evaluates the equivalent numbgerdependent sequenclkc
for M concurrent and cross-correlated series of annaalma with lengtm.

The estimators reads,

R M (nM)0.176

Mee = —— with  B=14 5.3-1
1+ P (M -1) Frifap O3

0.376

where? and (1- p) are average values of the corresponding functodns

the correlation coefficients (i.aﬁis the average of the M(M-1)/2 valuespﬁ,j :

wherep; is the correlation coefficient between sites k pwdth 1<k <j<M).
Equation (5.3-1) was identified by referring Mgc values obtained through

Monte Carlo simulationsyar [ou], is a function ofM. The empirical values ofar

[ o] are computedor M concurrent and cross-correlated synthetic seritslangth

n generated from the multivariate normal distribntivith zero mean, unit variance

and average correlation among the sepesThen are computeldec values relative

to a number of combinations &, n and Z) values by finding the zeros of the

theoretical expression ofar [oy] for the corresponding empirical values obtained

trough Monte Carlo simulation. Finally equation3®&.) is referred to these zeros.

The p value of the expected PREC can be computed bgnatstig Mec trough
equation (5.3-1) and using a suitable plotting fp@siby setting the overall sample

years of data to the equivalent number of indepeinaienual maxima- Mgc.

5.3.2 Evaluation of the Intersite Correlation

The application of equation (5.3-1) requires thareésentation of the distribution
of theoretical correlation coefficients for the dguregion through a suitable cross-

correlated formula.

A possible approach to modelling cross-correlatietween rainfall events is to
compute the sample correlation coefficients usamg@e estimators proposed in the

scientific literature $tedinger, 1981and, in absence of more specific information
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about the spatial structure of the intersite catreh model, to approximate the true
correlation coefficienpy; through empirical correlation functions of thetdrscedy
among sitek andj (see,Tasker and Stedinger, 1989: Hosking and Wallis,8198
Troutman and Karlinger, 2003

A simple correlation function that can been useaki$ollow:

;kaex-ujﬁﬂ— (5.3.2-1)
’ 1+A,d, a

wherei; > 0 and\, > 0 are thdormula regional parameters of the formula.

5.3.3 Estimating the Effective Sample Years of Data

The condition of equal length for all series isdseh encountered in real-world
data sets, hence equation (5.3-1) is generallypiregble.

In order to supply this problem let us suppose thatactual regional data sets
consist ofM AMS and globally spana years. First, one identifies the number of
yearsn;, for which the original data set includes only afeservation of the annual
maxima discharge, that is the years in whti observations are missing. Thege

observations are effective by definition. Then, theta set containing the-m
remaining years is subdivided indy,, < ( n-n) subsets; each one of them (say

subses) is selected in such a way that alllits< M sequences are concurrent and of
equal lengthHs and therefore suitable for the application of tegneator in equation
(5.3-1). The overall effective sample of years afadnes, coincides with the sum of

n; and the effective sample of years of data oNalsubsets.

Thereforen,, can be calculated as

A, =N +h§bﬁ =n,+> Lsls (5.3.3-1)
= Y T (R

0.176
with B = 145519

(l - 10)0376 Ls
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)0.376

where the notatiov[ﬂ]_S indicates that the average terr,zE and (1—,0 , Which

have the same meaning as in equation (5.3-1)pdre tomputed with respect to the
Ls > 1 annual flood sequences which form sulsseklso f exponent in equation
(5.3.3.-1) coincides formally with in equation (5.3-1).

This is consistent with the fact that the sequences forming each subsetre
concurrent and of equal lengtls, which was the condition adopted for the

identification of the empirical relationship in egion (5.3-1).
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6 STUDY REGIONS AND LOCAL
REGIME OF RAINFALL EXTREMES

6.1 CLIMATE AND MORPHOLOGY OF AUSTRIA

The study region is Austria which is hydrologicatjyite diverse, ranging from
lowlands in the east to high alpine catchmentfi@west. Elevations range from less
than 200 m above sea level (asl) to more than 30&€nmMean annual precipitation
is less than 400 mm/year in the east and almo<l 80@/year in the west. Land use
Is mainly agricultural in the lowlands, forestedii® medium elevation ranges, while

alpine vegetation and rocks prevail in the higltasthments.

The analysis of timing of floodderz and Bldschl, 20Q03utlines that in the high
alpine catchments in the west of the country flowohel to occur in summer showing
strong seasonality, which suggest the presenceaf @nd glacier melt floods. In
the north, weak seasonality suggests that them® isingle dominant process for a
given catchment. The spring floods in the very maftthe country suggest that both
early snowmelt and rain-on-snow are likely to ocdnrthese catchments. In
Carinthia, in the very south of Austria, floodsdeno occur in late autumn which

may be related to the advection of most air fromNtediterranean south of Austria.

Considering the storm duration it is outlined thstort-durations of storms
causing floods mainly occur in the south-easterrstdai where short convective
storms are known to be important for flood generatiin contrast, long duration
storms occur in the north-western Austria at theheon fringe of the Alps. As most
flood producing weather system approach from thréhneest, this zone is an area of
orographic enhancement effects where synopticalsnfend to be most important

for flood generation.
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From the point of view of rainfall depth and snowimeainfall depths are usually
largest in the north west of the country, mainlyresult of the orographic effects

mentioned above.

Figures 6.1-1a and 6.1-1b show the spatial pattefise frequency of long-rain
floods, short-rain floods, flash-floods and snownfielods in Austria. This frequency
is the number of years a maximum annual flood &ssified as a certain process
type, scaled by the total number of years for estbhment. Figure 6.1-1 indicates
that long rain floods are the main causative p@dgse of annual maximum floods
in most catchments in Austria, as the frequenadiesoa the order of 0.5 (see Table
6.1-1 below).

Long- Short- Rain-on-
Flash- Snowmelt
Process Type rain rain snow All types
floods floods
floods floods floods
Number of events 783 597 302 430 154 2266
2511 1281 274 1398 248 5712
Number of peaks < MAF
(56.6%) | (39.7%) | (50.3%) | (57.4%) | (71.5%) | (49.6%)
Number of peaks > MAF 2051 1541 225 957 94 4868
and < 10 yr flood (41.3%) | (47.8%) | (41.3%) | (39.3%) | (27.1%) | (42.3%)
Number of peaks > 10 yr 404 403 46 80 5 938
flood (8.1%) (12.5%) (8.4%) (3.3%) (1.4%) (8.1%)
Total number of flood 4966 3225 545 2435 347 11518
peaks (100%) (100%) (100%) (100%) (100%) (100%)

Table 6.1-1 Flood type classification of annual maximum flood in Austria, MAF is the

mean annual precipitation

In catchments at the northern fringe of the higtpsAllong rain floods are
particularly common. The high Alps tend to act aaaespographic barrier to north-
westerly airflows, and orographic enhancement oftesduces persistent rainfall
which can result in floods. The regions of the legthrelative importance of long-
rain floods are identical with the regions of thighest mean annual rainfall in
Austria. Short-rain floods, see Figure 6.1-1b, ad®cur quite commonly with a

frequency of the order of 0.3.
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There are, again, significant spatial differenc8bort-rain floods occur more
frequently in southern Austria than north of thep#l This is likely due to two
mechanism. The main ridge of the Alps tends tolbleeather systems approaching
from the northwest which reduces the advection dfismair and hence the
persistence of the rainfall. Also, in the southtleé Alps southern airflows may
produce floods that are associated with high-intgrsiort-duration storms. There is
likely the tendency for a quicker response of saithe catchments in the south of
the main Alpine ridges as compared to the nortit,afvhich tends to enhance the

role of short duration storms in flood generation.

