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Abstract:
A modelling framework for the quick estimate of ﬂood inundation and the resultant damages is developed in this paper. The
model, called the ﬂood economic impact analysis system (FEIAS), can be applied to a river reach of any hydrogeological river
basin. For the development of the integrated modelling framework, three models were employed: (1) a modelling scheme based
on the Hydrological Simulation Program FORTRAN model that was developed for any geomorphological river basin, (2) a river
ﬂow/ﬂoodplain model, and (3) a ﬂood loss estimation model. The ﬁrst sub-model of the ﬂood economic impact analysis system
simulates the hydrological processes for extended periods of time, and its output is used as input to a second component, the
river/ﬂoodplain model. The hydraulic model MIKE 11 (quasi-2D) is the river/ﬂoodplain model employed in this study. The
simulated ﬂood parameters from the hydraulic model MIKE 11 (quasi-2D) are passed, at the end of each time step, to a third
component, the ﬂood loss model for the estimation of ﬂood damage. In the present work, emphasis was given to the seasonal
variation of Manning’s coefﬁcient (n), which is an important parameter for the determination of the ﬂood inundation in hydraulic
modelling. High values of Manning’s coefﬁcient for a channel indicate high ﬂow resistance. The riparian vegetation can have a
large impact on channel resistance. The modelling framework developed in this paper was used to investigate the role of riparian
vegetation in reducing ﬂood damage. Moreover, it was used to investigate the inﬂuence of cutting riparian vegetation scenarios
on the ﬂow characteristics. The proposed framework was applied to the downstream part of the Koiliaris River basin in Crete,
Greece, and was tested and validated with historical data. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION
Floods are the costliest natural hazards in the world and
account for 31% of economic losses resulting from
natural catastrophes (Yalcin and Akyurek, 2004). A
review of the losses caused by ﬂood events during the
past years indicates that the economic losses in Europe
are increasing dramatically, mainly because of the
signiﬁcant increase in population and economic assets
in ﬂood hazard zones (Plate, 2002). Flood hazard
underestimation contributes to damages larger than
expected, but unnecessary overestimation leads to the
costly overdesign of ﬂood protection measures. The
inappropriate (or absent) ﬂood risk management may lead
to considerable loss of property and life.
Several models presented in the past can estimate
potential ﬂood damages for different scenarios using
ﬂood parameters obtained from historical data, e.g. the
Flood Damages Analysis Package developed at the
Hydrological Engineering Center (HEC) (USACE1,
2002). However, these models cannot be used for realtime ﬂood loss estimation or forecasting as there is no
well-established mechanism available for simulating the
ﬂood parameters of an actual ﬂood event from the
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physical characteristics of the ﬂooded area (Dutta et al.,
2003). Recent models include real-time ﬂood loss
estimation models based on geographic information
system (GIS) to delineate ﬂood inundation (Consuegra
et al., 1995; Jonge et al., 1996). However, these ﬂood
damage estimation models do not include a physically
based model for the ﬂood inundation simulation; instead,
they use GIS to spread the ﬂoodwater on the basis of a
river model simulation. The main difﬁculty associated
with the ﬂood inundation simulation approach is obtaining
an adequate number of ﬂood inundation parameters, which
are the most important inputs to a ﬂood loss estimation
model. Recently, works that combine a physically based
ﬂood inundation simulation model and a loss estimation
model have been presented (Dutta et al., 2003, 2006;
Jonkman and Vrijling, 2008).
To minimize ﬂood losses, proper ﬂoodplain management plans are required. These, in turn, require parameters
related to the time and space variation of ﬂooding ﬂow, i.e.
the spatial extent and depth of ﬂood inundation in one or
two dimensions (Patro et al., 2009a,b; Pramanik et al.,
2010). Hydrodynamic modelling can play a signiﬁcant role
in obtaining these parameters. The hydrodynamic modelling
approach of ﬂood inundation simulation essentially involves
solving one-dimensional and two-dimensional Saint Venant
equations using numerical methods (Chatterjee et al., 2008).
Various numerical models have been developed for ﬂood
inundation and ﬂow simulation, which solve the governing
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equations for river and ﬂoodplain ﬂow using certain
computational algorithms. These models are divided into
three categories: (1) one-dimensional (1D), (2) twodimensional (2D), and (3) one-dimensional river ﬂow
models coupled with two-dimensional ﬂoodplain ﬂow
models (1D–2D).
One-dimensional numerical models are mostly based
on the ﬁnite difference and ﬁnite element methods (Patro
et al., 2009a,b). The ﬁnite difference method is more
popular because of the comparatively small computational time. Different software tools, such as the HEC River
Analysis System model from the US Army Corps of
Engineer HEC (USACE1, 2002) and the MIKE 11
hydraulic model developed at the Danish Hydraulic
Institute (DHI, 1997), have been used extensively for the
dynamic 1D ﬂow simulation in rivers. One-dimensional
models, although simple to use, fail to provide detailed
information regarding the ﬂow ﬁeld. This limitation can
be overcome by applying two-dimensional modelling of
the ﬂoodplain ﬂow. The most widely used software
packages for 2D modelling are the MIKE 21 model
(DHI, 2007) and the FLOW 2D model (O’Brien, 2006).
The disadvantage of the 2D models is that they require
substantial computational time and ﬁne river grid. Thus,
attempts have been made to couple 1D river ﬂow models
with 2D ﬂoodplain ﬂow models. In the coupled 1D–2D
models, the ﬂow in the main river channel is simulated
using one-dimensional equations, whereas two-dimensional
equations are solved for the water spilling over the
banks to the ﬂoodplains. A characteristic example of this
model is the software package MIKE FLOOD developed
at the DHI. The MIKE FLOOD model links dynamically
the MIKE 21 model to the MIKE 11 model (DHI, 2007).
The 1D–2D models are generally computationally
expensive and also have the disadvantage of maintaining
two models instead of one. For these reasons, quasitwo-dimensional (quasi-2D) models that combine a
simpliﬁed 2D representation of the ﬂood inundation
characteristics with a fast computation process have
been applied as an alternative approach. MIKE 11
(quasi-2D) is one of the models that can offer such
capabilities (Chowdhury and Kjelds, 2002). Tuteja
(2008) compared the MIKE 11 (quasi-2D) model with
the MIKE 21 and MIKE FLOOD models and concluded
that all three models exhibited similar accuracy in the
estimation of the ﬂood inundation area for ﬂooding
ﬂows up to 325 m3/s.
Floods occur when peak discharge exceeds channel
capacity. A common approach in reducing the probability
of ﬂooding is to increase the channel network capacity.
Capacity is mainly limited by the resistance in the channel.
High resistance is mainly caused by the existence of
vegetation. Resistance is a critical parameter in the
hydrodynamic simulation of the ﬂood inundation. Its value
essentially determines the velocity and the depth of the
ﬂood water. In numerical ﬂood simulations, ﬂow resistance
is deﬁned by the ﬂow resistance coefﬁcient. The most
common resistance coefﬁcient is Manning’s coefﬁcient
(n), with its high values indicating high ﬂow resistance.
Copyright © 2012 John Wiley & Sons, Ltd.

