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Abstract. Despite the great scientific and technological ad-and in the USA in the last two decades, causing extensive
vances in flood hydrology, everyday engineering practicesdamage and loss of human life (Kundzewicz et al., 2013).
still follow simplistic approaches that are easy to formally Such events have alerted society to the severity of the prob-
implement in ungauged areas. In general, these “recipeslem, adding urgency to the need for control of flood hazards.
have been developed many decades ago, based on field datéthin this context, the European Union has adopted the Di-
from typically few experimental catchments. However, many rective 2007/60/EC on the assessment and management of
of them have been neither updated nor validated across aflood risks that highlights the social, environmental and eco-
hydroclimatic and geomorphological conditions. This has annomic aspects of the problem. This “Flood Directive” also
obvious impact on the quality and reliability of hydrolog- specifies a series of actions aimed at reducing the risks and
ical studies, and, consequently, on the safety and cost ofonsequences due to these natural disasters. Its implementa-
the related flood protection works. Preliminary results, basedion requires advanced methodologies for the proper estima-
on historical flood data from Cyprus and Greece, indicatetion of flood risk and the mapping of potential hazards.
that a substantial revision of many aspects of flood engi- However, in the context of everyday flood engineer-
neering procedures is required, including the regionalizationing practice, the majority of routine (low-cost) studies use
formulas as well as the modelling concepts themselves. Imaive and outdated formulas or models, applying them
order to provide a consistent design framework and to enas “recipes”. Indeed, most of the widely employed semi-
sure realistic predictions of the flood risk (a key issue of theempirical approaches for estimating flood design “loads”
2007/60/EU Directive) in ungauged basins, it is necessarywere developed many decades ago, yet have been only occa-
to rethink the current engineering practices. In this vein, thesionally validated, updated and adapted to local conditions.
collection of reliable hydrological data would be essential for Obviously, this can have an impact on the safety and cost
re-evaluating the existing “recipes”, taking into account local of the designed hydraulic structures, as undersizing exposes
peculiarities, and for updating the modelling methodologiesthem to increased risk of failure while oversizing causes un-
as needed. necessary expenditure. On the other hand, while common
flood engineering practice is well behind advances in hydro-
logical science, little attention is actually paid (including EU
research policy) to mitigating this gap (Koutsoyiannis, 2014).
1 Introduction In the sequel we discuss three key issues of flood design
“loads” estimation. The first critical issue refers to the mis-
Disasters caused by large floods increase worldwide as a resse of certain common flood models that are usually han-
sult of the changing environment (urbanization, deforesta-dled as rules of thumb, providing deterministic results. Tak-
tion), despite better infrastructures, better forecasting sysing as example the computationally simplest of these mod-
tems and better urban planning and management. For exangis, the rational method, we show that great experience and
ple, a number of catastrophic floods have occurred in Europe
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engineering judgment are essential prerequisites for applyingmplementation of the rational method is based on the fol-
this deceptively simple method. Further, we employ Montelowing procedure:

Carlo simulation to reveal the significant uncertainty in the

results of the rational method due to inherent uncertainties in
the estimation of its input parameters. Then, we comment on
the concept and the application of regional formulas for es-
timating the input parameters of certain popular flood mod-

els. Regional formulas have been typically derived through b.

regression analysis of observed data gathered at a limited
number of experimental areas. Taking as example the time of
concentration, one of the most important parameters in flood
modelling, we evaluate the performance of some widely used
formulas against a large data set of peak flows from Cyprus.
Finally, we draw attention to the potential pitfalls of us-
ing the well-known unit hydrograph approach, as exempli-
fied by combining it with the Soil Conservation Service —

Curve Number (SCS-CN) method, for estimating design hy- d.

drographs in rural basins. The key hypothesis of this, and

a. fitting a statistical model to a sample of observed rain-

fall maxima, resolved to temporal scales ranging from
few minutes to one day or more, and derivation of the
ombrian curve (T, d);

estimating the time of concentratianof the basin, by
using one of the many regional formulas available from
the literature, and setting the rainfall duratiwequal to

I,

c. computing a point intensity of rainfall, via the ombrian

curve, which is then adjusted for application on the
basin area by multiplication with a suitable areal reduc-
tion factor;

specifying a runoff coefficient from tabulated values
that are related to the physiographic characteristics of

similar methods, is the dominance of overland runoff during the basin; and
a flood event. On the basis of observed flood data from small

catchments in Greece and Cyprus, we demonstrate that this
hypothesis is rather inconsistent with the response of rural The rational method's elementary concept and the simplic-

basins, in which the dominant mechanism is interflow. ity of Eq. (1) often misleadingly prompt towards a recipe-like
application. In reality, however, all steps of the procedure de-

scribed above involve critical assumptions and estimations
for which a number of open research questions exist. These
issues are synoptically described below.

e. evaluating Eq. (2).

2 Handling flood design by means of “recipes”: lessons
learned from the rational method
2.1 The rational method as (deterministic) recipe 2.1.1 Selecting “rational” statistical models for rainfall

_ ) description
The rational method, introduced about 150 years ago and

credited either to Mulvaney (1851) or to Kuichling (1889) Statistical modelling is of key importance in flood engineer-
(Chow, 1964, Ch. 14, p. 6), is still being used widely arounding. In particular, the construction of ombrian curves is the
the world today for flood peak estimation in small ungaugedmost common task related to the probabilistic description of
basins and for the design of urban storm drainage systemsxtreme rainfall. For many decades, the Gumbel distribution
An important reason for this method’s attractiveness to hy-(EV1) was the prevailing model of extreme rainfall; a ma-
drologists and to authorities alike is certainly its simplicity: jor reason for this is its computational simplicity: EV1 is one
the model consists of the single equation of very few statistical models with analytical expressions of
both the distribution function and its parameters.

