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Abstract

Index flood estimation for regional flood frequency analysis needs to be based on the information available. The most appropriate method
depends on the specific application and its choice requires a problem-oriented analysis. This paper presents a simple theoretical framework
to deal with index flood estimation for a specific river site. The methodological approaches available for the purpose are reviewed. For each,
the information required is specified and the reliability of the estimate, particularly desirable in risk analysis and management, is discussed.
Where flood observations are lacking, indirect estimation must be undertaken using scenarios including those commonly met in hydrological
practice; generally, these depend on the amount and type of information available. For each scenario, the methodologies are outlined, in
order of the expected degree of complexity. After a guided analysis, an investigator can adopt the method providing the best tradeoff between
effort in collecting and handling data and the resultant reliability which can be expected.

Keywords: direct and indirect methods, index flood estimation, reliability, scenarios.

Introduction

Flood frequency estimation is fundamental in both
engineering science and engineering hydrology since
Fuller (1914) approached the temporal variability of flood
flows of extremely high return periods. Indeed, many of
the advances in the statistical theory of extreme values may
be attributed to successful attempts to approach this problem
using a coherent mathematical framework (Hazen, 1914;
Fréchet, 1927; Fisher and Tippet, 1928; Gnedenko, 1943;
Jenkinson, 1955; Gumbel, 1958; Leadbetter et al., 1983;
Hosking and Wallis, 1997; Ramachandra Rao and Hamed,
2000). In the last 30 years, effective procedures have been
established for flood estimation in individual rivers for large
geographical areas, included the possibility of merging
relationships from different rivers in a region into a unified
probability model (Committee on Techniques for Estimating
Probabilities of Extreme Floods, 1988). Furthermore,
catchment dynamics had to be incorporated in statistical
models to obtain reliable estimates (Eagleson, 1978; Salas
et al., 1994). The statistical prediction of design floods by
regionalisation was pioneered by Darlymple (1960), who
established the conceptual basis of the index flood method.
This requires a two-step procedure. The first step requires
the identification of a homogeneous region where a common

probability model of maximum annual floods can
accommodate normalised flow figures; this includes the
search for an area of influence where flood data series are
likely to be homogeneous with that for a specified river site.
The second step involves the search for the appropriate index
flood estimator at the particular river site. The major research
effort was directed towards introducing objective criteria
to address the first step, that is, seeking criteria to aggregate
flood information from different river gauges. A somewhat
minor effort was devoted towards estimating the index flood,
still affected by a large degree of uncertainty due to a
business-as-usual empirical approach. The estimation of the
index flood is crucial to design flood prediction and it
requires the merging of concepts of statistical and physical
hydrology to reduce the present uncertainties. The high
variability of index floods in different river basins, and
throughout the river network of a given catchment, reflects
hydrological diversity encompassing river geomorphology,
basin land use, geology, lithology and micro-climate. This
can lead to non-trivial difficulties in the index flood
estimation exercise, so large uncertainties may be introduced
in the estimated flood quantiles.

Index flood estimation may be constrained by the data
requirements for the application of a particular procedure.
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Also, the reliability (that is, the complement of acceptable
risk) associated with the statistical estimates in a specific
application, must be assessed because the degree of
complexity may differ from one method to another. This
review presents a general framework for index flood
estimation at a river site using a two-fold approach, taking
into account data availability as well as a problem-oriented
perspective, conceptually applicable to any case study.
Following a review of methods available for index flood
estimation, their main advantages and disadvantages are
considered and possible scenarios are described, taking data
availability into account. These summarise the situations
most commonly met by investigators when they try to
estimate index flood value at a given river site in an
homogeneous region, thus applying a regional approach.
For each of these cases, a reference framework is provided
to help the investigator in seeking the most appropriate index
flood estimate.

General remarks on index flood
estimation

The index value of maximum annual flood peak varies
according to different methodologies. As an example,
Darlymple (1960) and Hosking and Wallis (1993) used the
observed sample mean as estimator of the index flood,
Robson and Reed (1999) suggested the observed median
(middle ranking value in the series of annual maximum
flood), while Sveinsson et al. (2001) propose, as index flood,
the location parameter determined on a site to site basis. In
the framework of the Flood Evaluation (VAPI) project,
carried out by the National Group for Prevention from
Hydrological Disasters (GNDCI) supported by the National
Research Council (CNR) of Italy, flood peak estimation
guidelines were provided for the whole of Italy and the index
flood is represented by the expected value of the maximum
annual flood peak (De Michele and Rosso, 2001)
Cindex = E[Q ]