Flash floods occur significantly, see Figure 6.14tb@an long-rain and short-rain
floods. Flash floods are only important in eastdustria, specifically in the hilly
region of Styria in south-eastern Austria and ia thlly region of Waldviertel in
north-eastern Austria. The hilly terrain appearsirtorease the instability of the
boundary layer and hence the likelihood of conwecstorm. Throughout Austria,
the spatial pattern in Figure 6.1-1c is rather Ipatwhich reflects the random and

local nature of flash floods causing maximum antialds.

Rain-on-snow floods Figure 6.1-1d rarely produce tmaximum annual flood.
Those catchments with frequency of snowmelt floofisnore than 0.1 are mainly
located in the high Alps where both snow and glaomelt can be important for
flooding, and in the northern Austria where eanyirsy snowmelt may produce

floods. However, these are usually minor floods.
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0 km TR km 200 km

Figure 5.3.3-1Regional patterns of the frequency of flood process types. A frequency of
unity indicates that in a catchment all the maximum annual floods are due to one particular
process while a frequency of zero indicates that this process never leads to a maximum
annual flood. (a) Long-rain floods, (b) short-rain floods, (c) flash floods, (d) rain-on-snow
floods, and (e) snowmelt floods. For nested catchments the frequencies of the smaller
catchments have been plotted on top of those of the larger catchments, and only catchments

smaller than 5000 km2 are shown.

Considering seasonalityit is possible to assume that long-rain floods uocc
throughout the year but there is a tendency forenements and more extreme events
to occur in summer, particularly in June and Jdligis is because heavy rainfall
events occur more frequently in the summer mordh th the rest of the year.

Short-rain floods also mainly occur in summer amere is a tendency for soe of
the major events to also occur in autumn. Theseeweats that have occurred in

southern Austria, see Figure 6.1-2.

Flash-floods only occur in summer when enough enegy available for

convective storms.
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Rain-on-snow floods occur throughout the year hih exception of late summer

and early autumn. The largest Rain-on-snow floaxtsioin late December.

Similarly snowmelt floods occur throughout the yeath the exception of late

summer and autumn when all the catchments are frew

The seasonal pattern of the flood occurrence isnlynaelated to the annual
fluctuation in air temperature. Air temperatureoaksxhibits a strong altitudinal
dependence. There is a very pronounced seasomainsator all floods types. Long-
rain floods and short-rain floods exhibits an uppavelope of about 1000 m als
from January to April. In late spring and summeesth floods can occur in
catchments of any elevation. At the end of the ybarupper envelope gradually
decreases to 100 m asl. This pattern of the uppezl@pe closely follows the snow
fall line. In the high altitude catchments no arirmaximum flood occur in the cold

months of the year as most of the precipitatiols fas snow.

Flash floods exhibitts a strong seasonal patteliowing the annual pattern of
global radiation. It is interesting that, in JulydaAugust, flash floods can occur in
catchments with elevation of up to 3000 m als. €ha® likely a result of convective

storms that can occur at any altitude during summer

Rain-on-snow floods and snowmelt floods exhibitsaarow altitudinal range of
occurrence which varies with time of the year. linter both types occur in
catchments lower than 1000 m als.

This pattern is clearly related to the seasonalepatof air temperature. Both
Rain-on-snow floods and snowmelt floods appear doup only within a limited
range of temperature conditions for which a snowec@xists, but snowmelt and/or

rain may occur.

6.2 AVAILABLE RAINFALL DATA

Hydrologic processes such as precipitations evolvea continuous time scale.
However, most hydrologic processes of practicatrggt are defined in a discrete
time scale. The considered data derive from a elisdime series by sampling the
continuous process of rainfall at discrete pointéime. Hydrologic time series may
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also be classified into categories depending oaraber of factors, in particular this
work will give importance to Uncorrelated and Cdtated time series, the discussed

is reported in Paragraphs 7.1.1 and 7.1.2.

The analysed data are the rainfall daily data withation 30 minutes, 1 hour, 3
hours, 9 hours and 24 hours (1948-1997) recordetDih hydrological stations in
Austria and obtained by applying a filtered pealerothreshold procedure to the

daily time series.

Actually two general approaches are available fodetling flood, rainfall and
many other hydrological series. Using an annualimarn series, one considers the
largest event in each year; using a partial duna(ieDS) series or peaks-over-
threshold (POT) approach, the analysis includespe#iks above a truncation or

threshold level.

6.2.1 Peaks-Over-Threshold Procedure

Partial duration series considers all independeatkp which exceed a specific

threshold: a threshold is applied to the sequemcet&in only the large peaks.

Fortunately one can estimate annual exceedancelplip from the analysis of
POT by empirical relationships or equations. Theib&lea is to extract from the
daily discharge sequences a sample of peaks corgaimore than one flood peak per
year, in order to increase the available infornmatigth respect to the annual maxima
analysis. However, in the practical applicationsbauous criteria for peak selection
affect the efficiency of the method: for examplee taverage number of peaks per
year,A, is usually forced to remain in the range betw2emd 3 in order to preserve
independence among subsequent flood peaks, (Lang et al., 1999; Madsen et al.,
1997, despite the fact that such low values contragh whysical and statistical
considerations.

However usually POT series are relatively long eglidible POT records are often
available and, if the arrival rate for peaks overeshold is large enough, POT

analysis should yield very accurate estimates tkeeme quantiles. Still, a drawback
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of POT analysis is that one must have criteriadieniify only independent peaks

(and not multiple peaks of the same event).

The appropriate threshold is given for this stughythee Wussow CriteriaThere
are several deterministic criteria for heavy ramcommon use, Wussow (1922)
gives a simple analytical expression for identifythe critical rainfall deptiNcr so
that the inequality rainfall deptN > Ncr can be used as a criterion to assess heavy
point rainfall. Ncr is function of several physical parameters; in ipakarly
assuming geometrically similar catchments, thecalitrainfall depthNcr during the
time of durationD appears to depend on the acceleration of grayigycoefficientK

of turbulent diffusion of water in air and the ppatation intensityRcr

The estimate oflicr can be determined as

1
Ncr =CD?
1
whereC is the Wussow’s empirical value:C = J/5mmUmin 2

The adopted criterion fixes the threshold includatigpeaks which rainfall depth
is larger than the square root of 5 times the spwading duration.

N(mm) = ,/5D(min)
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6.2.2 ldentification of Regions

We have identified circular subregions centred omts located as to create a
grid, 6000 gridpoints derive by the subdivision tbe region in 100 parts on x
(dx=5.6 km) and in 60 parts on y (dy=4.8 km). Tgigl covers the entire analysed
area and will be fundamental in following studigébe available data are taken by
700 rainfall stations distributed on Austria andrsjy the duration of 30 minutes to
24 hours, considering durations as belonging targe of time as shown in Table

2.2.1-1 below.