Many researchers have criticized this distribution, on the-
oretical and on empirical grounds. In particular, Koutsoyian-
nis and Baloutsos (2000), Koutsoyiannis (2004a, b) and Pa-

f which (infiltrati dl lated | palexiou and Koutsoyiannis (2012), comparing actual and
of which (infiltration etc.) are (supposedly) encapsulate Ir]asymptotic extreme value distributions, found that the ex-

fjhe.constzta)nt _dmenspnless runoff f:c;elflﬂc:ceht— when. the __treme value type Il distribution gives, by far, the most consis-
) rainage basin receives a gross rainiall o c'or?stgnt INtensityy ¢ representation of rainfall maxima. By investigating large
i over a time period at least equal to the basin’s time of CON-infall samples worldwide, they also proved that the Gum-

centration. bel distribution may significantly underestimate the largest

Appllcanon of thg rational formula myo!ves the t"’.‘Sk Of_ S€° extreme rainfall amounts, although its performance is satis-
lecting an appropriat€ value and specifying the rainfall in- factory for return periods less than 50 years.
tensity for use with an intensity—duration—frequency curve

i(T, d) (henceforth referred to as the ombrian curve, from2.1.2 The time of concentrationenigma

the Greek word for rainpmbro9, T being the return period

of a uniformly distributed rainfall of intensity and dura- The time of concentrationg, is a key characteristic of the
tion d. Since that duration is equal to the time of concen-river basin and a key issue in flood modelling, but also an am-
tration, the latter quantity must be estimated as well. Thebiguous concept (Huber, 1987). McCuen (2009) reports eight

Op=CiA. 1)

This equation purports to estimate the peak discharge
from a drainage basin of areh— the “loss” characteristics
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different definitions for;, the most typical of which is the fitted the following empirical expression to those data:
longest travel time of the surface runoff to the basin outlet.

In theory, . could be inferred from observed rainfall-runoff ARF — max[0.25, 1_ 0.048,4(0-36—0~01|nA)d—0-35] )
data sets, provided that the actual losses and the direct runoff

were known; in fact, however, some kind of a model must bewcpereA is given in kn? andd in hours.

used to estimate these quantities (see Sect. 4). For ungauge However, apart from the area and duration, the shape of

bistlﬂs’tg 'SiﬁOPDUIid b){i;mplrlc:llnfotrimnulafi:ha:t r?]re l:(;ase‘jthe basin and a number of seasonal, climatic and topographic
0 ﬁ Ia; leipo ste . t'e as u 'I(': t?l gf s tpe 9€0%haracteristics also affect the value of ARF; ARF may be also
morphological characteristics (see Table 2 for certain POPU76|ated to the return period (Veneziano and Langousis, 2005).

Lig{g;rg?éasréséi\{?ﬁgid Qgiztlrlj?gtsr igLSt(i)otrlalg(fe:\?evr?anrﬁ%ﬁ)\?xael- n fact, the representation of the spatiotemporal variability of
P P rainfall is highly uncertain, and simplistic approaches such as

locity over the catchment. All these approaches yield a W'dethe ARF may result in significant errors, especially in large

range oft. values. . .
Huber (1987) astutely asserted that the proper characterisb-aSInS with complex topography.

tic time for ¢ is the wave travel time from the hydraulically 5 1 4 The runoff coefficient: just a multiplier?
most remote point of a basin to its outlet. Thus defined, the

flow rate at thg basin outlet. quever, this trayel time is notty express the percentage of rainfall that is transformed to
constant, but inversely proportional to the rainfall. Indeed, rynoff, and varies substantially with the time scale of aggre-
Grimaldi et al. (2012c) found tha¢ varied by even one or- gation. In the fine timescale of the rational method, it rep-
der of magnitude across rainfall events of different intensi-yesents an overall cut-off threshold separating the effective
ties. The variability oft; is explained by the dependence of from the total rainfall.
the kinematic wave celerity on the flow rate (nonlinearity, |n general, little attention has been paid to improving guid-
e.g. Koussis, 2009, 2010). Itis noted, however, that, for overance for selecting the runoff coefficient (Young et al., 2009).
land flow in natural drainage basins, the practical computa-|Recommended values 6f are usually found in lookup ta-
tion of travel time based on the well-established theory ofples, with correspondence to soil permeability, slope and land
flood wave motion is fraught with uncertainties. _ cover, also accounting for the existence of drainage works. It
In summary, despite theoretical proof and empirical evi-js interesting that the literature mainly refers to soil classes
dence thatc varies significantly with the flow, and thus also that are common in urban or suburban areas, wiiensay
with Qp, in the context of the rational method the time of take values up to 0.70-0.90. In the case of rural areas and
concentration is considered a “basin constant” that deterpristine catchments, wher€ is much lower, there are no
mines Qp! Solving this enigma of engineering hydrology — \vell-established values for this parameter. Particularly, in
finding the “basin constant; — naturally demands great ex- the case of significantly permeable areas (e.g. karst basins),

perience and engineering judgment. which are characterized by very low surface runéffmay
be even less than 0.10, yet such values do not appear in the
literature.