Hereinafter, index flood estimation at a given site is the
methodology used to assess the average value of the local
maximum annual flood peak distribution, provided the basin
lies in a homogeneous region. Depending on the information
available, index flood estimation may be approached using
different methods (Fig. 1), The ‘best’ estimator can optimise
some criterion, such as minimum variance or efficiency
(Kottegoda and Rosso, 1997, 242-244). The procedure can
arise either from the most reliable method, or from a
combination of those available, each weighted by the inverse
of its estimation variance. Here, the variance of the g, is
determined to provide a quantitative reliability criterion for
the choice of the best methodology. As a first step, one has
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to decide whether to use direct or indirect methods. Direct
methods use information on maximum annual flood peak
discharges at the station of interest, deduced from a series
of observations of flow depth through some stage-discharge
relationship. For unmeasured sites close to an impoundment
facility, such as a dam or a reservoir with monitoring of the
outflow, the time series of inflow discharge can be assessed
by inverse reservoir routing (see e.g. Chow et al., 1988, p.
245 and Bras, 1990, p. 475). In index flood assessment,
indirect methods incorporate other hydrological information,
such as rainfall, abstraction and the geo-morphological
features of the basin.

A review of the available
methodologies for index flood
assessment

DIRECT METHODS
Estimation from maximum Annual Flood Series (AFS)

If, at a particular river site, a » -year maximum annual flood
peak series of measurements is available, the index flood

can be estimated as the mean of sample data g’,,..., q’,.
. . 18
Gindex = dars = 2.0 - (1
i=1

where the symbol ” represents the estimated value. The
standard error of estimate is

R PN 2. 2
O index :\/ mz,l(qi—%dex) 2)

These errors reduce with increasing sample size. Then, for
a given level of significance a, the 100(1 — a/2)% level
confidence intervals are G4 + @ (1—a/2) g, . » Where
F'(.) is the standard normal quantile with probability of
exceedance a/2. The limits dindex to Gindex are also called
sigma bounds and correspond to an 84%-level of confidence.

Estimation from Partial Duration Series (PDS)

If n”-year flood peak data are available for a given river
site, one can estimate the index flood from the mean of the
flood peaks over a threshold (POT) series, g " ,..., ¢” ., also
referred to as the “partial duration series” or PDS (Chow et
al. , 1988). One computes

~ 1 n '
Upps = " Zq i (3)
i=1

with a standard error of estimate of
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Fig. 1. 4 classification of direct and indirect methods for index flood estimation at a given river
site. AFS is Annual Flood Series, PDS is Partial Duration Series and MGC is Modified
Geomorpho-Climatic method. Dashed lines are referred to eventual flow routing of reservoirs
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The index flood is associated with the mean of flood peaks
of Eqn. (1) through the rate of occurrence A of the peaks
over the threshold and the parameters of the PDS growth
curve. For the case of GEV distribution for the maximum
annual flood peaks, well suited for the estimation of growth
curves in Italy (De Michele and Rosso, 2001; Bocchiola et
al. 2003) one can show it descends from the Generalized
Pareto law for the flood peaks over the threshold series if
these occur as a Poisson process (Brath ef al., 1996;
Kottegoda and Rosso, 1997, p. 450). Accordingly, the index
flood is given by

X 1
Oindex =——7 . dPDS
e+a[1—/1] : (&)

Ol

k 1+k

Eqn. (5) gives the value of g, for the given mean of the
PDS, Qpps. mean annual rate A of PDS occurrence, and
regional GEV parameters &, o and & (Brath et al., 1996). In
writing Eqn. (5), it is assumed that the latter are properly
estimated i.e. their estimation variance can be neglected with
respect to that of index flood (for an insight into the
estimation variance of the GEV parameters with L-moments
technique, see Hosking and Wallis, 1993).

Also, one can evaluate the standard error of the g,
estimation from that of the estimated mean of the PDS as
given by Eqn. (3). This is given by

lfk
O-aindex = O-CIPDS k (1+ k)

JC@+ 2) -T2+ K)) (@L+2K)

(6)
where I is the Gamma Function (e.g. Kottegoda and Rosso,
1997, p. 208). This method is more efficient than the

previous one (AFS) for small sample size »” and therefore
it can be used when the expected estimation variance in
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Eqn. (6) is lower than for the AFS approach, in Eqn. (2).
The PDS threshold is defined so that there is stochastic
independence between flood events. A statistical test for
independence can be performed accordingly. As a rule of
thumb, the mean annual rate of PDS occurrence should not
exceed 3 - 4.