Channel roughness is a measure of the frictional
resistance of a channel (bed/bank) to river ﬂow. Channel
roughness is affected by a number of factors, which
cannot be easily translated into a single value. Riparian
vegetation is often the dominant factor inﬂuencing ﬂow
conditions within the channel (Gurnell et al., 2006). The
riparian zone consists of the land and vegetation
immediately adjacent to a stream and exhibits a greater
variety and density of plant species than upland areas
(Tabacchi et al., 2000).
At this point, it is important to identify the extent to
which riparian vegetation affects the magnitude of a ﬂood
event and the consequent damage. Anderson (2005)
reported that smaller ﬂoods (high probability, average
recurrence interval of 2 or 5 years) are more sensitive to
the riparian vegetation condition than larger ﬂoods (low
probability, average recurrence interval of 50 or
100 years). Speciﬁcally, it has been identiﬁed that
hydrographs of small discharges are more attenuated
than those of large ones for the same channel if no
riparian vegetation is present. Thus, in terms of wave
shape, the lack of riparian vegetation is more important
for low and mid-sized ﬂood peaks, whereas it plays no
signiﬁcant role for high-discharge ﬂoods (Tabacchi et al.,
2000; Anderson et al., 2006).
Moreover, the importance of riparian vegetation on
ﬂood control is a function of the size and the width/depth
ratio of the channel. It has been determined that the larger
the channel, the smaller is the relative effect of riparian
vegetation (Anderson et al., 2006). If a channel has a
width/depth ratio greater than 17, vegetation is unlikely to
have any effect on ﬂooding (Masterman and Thorne,
1992). Usually, small river basins consist of downstream
channels small in size and width/depth ratio, where
extensive stands of aquatic macrophytes exist. Thus, the
role of riparian vegetation controlling overbank ﬂows in
such cases can be considered as important. In small river
basins, especially in the Mediterranean area, rainfall and
runoff processes can play a signiﬁcant role in the
generation of ﬂash ﬂoods. Flash ﬂoods can appear
suddenly and are characterized by limited spatial extent
and high probability. Nevertheless, the damage that can
be caused by these ﬂash ﬂood events is often severe, and
they also pose a serious threat to human lives. Flash ﬂood
water moves at very high velocities, transferring large
sediment yield, rolling boulders, tearing out trees and
destroying buildings/constructions (Georgakakos, 2006;
Kourgialas et al., 2011).
Flood protection measures can be divided into structural
and non-structural, the latter being the one deserving
particular attention in effectively limiting the damage
caused by ﬂash ﬂoods. This does not mean that structural
measures are of no assistance, but the typical procedures
(for instance, the construction of embankments, retaining
reservoirs and additional ﬂood conveyance channels)
cannot always be implemented in areas susceptible to
ﬂash ﬂoods (APFM, 2007). In such cases, a common
practice to overcome ﬂooding ﬂows is the annual mowing
of the whole vegetation body in a mechanical way. This
Hydrol. Process. 27, 515–531 (2013)
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practice restores discharge capacity but has negative
ecological impact (Vereecken et al., 2006). Thus, the best
method is to use an optimal riparian vegetation cutting
plan, taking into account the balance between ﬂood control
and riparian ecology (Leu et al., 2008). Many researchers
emphasize the seasonal plant dynamics in hydraulic studies
of overbank ﬂows (Thorne et al., 1997, 1998a,b).
Speciﬁcally, Masterman and Thorne (1992) estimated a
reduction in discharge capacity of 2% during the winter
period and of 38% during the full growth period for a
width/depth ratio of 5.
According to the European Floods Directive (CEC,
2007), all European Union (EU) members should prepare
ﬂood hazard maps at the river basin scale and ﬂood risk
management plans by 22 December 2015. These ﬂood
hazard maps should include various ﬂood scenarios and
the corresponding damages that can be generated. Flood
risk management plans may also include the promotion of
sustainable land use practices and improvement of water
retention. The main objective of this study is to develop
an integrated modelling framework, the ﬂood economic
impact analysis system (FEIAS), for the fast estimation of
the damages caused by an oncoming ﬂood event based on
the demands of the aforementioned European directive.
This integrated model has a modular structure that
combines several sub-models. The sub-models considered
in this work are as follows: (1) the modelling framework
based on the hydrological model Hydrological Simulation
Program FORTRAN (HSPF) developed for any geomorphological river basin, (2) the distributed hydrodynamic
model MIKE 11 (quasi-2D), and (3) a grid-based ﬂood
loss estimation model based on the empirical damage
model of Dutta et al. (2003). FEIAS is used to evaluate
ﬂood damages and compare different possible ﬂood
inundation scenarios for an oncoming ﬂood event. These
scenarios represent changes in the riparian vegetation
related to seasonal variations and ecological weed-cutting
practices. The present study introduces a new concept in
modelling based on the relationships among riparian
vegetation, ﬂood inundation and the resultant damages.
The proposed modelling framework can be used as an
effective tool for fast estimation (less computational time)
of the damages that can occur because of an oncoming
ﬂash ﬂood event. In most cases, ﬂash ﬂood events occur
in small river basins, which have short response times.
The proposed methodology is applied to the downstream
area of the Koiliaris River basin in Crete, Greece, where
ﬂash ﬂood phenomena occur from time to time.
STUDY AREA
The Koiliaris River watershed is located in the eastern
part of the Chania Prefecture. The total basin area is
130 km2. The basin extends from the White Mountains
(highest altitude 2041 m above mean sea level) to the
coastline, and the total river length is 36 km. The Koiliaris
River has four tributaries, two of them being temporary
rivers (Keramiotis and Anavreti) and the other two
permanent. The length of the river from the intersection
Copyright © 2012 John Wiley & Sons, Ltd.
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point where all the tributaries meet to the outﬂow point is
3 km (Figure 1).
The topography of the area of interest is smooth with a
mild slope of 12%. The geology of the basin is mainly
carbonate (karst) with quaternary–neogenic deposits and
ﬂysch formations. Rangeland accounts for 58% (101 km2)
of the total watershed area, cultivated areas 29.4% (51 km2),
urban areas 2.8% (5 km2), forests 8.5% (14.8 km2) and
aquatic areas 0.6% (1 km2). The downstream area of the
watershed is agricultural with main products being oranges,
lemons, olive oil, pears and vegetables.
In the Koiliaris River basin, there are three hydrometric
stations (H1, H2 and H3) and two meteorological stations
(M1 and M2), all telemetric (Figure 1). These stations
provide hourly real-time data, which are used to determine
the hydrological and meteorological parameters.
During the past years, some extreme ﬂash ﬂood events
have occurred in the basin, especially in the downstream
area (Figure 1). The downstream part of the Koiliaris River
which is studied in this work is small in size, with a very
small width/depth ratio (not greater than 3.5), and is
characterized by dense riparian vegetation. In addition,
when the cross section of hydrometric station H1 (downstream area) is completely covered with water, the hydraulic
depth is equal to 3.4 m and the ﬂooding ﬂow (Qmax) is
relatively small and equal to 92.6 m3/s (Kourgialas and
Karatzas, 2011). From the aforementioned characteristics of
the study channel, the riparian vegetation management can
play a signiﬁcant role in ﬂash ﬂood control. According to
historical data, the most extreme events took place on 27
March 1988, on 7 December 2000 and on 10 December
2003. All these extreme ﬂash ﬂoods caused several damages
to properties and constructions.