Table 6.2.1-6.2-1 Considered duration classes for the rainfall data

Duration Clasgmin) From (min) To (min)
30 1 44
60 45 89
180 90 358
360 90 899
540 365 899
1440 900 4310

The rainfall stations position and the 6000 grig®ianalysed are showed in

Figure 6.2.2-1
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Figure 6.2.2-1— Location of the 693 stations in Austria. On the entire area a grid has been created, 6000 gridpoints are so defined with
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The first representation of the available dataiv®m by looking for the largest
rainfall event in given distance by each gridpob@. km has been selected as the
reference distance in which to consider stationstoscreate circular regions with
radius 50 km and consequent approximate area @k8F0 Only the rainfall stations
belonging to the region are considered, and tis¢ &inalysis consist of selecting the
stations for each region and then consideringtinetmaximum rainfall data.

This procedure is extended to each region and the@mum selected data are
plotted in order to generate, by using the spattalrpolatingTechnique of Kriginga
Surfercolour scaled map.

Kriging is a group of geostatistical techniquedrierpolate the valu&(xy) of a

random fieldZ(x) (e.g. the rainfall depth as a function of thegyaphic locatiorx) at

an unobserved locatiory from observationsz = Z(x),i =1,...,n of the random

field at nearby locationsx,,...,x,. Kriging computes the best linear unbiased

estimatorﬁ(xo) of Z(xo) based on a stochastic model of the spatial degreed
quantified either by the variogramgx,y) or by expectationu(x) = E[Z(X)] and the

covariance functior(x,y) of the random field.

The kriging estimator is given by a linear combioiat the observed values =

Z(x;) with weightsn (x,),i =1,...,n chosen such that the variance (also céallaging

varianceor kriging error): is minimized subject to the unbiasedness coortiti
E[Z00-200]= Y wo)(x) - ) = 0
i=1

Figure 6.2.2-2represents the used rainfall data for the duratiass of 1 hour,
collected by all stations and the maximum rainéa#nt recorded in distance 50 km

from each gridpoint:
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6 to 25

25 to 32
® 32 to 60
@® 60 to 80
[] 80 to 95
[J 95 to 110
[] 110 to 201

Figure 6.2.2-2 Representation of the available rainfall data (mm) for the duration class of
1 hour; top: pointy collected data by each rainfall station — bottom: maximum rainfall in

distance 50 km by each gridpoint.

In Annexes(1) and (2) show the other durations,thes pointy data and as
maximum rainfall in distance 50 km.

The length in years of the series of data varyigamtly among stations, this

tendency is showed in Annexes (3).

6.3 CLIMATE AND MORPHOLOGY OF ITALIAN REGION

The study area includes the administrative Digriof Emilia-Romagna and
Marche, in northern central Italy, and occupie28@.knf. The area is bounded by
the Po River to the north, the Adriatic Sea to #est, and the divide of the

Apennines to the southwest (see Figure 6.3-1).nbnh-eastern portion of the study
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region is mainly flat, whereas the south-westerth @vastal parts are predominantly

hilly and mountainous.

The mean annual precipitation (MAP) varies on ttuelg region from about 500
to 2500 mm. Altitude is the factor that most aféettie MAP, which exceeds 1500
mm starting from altitudes higher than 400 m absea level (asl) and exhibits the

highest values along the divide of the Apenninesg @Egure 6.3-1).

The storm duration range spans from the short acalized convective events to
the long and large areal coverage storms assocwitddlarge cyclonic weather
systems. A regional analysis of the dates of oetwe of short-duration rainfall
extremes (i.e., t equal to 1,...,3 hours) showed rkafde consistency and a mean
timing which virtually coincided with the beginnirgf August for the entire study
area; the dates of occurrence of long-durationfatliextremes (i.e., t equal to 24
hours or 1 day) showed, for the same area, lessistency and a mean timing which
varied from the beginning of September to the b&gm of November Castellarin
and Brath, 200

Several regional frequency analyses of rainfalieares were performed over the
study area. These studies, according to the lofjithe traditional “index flood”
hypothesis Dalrymple, 196)) proposed subdivisions of the region shown inuFgg
6.4-1 into homogeneous climatic regions, within ethithe statistics of rainfall
extremes for a given storm duration t are assumdx tconstantdrath et al., 1998;
Brath and Franchini, 1999; Brath and CastellarifQ@l]. This assumption contrasts
with the findings of other studies, which demonstlafor different geographical
areas and climatic contexts that the statistiomioifall extremes vary systematically
with location Schaefer, 1990; Alila, 1999These studies also identified statistically
significant relationships between these statistiod the MAP, which was used as a
surrogate of geographical location. Schaefer [12®@@] Alila [1999] showed, for two
rather large geographical areas, that the coefiisief variation and skewness of
rainfall extremes tend to decrease as the localevaf MAP increases, and they
proposed to enhance the index flood hypothesishi®mregional frequency analysis
of rainfall extremes by dispensing with the delim@a of geographical areas and
defining, instead, as climatically homogeneous agions those areas which have a

small MAP range.
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The applicability of the findings of Schaefer [19%nd Alila [1999] to the
particular geographical and climatic context coased herein was investigated, and
the available annual maximum series (AMS) of rdirdapth were analyzed, making
use of a rain gage network with a higher resolutitan the networks considered in
the above mentioned studies. In particular, theéabdity of the sample L moment
ratios Hosking, 199Dof skewness (L-€ and variation (L-Q was examined against
the variability of MAP. The results of the analysisow that the findings of Schaefer
[1990] and Alila [1999] hold for a rather large pon of the study region, as the
values of L-G and L-Cs of rainfall extremes are low in humid ateahile both
statistics tend to increase, more or less markeephending on the considered storm
duration, as the local MAP value decreases. Neelkash, the merger of two river
basins indicated in Figure 6.3-1 as the Tyrrheiitagion, due to its closeness to the
Tyrrhenian coast, exhibits a conflicting behavioline region is mountainous and
therefore humid (average MAFL400 mm), yet it shows high L-Cv and L-Cs values
for all the storm durations considered in this gtutihis anomaly is illustrated in

Figure 2 for the annual maxima of daily rainfall.
The figure shows

1. the sample L moment ratios against the MAP for tai® gages with at least

30 years of observations;

2. the weighted average MAP against the weighted geetaCv and L-Cs for
the Tyrrhenian Region;

3. the relationship between L-Cv and MAP identified Alila for a storm

duration of 24 hours;

4. the moving weighted average curves of L-Cv and |L{zsed on a moving
window including 15 data points outside the TyribenRegion (shaded
curve). The average MAP, L-Cv, or L-Cs values atamed by weighing
each measure proportionally to the recorded lenfthe corresponding rain
gage fee Hosking and Wallis, 199Figure 2 shows the anomalous behavior
of the Tyrrhenian Region and the consistency wihith tesults obtained by
Schaefer [1990] and Alila [1999] for the remaindéthe region.
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The anomaly of the Tyrrhenian Region was alreadgitpd out by Castellarin et
al. [2001] and Castellarin and Brath [2002]. Thigoacal behavior may be accounted
for by the proximity of the region to the Tyrrhenighoreline and two windows in
the Apennine divide, which locally drops below 10@0asl, being normally above
1400-1500 m asl. These windows, known in literangdhe Genoa gap, produce a
fundamental topographic control, channelling thestraevere disturbances coming
from the south and originating over the Tyrrhengea, and allowing them to have
significant climatic control beyond the Apennineide [Tripoli et al., 2002. The
fact that the northern coastal area of the Tyrdurer8ea exhibits a maritime rainfall
regime and rather high coefficients of variatiord akewness of rainfall extremes
[Brath and Rosso, 199fay partly explain the high L-Cv and L-Cs valuwdsserved
for the Tyrrhenian Region, despite its rather HighP values.