INDIRECT METHODS

Scale invariance of index flood

Maximum annual flood peaks in homogeneous regions are
characterised by statistical scale invariant properties with
respect to drainage areas, 4 (e.g. Gupta ef al., 1994,
Robinson and Sivapalan, 1997). Considering the first order

moment of the flood peaks distribution, g, , this yields
qnda( (A): qinda( (1) Am > (7)
where m is a scaling exponentand g, , (1) is the index flood

associated with an unit area, both calculated by a multiple
regression of the logarithmic transformed sample mean,
Log (¢,,,.), versus the logarithmic transformed values of
drainage area Log (4), in an homogeneous region. The scale
invariance is usually valid over a range of scales (or areas),
determined from observations (De Michele and Rosso,
2002). An estimation of index flood can, therefore, be
provided by Eqn. 7, applied to the area of the basin
investigated. The estimation variance of the resultant value
depends on the properties of the homogeneous region and
can be assessed by the coefficient of determination R’ of
the regression as O gindex =O'q2index’S(J.— R? ), where O-qzindex,s is
the variance of the observed sample of g, , in the
homogeneous region, eventually estimated from the
observations. The consistency of the estimate of index flood
in an ungauged basin thus obtained can be checked by
verifying whether the river channel can actually convey the
estimated discharge without overflowing. In case of an
overflow, a check must be made on the consistency of the
return period of the estimated g, , (depending on the flood
frequency distribution, but usually ranging between two and
three years) and that of the observed episodes of
overflowing. If there is no coincidence between the two
return periods, the estimation of index flood must be
reconsidered on the basis of the observed fluvial morphology
(see the method of historical flood marks).

Empirical formulae

Due to their simplicity, empirical formulae are frequently
used to estimate the index flood (see e.g. NERC, 1975 and,
for an application of the method to the Italian catchments,
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Brath ef al., 1999; Bocchiola et al., 2000). These link g, ,
to catchment characteristics such as climatic indexes, geo-
lithologic and geopedologic parameters, land coverage,
geomorphic parameters and anthropic forcing. Often, such
formulas are calibrated through a multiple regression of the
logarithmic transformed sample mean, Log (g, , ), versus
the logarithmic transformed values of the parameters. If N
parameters are considered, the formulae have the following

structure:

N
Glngex = CONSE H X" , (8)
i=1

where the constant, const, and the exponents, n, are
estimated from observed ¢, , data in gauged basins in an
homogeneous region. Notice here that the scale invariance
previously mentioned is, to some extent, a particular type
of empirical formula, where the only parameter is the
drainage area 4. One has to consider a statistically significant
number of regression parameters, to quantify the reliability
and the robustness of the statistical model. The robustness
of the formulae so obtained can be tested via a “jackknife”
or “bootstrap” procedure ( Efron and Tibshirany, 1993).
The estimation variance can be assessed as in the previous
case of scale invariance and, again, depends on the features
of the homogeneous region. Even though these formulae
can explain a high fraction of the variability of the
logarithmic transformed of ¢, , , Log(g, ), the explained
variance of g, , can be very variable. The uncertainties
related to the empirical formulae are seldom negligible and
the errors can reach =100% of the observed values (for a
study carried in northern Italy, see Bocchiola and De
Michele, 2000; Bocchiola et al ., 2000). Therefore, their
use should be limited to cases where the expected estimation
variance is lower than, or at least comparable to, that from
other methodologies.

Estimation from historical flood marks

The analysis of historical floods considers intensive flood
events (catastrophic floods), observed or documented,
characterised by a flood peak over a threshold, g. The
threshold is determined according to the hydraulic capacity
of the river channel at the site under consideration. As an
example, the AVI project (CNR-GNDCI, 1998) representing
the Italian Catalogue of Catastrophic Floods, has mapped
the flooded river sites in Italy during the last century (from
1900 to 1996). If n, outcomes occurred in »’ years for the
flood threshold g, the expected frequency of exceedance
of this threshold can be estimated as
Prlg> qt]: (n, +1)/(n+1) (Kottegoda and Rosso, 1997,
p- 425). Accordingly, the return period of g, is



T 1 o+l
“prlazq] n+l ®
The index flood is given as
A O
Qindex =

qt

where qut is the T -years growth factor, or dimensionless
flood quantile, computed via the regional probability
distribution. The search for outcomes of the historical flood
over the threshold series (#-PDS) needs to account only for
those outcomes corresponding to flood episodes when the
hydraulic capacity of the river channel is exceeded. One
must neglect outcomes caused by breaches in embankments,
channel obstructions, as well as by engineering works. To
investigate the nature of a specific outcome, one should draw
the water profile, considering at least steady flow, for ¢,
This method is suggested for those river sites located at
historic spots, such as long-term urbanised catchments or
river channels controlled by civil facilities, such as road
and railway crossings, covered channels and embankments.
The sigma bounds of the return period, T , as estimated
via Eqn. (9) are

T, to, = n+l

It Ta )
NRE R (GELY GERY El(gt”), (11)

showing that the method features increasing uncertainty with
decreasing frequency of the outcomes. The sigma bounds
and the corresponding estimation variance of the index flood
are easily found from those of th by coupling Eqns.(10)
and (11).