METHODOLOGY
The concept of FEIAS

The developed modelling framework FEIAS is an
integrated hydro-economic model with a modular design
that connects independent sub-models. Speciﬁcally,
FEIAS consists of three tools (sub-models). The ﬁrst
one is a framework based on the hydrological model
HSPF for any geomorphological river basins. This model
has already been successfully calibrated and validated in
previous work by the authors (Kourgialas et al., 2010).
The time series output from the HSPF model becomes the
input for the hydraulic model MIKE 11 (quasi-2D) to
simulate the ﬂood inundation at a speciﬁc river reach. The
MIKE 11 (quasi-2D) model is the second sub-model of
the FEIAS. This model is a distributed hydraulic model
for ﬂood inundation that simulates the ﬂood parameters
for given hydrological conditions in space and time. The
obtained ﬂood inundation parameters become the input
for the third sub-model. This sub-model is a grid-based
ﬂood loss estimation model based on the empirical
damage model of Dutta et al. (2003) that has the
capability to estimate the overall direct monetary damages
for each economic sector. A graphical representation of
Hydrol. Process. 27, 515–531 (2013)
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Figure 1. The geology of the Koiliaris River basin, the downstream area and the hydrometeorological network

the three sub-models involved in the proposed FEIAS is
presented in Figure 2.
A framework based on HSPF for any geomorphological
river basin

As mentioned earlier, the modelling framework based
on HSPF for any geomorphological river basin has been
already calibrated and validated for the Koiliaris River
Copyright © 2012 John Wiley & Sons, Ltd.

basin in previous authors’ work (Kourgialas et al., 2010).
Speciﬁcally, this framework consists of ﬁve sub-models:
(1) a two-part Maillet karstic model used to determine the
spring discharge, (2) a GIS-based energy budget snow
melt model that simulates the territorial snow melt rate
and computes the snow melt ﬂow that enters the karstic
system of the high mountainous area, (3) a MATLAB
code that incorporates the previous two models, (4) an
empirical karstic channel model developed to simulate the
Hydrol. Process. 27, 515–531 (2013)
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Figure 2. A graphical representation of the sub-models in the integrated
modelling framework ﬂood economic impact analysis system (FEIAS)

ﬂow in the downstream karstic part of the Koiliaris river
basin, and (5) the hydrological model HSPF. All these
sub-models are combined to simulate the surface and
groundwater ﬂows that generate ﬂash ﬂood events in the
downstream area of this complex hydrogeological basin.
This basin consists of perennial and temporary rivers
(tributaries), high mountainous karstic areas, springs and
downstream karstic areas.
The MIKE 11 (quasi-2D) model

The MIKE 11 (quasi-2D) is an implicit ﬁnite difference
model for one-dimensional unsteady ﬂow simulation in
branched and looped river networks and quasi-twodimensional ﬂow simulation on ﬂoodplains. The model
has been designed to perform detailed modelling of rivers,
including special treatment of ﬂoodplains, road overtopping, culverts, gate openings and weirs. The model has
been widely used to simulate water levels and ﬂow in
river systems (Shumuk et al., 2000; Blake, 2001; Mishra
et al., 2001; Hammersmark et al., 2005). MIKE 11
(quasi-2D) is a hydrodynamic ﬂood management tool that
simulates the extent of ﬂood inundation that may occur
for an extreme overbank ﬂow. It solves the fully dynamic
shallow water ﬂow equations (Saint Venant equations)
using the ﬁnite difference method. Equations (1) and (2)
are Saint Venant equations, which represent the law of
conservation of mass and momentum, respectively,
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þ
@t

h
i
2
@ g  QA
@x

@A @Q
þ
¼q
@t
@x
þgA

(1)

@H1 g  Q  jQj
þ 2
¼ 0 (2)
n AR
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where Q is the discharge (m3/s), A is the ﬂow area (m2),
q is the lateral inﬂow (m2/s), H1 is the stage above
datum (m), n is Manning’s coefﬁcient (m1/2/s), R is the
hydraulic radius (m), g is the momentum distribution
coefﬁcient, g is the acceleration due to gravity (9.81 m2/s),
x is the longitudinal distance in the direction of the ﬂow
(m) and t is the elapsed time (s).
Copyright © 2012 John Wiley & Sons, Ltd.
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The approximate solutions to the aforementioned
partial differential equations were determined by using
the implicit ﬁnite difference scheme developed by Abbott
and Ionescu (1967) and by applying the double-sweep
algorithm (Abbott, 1979). Speciﬁcally, using the relationship between the cross-sectional area, the storage
width and the water level, we transform both mass and
momentum balance equations in terms of Q and H1. The
system of equations is solved for Q and H1 by using the
six-point fully implicit numerical scheme of Abbott
(1979). The mass balance equation is centred at water
level between the current and next time steps, whereas the
momentum balance equation is centred at discharge
between the time steps. The MIKE 11 (quasi-2D)
hydrodynamic code of the proposed modelling system
does not consider the dynamic water exchanges between
the channel and the ﬂoodplain. Exchanges such as
runoff onto the ﬂoodplain, evapotranspiration losses or
interactions between the river water and the groundwater
may become very important over long river reaches.
Thus, the proposed modelling framework is particularly
suitable for relatively short river reaches of less than
5 km.
Development of the MIKE 11 (quasi-2D) model. Before
simulations using the MIKE 11 (quasi-2D) model are run,
input data must be processed and several ﬁles must be
prepared: the river network ﬁle, the cross-sectional ﬁle,
the hydrodynamic parameter ﬁle and the boundary
parameter ﬁle (DHI, 2007).
The River Network ﬁle allows the user to do the
following: (1) deﬁne the river network and reference cross
sections and control structures to the network and (2)
graphically obtain an overview of the model information
in the current simulation. In our case, the river network is
the downstream part (3 km) of the Koiliaris River
(Figure 3A). The river network was digitized using
topographic maps (1 : 5000).
The Cross Section ﬁle, which provides detailed and
accurate cross-sectional representation, is of primary
importance to the hydrodynamic modelling. The crosssectional ﬁle contains streambed cross sections at speciﬁed
locations along the river network. In the present study, ten
cross sections were used with widths ranging from 500 to
1300 m. For the digital elevation model, which is used to
extract cross-sectional elevations for a number of grid
points, the cell size was chosen equal to 20 m. The
geometry of the cross sections was extracted, as a ﬁrst step,
from the digital elevation model and was conﬁrmed/
corrected with measurements from ﬁeld-surveyed data to
improve accuracy (Figure 3A).
The Boundary ﬁle includes the boundary conditions in
a time series format for the river network boundaries. In
the present study, the water level boundary was applied to
the downstream section of the river, and the discharge
boundary was applied to the upstream section. The hourly
time series boundary conditions were deﬁned using the
time series output of the framework based on the HSPF
model (Kourgialas et al., 2010).
Hydrol. Process. 27, 515–531 (2013)
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Figure 3. (A) The river reach and the cross sections for the downstream part of the Koiliaris River, (B) a river cross-sectional division into three riparian
zones and the vegetation types for each zone