Because of its particular behaviour, the Tyrrhenikagion has been excluded

from this study .
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Figure 6.2.2-1 Emilia-Romagna and Marche administrative regions; location of recording
gages for different values of the minimum record length; Tyrrhenian Region; isoline maps of
MAP and R10yr,24hr.
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6.4 AVAILABLE RAINFALL DATA

This second paragraph focuses on ltaly, it analyttes annual series of
precipitation maxima observed by a rather denséngagetwork located in a wide
geographical area of northern central Italy withadion spanning from 15 minutes to
24 hours.

This work adapts the probabilistic interpretatiamgosed for RECs to DDECs
and it assesses the suitability of these curveggtmating thel-year rainfall event

associated with a given duration and lafgealues.

The available extreme rainfall data consist of éimaual series of precipitation
maxima with duration t equal to 1, 3, 6, 12, 24rscand 1 day (i.e., from 9:00 A.M.
to 9:00 a.m. of the following day) that were ob&alrfor a rather dense network of

recording (hourly rainfall) and observational-ddgi(y rainfall) rain gages from the

National Hydrographic Service of Italy (SIMNYable 6.4-1summarizes the
available rainfall data, whereas Figure 6.4-1 shdes location of the recording
gages, along with a subset of 226 nonrecordingggigeavhich recent observation of
MAP values are available (i.e., 1950-1991).

Table 6.4-1 Study Area: Number of raingauges and number of observations for

different durations.

Duration (min) Number of Sites Number of Observetio
1440 223 8052
720 223 8059
360 223 6667
180 223 7090
60 223 8047
45 189 941
30 222 3766
15 220 2187
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Figure 6.2.2-1 Study area and location of stations for different values of the minimum

record length.
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/ METHODOLOGY

7.1 AUSTRIAN CATCHMENTS

This first part focuses on Austria, in that Regi@s been analysed the peak over
threshold (POT) series of rainfall depths, in orttefind out the recurrence interval
T and create a REC for the region Austria in whe€®0 points are analysed so to

define a grid covering the entire area.

The first analysis considers no spatial correlabetween the rainfall data but a
suitable plotting position is applied on the allhngde years of data; the effect of
intersite correlation on the exceedance probahgitater discussed in order to make
the probabilistic interpretation of envelope cunaegtually applicable to the real

world data sets

A single time serieg; is correlated in time if thg at timet depend (linearly) on
the x at time tk, for k=1,2,...Time series of precipitation are usually unelated,
but several combinations afoss-correlationmay exist. Let us consider the two
seriesx; andy, if they at timet depend (linearly) on the at time tk, for k=02,1,...
then the two time series are cross-correlated. pbssible that each series can be not
correlated in time but cross-correlated betweemrmthExamples are precipitation
series at two nearby sites, one would expect thattime series will be cross-
correlated because the sites are relatively clogath other and therefore subject to

similar climatic and hydrologic events.

Next paragraphs deal with two different cases: firte# one does not consider
cross-correlation among series while the second deth the searching for
significant correlation among series and consedyeaptises the methodology of

analysis.
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7.1.1 Uncorrelated Case

If we consider no correlation between rainfall datdlected by stations, the
evaluation of the recurrence interval in years @ins the applying of a suitable
plotting position. The chosen one is the Hazentipig{position.

If one considers the relation between Thgear event and the return perid@s a
representation of the frequency curve, one neeadttibute a return period to each
measured peak value. This is done by assigningetieth peak in the ordered sample
(j is then the rank of the peak) a return periokps and Laio, 2003

T = 9
"\ AqOqg+ 05— j

wheretq is the record length in yearg] the average number of flood peaks per

year, and the 0.5 value comes from assuming therHaiotting position.
The rank of the peak, goes from 1, smallest event, fq tg)for the largest one.

This formula changes, considering a region, in:

TR = tqLk
. AqOqk + 05— j

wheretq is the record length in years the number of stations in the regidn,

the average number of flood peaks per year, an@.thgalue comes from assuming
the Hazen plotting position. The rank of the pgakjoes from 1, smallest event, to
(49 tgk) for the largest one.

We consider actually separated circular regionstraated around each gridpoint
with radius 50 km. In order to apply the plottingsgiion to a region is important to
refer to the total number of station as they wdwddone. For this reason instead of
tq, the record length in years for the single stativa,refer totq-k, equivalent length
in year given by all stations.

In a single region let us suppdse 10 stationstg = 20 years as record length for
each of thek stations andq = 5 events/year.

» For the largest event, the rankjis Aq tgk =20-10:5 and the return period

becames:

T',= (20-10) / (20105 + 0,5 - 26105 + 0,5) = 400 years
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* For the smallest event, the rankjis 1 and the return period becames:

T';=(20-10) / (20105 + 0,5 - 1) = 0,2 years

The Hazen plotting position, if applied to eachmpof the grid, gives for the

maximum rainfall event, the results showed in Arese{d).

The following Figure 7.1.1-1shows the return period in years for the all study

region for the duration class of 24 hours.
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Figure 7.1.1-1 Daily rainfall depth (mm) and corresponding return period (years).

The REC concept is extended to extreme rainstoremtsvby introducing the
Depth-Duration Envelope Curves (DDEC), which isiled as the regional upper
bound on all the record rainfall depths at pres@ntarious rainfall duration.

Figure 7.1.1-2presents the DDEC for the Austrian study region.
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Figure 7.1.1-2 Depth-Duration Envelope Curve (red line); annual maximum rainfall
depths (black +); trend-line for log(duration)-log(average rainfall depth).

7.1.2 Correlated Case

The estimation of the recurrence interval for crosselated series requires the
quantification of the equivalent number of indepamddata which, in turn, is a

function of the cross-correlation among sequences.

The effect of intersite correlation on the exceegaprobability is discussed in
order to make the probabilistic interpretation ovelope curves applicable to the

real world data sets. This point is important beeateal world data sets generally
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consist of sequences of rainfall data that arecoocurrent nor with equal record

lengths.

It is well known that intersite correlation leads ihcreases in the variance of
flood statistics [see, e.gHosking and Wallis 1988], thus the probabilistic
interpretation of envelope curves has to be caetectonsidering a suitable

correlation and plotting position formula.

Castellarin et al. [2005] proposed an empirical estimator of theeexance
probability p that considers the spatial correlation betweenrégtonal data. The
estimator evaluates the equivalent number of indéget sequences dd for M

concurrent and correlated sequences with equatieng

The estimator reads,

N M (nM)O.176

Mg =——-—— with B=14 "7  (7.1.2-1
1+ pf(M -1 T )

0.376

where? and (1- p) are average values of the corresponding functuidns

the correlation coefficients (i.e?is the average of the M(M-1)/2 valuespﬁ(,j :
wherep; is the correlation coefficient between sites k pwadth 1<k <j<M).

The p value of the expected PREC can be computed by a&stignMec through
equation (7.1.2-1) and using an appropriate plgtposition by setting the overall
sample years of data to the equivalent numberdg#pandent yearsMegc.