Fluvial geomorphology methods based on bankfull
discharge

This method is similar to the previous one but involves a
larger amount of uncertainty. Here, the index flood is
estimated, using the concept of bankfull discharge, g, ,
defined as the discharge at which channel maintenance is
most effective, that is, the discharge which corresponds to
the ‘average’ morphological characteristics of the channel
(Dunne and Leopold, 1978; Savenije, 2003). According to
Leopold et al. (1964), Dunne and Leopold (1978) and
Leopold (1994), the return period of bankfull discharge, 9y
is approximately equal to 1.5 years, T, =1.5years.
The index flood is
_ Oy

qindex -
5

(12)

where X, 5 is computed from the proper regional probability
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distribution. Note that this method requires that the natural
river course is neither modified by engineering works nor
constrained by tectonic controls. Therefore, application is
confined to a rather small number of practical situations,
because rarely are those two conditions satisfied.
Conversely, the deviations from natural fluvial geomor-
phology can provide an insight into the anthropogenic
forcing of the river system. The estimation variance of this
approach depends on the reliability of the basic hypothesis,
i.e. a 1.5-years return period of the bankfull discharge.
Estimation of the average return period into an homogeneous
region and its sigma bounds requires the analysis of the
channel morphology and hydraulic conductivity at some
gauged sites, coupled with the corresponding flood
frequency distribution. The results so obtained could be
extended to the ungauged sites of interest located in the
homogeneous region and Eqn. (12) can be used to assess
sigma bounds of estimated index flood.

Derived distribution approach using the Modified
Geomorpho-Climatic method

This method is based on the derived distribution approach.
The statistics of the flood peaks are derived, as probabilities,
from the statistics of storms, using a description of the
physical phenomena involved in flood generation. This
requires a stochastic rainfall model and a rainfall-runoff
model describing the routing of flood peak. Starting from
the pioneering work of Eagleson (1972, 1978), derived
distribution models were introduced by Hebson and Wood
(1982, 1986), Wood and Hebson (1986), Cordova and
Rodriquez-Iturbe (1983, 1985), Brath ef al. (1992), Raines
and Valdes (1993), among others. The modified
geomorphoclimatic (MGC) method introduced by Bacchi
and Rosso (1988) and further developed by Adom et al.
(1989) and Brath et al. (1992) is considered here, because
it is specially oriented towards the estimation of statistical
floods moments. This is a modification of the
geomorphoclimatic method introduced by Rodriguez-Iturbe
et al. (1982) and derives, using a second-order second-
moment technique, the first two statistical moments of the
flood peaks (the mean and variance), instead of the full
probability distribution of flood peaks. Assuming that
rainfall intensity and storm duration are independent and
exponentially distributed variates for a storm episode, the
MGC method describes runoff production using the SCS-
CN method (Soil Conservation Service, 1973, 1986)
assuming negligible initial abstraction (¢ = 0). The flood
response of the river network is assessed using the gamma
GIUH (Rosso, 1984). Accordingly, the MGC method
provides the mean of the flood peak over a threshold series
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iPDs = Aﬂiﬂ{[(l— e’ Xl+ K* )_ K 2}(6_ (1"' % ):| :
B+ 3k 20-n? )|+
+K2(E—n)[e‘l(l+z)—1]} (13)
where

® A:is the catchment area;

® . is the mean of storm intensity; it is the parameter of
the exponential distribution used to describe the rainfall
depth;

® 0 :isthe dimensionless factor n =,/ (W, + S) the ratio
between the mean of storm depth, p, (the product of
the mean of storm intensity, L, and the mean of storm
duration U ) and the term (u, + §), where § is the
maximum soil potential retention, parameterised by the
SCS-CN method;

® y: is the geomorphoclimatic factor which represents
the ratio between the mean storm duration, ., and the
lag time of the basin, ¢, =,/ ¢ ; and

® K : is the areal reduction factor of storm rainfall,
0<K’ <.