2.1.3 From point to areal rainfall estimations Similarly to the time of concentration, and in the absence

of experience( is usually treated as a constant; however,

it is obvious that its value depends both on the antecedent
Although the statistical analysis of rainfall extremes and sojl moisture conditions and on the rainfall intensity. To over-
the construction of ombrian curves refer to a point (i.e. thecome this shortcoming, it is usually suggested to employ in-
rainfall station), the critical intensity in the rational equa- creased values when dealing with large return periods. How-

tion should refer to the catchment area. Therefore, a transgver, such recommendations are not based on systematic in-
formation of point estimates is essential to account for theyestigations, thus favouring arbitrary choices.

spatiotemporal variability of rainfall across the river basin,

which is typically achieved by applying a reduction coeffi- 2.2 The rational method in a non-deterministic

cient, called the areal reduction factor (ARF). For a given framework: sources of uncertainty and a

basin aread, the ARF is the ratio of the area-average rain- Monte Carlo experiment

fall intensity over a duratiod with return periodl’" and the

point intensity for the samé and T. In the literature, the  Hydrologists understood early on that designing (and manag-
ARF is typically given as a function of andd. Compre-  ing) engineering projects based on deterministic approaches
hensive investigations were carried out by NERC (1975) thatis a hopeless task and appreciated the usefulness of proba-
provided tabular values of ARF for a wide range of catch- bilistic approaches. In this context, they have built statistical
ment areas (1 to 30000 Kmand rainfall durations (1 min and stochastic models to represent the multitude of uncer-
to 25 days). Koutsoyiannis and Xanthopoulos (1999, p. 164Y}ainties of water resource systems (involving both the natural
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and man-made processes, e.g. inflows and demands) and ¢better modelled as random variables) that are related to rain-
guantify the related risks. fall and discharge; in particular, the time of concentration
In the flood design context, the probabilistic measure ofdecreases with increasing discharge, while the runoff coef-
the return period of an even,, is set a priori to represent ficient increases.
the acceptable risk for all relevant quantities (peak flow, flood Based on the above assumptions, we carried out a Monte
volume, flow depths and velocities, inundated areas, etc.)Carlo simulation, generating 1000 random valueg ahdC
Yet, the risk related to these flooding outcomes cannot bdrom a truncated normal distribution, for each specific value
estimated statistically, i.e. by evaluating their statistical dis-of rainfall intensity, corresponding to return periods of 5, 10,
tributions, due to common scarcity or even lack of observed20, 50, 100, 200, 500 and 1000 years. For each sample of
data. Therefore, the return period is assigned to the input, i.epeak discharge values, we estimated its key statistical charac-
the rainfall, for which it is easier to find records of sufficient teristics (mean, standard deviation, coefficient of skewness)
length and accuracy. In fact, the design rainfall itself is an un-as well as the empirical quantiles 5% and 95 %. The results
certain quantity. Typically, this is estimated from an ombrian are summarized in Table 1, where we also show the val-
curve, which is nothing more than a statistical model, the pa-ues derived from the deterministic application of the ratio-
rameters of which are inferred from historical samples. Thenal method. As expected, the deterministic design values are
quantification of the uncertainty of ombrian curves is diffi- practically identical to the average estimations of the Monte
cult, because analytical expressions for its confidence limitsCarlo simulation. On the other hand, for all return periods
do not exist, except for few distributions (e.g. normal, expo- of rainfall, the peak flow values that correspond to the upper
nential), which are however unsuitable for describing rainfall quantile are more than three times greater than the ones of
maxima. To overcome this problem, Tyralis et al. (2013) de-the lower quantile. If we considapgs for safety, the deter-
veloped a Monte Carlo approach for calculating approximateministic design values have to be increased by about 60 %.
confidence intervals for any distribution. This simple experiment illustrates clearly the significant
The basin’s response to rainfall is also governed by inher-uncertainty of the results of the rational method (more specif-
ent uncertainties, due to the complexity of flood processesically, one of the sources of uncertainty) that is rarely taken
their nonlinear interactions and their dependence on the aninto account in flood studies. Furthermore, as much more
tecedent soil moisture conditions. In the rational method,complex and data-demanding models are becoming popular,
which employs a very simple rainfall-runoff transformation uncertainty increases significantly, thus making deterministic
that avoids process descriptions, these uncertainties are rélood engineering nothing more than a mapping exercise.
flected in the model parameters, i.e. the time of concentra-
tion, the areal reduction factor and the runoff coefficient. Yet,
by using the rational method with known parameters we er-3 Regional formulas in flood engineering: the “recipe”
roneously assume that a single valuelyf exists for a spe- for ungauged basins?
cific return period of rainfall (Viglione and Bléschl, 2009).
In a deterministic context, the actual statistical behaviour 0f3.1  The concept of regionalization in hydrology
the peak discharge is represented only partially through the
ombrian curve. Hydrology has a strongly empirical background, being
To demonstrate the implementation of the rational methodfounded on a macroscopic view of the key physical processes
in a non-deterministic framework, we use a hypotheticalinvolved in the water cycle, in which the value of data is
basin of 10k area, for which we assume thatand C indisputable. Engineering hydrologists also appreciated the
are normally distributed, with mean 1.0 h and 0.40, respecusefulness of data-driven approaches. These refer primarily
tively, and standard deviation 0.25h and 0.10, respectivelyto statistical and stochastic models that take advantage of in-
Such range of uncertainty, expressed by a coefficient of variductive inference from measurements, in order to assess and
ation up to 0.25, is eminently reasonable in the estimationpredict the spatiotemporal evolution of the water fluxes of
of the two key parameters of the rational method. The criti-interest and the related probabilities (Koutsoyiannis et al.,
cal rainfall intensity, for giver?” and ford =, is estimated  2009).
by the ombrian curve provided by Koutsoyiannis and Balout- Obviously, data-driven approaches are not directly appli-
sos (2000), which is valid for the broader region of Athens. cable in ungauged areas. However, the estimation of fluxes
The timescale is small enough to employ an overall ARF ofin ungauged basins is made possible by accepting the no-
0.25, according to Eq. (2). For simplicity, we ignore rain- tion of “hydrological similarity” and by applying the con-
fall uncertainty (i.e. we do not consider confidence limits for cept of regionalization. One can then build macro-scale mod-
the ombrian curve), focusing only on the uncertainty of theels by analysing field data gathered in a specific basin and
two parameterg, andC. Moreover, we (erroneously) assume “transfer” the observed behaviour to “hydrologically simi-
thatz; andC are uncorrelated, which allows using univariate lar” basins. The typical procedure establishes cause—effect
distributions for generating random values of the two vari- relationships among the observed forcing data, the observed
ables. As already discussegandC are varying parameters responses and some lumped, readily observable catchment
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Table 1. Summary of results with the Monte Carlo experiment using the rational met@darmis the peak flow value obtained through
the deterministic application of the method.