A possible approach to modelling cross-correlatietween rainfall events is to
compute the sample correlation coefficients usamg@e estimators proposed in the
scientific literature $tedinger, 1981and, in absence of more specific information
about the spatial structure of the intersite catreh model, to approximate the true
correlation coefficienp; through empirical correlation functions of thetdrsced
among sitek andj [see,Tasker and Stedinger, 1989: Hosking and Wallis,8198
Troutman and Karlinger, 2093

A simple correlation function that can be usedsisallow:

oK, j = ex{—%} (7.1.2-2)

whereq is theformula regional parameter.

Page 69 of 122



Methodology

From the regression of the empirical valuegpgfanddyjwe assume: = 100km
for the duration of 24 hours amrd= 10km for the duration of 1 houFigure 7.1.2-1
andFigure 7.1.2-1show the correlation coefficient trend for the ations of 1 hour

and 24 hours.

Duration: 1 hour
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Figure 7.1.2-1 Empirical correlation coefficients, considered duration of 1 hour

Duration: 24 hours
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Figure 7.1.2-2 Empirical correlation coefficients, considered duration of 24 hours.

The parameten for different durations will be extrapolated bygeaph as in
Figure 7.1.2-3
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Figure 7.1.2-3 Visualisation the parameter a to be used in (7.1.2-2) for different durations

in hours.
Duration Parameter
(d) o Table 7.1-1 Estimates of the parameter a for
different durations

0.5 8

1 10

3 18
9 42

24 100

The Hazen plotting position, if applied to eachrmaf the grid and considering

the intersite correlation, gives for the maximunmial event, the results showed in

(5) and (6)n Annexes.
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Figure 7.1.2-3: Daily rainfall depth (mm) and corresponding return period (years).

The following Figure 7.1.2-3andFigure 7.1.2-4show the return period in years
for the all study region for the duration class2df hours, considering the intersite
correlation, and the reduction in return periodwssn the uncorrelated and

correlated case.

Figure 7.1.2-4: Return period in years for the duration class of 24 hours. Top: not

correlated case; Bottom: correlated case.

Considering the spatial correlation between théeseand the effective number

Mec of uncorrelated series in the region, the retuwmaoa decreases.

This reduction will be higher with the increasing tbhe correlation between
stations, that means that high durations will haigier reductions in terms of return
period while low durations will have less reducsgoifior instance for the duration
class of 30 minutes the recurrence interval in alntbe same both in uncorrelated

case and the correlated one.

The following Table 7.1.2-2illustrates the effects of spatial correlation ¢ t

recurrence interval:
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Duration class Uncorrelated case Correlated case: Decreas¢
(minutes) maximum T (years maximum T (%)
(years)
30 2960 2866 3,2
60 3040 2902 4,5
180 3240 2672 17
360 3560 2094 41
540 2400 1155 52
1440 3200 418 87

Table 7.1-2 Comparison for return periods between the not correlated and the correlated

case, the effects of intersite correlation increase with high durations.

7.2 ITALIAN CATCHMENTS

For Italian catchments the procedure describedamadtaph 5.3 for flood flows
probabilistic envelope curves is modified and rexdd in order to make it applicable

to extremes rainfall events.

Instead of plotting for each site the normalizedord flood, defined as the
logarithm of the ratio of the record flood to itadin area versus the logarithm of the
basin area, we plot for each site the normalizetbahmaxima rainfall versus the
logarithm of the mean annual precipitation (MAPhisTPREC considers also the
intersite correlation among stations by using taeKer and Stedinger regional cross-

correlation formula.

The construction of the empirical PREC and thenestion of p starts by the

definition of a homogeneous region, we considernajue homogeneous region

corresponding to the entire study region. An esemaf the PREC slopef) IS
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obtained by regressing the empirical values offadliagainst the MAP value of the

corresponding site. The value of the interaept equation (5.1-1) is computed as

h. -
a= max{ln( ! j—bln(MAPj)}
j=L.M MAP

whereh, denotes the maximum rainfall depth observed atjsit,... M andM is

the number of sites in the region whiMAP, is the mean annual precipitation
associated t sitp A suitable regional cross-correlation functionidentified (the
estimation of coefficients; and A, of equation (5.3.2-1) is studied in deep in

paragraph 7.2.1). Them, is computed trough equation (5.3.3-1). A suitable

regional parental distribution is chosen and a tleaunbiased plotting position

suitable for this distribution is utilized for estatingp as a function ofi;, .

The GEV distribution was shown to be a suitablebphilistic model for

representing the annual maximum rainfall event eseges in the study area.

Table 7.2-1reports the estimates of the parametersand A, of the cross-
correlation formula in equation (5.3.2-1) obtairfed the hole study area and for
each duration class. The estimates were obtaine@ppyying a weighted least
squares regression algorithm that uses, as weigh#edch sample cross-correlation
coefficient between two sequences (sites), for toeresponding number of

concurrent rainfall events, séggure 7.2-1 Table 7.2-1also reports the estimates of

the PREC’s sIopeB, along with the values of the interceptFinally Table 7.2-1
lists the plotting position parameters and the neimbf total observations and

effective observations, out coming by the appla@anf equation (5.3-1).

Figure 7.2-2illustrate the envelope curves for the regiontfa duration class of
24 hours.
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Duration (min) | 144Cb| 720‘| 36()‘ 18[# Gd 4&+ 31:| 24) 1
No. Of sites | 223 228 223 223 223 189 222 213 2
No. Of observations | 8052 8059 6667 7090 8047 941 6637 2057 | 2187

1|

No. Of effective observations 32414669.65225.06283.37558.9844.903645.6011933.402044.90
Tasker & Stedingex,  0.03590.05620.09480.14600.20600.1960 0.3290 | 0.8520 | 0.2120
Tasker & Stedingex, ~ 0.01000.01750.03290.05080.06650.0622 0.1040 | 0.3520 | 0.0662
Mean cross-correlation (mod)17360.13490.10870.09120.07030.1178 0.0645  0.0966 | 0.0719
| Recurence interval (years)| 6433 9539 104BI567 15116 1690 | 7291 | 3867 4090
‘ Plotting-position parameter| O.d 0.$ 0”45 0.‘5 OLS d.50.5 | 0.5 | 0.5
| DDEC slope | -0.2820.361 -0.530-0.581 -0.763 -0.962|-0.9132 -0.038 | -0.986¢
| DDEC intercept | 1.0558.36452.27192.54173.17244.2034, 3.5763 | 4.0452  3.8419

|
|
‘ No. Of single observations| 1 | 1| 7‘ 8‘ J.‘ : 0| ()| 0
|
|
|

O1

Table 7.2-1 Characteristics of the study region

Duration class 24 hours
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Figure 7.1.2-1 Tasker & Stedinger cross-correlation model (red line); empirical values (grey
dots); moving average with width = 100 (black thick line)
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Duration class 24 hours
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Figure 7.1.2-2 Empirical regional envelope curve for the study area and for the duration of

24 hours.

In Annexes (7) and (8) show the empirical envelopeves and the empirical
cross-correlation coefficient for couple of stasom the hole study area, for all

durations.