The estimated aPDS is used to estimate ¢, , via Eqn. (5).
Actually, this method involves considerable effort in the
assessment of average rainfall properties, |, and W, and the
rate of occurrence A. On a theoretical basis, such properties
should be inferred directly from the analysis of rainfall data
at the finest possible resolution. The huge amount of data
required for this procedure makes it unwieldy, particularly
when dealing with several basins, so such parameters are
often deduced indirectly from the maximum annual rainfall
properties (Bacchi and Rosso, 1988; Brath er al., 1992).
Such an approach adds uncertainty to index flood estimation
by the MGC method. Due to non-linearity of the rainfall-
abstraction-runoff modelling involved in the method, an easy
assessment of its reliability cannot be made. However, if a
validation of the approach effected for some gauged
catchments in an homogeneous region, prior to its
application to ungauged basins, the related coefficient of
determination R?, can provide a first guess for the estimation
variance, as in the case of the empirical formulas. Notice
here that the SCS-CN method requires a definition of the
Antecedent Moisture Condition (AMC) for the event. In
the context of the MGC method, such a parameter has to
represent the “average” moisture conditions verified for
extreme (Z.e. maximum annual) flood events in the region
being investigated. The MGC method requires data
acquisition and handling for precipitation, soil properties
and basin morphology, thus involving considerable
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complexity and, hence, time. A flow-chart in Fig. 2 shows
the necessary features to be considered when using the MGC
method for index flood estimation.

Hydrological simulation

The formulation of a flood hydrological model, lumped or
distributed, describing the rainfall-runoff process for severe
events, enables reconstruction of a sequence of flood events
at a particular river site (Boughton and Droop, 2003). If
one or more rainfall-runoff events are available (hyetograph
and the corresponding hydrograph), they can be used in
model calibration and validation, often required prior to its
use. In principle, one should estimate the model parameters
from the physical characteristics of the system while
improving the spatial resolution of the model to describe
the heterogeneity of the different system components: soil,
vegetation, topography and rainfall. Three approaches for
hydrological simulation are now described, depending on
the availability of input data.

Simulation using observed rainfall input. In this case, the
rainfall input is observed continuously in time for a
consistent number of years, »n . The index flood is estimated
via hydrological simulation calculating the hydrographs
correspondent to the rainfall input. From these, the series
of maximum annual flood peaks, ¢ ” ,..., ¢”, . is extracted.
The index flood can be estimated either as the mean of
sample data using Eqn. (1), or by PDS using Eqns.(3) - (5).
As the hydrological model is continuous in time, it requires
the continuous revision of the soil moisture or its evaluation
at the beginning of the storm event. This method is well
assessed with numerous practical applications (Cameron et
al., 1999 and references therein), even though it requires
great effort to collect and work out the rainfall time series
at fine temporal resolution (e.g. hourly data or less, for basins
with short response times). The reliability of the method
depends on the suitability of the rainfall abstraction and
runoff models. The methodology must be validated in
gauged basins in an homogeneous region, where direct
estimates of index floods are available and the reliability of
the method can be assessed by comparing the direct with
the indirect estimates. One has to consider the bias in
estimation, if any and in the estimation variance. Also, the
sensitivity of the final estimate can be tested in relation to
the number of available years, i.e. the amount of simulated
flood events, for both AFS and PDS approaches.

Simulation based on expected storm scaling. When the
observed rainfall time series is not available for a river basin,
the Depth-Duration Frequency curve, DDF (Burlando and
Rosso, 1996), can be used to represent a rainfall storm for a
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Index flood assessment using
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Fig. 2. Strategy for assessment of index flood using MGC method. Dashed line indicates eventual steps. First,
the average storm duration and intensity for some gauged sites are required, eventually estimated from the
maximum annual rainfall features. Then, the average area rainfall has to be evaluated. A proper moisture
condition needs be defined to mimic the “average” soil abstraction. A lumped model needs be assessed correctly
to simulate the basin response dynamics. The MGC method yields an estimate of the q,,,; to be used for index
flood estimation. A reliability check of the method (i.e. assessment of the index flood estimation variance) needs
to be performed on observed flood series, considering both the PDS estimate and the final index flood estimate.

fixed temporal duration. This curve, referred to the centre
of the storm, is expressed by a power law as:

h(T)=at” x(T). (14)

where /(T) is the T-year quantile of maximum annual rainfall
depth for a duration of ¢ hours, a, (rainfall index, in
mm hour”, equal to the mean maximum annual hourly
rainfall depth) and nv (scaling exponent) are averaged over
the drainage area commanded by the river gauging site and
x(T) is a frequency factor accounting for the return period.
The expected, or index DDF curve, 4= a ', coupled with
soil abstraction and the basin response model, can be used
to assess the g, , . Following this approach, account has to
be taken of

e the reduction in the rainfall intensity passing from the
point rainfall to the area rainfall through the area

reduction factor, K>.

e the variability of rainfall intensity within the storm
duration; the design hyetograph has to reproduce the
temporal variability of the observed hyetographs, if
available.