The Hydrodynamic Parameter ﬁle includes the bed and
ﬂoodplain resistance data for the river network. Manning’s
coefﬁcient (n) was used as the resistance coefﬁcient with
typical values ranging between 0.01 and 0.1. The MIKE 11
(quasi-2D) model has the ﬂexibility to divide river cross
sections into three vegetarian zones with different bed
resistance values. These zones represent the following: (1)
the riparian vegetation zone in the bottom of the proﬁle for
the description of low to moderate ﬂows (riparian zone 1),
(2) the riparian vegetation zone on the banks for the
description of moderate to high ﬂows (riparian zone 2), and
(3) the riparian zone for the description of overbank ﬂows
and ﬂoodplains (riparian zone 3) (Figure 3B). On the basis
of the above division into river cross sections, cutting
riparian vegetation scenarios were applied to investigate
their effects on the ﬂooding ﬂow and on the resulting
Copyright © 2012 John Wiley & Sons, Ltd.

damages. Additionally, a time-varying Manning’s coefﬁcient (n) was applied to describe the annual variation of
vegetation in the river system.
To delineate the 2D hydrodynamic map for a speciﬁc
ﬂood wave, it is necessary to deﬁne the coordinates, the
dimensions and the type of the 2D map. The following
parameter values were speciﬁed in the hydrodynamic
parameter ﬁle for the case under study: grid cell size of
the output 2D ﬂood map equal to 1 m and number of cells
in the x and y directions equal to 3800 and 3200,
respectively. The computational time step was set to
1 min. The frame grid created from the aforementioned
parameter values has a very dense form with small time
and spatial steps. Thus, the dynamic water depth (ﬂood
wave) in each grid cell becomes very accurate for the
speciﬁc area.
Hydrol. Process. 27, 515–531 (2013)
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Model testing and validation. MIKE 11 has been
extensively tested using data from laboratory tests as
well as measurements from different watersheds (Bakry
et al., 1992; Paudyal, 2002; Faganello and Attewill, 2005;
Fórster et al., 2008; Patro et al., 2009a,b; Pramanik
et al., 2010). The spatial and temporal variation of channel
and ﬂoodplain roughness is the most important parameter
to adjust when calibrating the MIKE 11 (quasi-2D) model. In
the present study, two historical ﬂood events and the reported
ﬂooded points were used for testing and validating the MIKE
11 (quasi-2D) model.
The ﬂood loss estimation model

As mentioned before, the three components of FEIAS
[the framework based on the HSPF model, the MIKE 11
(quasi-2D) model and the ﬂood loss model] interact
dynamically. At the end of each time step, the simulated
ﬂood parameters from the hydraulic model are passed to
the ﬂood loss model for the estimation of ﬂood damage.
Flood damages have been distinguished into two
categories: direct (monetary, caused by direct contact with
the ﬂoodwater) and indirect. In the present study, emphasis
was given to the estimation of direct damages that can be
categorized into primary and secondary (Green et al.,
1983; Smith, 1994; Parker, 2000; Dutta et al., 2006; Merz
et al., 2010). Depending on where direct damages occur,
they can be categorized as urban, rural or infrastructure.
Each of these categories can be sub-divided into a number
of sub-categories on the basis of the ﬂood damage
characteristics. More speciﬁcally, urban damages can be
residential or non-residential; rural damages can concern
the crops, farm houses and farm infrastructure; and
infrastructure damages can be divided into system and
service disruption loss damages (Dutta et al., 2006).
The ﬂood loss estimation model is based on the concept
of unit loss (property-by-property assessment of potential
damage) for the different categories of ﬂood loss (Smith,
1994; Dutta et al., 2006; Kreibich et al., 2010). Stage–
damage functions, developed to calculate unit damage
percentage for any object for a given set of ﬂood
conditions, are based on historical data. By using the
dynamic interaction between the hydraulic model and the
ﬂood loss estimation model, we can estimate the total ﬂood
damage in each grid cell of the area of study. The hydraulic
model MIKE 11 (quasi-2D) ‘feeds’ the ﬂood loss
estimation model with the ﬂood inundation parameters
(water depth, duration), and in turn, the loss estimation
model uses the stage–damage functions to estimate the
ﬂood damage for each category. Depending on the
category, a stage–damage function is created to estimate
the damage for each object in the speciﬁc category. The
stage–damage functions for residential structures and crops
by Dutta et al. (2003) that were used in the present study
are given in Figure 4A and B, respectively. With the use of
these functions, the ﬂood loss model estimates the damage
for each category in each grid cell. The total damage is
estimated as the summation of all the damages in each cell.
The stage–damage functions should be calibrated to
Copyright © 2012 John Wiley & Sons, Ltd.