Return periodT (years) 5 10 20 50 100 200 500 1000
Rainfall intensity; (mmh~1) 37.1 400 430 474 510 549 605 65.1
Odeterm(m3s™1) 103 11.1 12.0 132 142 153 16.8 18.1
AverageQ (m3s~1) 105 11.4 124 134 147 158 174 186
Standard deviation (fs™1) 32 35 40 44 45 49 57 6.0
Coefficient of skewness 0.74 055 140 0.75 090 092 102 0.80
Empirical Qg5 (m3s—1) 164 175 190 209 223 242 270 29.6
Empirical 05 (m3s~1) 60 63 69 71 84 84 94 99

properties (e.g. geomorphological), and infers the model pa- — Were the data adequate for obtaining reliable statistical
rameters by regressing against these properties. When the conclusions?

basin characteristics can only be described in qualitative
terms, lookup tables are used to provide feasible or recom-
mended ranges of model parameters. Given that regional
methods are established through some type of regression
analysis, it follows that their performance depends also on
the size and quality of the initial data sample.

However, it is also important to remark that these meth-
ods are not empirical approximations of universal hydrolog-
ical laws; otherwise, there would not be so many relation-
ships for each individual parameter, providing such differ-

— Can the conclusions drawn from experiments in few
basins hold generally? In other words, is the diversity
of natural conditions represented adequately by these
basins?

In order to study the above questions, we will use as ex-
ample the widely used Kirpich formula for calculating the
time of concentrationsc, which is typical input for many
flood models. Quoting Kirpich (1940), the experimental data
" . ..~ were gathered “...in small agricultural areas extending in
ent results. In addition, the concept of hydrological similar size from 1.25 to 112 acres . all located on a farm in Ten-

ity, which is the basis of regionalization, is rather ambigu- . ! . .
. ) . - . nessee ...characterized by well-defined divides and drainage
ous: under which premise and which criteria and metrics are . L
X T channels ...typical of the steepest land under cultivation
two areas considered similar? (Wagener et al., 2007). On the [where] the top soil in the steeper slopes have been
other hand, the “uniqueness in place” of hydrological pro-" "’ N 0 . P P
: o . .. washed away”. Kirpich used six sets of measurements to es-
cesses, resulting from their inherent spatiotemporal variabil-

ity (Beven, 2000), although correct in theory, is not in the en-tabIISh a regression equation that relatewiith the length .
. . L . : of overland flow and the average overland slope. We surmise
gineering spirit that seeks practical solutions (even by mea

. . . Mhat Kirpich’s formula would be used with more caution in
of recipes) at the macroscopic basin scale. : PR . S .
practice, if this information regarding its weak basis were

widely known: (a) the final data sample that was used in the
regression analysis (six points) is grossly inadequate to en-
sure statistical consistency; and (b) the method lacks gener-
Regionalization methods are common in everyday flood enality, due to the very small scale of the experiment (much
gineering practice. They refer mainly to semi-empirical for- Smaller than the typical scale of application of flood studies),
mulas or lookup tables for estimating typical parameters apas well as due to the very limited diversity of geomorpho-
pearing in common modelling procedures, particularly time-l0gic and physiographic characteristics of the experimental
related parameters (e.g. time of concentration, time to peakgreas.
lag time), parameters related to rainfall losses (e.g. runoff It is worth mentioning that in many countries Kirpich’s
coefficient, curve number) and parameters related to time_tormula is used (at times after official recommendation) for
area runoff transformations (e.g. shape parameters of syrihe design of hydraulic works. This extreme example high-
thetic unit hydrographs). lights the importance of being aware of the empirical, the