The expected IDF curve, i = i/t = a,t"'referred to the centre
of the storm, is transformed using the rational formula (e.g.
Chow et al., 1988) into the expected value of maximum
annual flood peaks, g, , as follows:

Qindex ZWAi* =l//Ah*/Tnc (]5)
where

® 4 is the basin drainage area;
® 1, =1.—1, isthe “net” storm duration, the difference
between “critical” storm duration ¢, , producing the
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maximum flood peaks and ponding time 7 ;

e 17,=l./i with I =cS, is the ponding time (Chow et
al. 1988);

o i'=i(r,)=n"(z.)/r, is the average of effective
rainfall intensity for a storm of duration T, given by
the ratio between the effective rainfall depth (or runoff
volume per unit area) for a duration T, and the net
duration;

® y=y(q, T )isareduction coefficient, where g, are basin
parameters representing the geometry of the basin
network (for instance, if the basin is modelled as a linear
reservoir, the reduction factor is y =1—e /" where 7,
is the basin lag time).

Using the SCS-CN method to transform the rainfall in
runoff, the expected value of effective rainfall depth in Eqn.
(15) can be determined using a second order second moment
technique, SOSM (Adom et al., 1989) as:

2 2c2

h+l-o)s (h+@-c)sf 1o

where S is the maximum soil potential retention, ¢ is the
initial abstraction rate, 0< ¢ <1, K? is the areal reduction
factor and V is the coefficient of variation of the rainfall
depth for a duration 7. Note that a particularisation of Eqn.
(15) for ¢ =0, is given by Adom et al. (1989). The value of
7_is determined from the condition:

T T=T,= maxly/(r)Ai* (T)J (17)

The rationale behind this method stems from the linearity
among the net rainfall input and the runoff discharge when
using a lumped model based on IUH theory. Because of
such linearity, if one considers an impervious basin (S = 0),
the derived distribution of maximum annual flood peaks
obtained from the DDF curves has the same dimensionless
(i.e. normalised by the index value) distribution as the DDF
curves (De Michele et al., 2000; Bocchiola et al., 2003).
Therefore, the discharge calculated from the index DDF fits
the average value of the derived distribution exactly. On
this hypothesis, it seems reasonable to estimate the g, _as
the flood discharge associated with the index rainfall. When
S > 0 (i.e. pervious basins), because of the non-linearity of
the abstraction model, the derived discharges distribution
changes its properties and the index rainfall does not provide
the index flood (Bocchiola ef al., 2003). However, the
methodology can still be applied to obtain a first
approximation to ¢, , . The method presents some
uncertainties, concerning the transformation of the expected
rainfall into the index flood, the hypothesis of a critical event,
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the approximations on the space-time variability of rainfall.
The errors involved in index flood estimation based on
expected storm scaling can rise to as much as 300% of the
observed values, as verified by the authors in a preliminary
study carried out on the Northern Italy territory. The sigma
bounds for index flood estimation must be assessed on the
basis of a calibration of the method for gauged basins in an
homogeneous region (Brath er al., 1999). The
straightforward applicability of this approach makes it
suitable for a first approximation, when few local data or
no data at all are available and a low reliability would be
achieved by direct methods.

Monte Carlo simulation using stochastic rainfall input.
Advanced simulation methods make use of stochastic
simulation of rainfall random fields (e.g. Cowpertwait, 1994,
1995; Rahman et al., 2002) to perform Monte Carlo
experiments. Accordingly, long time-series of rainfall data
are generated at fine temporal resolutions, hourly or over a
few minutes, using a stochastic model of temporal rainfall.
If single site models are used, calibration is performed using
the observed data series of area precipitation over the basin,
obtained from processing available station data. When a
multi-site model or a space-time model is used, one can
produce multi-site synthetic rainfall series or spatially
distributed rainfall fields. These synthetic data are used as
input to the rainfall-runoff model. Since the rainfall input is
continuous in time, the hydrological model requires the
continuous revision of the soil moisture or its evaluation at
the beginning of the storm event. The hydrographs
corresponding to the rainfall input are determined and the
series of annual flood peaks, g " ,..., ¢” . is extracted. Then,
the index flood is estimated as the overall mean of sample
data either using Eqn. (1) or via the PDS approach in Eqns.
(3)—(5). As an example, Rulli and Rosso (2002) showed
that this method provided acceptable results for index flood
estimation (error ranging from +10 to +20%) for the Bisagno
river (Northern Italy), at two different sites, when compared
with direct (AFS) and indirect (SOSM) methods. However,
stochastic simulation requires sophisticated technology and
extensive data handling, it is time consuming and requires
skilled personnel for implementation. Although its use is
still confined to advanced applications, this method may
prove to be one of the most promising routes towards
improving flood estimation. Again, the level of reliability
of this method depends on several issues, from the rainfall
generation model to soil abstraction and runoff modelling
and cannot be assessed other than through numerical
calibration in gauged basins in an homogeneous region. In
particular, one should assess the sensitivity of the index flood
estimate to the number of simulated years and to the different
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Hydrological simulation
using observed rainfall data