It has also been analysed the trends for DDECaepgrand slope with duration.
While the DDEC slope increases, that means thaaliselute value decreases, the
intercept increases with the increasing of duratibigures 7.1.2-3 and 7.1.2-4
present slopes and intercepts for hourly duratigngs possible in this way to
extrapolate slope and intercept for every otheatiom. The two analysed DDEC
parameters are approximated by a logarithmic mtigelminimize the gap between
the empirical and values (grey dots) and the madiieaily modelled values (black

logarithmic line).
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Figure 7.1.2-3 Empirical DDEC intercept (grey dots) versus duration, logarithmic

modelling (continuous black line).
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Figure 7.1.2-4 Empirical DDEC slope (grey dots) versus duration, logarithmic modelling

(continuous black line).
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7.2.1 Analysisand Modelling of I ntersite Correlation

Regional frequency analysis usually assumes tltatrde from different sites are
statistically independent. This assumption is wetyikko be valid in practice so it is
important to know how intersite dependence affettis estimates. We have
computed sample estimators to modelling cross-ladima between rainfall events

and the effective number of independent sites irregion.

This cross-correlation obviously is function of tterm duration, let us consider
precipitation series at two nearby sites. One wexjgect that the time series will be
cross-correlated because the sites are relatilese do each other and therefore
subject to similar climatic and hydrological ev&enAs the sites considered become
farther apart their cross-correlation decreases Téndency also decrease with slow
durations, because the probability of having simiigdrological events decreases

with the duration of the event itself.
Figure 7.2.1-1shows this trend for all the analysed durations.
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Figure 7.2.1-1 Tendency of the empirical cross-correlation coefficient with distance for all

the rainfall durations, moving weighted average curve.
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The figure above illustrates the tendency of thepieoal correlation coefficient
for all durations with distance. The trend of ctatien coefficients with distance can
be modelled by considering a suitable regionalsamsrelation function.

The proposed modelling (s@@asker and Stedinger, 198%pproximate the true

correlation coefficienpy; through empirical correlation functions of thetdrscedy

among sitek andj . The used correlation function is as follow:

i, | = exg) s
’ 1+ A4,

wherel; > 0 and\, > 0 are thdormula regional parameters of the formula.

The estimates of the paramet&isand A, are obtained by applying a weighted
least squares regression algorithm that uses, aghtw&r each sample cross-
correlation coefficient between two sequencesgkiter the corresponding number

of concurrent rainfall events.

The estimated parametersanda, are plotted irFigure 7.2.1-2as function of the

duration, both in natural and logarithmic scale.
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Figure 7.2.1-2 Parameters A;and A, to be used in equation (5.3.2-1), for couple of
catchments (grey dots), exponential modelling (dashed line) and potential modelling

(continuous black line) in natural and log-log scale.

Finding a trend for the two parameters of equat®3.2-1) would allow their
extrapolation for every other duration, would bederasting to find the best
estimation and at this aim two different tendencle®s/e been analysed: the

exponential and potential trends are shown in [Equ2.1-2.

The parameters; and i, estimated from the two different modelling are used
equation (5.3.2-1) giving different values of cdatmn coefficients: the following
Figure 7.2.1-3 presents the obtained cross-coioal&iefficients together with the
values of cross-correlation given by applying agheed least squares regression
algorithm and the original moving weighted averageve for the duration of 24

hours.

In conclusion, the estimation af andX,, at first given by applying a weighted
least squares regression algorithm, is then oldryean exponential and potential
model. It is possible to conclude that the potémtiadel has a better approximation

of the parameters, because of the higher valueeoNfash-Sutcliffe efficiencids.
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Figure 7.2.1-3 Moving weighted average curve for empirical cross-correlation coefficients

(blue line), correlation formula (5.3.2-1) calibrated for the whole study area (pink line),

correlation exponential formula (black line) and correlation potential formula (green line)

calibrated for the whole study area.

The same Figure is present in Annexes for all odloeations as (9).

The reliability of these estimates has been quedtifrough the Nash-Sutcliffe

formula, that defines the efficien&yas:

Z (IOI ,emp - pmod)2
E=1- —
2 (Bremp ™ Pemp)”

where p .., is the empirical estimated correlation coefficiens,,,

is the

corresponding correlation coefficient estimatedthy model which efficiency we

want to analyse, an

is the mean of all the empirica .,

i,emp

The Nash-Sutcliffe model efficiency coefficient used to assess the predictive

power of hydrological models and gives us the ide#he accuracy of the model

estimates. Nash-Sutcliffe efficiencies can rangenfroo to 1. An efficiency of 1

(E=1) corresponds to a perfect match of modelled véiabthe observed data. An

efficiency of 0 £=0) indicates that the model predictions are as atewas the mean
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of the observed data, whereas an efficiency less zlero {0<E<0Q) occurs when the
observed mean is a better predictor than the médskntially, the closer the model
efficiency is to 1, the more accurate the model is.

This method can be used to describe the predicatiearacy of other models as
long as there is observed data to compare the meslglts to. In other applications,
the measure may be known as the Coefficient ofrahiation, orR?. For example,
Nash-Sutcliffe efficiencies have been reported darerstific literature for model
simulations of discharge, and water quality counstits such as sediment, nitrogen,

and phosphorus loadings.

The values of efficiency are calculated for eachation and model, they are

shown in Table 7.2.1-1 below.

E(T&S) E(pot) E(exp)
d (min)
1440 0,927 0,896 0,835
720 0,915 0,906 0,775
360 0,780 0,759 0,553
180 0,658 0,607 0,552
60 0,633 0,602 0,609
45 0,336 0,334 0,320
30 0,131 -0,058 -0,035
20 0,026 -0,315 -0,291
15 0,192 0,162 0,069
Average E 0,511 0,433 0,376

Table 7.2-2 Nash-Sutcliffe efficiency for different modelling of intersite correlation.

From the results put in the Table above, it is seable to conclude that the
potential model has a better approximation of tammeters.; anda,, actually the
efficiency increases for the potential modellingl &ns higher on average.

Small durations, in particularly 20 minutes, havenaaller efficiency. For this
reasonFigure 7.2.1-2oes not consider the 20 minutes duration for gtienation of
parameters, thus the estimates for the duratiom@ites, because of the sample

variability, will be less accurate.
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7.2.2 Validation Procedure

The assessment of the accuracy of PREC quantiéstsreecomparison term.

Another regional estimate of theFyear rainfall is used as reference value for
the comparison with the PREC rainfall depth. Thiefell depths obtained by the
DDEC will be compared with the rainfall depths ewited using regional depth-
duration-frequency equations (RDDFEs) developed tfeg same catchment in

northern-central Itlay, see Brath, Castellarin, hmomari, 2003.

The developed RDDFEs can be used in any locatiothef study area for

estimating th&-year storm for values of durations t ranging frbro 24 hours.

We have considered the durations of 1 hour anda24shand proceeded with a
spot analysis in order to check in the neighboudhob3 locations the accuracy of
the PREC estimate. The given rainfall depth is cameg with the one obtained by
the RDDFE. by means of linear regression analysegional depth-duration
equations (RDDEs) of the following type:

R, =AlLT,O)R o +B(T,0) (7.2211)

where Ry ; and Ry 24nr are theT-year rainfall depths with- and 24-hour storm

duration respectively, whil& andB are regional coefficients that may be considered
as varying with the storm duration, recurrencerirgk and geographical location,
expressed in equation (7.2.2-1) by the ve@oar

The slope A and intercept B of equatiGh2.2-1) were initially assumed to be

independent of geographical location and we oliterfollowing relation(7.2.2-2):
R, = 0.13&8%*R,,, m{ f |n[1T—Oj + 1} + (24-1)°""[0.474In(T) + 0.95]

where RT,t andRyoyr24nrare expressed in mrhjs equal tdtr = 0.259 within the

Tyrrhenian Region and is expressed as

f =0.602- 0.055IN(MAP)
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The rainfall depth to be compared with the obtaineé will be calculated by
equation (7.2.2-2) wherBy 24nris known for a given value of MAP in the study
region, andr is obtained for the considered duration as se@atiagraph 7.1.

