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ABSTRACT: Floods are among the natural catastrophes and disastes which cause most victims, injuries and displacements 
as well as economic losses in goods and infrastructures. Within this context, this work presents a cost-based methodology to 
define the best intervention measures for flood-risk mitigation.. The study used the Village of Navaluenga (110 km West 
from Madrid, Spain) as a case study. The model includes in a semidistributed hydrologic model with return-period rainfall 
scenarios of 5, 10, 50, 100 and 500 years. For each recurrence interval, the 1D/2D hydraulic model MIKE FLOOD was used 
to delineate flooding areas. The hydraulic model was calibrated using the height of scars left by former flood events on 
riverine trees. The use of this dendrogeomorphologic approach enables to determinate for a given event both a conservative 
estimate of the peak depth and the date. The economic impact of a set of predefined feasible flood inundation scenarios was 
evaluated by using an object-oriented evaluation based on the urban cadastral map of Navaluenga. A flood control plan 
consisted of several structural measures is also suggested, so that the abovementioned methodology was revaluated for each 
one of them. Additionally, a risk analysis was implemented to optimize the cost effectiveness of investments in the structural 
measurements considered.  
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INTRODUCTION 
 

Floods are among the natural catastrophes and disastes which cause most victims, injuries and displacements as well as 
economic losses in goods and infrastructures worldwide (Dutta et al., 2006; Díez et al., 2008).  

Flood-risk management is a complex process that involves a detailed hazard analysis, damage assessment and defining a 
set of measures and instruments (physical, economic, political) for risk mitigation. The integrated consideration of these 
aspects requires the development of methodological approaches based on multidisciplinary analysis (i.e., meteorology, 
hydrology, hydraulics, economics, social sciences,…). With regard to the abovementioned, there is a wide experience in the 
use of deterministic models combined with statistical analysis of hydro-meteorological processes. However real probabilistic 
aproaches, which are essential to take into account the uncertainty associated with the implementation of all stages that 
accompany the process of flood risk management, are less frequent.  

The aim of this paper is to integrate the concept of sustainability in the design of structural flood mitigation measures 
with essential aspects related to risk calculation, the definition of acceptability criteria and the optimization of investment. 
The result obtained is the optimal measure, in terms of cost-benefit, to minimize the risks derived from floods. To this end, 
from the results arising from damage analysis and the hazardousness map, a detailed study was made of all the corrective 
mitigation measures which can reasonably be applied, evaluating the cost of applying each one individually or combined. 
When this battery of measures and possible logical combinations is available, their effects will be input into the 
hydrometeorological models to study to what extent and in what conditions a reduction of risk levels will occur. GIS was 
used for assessment of socioeconomic factors related to flood risk management. From these two estimates, the cost of the 
measures and the benefits of their application, complex cost-benefit analyses were produced, using stochastic methods for 
their spatial dimension (Sánchez-Silva, 2004; Zhai and Ikeda, 2008).  
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Study Area 
 

The village of Navaluenga is part of the Tiétar Valley and it is located south of the province of Avila between the Sierra 
del Valle (Eastern Sierra de Gredos) and the Sierra de la Paramera (40º 24’ 30’’ N; 4º 42’ 17’’ O; 761 meters a.s,l (Figure1). 
This town is crossed from West to East by the Alberche river. Additionally, several torrents are tributaries of this stream.  

The Alberche river rises in the eastern sector of the Sierra de Gredos about 1800 meters a.s.l. Until the urban area of 
Navaluenga the river has a length of 70 kilometers in natural flow regime and a drainage basin of 717.3 km2. From a geologic 
point of view, the headwater of the Alberche river is located in the Iberian Massif where outcrops plutonic rocks (i.e., 
granitoids) and occasionally metamorphic rocks (i.e., schist and migmatite) that make the basin is largely impermeable. 
Regarding the climate, the basin is classified as Mediterranean, strongly continentalized by the distance to the coast and due 
to being situated in a mountain area. The average annual temperature is around 14 ° C, corresponding to the minimum in 
January, while the maximum temperature occurring during July. Average annual rainfall ranges between 400 mm and 1200 
mm, being more rainy months from November to December. 

Navaluenga has a population of 2460 inhabitants, but during weekends is between 5,000-10,000 and in summer can 
reach 20,000 inhabitants. Its municipality has important services such as medical center, gendarmerie, civil protection, 
educational facilities, pharmacy, post office, shops and entertainment venues, among others. 

 

 
Figure 1. Location of the village of Navaluenga 

 
Methods 
 

Modelling of the hydrologic response for the design storms of 5, 10, 50, 100 and 500-year return period was performed 
based on data stored in 18 rain gauges situated, both within the basin and in its surroundings. The double-mass method 
(Miras-Avalos et al., 2009) was used for checking consistency among different precipitation time series. Next, missing 
precipitation data were partially completed using a bivariate regression method (Salas, 1993), in which time series were 
previously stationarized and a multiple correlation coefficient threshold of 0.7 (Makhuvha et al., 1997) was applied. 
Precipitation values associated to the exceedance probabilities considered were estimated using the SQRT-ET MAX (Rico et 
al., 2001) as the probability distribution to represent the population of annual maximum precipitation. Parameters of this 
distribution were fit applying the maximum verisimilitude method. Analysis of the precipitation of each return period 
finished with its temporal disaggregation through the implementation of the alternating blocks method (Chow et al., 1988).    