Almost all widely used regionalization methods in flood Statistical and the physical basis on which such formulas are
hydrology were developed many decades ago, on the basfounded.
of field observations from a few experimental catchments.
However, in most cases, systematic updating efforts to en-
rich the basis of established regional formulas with additional
data or to evaluate them against local conditions are missing.
Two important questions arise in this respect:

3.2 Regional formulas for estimating flood model
parameters: Consistent across regions?

www.nat-hazards-earth-syst-sci.net/14/1417/2014/ Nat. Hazards Earth Syst. Sci., 14, 1414228 2014
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3.3 Some formulas are dangerous, a few of them work Table 2. Performance of various regional formulas for the time of

somewhat and all should be adapted to local concentrationsc, in terms of coefficient of efficiency (CE) against
conditions: an example with the time of 32 large flood events in Cyprud fax. maximum length of main
concentration channel in km;S: main channel slopeA: basin area in kify AH:

elevation difference between the centroid of the basin and its out-
In order to highlight the limitations of regional approaches !etin m; A Hmax: maximum elevation difference in nsp,: average

in flood engineering, we employed a systematic analysisS'oPe of the basin).

of flood data observed across Cyprus. Our objective was ,

to assess four well-known formulas for estimating the time _Method Analytical formula forg [h] CE
of concentration (Kirpich, Giandotti, SCS, Passini), which  Kirpich 0.01947 Lmax® 7750385 —3.45
are widely used by engineers in Cyprus, through back-

implementation of the rational method for estimating the Giandotti (4495 +1.5L)/(0.8AHO®) 0.48
peak discharge of 32 flood events. The latter were selected 115 038

from an extended sample of maximum flow values at 115 hy- SCS L2/ (1700 Hina) —4.02
drometric stati_ong, according.to the follgwing criteria: (a) the Passini 0.1084 L)Y/35-05 404
upstream basin is not urbanized and is larger than %, km b

(b) the flow is not regulated by dams, (c) the annual flow cajibrated Kirpich ~ 0.667Kmay®165—0-139 0.75
maxima series is at least 20 years long, and (d) the specific

discharge exceeds st km~2. Details on the hydrologi- Calibrated Giandotti (1% +0.12)/(0.867AH%%)  0.73

cal and geographical data as well as the methodological as-
sumptions are provided by Galiouna et al. (2011).

The ombrian curves for applying the rational method wereyey source of uncertainty in this method (in other words, the
provided by the Meteorological Service of Cyprus, which has o5t sensitive parameter) is the time of concentration.
divided Cyprus into precipitation zones with different pa- |, grder to improve the estimations of the time of concen-
rameters. Setting the rainfall duration equal to each of theatjon, we kept the parameterization of two of the more com-
four alternative values of, we estimated the critical rain-  mon formulas (Giandotti and Kirpich) and optimized their
fall intensity using the ombrian curve of the corresponding nmerical coefficients against the same sample of peak flows,
precipitation zone, assuming that the return period of rainfallusing now CE as fitting criterion. As shown in Table 1, the
coincides with the empirical return period of the maximum performance of both methods improved considerably. In par-
annual discharge (which is the length of the flow data, whenjcyar, the CE of the Giandotti formula increased from 48 %
we refer to the highest flood event). Next, we adjusted point, 73 05 while for the Kirpich formula there was a substantial
intensities to the specific basin area and rainfall duration, by|mpr0vement from—345 % to 75 %. This means that while
employing the reduction Eq. (2). Finally, we estimated the the general structure and the explanatory variables of the two
runoff coefficient of each basin according to the Directives athods are conceptually consistent, the regression parame-
for Roadwork Studies of Greece, as the sum of four COMPO+ge(s, as given in the literature, are not. In contrast, they should
nents that are related to soil slope, permeability, vegetatiory adapted to local conditions, where the key assumption of

and drainage capacity. _ hydrological similarity may stand.
The estimated values of peak flows were evaluated against

the observed ones using as performance criterion the coeffi-

cient of efficiency (CE), given by 4 Prevailing approaches for event-based flood

CE=1-— 062/037 (3) modelling: is the recipe inherently wrong?

Whel’eae2 is the variance of the residuals and is the vari- 4.1 The key premise of event-based models: overland
ance of the observed peaks. The results for all examined ap-  flow dominates