The considered stations, say stations1,..,3, with relative values of MARare
random selected and 20 stations are identifietsineighbourhood. The comparison
is developed by dackknife Proceduran turn, the considered gaging stations, say,
stationi, is removed from the set of gages andThegar storm is estimated by the
DDEC for the given duration.

The analysed gaging stations with correspondingegslof MAP are shown in
Table 7.2.2-1together with a quantitative analysis of the ollenrgiability of the
DDEC estimates of the design storm, which relateseduals that has been evaluated

as follows:

_ éT,t,i B RT,t,i

gT,t,i -

Rrii
where ér,t,i is the jackknifed DDEC estimate of tiieyeart-hour design storm

for a given site, and R; ; is the corresponding estimate by equation (7.2.2-2

t(h) | MAP(mm) f T (years) | Rioyoan | Rrg(mm) | Ry, (mm) A er
1 700 0241691 1315 | 9588  77,53376 7581375 1,7000,022687
1 1100 | 0,241691] 1529 | 133,65 90,42481  80,88799 8ZB5 0,117902
1 1500 | 0,241691] 1247 | 14141 90,69418  82,61627 8X®7 0,097776
t(h) | MAP(mm) f T (vears) | Rioyoan | Reg(mm) | Ry, (mm) A er
24 700 0,241691] 978 9588  202,6084  278,4816 -783,873  0,272453
24 1100 | 0241691 1085 | 13365 286,212  246,3258 B89BS 0,161924
24 1500 | 0,241691 741 | 141,41 2893106  556,4372 1267 0,480066

Table 7.2-3 Values of considered MAP in which neighbourhood 20 stations have been

considerate, T and Ii”’i are estimated by the empirical DDEC while FAQFM is calculated.
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8 DISCUSSIONS AND CONCLUSIONS

This work deals with the definition of probabilistenvelope curves of extremes
rainfall events for the Austrian national rainfddtaset and for a wide north-central

Italian region.

The evaluation of the frequency regime of extrenaénfall events is a
fundamental task for the evaluation of the floodpaential in natural catchments
and urban areas, which, in turn, are required dtaphe identification and design of
flood risk mitigation measures and policies.

The present study focuses on extreme rainfall svextending in this context the
idea of a probabilistic interpretation of regioradvelope curves (REC) that was
recently proposed for record floods by the scientiterature Castellarin 2007.
The study is structured in two main parts. Firsptdeduration envelope curves
(DDECSs) are constructed for Austria and an ItalRegion. Then estimates of the
recurrence interval associated to a particular DD&€ computed using an
adaptation of the algorithm proposed by Castellé2D07). In principle, this makes
DDECSs useful graphical tools that can be employedestimating design rainstorms
for a given duration, any location in the studyaaaed high or very high recurrence

intervals.

The study analysed a comprehensive national datdspeaks over threshold
(POT) series of rainfall depths recorded at rougtil9 rainfall Austrian stations for
duration spanning from 30 minutes to 24 hours.sltevaluated the maximum
probable rainfall event for the given duration ahe return period of the expected
DDEC. At first T is determined for the entire POT series as ndiiadjyacorrelated
by applying the Hazen plotting position to eachestigated region. The estimation
of the recurrence interval of the expected DDEQuires the selection of a cross-
correlation formula to model the intersite corriglatamong the rainfall peak series

and a plotting position.
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The estimation of the recurrence interval for crosselated series requires the
quantification of the equivalent number of indepamddata which, in turn, is a

function of the cross-correlation among sequences.

The followed approach for modelling cross-correlatbetween rainfall events is
to approximate the true correlation coefficiemt; through empirical correlation
functions of the distancé; among sitek andj, as function of thédormula regional
parametera. From the regression of the empirical valuespefand dy; for the
durations of 1 and 24 house extrapolate the value farfor all other duration. It is
in this way defined for each duration class and Bit Austria the return period

associated to the maximum probable rainfall event.

Then a wide geographical region located north-e¢tily has been investigated.
For this region annual maximum series (AMS) of faindepths with duration
spanning from 15 minutes to 24 hours are availdbitea rather dense gauging
network (more than 200 gauges). The empirical egtmof the recurrence interval
associated with a DDEC, which, in principle, enahls to use DDECs for design
purposes in ungauged sites is derived by adaptieg algorithm proposed for
probabilistic regional envelopes curves (PRECSs)thwy scientific literature. The
DDEC constructed for the Italian study region rgkatto a particular duratiom
describes the upper bound of the record rainfgitidevith durationt divided by the
local mean annual precipitation (MAP) as a functdthe MAP itself. MAP can be
considered as representative of the spatial lata#hs a matter of fact, instead of
considering the physical coordinates for points fiossible to identify the site by the
value of MAP.

Intersite correlation among AMS recorder at différeaingauges for different
duration is modelled by using the Tasker and Sgmtimegional cross-correlation
formula which parameters andi, have been deeply analysed in order to make them
estimable for each duration. The same analysis begh developed for DDEC

intercept and slope with duration

The reliability of the rainfall quantiles (rainfatlepths associated with a given
duration and recurrence interval) retrieved fromHID is assessed relative to a a

different estimating method proposed by the sdienliterature. The quantitative
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analysis of the overall reliability of the DDEC iesates of the design storm, includes
the relative residuals evaluation.

The results of the analysis seem to indicate thatproposed DDECs represent
practical tools to determine plausible extremefedlievents at gauged and ungauged
sites @leterministic interpretationand can be used to provide a realistic estimate o
the recurrence intervals associated with such akinévents probabilistic

interpretation).
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CONCLUSIONI

Il presente lavoro considera eventi meteorici esitred estende, in tale contesto,
I'idea dell'interpretazione probabilistica delle rea inviluppo regionali (REC),
recentemente proposte dalla letteratura scientipea dati di portate estreme
(Castellarin, 200Y.

Lo studio e strutturato in due parti principali. IIdeprima curve inviluppo di
durata-altezza di precipitazione (DDECs) sono cdstrper I'Austria e I'ltalia. In
seguito e stata valutata la stima del tempo drr@oassociato ad una particolare
DDEC attraverso l'adattamento dell’algoritmo projposla Castellarin (2007). In
linea di principio tale approccio rende le DDECH gtrumenti grafici che possono
essere usati per la stima degli eventi meteorigrdgetto di assegnata durata, per
ogni punto della regione in analisi e per alti dtmalti tempi di ritorno.

Tale studio analizza una completa banca dati naleadi serie di picchi al sopra
di una soglia (POT) di precipitazioni raccolte d@07stazioni di registrazione in
Austria per le durate comprese tra i 30 minuti e24e ore. E’ stata valutata la
precipitazione massima probabile di assegnataaeraeriodo di ritorno dalla curva
inviluppo attesa. Inizialmente il tempo di ritorfioé stato stimato per tutte le POT
serie come non correlate dal punto di vista spazibhmite I'applicazione della
plotting position di Hazen in ogni regione indivata. La stima del tempo di ritorno
per la DDEC richiede comunque [lidentificazione dna formula di cross-
correlazione, al fine di modellare la correlazispaziale tra le serie, e la valutazione
dell’'ottimale plotting position.