Figure 4. (A) Stage–damage functions for residential structures, (B)
stage–damage function for crops (after Dutta et al., 2003, 2006)

account for the speciﬁc characteristics of each study case.
This has emphasized the need for meticulous data
collection regarding ﬂood damages and losses of life or
agricultural products, to accurately specify the shape of the
loss probability curve (Penning-Rowsell and Green, 2000;
Merz et al., 2010).
The mathematical models for the urban and agricultural
damage categories considered in this study can be
expressed as follows (Dutta et al., 2006):
Urban damages:
Damage to residential buildings:
Structure damage (Dstr):
Dstr ¼

rt
X

NRðk Þ  FAðk Þ  UPstr ðk Þ  Cstr ðkÞ

(3)

k¼1

Content damage (Dcon):
Dcon ¼ NF  UPcon  Ccon

(4)

Outside property damage (Dopr):
Dopr ¼ N  UPopr  Copr

(5)

Emergency and clean-up costs (Decl):
Decl ¼ N  UPecl  Cesl

(6)
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Damage to non-residential buildings:
Dnrb ¼

NI
X

NU ðnÞ  UPnrb ðnÞ  Cnrb ðnÞ

(7)

n¼1

where rt is the number of types of residential buildings
based on building materials, NR(k) is the number of
residential buildings of type k, FA(k) is the unit residential
ﬂoor area for building type k, UPm is the unit price for
category m damages in the current condition (m = str, con,
opr, ecl, nrb), Cm is the depth–damage function for
category m damages, NF is the number of households, N
is the number of total residential buildings, NI is the total
number of industry types and NU(n) is the number of
units for industry of type n.
Agricultural damages (AD):
AD ¼

n
X

DUAðk Þ  TAC ðk Þ  CUW ðk Þ

(8)

k¼1

where n is the total number of crops, DUA(k) is the
damage to crop k per unit area (damage as a proportion of
ﬂood-free gross returns), TAC(k) is the total area of
cultivation of crop k and CUW(k) is the estimated cost per
unit weight of crop k.

RESULTS AND DISCUSSION
Calibration and validation of the MIKE 11 (quasi-2D)
model

The MIKE 11 (quasi-2D) model was prepared and run
to simulate the ﬂood inundation of the historical ﬂash
ﬂood event that took place on 10 December 2003, in the
downstream reach of the Koiliaris River. Manning’s
coefﬁcient (n) was selected as a model calibration
parameter (Pramanik et al., 2010) at different locations
(riverbed and banks) along the downstream river reach.
This coefﬁcient is highly variable and depends on a
number of factors including surface roughness, vegetation, channel irregularities, channel alignment, scour and
deposition, obstructions, size and shape of the channel,
stage and discharge, seasonal changes, suspended material
and bed load (Nandalal, 2009). The initial values for
coefﬁcient n were selected on the basis of the work of
Chow (1959) and Sturm (2001), together with land use
information from the area of study.
The most suitable values for Manning’s coefﬁcient (n)
were determined by trial and error from the spatial
distribution of the historical ﬂooded points reported on 10
December 2003. The aim was to obtain an optimum level
of ﬁt between the model prediction of the 2D maximum
ﬂood inundation map and the observed spatially distributed historical ﬂooded points. These points were
located both inside and on the perimeter of the ﬂooded
area. Manning’s coefﬁcient (n) varies across a river cross
section (riparian zones). Speciﬁcally, its value was found
to be equal to 0.035 in the riparian zone 1, equal to 0.04
Copyright © 2012 John Wiley & Sons, Ltd.

in the riparian zone 2 and between 0.04 and 0.05 in the
riparian zone 3 (ﬂoodplains). The comparison between
the observed historical ﬂooded points and the model
prediction shows that the values used for Manning’s
coefﬁcient (n) were appropriate because all the historical
ﬂooded points are located inside the area of the 2D
maximum ﬂood inundation map determined by MIKE 11
(quasi-2D) (Figure 5A). Moreover, apart from this spatial
comparison, the information related to the values of the
maximum ﬂood water depth that was available only for
ﬁve of these reported historical ﬂooded points was
compared with the model inundation water depth
(Figure 5A). To compare the simulated results with ﬁeld
data, the determination index (R2) and the root mean
squared error (RMSE) were employed. Values of RMSE
close to 0 indicate a perfect ﬁt. In the present study, for
the calibration ﬂash ﬂood event, the values of RMSE and
R2 were 0.14 and 0.96, respectively (Table I). The
calibrated model setup was validated for another
historical high-ﬂash-ﬂood event that took place in the
area of study on 7 December 2000. MIKE 11(quasi-2D)
was run by changing only the boundary conditions, as
determined by the framework based on the HSPF model,
and keeping all other model parameters and river cross
sections the same (as in the calibration). The comparison
between the observed historical ﬂooded points (located on
the perimeter of the ﬂooded area) and the simulated 2D
maximum ﬂood inundation map for the validation ﬂash
ﬂood event is presented in Figure 5B. The values of the
maximum ﬂood water depth for four of these historical
ﬂooded points were reported; this information was
compared with the model inundation water depth
(Figure 5B). For the validation ﬂash ﬂood event, the
simulated results were compared with existing historical
data at four locations (Figure 5B) where a very good
agreement was found with RMSE = 0.18 and R2 index =
0.91 (Table I). From the aforementioned results, the
values of Manning’s coefﬁcient (n) used for the
calibration of the model are also appropriate for the
validated historical ﬂash ﬂood event.
Flood damage estimation and the role of riparian
vegetation

Several hydrological factors affect the extent of
damage, including inundation depth, ﬂow velocity and
the duration of inundation. However, inundation depth is
usually the main parameter from which the fraction of
damages is calculated (Bouwer et al., 2009). In general,
the duration of a ﬂood event plays a catalytic role for the
estimation of agricultural damage; however, in the case of
ﬂash ﬂoods, this role is limited. In addition, damage due
to high-ﬂow velocities occurs only in a small area near the
dike breach. In areas characterized by a relatively ﬂat
topography, the ﬂow velocities are relatively low.
Moreover, research has shown that high-ﬂow velocities
have a considerable inﬂuence on road infrastructure
damages but are of minor importance for other loss
categories (Kreibich et al., 2009).
Hydrol. Process. 27, 515–531 (2013)
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Figure 5. (A) Calibration ﬂood event – 2D maximum inundation map and the historical ﬂooded points, (B) validation ﬂood event – 2D maximum
inundation map and the historical ﬂooded points

The downstream area of the Koiliaris River basin is
characterized as agricultural with limited infrastructures
and no industrial areas. The study area has smooth slopes;
Copyright © 2012 John Wiley & Sons, Ltd.

therefore, the impact of high-ﬂow velocities is minimal
and can be ignored. In this study, total damages are
estimated only for the structure and agricultural loss
Hydrol. Process. 27, 515–531 (2013)
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Table I. Comparison between the maximum reported and
simulated water depths for calibration and validation ﬂood events
Historical
Reported water Simulated water
ﬂooded points
depth (m)
depth (m)
RMSE
Calibration ﬂood event
R.C.1
0.2
R.C.2
0.4
R.C.3
1.0
R.C.4
1.5
R.C.5
1.0
Validation ﬂood event
R.V.1
1.5
R.V.2
0.25
R.V.3
0.5
R.V.4
0.6