proaches are summarized in Table 2. It is apparent that, apart

from the Giandotti formula, which achieves a marginally sat- In the everyday engineering practice, event-based flood mod-
isfactory efficiency of 48 %, the other three empirical meth- els are strongly preferred over continuous ones, due to their
ods fort are totally inappropriate for Cyprus, as indicated parsimonious structure and limited data requirements. Af-
by their significantly negative efficiency values. In general, ter determining the design storm, which is the sole model
these three methods significantly underestimgtthus pro-  input, the typical computational procedure comprises two
viding too high discharge peaks. The noticeable superioritysteps: (a) the estimation of rainfall losses through a concep-
of the Giandotti formula proves that, in this study, the re- tual model (e.g. the SCS-CN method), in order to extract the
maining assumptions (e.g. estimation of return periods, seeffective from the gross rainfall, and (b) the transformation of
lection of runoff coefficients) play a secondary role in the the effective rainfall to the (design) hydrograph at the basin
overall predictive capacity of the rational method, since theoutlet (e.g. via a unit hydrograph that represents, implicitly
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or explicitly, the propagation of water parcels across theprecipitation falling at whatever intensity is expected to drain
drainage basin). For instance, the SCS-CN method requireas overland flow. This is in agreement with the partial-area
two parameters to determine the rainfall losses, i.e. the curveoncept (Betson, 1964), which admits that, in general, only
number (CN) that specifies the soil storage capa€itpr certain parts of the basin contribute to flood runoff. In the
three classes of antecedent moisture conditions, and the insame context, Hewlett and Hibbert (1967) contended that,
tial abstraction, which is expressed as percentage©h the  during storms, ephemeral streams expand upstream by col-
other hand, the unit hydrograph is synthetically determined Jecting overland flow and shallow subsurface flow along their
usually assuming a simple shape (e.qg. triangular), the geomechannels (see also Freeze, 1972). This behaviour underpins
etry of which is expressed using two or three parameters (e.ghe variable source-area concept, which is valid in areas
base time, time to peak, peak flow). where the water table rises to the land surface. Hewlett and

The key assumption of this procedure is the dominanceHibbert (1967) also found that the origin of floods can vary
of overland flow, which is quite realistic when dealing with considerably in different basins. In particular, interflow is
low-permeability basins (e.g. urban). In this vein, it is ac- prevalent in basins with deep, permeable soils, steep straight
cepted that the hydrograph can be separated into two distinctlopes and narrow valley bottoms. Knisel (1973) commented
components, the direct runoff and the baseflow, which reprethat, although the interflow is commonly too slow to con-
sent the quick and slow response of the basin, respectivelytribute appreciably to the peak of hydrographs, in terms of
The inflection point in the recession limb of a given flood runoff volume it may dominate the overall response of the
hydrograph defines the end of direct runoff. In flood design,basin. Dunne and Black (1970) further clarified the variable-
the baseflow component is assumed to be a small portion o§ource-area theory, concluding that saturation overland flow
the total runoff and, for convenience, also independent of thecan arise either from direct precipitation on saturated land-
(design) rainfall. Finally, the time of concentration is used to surface areas or from return flow of subsurface water to the
represent the mean travel time of overland flow. surface, in saturated areas.

The aforementioned separation of a hydrograph in direct Summarizing these hypotheses, Beven and Kirkby (1979)
runoff and baseflow is grounded on Horton’s overland flow classified flood runoff in at least four categories: (a) Horto-
theory. Horton (1931) asserted that flood runoff is generatechian overland flow in low-vegetated areas, (b) Betson’s over-
over the entire area of a basin, when the rainfall rate exceedi&nd flow in variable areas of near-saturated soils, (c) Dunne
the top soil’s infiltration capacity; under this premise, the ex- and Black’s direct flow in stream channels and completely
cess water flows quickly over the land surface to stream chansaturated soils adjacent to streams, and (d) Hewlett and Hib-
nels. According to Horton'’s perception, overland flow results bert's downslope lateral flow of saturated or unsaturated soil.
only from saturation from above and deeper soil layers re-Beven and Kirkby (1979) represented the above mechanisms
main unsaturated. The remaining rainfall infiltrates to thein the innovative TOPMODEL, which was the first model to
groundwater, which in turn feeds the streamflow by meansuse topographic information to classify hydrologically simi-

of baseflow. lar areas.
Recent advances in data monitoring, including remote
4.2 Flood flows: Hortonian or something more? sensing and tracer technologies, enabled a better description

of the rainfall-runoff processes at the small scale. In par-
Since the early 1960s, a number of now classical papers havicular, significant progress on process understanding was
disputed Horton’s hypothesis, concluding that its applica-gained from the Prediction in Ungauged Basins initiative
tion should be restricted to areas of low vegetation cover(for a comprehensive review, see Bléschl et al., 2013 and
where soils exhibit severe compaction or crusting, and undeHrachowitz et al., 2013). New notions, such as preferen-
high rainfall intensity (Ward and Robinson, 1990, p. 223). tial flows (Beven and Germann, 1982) and the fill-and-spill
For areas where the infiltration capacity of soils is gener-hypothesis (Tromp-van Meerveld and McDonnell, 2006),
ally high in comparison with usual rainfall intensities (e.g. were proposed and validated via in situ experiments. These
forested basins), those papers proposed alternative or conmew notions challenge parts of the concepts classified by
plementary concepts to explain the sources of flood runoffBeven and Kirkby (1979), even certain of the fundamental
Hewlett (1961) was the first to underline the key importanceassumptions of the variable source-area approach (McDon-
of interflow, also referred to as throughflow or subsurfacenell, 2003); there is however general agreement that the Hor-
stormflow (these and similar terms are used to charactertonian paradigm is unsuitable for representing the generation
ize the water draining from the soil either as unsaturatedof flood flows, except for limited cases.
flow or, more commonly, as shallow perched flow above the
main groundwater level; Ward and Robinson, 1990, p. 200).
Hewlett observed that, in the lower areas of a basin, the
combined effects of infiltration and interflow may favour
the rise of the water table up to the surface until soils be-
come saturated. Under saturation from below conditions, all
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Table 3. Summary information for the examined flood events at Sarantapotamos and Peristerona basins.