La stima del tempo di ritorno per serie correlatglica la quantificazione del
numero equivalente di dati, che & a sua volta turezdella cross-correlazione tra le
serie. L’approccio seguito per la modellazione aebrrelazione spaziale si traduce
nellapprossimare il coefficiente di correlazion@mrico o tra i siti k e j posti a
distanzad,j, mediante modelli di correlazione regionali, a lam@lta funzione del
parametro regionale. Dalla regressione dei valori empiricigi; e dg;per ledurate

di 1 ora e 24 ore, si sono estrapolati i valoro.gier tutte le altre durate. Si e in tal
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modo definito, per ogni classe di durata e per ggniin Austria, il tempo di ritorno

associato all’evento meteorico massimo probabile.

Successivamente nelle regioni italiane di EmiliarfRgna e Marche sono state
considerate le serie dei massimi annuali di preazpne osservati in una rete di
stazioni per le duarte comprese tra i 15 minué 24 ore. Lo stimatore empirico del
tempo di ritorno associato alla DDEC, che conséos® della DDEC stessa per |l
progetto in bacini non strumentati, € derivato’dadattamento, nella regione oggetto
di studio, dell’algoritmo proposto dalla letteratuscientifica per le curve inviluppo
regionali probabilistiche (PRECs). La DDEC costawujer la regione di studio
italiana relativa a una data duratadescrive il limite superiore delle altezze di
precipitazione registrate con durdtg divisa per la precipitazione media annua
(MAP) quale funzione del MAP stesso. Il MAP puoaitif essere utilizzato come
rappresentativo della posizione spaziale. Infattrece che valutare le coordinate
UTM dei siti, si sono identificati gli stessi atexso valori di MAP.

La correlazione spaziale tra i siti viene modellatiazzando la formula di cross-
correlazione regionale di Tasker e Stedinger, i gaiametril; e A, ,sono stati
accuratamente analizzati cosi da renderli stimgpdficamente per ogni possibile

durata. La stessa analisi € stata affrontata pepeladenza e lintercetta della

DDDEC, cosi da rendere anche tali grandezze stlhpesiogni durata.

L’affidabilita dei quantili di precipitazione (altee di precipitazione associate a
una certa durata e tempo di ritorno) ricavati dBIREC, € infine analizzata tramite il
confronto con un diverso modello di stima propodadia letteratura scientifica. Le
altezze di precipitazione valutate dalla DDEC s@awagonate con le altezze di
precipitazione calcolate attraverso curve di pakisibclimatica costruite per lo
stesso bacino italiano. Il risultato dell’analisngbra indicare che le DDECs proposte
costituiscano uno strumento pratico per la valotaeidi probabili eventi di pioggia,
da utilizzarsi quali eventi di progetto in siti wtnentati e noniifterpretazione
deterministicd, e possono inoltre fornire una stima realistieh ttmpo di ritorno

associato a tale evento di pioggmtérpretazione probabilistica
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APPENDIX

Table 7.2-1 Commonly Used Frequency Distributions in Hydrology

a

Distribution pdf and/or cdf Range Moments
Normal _ 2 00<X<00 px ande?; yx=0
fx(X) = 1 e }(MJ
\ 277 2\ &
Lognormal 1 1(1n(x) - 2 x>0 px=expfy+oy*2)
x(x) = exq - = | A
x| 2702 2 & yXx=3CVx+CVx®
Pearson type 3 a1 expl— B(x - a>0 ux=t+ alp;ox’= alp?
3 = pllBx- ) SAA] o )
I'(a) is the gamma function for B>00x>5 m=2h o
for B>0 and&=0: yx=2CVx for p<0:x<g yx=-2N a
Exponential fx(X) = ﬂexl{‘ B(x - g)] x>¢ for B>0 ux=&+ a/;ox?= olp?
Fx(X) =1-exp(-£(x-<)) x=2
Gumbel 1 X-& X—& -00<X<eo px=&+0,5772a
fx(x) = ex;{— —_— - ex;{— ﬂ
a a a ox’=n?0’/6~1,64502
Fx(x) = ex;{— ex;{— X~ fﬂ yx=1,1396
a
GEV k(x— &)\ ox? exists for k>-0,5 | px=t+ a/k*(1-T(1+k))
Fx(x) = eXF{‘ (1_] } when 2 2
a ox“=(a/k)T(1+2k)-(
k>0,x>E+0a/K);K<0,¢ T(1+K)}
>(&+a/k)
Weibull K x )\ ) x>0; a, k>0 pux=a T'(1+1/k)
wor=(e)5) e (3] | >
a l\a o ox“=a“('(1+2/k)-(
L(1+1/k)Y)
k
Fx(x) = 1—exp{—(x] ]
a
Generalized 1/k-1
_(1),_, (x=4) ux=E+ al(k+1)
Pareto fx(x) = (Ej[l k —}

Fx(x)=1—[1—k(x_f)}

for k>0, E<x<oo

for k>0, &<x< &+(a/K)

ox?=a?/((1+k)2(1+2Kk))
yx=[2(1-
K)(1+2k)3/(1+3K)

Page 92 of 122







Annexes

ANNEXES

1. Collected Austrian data for each rainfall statiow @uration class
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2. Maximum rainfall in distance 50 km by each gridgoin

d = 30 minutes d=1 hour

d =24 hours
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3. Length in years of the series of Austrian data
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4. Return period in years for the maximum rainfall mven mm, it is not

considerate spatial correlation among sites.
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5. Return period in years for the maximum rainfall v mm, it is now

considerate spatial correlation among sites.

d = 30 minutes

250

d = 3hours

250

Page 99 of 122



Annexes

d = 9 hours

d = 24 hours
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6. Comparison between the return period (in years)ther correlated case
and the uncorrelated one.
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d =6 hours

d = 24 hours
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Continue: Empirical cross-correlation coefficieat €ouple of stations
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Continue: Empirical cross-correlation coefficieat €ouple of stations
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Continue: Empirical cross-correlation coefficieat €ouple of stations
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Duration class 24 hours
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8. Figure 7.2-4 Empirical envelope curves. Depth-DaraEnvelope Curve
(red line); annual maximum rainfall depths (blue #ginfall depths of
record for different durations (red dots); trenakli for log(duration)-

log(average rainfall depth).
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Duration clags Thour
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Duration class 6 hours
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Duration class 24 hours
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9. Moving weighted average curve for empirical cross<ation
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Continue: Moving weighted average curve for emplricross-correlation
coefficients (blue line), correlation formula (23l) calibrated for the whole
study area (pink line), correlation exponentialnfafa (black line) and

correlation potential formula (green line) calile@for the whole study area
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Moving weighted average curve for empirical crosg@ation coefficients
(blue line), correlation formula (5.3.2-1) calibedtfor the whole study area

(pink line), correlation exponential formula (bladikhe) and correlation

potential formula (green line) calibrated for theole study area
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Moving weighted average curve for empirical crosg@ation coefficients
(blue line), correlation formula (5.3.2-1) calibedtfor the whole study area
(pink line), correlation exponential formula (bladikhe) and correlation

potential formula (green line) calibrated for theole study area
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Moving weighted average curve for empirical crosg@ation coefficients
(blue line), correlation formula (5.3.2-1) calibedtfor the whole study area
(pink line), correlation exponential formula (bladkhe) and correlation

potential formula (green line) calibrated for theole study area
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