R2

0.32
0.52
1.21
1.64
0.92

0.14

0.96

1.65
0.33
0.79
0.47

0.18

0.91

categories. The main interest is to determine the
maximum inundation depth and the damage for different
scenarios that are related to the seasonal variation and
cutting practices of the riparian zones.
Damage estimation for the validation ﬂash ﬂood event.
The damages for the validation ﬂash ﬂood event that took
place in the study area on 7 December 2000 were estimated
by using the dynamic combination of the hydraulic model
MIKE 11 (quasi-2D) and the ﬂood loss model. As
mentioned earlier, to determine the economic impact of
this ﬂood event, it is necessary to generate a 2D grid
inundation map where the area, the depth and the duration
of the ﬂood wave can be deﬁned in each grid cell.
Figure 5B shows the range of the inundation depth, which
varies from 0 to 4.8 m for the speciﬁc event. To specify the
areas and the range of effects that can be caused by the

ﬂood event, the 2D ﬂood inundation map was converted
into a transparent form (Figure 6). From the transparent 2D
ﬂood map and by using the remote sensing technique as
well as air photos, we can determine the crop land and the
structures affected by the ﬂood wave (Figure 6).
The range of the damage that can inﬂuence the
agricultural and structure areas depends on the dynamic
of the ﬂood inundation in each grid cell of the ﬂooded
area. The total ﬂood damages were computed by using
Equations (3)–(8) for structure and agricultural damages.
The necessary input data in the preceding equations are as
follows: (1) the area of structure or agricultural land
affected by the ﬂood event, (2) the economic characteristics of each building/crop (Tables II and III), and (3) the
stage–damage functions for each grid cell. Because of the
lack of stage–damage historical data in the study area, the
stage–damage functions after Dutta et al. (2003, 2006),
presented in the Section on The Flood Loss Estimation
Model, were used for demonstration purposes. The ﬂood
event caused serious economic damages in small and
large structures. Figure 6 shows eight ﬂood-affected
structure areas, including a total of 33 residential
buildings, which were determined by using GIS and
remote sensing methods. The majority of these buildings
are located close to the shore. The same methods were
used to determine the ﬂoodplain agricultural areas: olive
tree area of 1.497 km2, citrus tree area of 0.555 km2,
vegetation area of 0.109 km2, pasture area of 0.203 km2
and non-irrigated arable land (fallow land) of 0.06 km2.
Tables II and III present the total structure and
agricultural damages, respectively. Structure damages
were estimated at €776 435, whereas agricultural damages
were estimated at €156 177, so the total damages were
estimated at €932 612.

Figure 6. 2D transparent inundation map for the validation ﬂood event and the affected structures/crops
Copyright © 2012 John Wiley & Sons, Ltd.
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Table II. Economical characteristics of structure damages
Structures

Flooded structure area (m2)

Cost/m2 (€)

Structure damage (%)

Cost of structures (€)

Total structure damage (€)

1150
510
310
225
1020
350
310
350

700
700
700
700
650
650
600
550

25
55
12
6
25
1
22
15

201 250
196 350
26 040
94 500
165 750
22 750
40 920
28 875

776 435

1
2
3
4
5
6
7
8

Table III. Economical characteristics of agricultural damages
Land use
Olive trees
Citrus trees
Vegetation

Area (km2)

Mean weight of product
(kg/1000 m2)

Cost of product/kg (€)

Mean crop
damage (%)

Cost/land uses (€)

1.497
0.555
0.109

80
3000
299

1.5
0.2
1

27.5
27.5
35

49 399
91 539
15 239

Validation of the damage model and sources of
uncertainty. In comparison with other ﬁelds of water
resource management, ﬂood damage data are still scarce.
Only a few data sets are publicly available, and little is
known about their quality. Moreover, the true costs of ﬂood
damage include hidden costs that are difﬁcult to identify
and quantify (Downton and Pielke, 2005). For instance,
assessments of ﬂood damage are in most cases based on
subjective perceptions of building surveyors and may
therefore be prone to variation. So there is a difference
between initial damage estimates and the ﬁnal/actual repair
costs. On this basis, a major shortcoming of damage
modelling is that model validation is scarcely performed,
and thus quality assessment of damage estimates can hardly
be achieved. With these data problems taken into consideration, validation methods that compare predicted damages
against observations (absolute validation) are often not
applicable in damage modelling. Thus, in case damage data
of historical ﬂood events are not available and an absolute
validation cannot be performed, other ways of assessing the
validity of the damage model should be implemented. These
include methods for evaluating the process of the model
construction considering the potential sources of uncertainty
(Pappenberger and Beven, 2006). This allows the investigation of important model assumptions, inputs and processes.
Especially in Greece, the development of a damage model
is a very difﬁcult task because depth–damage curves are
scarce and in many cases untrustworthy. In the present
study, the lack of accessible primary data led us to an attempt
to estimate the consequent ﬂood damages on the basis of the
empirical damage function model of Dutta et al. (2003)
using the corresponding hydro-economical characteristics
of the study area as input parameters. Because of the scarce
damage data in the study area, the estimation of ﬂood
damage was limited to the structural and agricultural sectors.
The only available damage data for the validation of
the ﬂash ﬂood event were recorded by the Hellenic
Agricultural Insurance Organization (ELGA), 2000.
Copyright © 2012 John Wiley & Sons, Ltd.