River basin Sarantapotamos Sarantapotamos Peristerona Peristerona
Flood event 27/2-2/3/2012 21/2-25/2/2013  8/3-15/3/1988  11/1-14/1/2004
Total rainfall (mm) 37.3 41.2 102.3 149.0

Total runoff (mm) 2.9 7.1 60.8 51.3

Runoff coefficient (%) 7.8 17.2 59.3 34.3

Obs. peak flow (Ms™1) 5.9 32.9 21.3 52.1

Sim. peak flow (Ms™1) 8.0 49.0 84.2 99.0

4.3 Can flood models work in semi-arid areas without  the overland flow hypothesis, remains, and is further ampli-
soil moisture balance? Lessons learned from two fied when SCS-CN is combined with a unit hydrograph to
small Mediterranean catchments route the effective rainfall across the basin.

We demonstrate the shortcomings of the combined SCS-
) ) ) CN and synthetic unit hydrograph (henceforth SCS/SUH)

The improved understanding of the flood generation meCh'procedure with examples from two typical Mediterranean

anisms resulted in increasingly complex model structurescatchmems, in Eastern Greece (Sarantapotamos, 144)6 km

with increased requirements on data and computational res,q Cyprus (Peristerona, 77.0 kmSemi-arid climatic con-
sources. In particular, high data requirements make Propejisions prevail in both areas, yet these basins exhibit sub-

application of complex models exceedingly difficult outside gianiiqlly different hydrological behaviour. This is due to

the research environment. For this reason, the engineering,q gifferent geological characteristics of these two basins.

community prefers using much simpler tools, particularly gpecifically, Sarantapotamos Basin is underlain entirely by
event-based models that are straightforward to implement, ,astone and dolomite, which strongly favour deep perco-

when their (few) parameters are directly obtained from bib-|a4i6n instead of runoff. For this reason, its flow regime is

liographic sources (i.e. regional formulas or lookup tables)'ephemeral, with mean annual runoff coefficient of about 5 %.
Yet, these engineering recipes, and specifically the unit hygjnce 2011, the basin is part of a research network compris-
drograph approach, are founded on Horton's interpretationng tour pilot basins in Greece (Efstratiadis et al., 2013). Peri-
of flood generation that ignores the flow through the shallowgierona Basin is located in the Troodos Mountains, central
soi_l, generally referred to as int_erflpw. Most of the synthetic Cyprus, and is mainly underlain by diabase and basalt that
unit hydrographs that are applied in ungauged basins relatg e part of the Troodos ophiolite. Although the flow regime is

their parameters (e.g. base time, time to peak, peak flowjhiermittent (the stream is drying during summer months but
to the surface properties of the catchment (e.g. slope, areqnaintains a usually small baseflow during the wet period),
geometry of drainage network). The hidden yet obvious hy-f1504s with significant peak flows occur there, which are the

pothesis underthi; premise is that the entire effective rainfalbnighest in all of Cyprus. The basin has been systematically
flows over the basin surface. monitored since the 1960s.

As mentioned in Sect. 4.1, the typical model for extract-  \jichajlidi et al. (2013) investigated several modelling

ing the effective rainfall from the design hyetograph is the gchemes for the two basins, by analysing all important flood
SCS-CN method. In fact, this is a Hortonian-based approachyents during the corresponding periods of observation. In
that ignores soil moisture accounting, as far as the sum ofe context of the SCS/SUH approach, they developed a para-
infiltrated water is considered as losses, which in turn re-,qtric synthetic unit hydrograph comprising a linear rising

sults in severe underestimation of the volume and duratiorbranch and a nonlinear falling one. In order to preserve the

of design hydrographs. Several researchers have revealed ”ﬁ‘?ajor assumption of the SCS-CN method, i.e. the dominance
limitations of the SCS-CN method with respect to soil pro-

=K of the overland flow, they set its base time equal to the time
cesses and proposed further parameterization to better reps oncentration of the basi, expressing the time to peak

resent the initial s_oil moisture conditions (e.g. Ponce andyg fraction ofre. The latter was estimated by the Giandotti

Hawkins, 1996; Michel et al., 2005; Sahu et al., 2007) aSgqrm |4 (6.5 h for Sarantapotamos and 3.5 h for Peristerona).
well as the infiltration (e.g. Gabellani et al., 2008; Grimaldi |, order to eliminate the impacts of initial soil moisture

et al,, 2013) and baseflow (e.g. Coustau et al., 2012) proggngitions, the three, in total, parameters of the combined
cesses. Implementations of the SCS-CN method in a congcs/SUH method (i.e. the curve number, the initial abstrac-
tinuous simulation mode within hybrid modelling schemes (4, ratio and the dimensionless time to peak) were calibrated
have been also developed in order to represent the Va”ab'“t)égainst each specific flood event. The objective function in-
of rainfall and the antecedent soil moisture conditions (€.9.),ded an efficiency term, to ensure the closest fit to the cor-

Camici et al., 2011; Grimaldi et al., 2012a, b). Despite these;ggnonding observed hydrograph, and two penalty terms, one
improvements, the major inconsistency of the method, i.e.
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Figure 1. Observed and simulated (through the SCS/SUH method) hydrographs and corresponding rainfall events in Sarantapotamos (uppel
panel; February 2012, left, and February 2013, right) and Peristerona (lower panel; March 1988, left, and January 2004, right).

for the conserving the flood volume and one for approximat-be the dominant (if not the sole) component of all observed
ing the peak discharge. hydrographs.