Rainfall Hourly or sub-
Data i hourly data series [~~~ """
v v
Average areal Areal
Rainfall [~7° " 777777 TTTTTTTTTTT Distribution
$
Soil | Tnitial Moisture |
abstraction|| [-——---- ! 1 Conditions i Tt
P 4
i | i
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Runoff Time based ' based Time
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Index flood #
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Fig. 3. Simulation strategy for assessment of index flood using observed rainfall data as input. Continuous lines refer to a continuous model,
dashed lines refer to an event-based model. Firstly, one needs a series of observed rainfalls at gauged sites. If a lumped rainfall-runoff model
is to be used, an average value of areal rainfall is necessary. Conversely, when using a distributed model, the rainfall areal distribution can be
assessed and introduced as an input. The initial moisture condition at each storm event must be evaluated. This is done automatically in the
Sramework of a continuous model, while an event based model requires an initial condition to be set by the investigator. The observed output
series can be processed either via the AFS or the PDS approach. A reliability check of the method (i.e. assessment of the index flood estimation
variance) must be performed on observed flood series.

Hydrological simulation using
expected storm scaling

ﬁ‘:‘;‘:r . Expected DDF curves
Average areal rainfall
- "Average"
Sail Initial moisture condition
abstraction i
Runoff Lumped Model
model
Index flood Cri‘riccil event
estimation reliability

Fig. 4. Simulation strategy for assessment of index flood using expected storm scaling. Once index DDF is available, one has to evaluate the
average areal rainfall. A proper moisture condition needs be defined to mimic the “average” soil abstraction. A lumped model must be
assessed to simulate the basin response dynamics correctly. The storm event duration is set to provide the greatest flood peak, which is
assumed to be the index flood. A reliability check of the method (i.e. assessment of the index flood estimation variance) must be performed on

observed flood series.
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Hydrological Simulation with Monte Carlo
method and stochastic rainfall Input

Rainfall Temporal Space-Time
Model Stochastic Model [~""T7"7 Stochastic Model
|
| I _.t I
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Fig. 5. Simulation strategy for assessment of index flood using Monte Carlo simulation methods with simulated rainfall input. Continuous lines
refer to continuous model and dashed lines to the event-based model. Firstly, one needs a series of simulated rainfall data. If a lumped rainfall
runoff model is to be used, an average areal rainfall is necessary. Conversely, when using a distributed model, the areal rainfall distribution
can be assessed and introduced as an input to the model. The initial moisture condition at each storm event must be evaluated. This is done
automatically in the framework of a continuous model, while a event based model requires an initial condition to be set by the investigator. The
observed output series can be processed either via the AFS or the PDS approach. A reliability check of the method (i.e. assessment of the index

flood estimation variance) must be performed on observed flood series.

simulated series and slight changes in the rainfall model D. River-sites close to a dam or another impounding
parameter. facility,
E. River-sites located at historical sites in urbanised

Flow-charts of simulation strategies. The combination of
rainfall and rainfall-runoff data handling procedures and
models yields a wide range of possible approaches to index
flood estimation using hydrological simulation. The flow-
charts presented as Figs. 3—5 provide guidelines for strategy
planning of simulation methods, using observed rainfall
input (Fig. 3), based on expected storm scaling (Fig. 4), and
on Monte Carlo methods using stochastic rainfall input

(Fig. 5).

Scenarios for index flood assessment

As far as index flood assessment is concerned, several
scenarios are possible, depending on the information
available on the river site and the related drainage basin.
One of the ways to summarise these scenarios is as follows:

A. River-sites equipped with a streamflow gauging station,
B. River-sites in a gauged catchment, B.
C. River-sites located in an ungauged basin in an

homogeneous region,
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ungauged basins.

In the index flood assessment exercise, it may be appropriate
to implement one or more scenarios so that the method that
best adapts to this scenario should be adopted. In Fig. 6,
suitable methods are indicated for the scenarios considered,
explained as follows:

A. Under the first scenario, index flood estimation can be
approached using direct methods, that is evaluating g, ,
from the observations, using either the AFS or the PDS
method (De Michele and Rosso, 2001). The estimation
variance can be assessed from Eqn. (2). Ifa ‘short’ series
ofthe available records provides an estimation variance
greater than that from some indirect method, it is more
reliable to use the latter (De Michele and Rosso, 2000)
or a weighted combination of different methods.