Total agricultural
damage (€)
156 177

Speciﬁcally, the observed agricultural damage was equal
to €153 131, which is in very good agreement with the
model-estimated value of €156 177 (error of 2%).
Apart from the very good absolute validation of the
agricultural damages, the potential sources of uncertainty
should be discussed. For areas of limited damage data,
damage models can be transferred from another situation/
area, adding extra uncertainty in the modelling process
(Merz et al., 2004). Mainly, the accuracy (low uncertainty) in
damage modelling increases in the following conditions: (1)
for the estimation of direct damages compared with indirect,
(2) for sectors of low variability, (3) with the aggregation of
the elements at risk, (4) when the transferability of a damage
model takes into account the similarity between the two areas
in terms of the relation between damage-inﬂuencing factors
and economic damage, and (5) with an accurate determination of the simulated ﬂood parameters derived from the
hydrological model (Merz et al., 2010).
In this study, the structural sector has small variability
and high homogeneity because all the ﬂooded structures
were made of the same material (concrete). Thus, the
stage–damage curve presented by Dutta et al. (2003) for
concrete structures was chosen to ensure a relative
similarity between the two areas. For this curve, the stage
(water depth) was determined using the output from the
calibrated and validated hydrological models. The damage
percentage calculated from this curve was then multiplied
with the unit price for the current condition in the study
area to determine the ﬁnal damage. In addition, the total
structure damage was estimated on the basis of the
aggregation of the elements at risk (ﬂooded structures)
that reduces the uncertainty compared with the micro-scale
(single element at risk) approach.
The agricultural sector has also small variability for the
study area (three types of crops). Thus, for the estimation
of agricultural damage, the stage–damage curves presented by Dutta et al. (2003) for the speciﬁc types of
crops were used. For these curves, the stage (water depth)
Hydrol. Process. 27, 515–531 (2013)
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and the duration of the study ﬂash ﬂood event were
determined using the output from the calibrated and
validated hydrological models. The damage percentage
calculated from these curves was then multiplied with the
unit price in the current condition for each crop of the
study area. Moreover, the total agricultural damage was
estimated on the basis of the aggregation of the elements
at risk. Apart from these, the key point that conﬁrms the
low uncertainty in the estimation of agricultural damage is
the very good agreement with the observed damage.
From the earlier analysis, the presented damage model
for the structural and agricultural sectors is expected to be
reliable, although no observations are available for the
structural sector. Nevertheless, the major source of
uncertainty for the damage model is the lack of data for
the construction of a real stage–damage curve for the
study area. The estimation of economic ﬂood damage is
becoming the dominant approach of ﬂood control policies
throughout Europe. Thus, for all EU members such as
Greece, it is a high need for the local authorities to
improve both damage estimations and the quality of
damage data because a good documentation, collection
and management of damage data is a prerequisite for the
development of reliable damage models.
Inundation scenarios based on the seasonal variation of
riparian vegetation – damage estimation. Riparian plants
are often the dominant factor inﬂuencing ﬂow conditions
within the channel (Green, 2005). Riparian vegetation can
increase the depth of ﬂooding ﬂow in a cross-sectional
and river-reach scale (Anderson et al., 2006). Downstream
sections often contain a signiﬁcant amount of riparian
vegetation, which can increase channel resistance and water
stage and reduce ﬂow velocities (Doncker et al., 2009). The
amount of vegetation in the channel is referred to as biomass
and is expressed in grammes per square metre (horizontal
surface). A positive correlation between the biomass and
Manning’s coefﬁcient (n) has been reported by Watson
(1987). Large amounts of riparian vegetation reduce the
cross sections open to water ﬂow. The resistance from
riparian vegetation depends on the following: (1) the stem
and leave density, which increases the resistance, (2) the free
space between plants, which reduces the resistance, (3) the
ﬂexibility of stems to bend due to the force of ﬂowing water,
which can reduce the resistance, and (4) the ﬂow depth,
which decreases the resistance because, as plants become
submerged, a layer of water is able to pass freely over the
plants (Anderson et al., 2006).
Seasonal variations in the riparian vegetation have also an
important inﬂuence on ﬂow resistance. During autumn and
winter (non-growing season), the presence of biomass
remains rather small and constant, whereas during spring
and summer (growing season), the biomass increases
rapidly. Thus, Manning’s coefﬁcient (n) appears to have a
seasonal change with low values in the non-growing season
and high values in the growing season (Doncker et al., 2009).
The effect of seasonal changes in riparian vegetation on
ﬂood inundation and the resultant economic damages is
analysed next. The validation ﬂash ﬂood event that took
Copyright © 2012 John Wiley & Sons, Ltd.

place in a non-growing season was compared with a
hypothetical simulated ﬂood event. The hydrodynamic
parameters used for the hypothetical ﬂood event were the
same as the parameters used for the validation event except
for Manning’s coefﬁcient (n) in the riparian zones whose
values were set to those corresponding to a growing season.
These values were determined from literature values (Chow,
1959; Sturm, 2001): n was set equal to 0.04 for riparian zone
1, equal to 0.045 for riparian zone 2 and between 0.045 and
0.06 for riparian zone 3. The values of n for the riparian zones
during the non-growing season were reported in the Section
on Calibration and Validation of the MIKE 11 (quasi-2D)
Model. The 2D dynamic inundation map for this hypothetical ﬂood event was generated by using MIKE 11 (quasi-2D).
The results for the two different inundation scenarios (nongrowing and growing seasons) are shown in Figure 7 for
comparison purposes. The simulated values of the main
characteristics (total ﬂood area, maximum and mean ﬂood
wave level, total damages) of the two ﬂood events are
presented in Table IV. The percentage difference between
the values for the non-growing and growing seasons is
shown in the last row of Table IV. From Figure 7 and the
results of Table IV, the extent of the maximum inundation,
as captured by the ﬂood area and maximum ﬂood wave
level, does not show a signiﬁcant percentage difference
between the two events. However, the percentage difference
in the mean ﬂood wave level is estimated to be 7.03%.
The total economic damages for the validation ﬂash ﬂood
event that took place in a non-growing season were
estimated at €932 612. For the same ﬂood event in a
growing season, the economic damages were estimated at
€1 005 121. That is, ﬂood damages were 7.77% higher in the
growing season than in the non-growing season, for the
same ﬂood event (Table IV). In conclusion, damages from
two ﬂood events with the same hydrological characteristics
may vary depending on the season (growing/non-growing).
Inundation scenarios based on riparian vegetation
cutting practices – damage estimation. As shown in the
previous section, the risk of ﬂooding is higher during the
growing season. Riparian vegetation can contribute to
local ﬂooding, and its cutting is part of the water
management strategy. However, riparian vegetation offers
food and shelter to many organisms, leading to a wealthy
ecosystem with habitats for ﬁsh and other species.
Moreover, it affects the stability of stream banks by
controlling erosion. Therefore, it has several advantages
from an ecological point of view, and it would be
desirable to limit the mowed area of the riparian
vegetation. Studies on the effect of different mowing
patterns on ﬂood inundation show that mowing following
a ‘chessboard’ pattern reduces the risk of ﬂooding while
at the same time retaining the ecosystem (Vereecken et al.,
2006; Leu et al., 2008; Doncker et al., 2009). Apart from
the mowing pattern, the weed-cutting percentage in each of
the riparian zones can play an important role in the
reduction of the ﬂooding ﬂow and guarantee the ecological
quality. The effect of different mowing patterns with
different weed-cutting percentage on the mean per cent
Hydrol. Process. 27, 515–531 (2013)
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Figure 7. Comparison between the 2D inundation maps of the same ﬂood event (validation ﬂood event) in growing and non-growing seasons

reduction in Manning’s coefﬁcient (n) was studied by
Vereecken et al. (2006). In an analogous manner, two
weed-cutting scenarios were considered in this study. The
ﬁrst scenario considers a 40% weed-cutting percentage
Copyright © 2012 John Wiley & Sons, Ltd.