In most events the standard SCS/SUH method failed to Due to the limitations of the modelling scheme, none of
predict the flood flows adequately; this finding agrees withabove important characteristics is represented in the simu-
the results of similar studies in semi-arid Mediterraneanlated hydrographs. In particular, the standard SCS/SUH pro-
catchments (Soulis et al., 2009; Massari et al., 2014). Characcedure cannot handle complex rainfall patterns, nor can it
teristic failure cases (two from each basin), which refer to theproduce interflow, which is a rather smooth and slow flux (in
largest observed storm events, are shown in Fig. 1 (see alsmontrast to overland flow, which generally follows the pat-
summary data in Table 3). All observed hydrographs showtern of rainfall), because SCS/SUH does not strictly include
that: (a) the basin’s response to rainfall is quite slow; (b) gen-a soil moisture balance. Moreover, since most of runoff flows
erally smooth shapes are produced, even for storm eventhrough the soil, the response time of the basin should be
of complex structure; and (c) after the end of rainfall, flood much longer than the time of concentration. However, by im-
runoff continues much longer than the corresponding time ofplementing the erroneous assumption of overland flow, thus
concentration, which determines the travel time of overlandsetting the duration of the SUH equal 49 we forced the
flow. The common interpretation of the above characteristicanodel to calculate too narrow hydrographs. This explains the
is the existence of a significant regulation mechanism, whichsubstantially poor reproduction of the falling limbs and the
is the shallow soil (unsaturated zone). As result of the semisignificant overestimation of the observed peak flows, due
arid climate, at the beginning of rainfall the soil is mostly far to the conservation of the volumes. These observations sug-
from saturation and allows storing all infiltrating water with- gest that a radically different conceptualization is needed, in
out generating runoff. After exceeding a certain threshold,which interflow is proportional to soil moisture storage; fur-
there is a sharp increase of flood runoff until the peak valuethermore, the base time of the SUH has to be substantially
followed by a recession (i.e. the falling limb of the hydro- increased, to account for the actual travel time of flood runoff
graphs) that can be represented well as outflow from a lineathrough the shallow soil.
reservoir. This behaviour indicates that the excess water be-
gins moving through the soil as interflow, which seems to
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5 Conclusions By analysing several flood events in two catchments in
Greece and Cyprus, we have illustrated the intrinsic short-

Flood design and modelling is more than blind application comings of the SCS/SUH procedure, when applied in semi-
of “recipes”, regardless of the sophistication of the underly-arid areas. This empirical analysis also confirmed that the
ing predictive tools. Caution is recommended, because fewmplementation of a soil moisture accounting scheme is es-
of the methodologies and modelling tools available in the lit- sential for a proper modelling of flood generation. This can
erature, of any level of complexity, have been tested extenbe achieved via one or more interconnected conceptual tanks.
sively against flood data observed in many different catch-Yet, conceptual models are not easily applied to ungauged
ments worldwide. In this vein, hydrological experience (and, basins, since their parameters cannot be derived through re-
why not, intuition) is of key importance to prevent misuse gional approaches but must be estimated via calibration.
of these tools as well as to properly account for underlyingNevertheless, engineering hydrology can take advantage of
uncertainties, which are apparent in all aspects of flood modthe available data from a plethora of experimental basins
elling. worldwide, to establish appropriate formulas for these pa-

Particularly regarding predictions in ungauged basins,rameters. In our opinion, more attention should be paid to
(a) the user must know a model’s validation basis, statisticaconceptual flood modelling, which can ensure both physical
and physical, and (b) predictions with modelling tools that consistency and parsimony. This also involves the formula-
use regionalized parameters cannot be trusted before validdion of synthetic unit hydrographs that ensure a realistic rep-
tion at some local setting. This is of key importance in the resentation of the time—area transformations, which are em-
case of small and semi-arid Mediterranean basins, which exployed not only over the basin surface but also through the
hibit many peculiarities in their hydrological behaviour. unsaturated zone.

Specifically regarding the rational method, (a) the time of
concentration as “basin constant” has been identified as enig-
matic, because althoughis assumed to be an independent acknowledgementsThe research for this paper was performed
variable that explicitly determine@y, it is actually depen-  within the project “DEUCALION — Assessment of flood flows in
dent onQyp; (b) estimatings. with four established empir-  Greece under conditions of hydroclimatic variability: Development
ical formulas yielded disparate and also unrealistic resultspf physically-established conceptual-probabilistic  framework
which, however, improved considerably after optimizing the and computational tools”, funded by the General Secretariat of
numerical coefficients of two of these formulas against theResearch & Technology of Greedhttp://deucalionproject.gr/ It
same locally observed peak flows in Cyprus; and (c) thelS based on ideas presented at the mid-term conference of COST

rational method’s deterministic application can give signif- Action ES0901, titled "Advanced methods for flood estimation in
icantly lower peak flows compared to upper-quantile resultsa variable and changing environment”. We wish to thank Thomas
Kjelsen and Athanasios Loukas for their kind invitation. We are

of relate_d Monte Carlo S'mmat'ons,' . . also grateful to Luca Brocca, Salvatore Grimaldi and an anonymous
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rainfall. A more consistent approach would require integrat-

ing the uncertainties of all associated components, includingedited by: A. Loukas
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