If the river site selected is in a gauged catchment, the
value of index flood computed at the gauged site can
be up- or down-scaled with basin area, following the
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Fig. 6. Possible scenarios for index flood assessment at a given river site.

concept of ‘scale invariance’ of index flood with
drainage area in an homogeneous region (‘scale
invariant translation’). Ing is the drainage area at the
gauged station and A that at the ungauged one, this
approach yields:
m

qndex (A): qindex(Ab 2 (18)
One can either use the regional scaling exponent m or
fit a scaling law to the drainage basin of interest,
depending on data availability. Equation (18) holds if
the drainage area lies in the range of validity of scale
invariance. The validity of this approach depends also
on the homogeneity of basin response as one moves
throughout the river network (i.e. similar precipitation
properties, land cover, morphological and dynamic
characteristics). For instance, a non-homogeneous
response can occur in basins with increasing
urbanisation downstream. If more gauged stations are
available in the same basin, one can re-scale the index
flood observed either to the closest station or to the one
which has the most similar behaviour, as illustrated
above. The sigma bounds of the estimated values can
be assessed from the tuning of the scaling law
(determination coefficient R’) in the river basin, if
available, or in the homogeneous region. If a low
reliability is expected, due to a strongly inhomogeneous
response, one can estimate the index flood using indirect

The suggested methods are indicated in order of complexity.

methods, including empirical formulae, the MGC
method and hydrological simulation, the choice
depending on the expected estimation variance. Note
that hydrological data from neighbouring gauged
streams can be used for model calibration and validation.
The approach based on bankfull discharge can be used,
provided the natural river path is neither modified by
engineering works nor constrained by tectonic controls.

For a river site in the same homogeneous region as a
gauged basin, the value of index flood can be assessed
by the scale invariant approach, expressed by Eqn. (7),
provided the drainage area lies in the range of validity
of scale invariance. Furthermore, the validity of this
approach depends on the homogeneity of basin
responses in the homogeneous region (i.e. similar
precipitation properties, land cover, morphological and
dynamic characteristics). Alternatively, one can estimate
the index flood using indirect methods. These include
empirical formulas, the MGC method and hydrological
simulation. Prior to its application, however, one should
check on the reliability of the approach selected using
hydrological data from similar gauged basins, i.e. from
catchments in the same homogeneous region. Again,
bankfull discharge can be used, provided the natural
river course is unaltered.

D. The fourth scenario deals with river sites located next
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to an impounding facility, which provide some ‘break’
points in the hydraulic continuity of the river. As an
example, in the Italian Dam Register (Registro Italiano
Dighe), 551 dams are classified as large dams and about
1200 as small dams, most of them in Northern Italy.
Most of them are long-term facilities built in the first
part of the 20th century, with long operating records.
Long-term series of continuous data on reservoir level
and outflow are available with fine resolution, so
undisturbed inflows can be evaluated by inverse
reservoir routing (Bras, 1990, p. 475; De Michele et
al., 1998). The simulated historical inflows can then be
processed to obtain an index flood estimate based on
the PDS or the AFS approach, depending on the
availability of data as described previously. Scale
invariant translation or regional scale invariance can
be used if the reservoir is in the same basin as the river
site, or in the same homogeneous region.

E. The last scenario deals with those ungauged river sites
located in highly urbanised areas, or, more generally
speaking, where historical flood marks allow a reliable
threshold discharge to be determined and used for index
flood estimation. The required data are often available
from the literature and other information sources, while
overflowing occurrences are fairly well documented.
In such cases, historical flood mark analysis can provide
accurate results. To effect this, one needs to assess the
hydraulic geometry at the time of the particular episode,
with particular care at those sites where the operation
of previous engineering works, such as bridges,
channels, flood diversion facilities, dikes and ponds,
provides information about remodelling of water levels.

Conclusions

The paper reviews the recent advances in the estimation of
index flood, defined as the expected value, or average, of
the maximum annual flood peaks. Its assessment depends
on the type and amount of information available at the site
being investigated. Direct and indirect approaches have been
discussed for the purpose, each featuring some degree of
uncertainty. To choose the most reliable method, one needs
to know the reliability associated with the statistical estimate,
perhaps through an estimation variance, which would
provide confidence limits of a fixed significance level. To
give a theoretical framework for index flood assessment, a
set of different scenarios is drawn, related to data availability.
Each scenario is described and the most suitable methods
are suggested, in increasing order of complexity and
expected reliability. Indeed, more complicated situations
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could be faced than those included in the framework here
proposed and manifold methods could be proposed,
depending on the site selected and on the available
information. The paper provides a comprehensive problem-
oriented approach to index flood assessment suitable for
use as a ‘cookbook’ for research as well as for practical
purposes.
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