with a corresponding 27% reduction in Manning’s
coefﬁcient (n), whereas the second one considers a 57%
weed-cutting percentage with a corresponding 62% reduction in Manning’s coefﬁcient (n). The two weed-cutting
Hydrol. Process. 27, 515–531 (2013)
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Table IV. Simulated values of the main characteristics of the validation ﬂood event (non-growing and growing seasons)
2D maximum inundation

Total ﬂood area (km2)

Maximum ﬂood wave
level (m)

Mean ﬂood wave
level (m)

Total damages (€)

2.428
2.494
2.70

4.87
5.05
3.70

1.28
1.37
7.03

932 612
1 005 121
7.77

Non-growing season
Growing season
Difference (%)

scenarios were applied to both growing and non-growing
season simulations.
Water ﬂow is perennial in the downstream part of the
Koiliaris River, so riparian zone 1 is always covered with
water and its plants (aquatic macrophytes) are submerged
at any ﬂow condition (low resistance). In the case of
ﬂooding ﬂows, riparian zone 2 is also covered with water.
When the ﬂow depth increases, Manning’s coefﬁcient (n)
decreases rapidly (Anderson et al., 2006), so resistance
changes in riparian zones 1 and 2 because weed cutting
does not affect signiﬁcantly the propagation of the ﬂood
wave. This fact was conﬁrmed for all of the river cross
sections. Two different cases were considered for the two

aforementioned weed-cutting scenarios. In the ﬁrst case,
weed cutting was applied to all three riparian zones,
whereas in the second case, weed cutting was applied
only to riparian zone 3. Figure 8 shows that the effect of
weed cutting in riparian zones 1 and 2 on the propagation
of the ﬂood wave is minor compared with that of weed
cutting in riparian zone 3 during the non-growing season.
The same behaviour was observed for the growing season
as well. Therefore, the effect of the weed-cutting
scenarios on ﬂood damages was investigated only for
the case where weed cutting takes place in riparian zone
3. The effect of the two weed-cutting scenarios (40% and
57% weed cutting) on the ﬂow and depth of the ﬂood
wave is shown in Figure 9. As can be seen from the
ﬁgure, the higher the weed-cutting percentage, the lower
is the ﬂood wave depth and the higher is the ﬂow
discharge. For instance, in a non-growing season, 40%

Figure 8. Flow and depth of ﬂood wave for different weed-cutting
scenarios [non-growing season (cross section 6)]

Figure 9. Flow and depth of ﬂood wave for the weed-cutting scenarios in
riparian zone 3 [non-growing and growing seasons (cross section 6)]

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 10. 2D inundation maps for the two weed-cutting scenarios (non-growing season)

weed cutting reduces the ﬂood wave peak from 4 to
3.6 m, whereas 57% weed cutting reduces it from 4 to
3.4 m. This reduction is even greater when the ﬂood event
takes place in the growing season.
Copyright © 2012 John Wiley & Sons, Ltd.

Figure 10 shows the 2D inundations for the two weedcutting scenarios in the non-growing season. The ﬂood
wave characteristics and the resulting damages for the two
weed-cutting scenarios are presented in Table V. As
Hydrol. Process. 27, 515–531 (2013)
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Table V. Riparian vegetation cutting scenarios and ﬂood damage reduction (non-growing season)
Riparian cutting scenarios

Total ﬂooded area (km2)

Maximum ﬂood wave
level (m)

Mean ﬂood wave
level (m)

Total damages (€)

2.428
2.164
1.768

4.87
4.63
4.63

1.28
1.08
1.02

932 612
768 126
712 844

No weed cutting
40% weed cutting
57% weed cutting

shown, total damages were reduced by 21.41% (40% weed
cutting) and 30.83% (57% weed cutting) compared with
that in no weed cutting. Furthermore, the total ﬂooded area
was reduced by 12.2% and 37.32%.
CONCLUSIONS
This paper focuses on the development and evaluation of
a new modelling framework (FEIAS) for the quick
estimation of ﬂood damages in any geomorphological
river basin. The proposed FEIAS offers the capability of
ﬂood risk management analysis in real-world problems at
the watershed level. It allows for the comprehensive study
of ﬂood risk for any complex geomorphological watershed and for the evaluation of various mitigation options
based on the European Floods Directive. The system
simulation output is very useful, in that it can quickly
provide signiﬁcant information to assist decision makers
and risk managers. The system was applied and tested for
the estimation of ﬂood damages in the downstream area
of the Koiliaris River basin under different riparian
vegetation scenarios. From the derived simulation results,
although the extent of the inundation does not vary
signiﬁcantly with the season, the mean level of the ﬂood
wave is signiﬁcantly higher in the growing season.
Appropriate weed-mowing patterns and weed-cutting
percentages can be planned for the riparian vegetation
to minimize ﬂood impact and guarantee ecological
quality. The effect of weed-cutting scenarios in riparian
zones 1 and 2 on the ﬂood wave appears to be minor
compared with weed cutting in riparian zone 3. Moreover,
it is concluded that the higher the weed-cutting
percentage, the lower is the ﬂood wave depth and the
higher is the ﬂow discharge, especially in the growing
season. By all means, for this result to become a robust
statement, it should be veriﬁed using other models and/or
ﬁeld studies, which could be a challenge for future work.
Nevertheless, the present study highlights the signiﬁcant
impact of the riparian vegetation on ﬂood propagation
modelling. In addition, the aim of the study was to
introduce and investigate a new modelling approach that
involves riparian vegetation, ﬂood inundation and the
resultant damages.
The beneﬁt of this study is the creation of a modelling
tool (FEIAS) for the following: (1) a fast 2D representation
of an oncoming ﬂood event and (2) a fast estimation of the
resultant damages. Moreover, this FEIAS can be applied to
a river reach of any river basin. Speciﬁcally, the present
modelling framework could be a useful tool in cases of
ﬂash ﬂood events in small river basins, which have short
Copyright © 2012 John Wiley & Sons, Ltd.

response times. With the use of the proposed approach, the
areas and settlements in danger of an oncoming ﬂood event
can be determined. FEIAS can be used to objectively
compare different scenarios that can affect the ﬂood hazard
and/or vulnerability in a ﬂood-prone area. These scenarios
can provide authorities with an integrated view of the
economic damages that can be caused by an oncoming
ﬂood event. In addition, it can be used to evaluate ﬂood
protection measures that can be adopted in river reaches
and in ﬂood-prone areas for avoiding ﬂood damages and
ensuring public safety.
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