Basin model was designed using HEC-GeoHMS (USACE, 2009). The degree of detail of the stream network was 
defined by taking into account a 1% of the total drainage area as threshold of upstream drainage area (in square units). In 
order to calibrate and validate the model the flow gauge of Navaluenga was considered as outlet. Basin model consists of 12 
subbasins. This disaggregation was based on the spatial distribution concerning those physiographic factors that determine a 
homogenous hydrologic response (i.e., lithology, cover type and hydrologic condition, slope, etc.). Of all subbasins, three 
drain to reservoirs that were included in the model as structural measures to mitigate flood risk. Likewise, the model included 
other measures related to forest hydrologic correction (Mintegui and Robredo, 2008).The stage-storage relationship for each 
one of these measures was derived from a 5m DEM, which is the more detailed topographic data available for the study site.  
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Simulation of the precipitation-runoff processes was accomplished using HEC-HMS (USACE, 2009). To this end, curve 
number technique (Knebl et al., 2005) was applied to determinate losses. Transformation of excess precipitation to runoff 
was accomplished using the SCS dimensionless unit hydrograph method (Wang et al., 2008). Chanel routing was simulated 
implementing the Muskinghum method (Choudhury et al., 2002), whereas that reservoir routing was characterized applying 
the modified Puls method (France, 1985). Concerning baseflow, it was neglected due to during floods it is insignificant. 
Calibration and validation of the hydrologic model was limited by the short length of time series and the unavailability of 
hydrographs and hyetographs observed. In this respect, just daily rainfall and peak discharges derived from the occurrence of 
different events were forthcoming. With regard to precipitation, triangular-shaped hyetographs were designed from daily 
observed rainfall. It calibrated a total of three events while two more were used to validate the model. To this end, an 
automatic calibration routine was used in which the percent error in peak (Huberlandt et al., 2008) as well as the univariate 
method (Shereedhar et al., 2004) were used as objective function and search algorithm, respectively.  

The 1D/2D coupled numerical flow model (MIKE FLOOD) (DHI, 2008) was applied. Input requirements for the model 
are: i) topography, ii) boundary conditions, and iii) roughness. Concerning the first factor, from Bathymetry (1:500) of the 
Alberche river as it passes through Navaluenga and urban topography (CAD format) at scale 1:1000, that includes both 
contour lines and buildings as well as most important urban infrastructure in terms of hydraulic modelling (i.e., bridges, 
streets,…), a triangulated irregular network (TIN) was generated. To this end, the first phase involved the creation of a 
geodatabase in which the original topographic data was imported. Once delimited the study area, data was separated in 
several levels and then were selected those layers that contain data from which model was created. Next, it was accomplished 
a TIN of the terrain (initially without infrastructure) that through the extrusion property are added the key layers. It aimed to 
identify the needs of editing regarding the original topographic information. Afterwards, it was carried out the topological 
correction and editing of the layers. The process was completed by adding one to one every layer to the digital terrain model. 
An ASCII regular mesh (2x2 m) of the study site was derived from the TIN which was incorporated to the hydraulic model. 

With regard to the boundary conditions, peak flows for each return period estimated from the hydrological model were 
considered. In addition, the downstream water level was set to 748 meters. The roughness coefficient (Manning's n) was 
obtained from the delineation, both in the channel as in the flooding areas, of homogeneous units in terms of their roughness. 
This information was placed discreetly in cross sections, while in the area two-dimensional model was integrated 
continuously. The values of Manning's n used were those defined by Aldridge and Garrett (1973). Due to these authors 
establish a range of values for each type of material; the hydraulic model was calibrated by varying roughness coefficients 
within the ranges defined in the literature. The calibration consisted of finding the combination of roughness coefficients 
between the depths estimated from the hydraulic model and those other observed as paleostage indicators on trees (i.e., scars) 
(Figure 2). For this purpose, was conducted an exhaustive field survey which was aimed to find scars on trees caused by the 
impact of floating. The relationship between depths and flow could be established taking advantage of the flow gauge located 
near the sampling area as well as by using dendrogeomorphologic techniques (Yanosky and Jarret, 2002). 
 

 
Figure 2. Scar on Alnus glutinosa caused by the impact of a floating. 

 
The expected losses were obtained using depth-damage curves developed by the U.S. Corps of Engineers (Stuart et al., 

1992). These curves relate the damage with depth in terms of percentage, both for the content of the different types of goods 
and for the structural damage. This method is based on the assumption that the depth of the water surface is the main factor 
for determining damage arising as a result of the occurrence of floods (Merz et al., 2004). The types of buildings and 
associated uses in the urban area studied were determined from the available cadastral mapping (1:1000). The transformation 
to losses in monetary terms was made taking into account 150,000 EUROS as total average value of each house in 
Navaluenga. We assumed that structural damage  amount up to a maximum of 15% (22,500 Euros), while for assets held in 
each building the maximum losses were assumed to be 30,000 Euros (20% of the total value of housing). For each return 
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period, the curves relating flow with losses expected were based on the catalog of residential depth-damage curves published 
by Stuart el al. (1992) which were integrated in the software MATHCAD. The estimate of losses was made for each of the 
structural mitigation measures considered both individually and combined. Some of these measures consist of three reservoirs 
which are collected in the River Basin Management Plan (CHT, 1988). Likewise, as additional measures in this paper are 
proposed the construction of 30 small dams which aim forest hydrological correction. For the specific case of reservoirs the 
simulation was performed considering two scenarios: a) the reservoir operates at its maximum capacity; and b) reservoir 
works at a 30% of its capacity 

The impacts arising from the occurrence of floods are directly related to existing land uses in the basin (Mintegui and 
Robredo, 2008). In this regard, the implementation of a cost-benefit analysis (CBA) is a useful tool in the decision-making 
process, which determines the mitigation measures to be taken at basin level. This technique consists of comparing the 
expected value of the benefits derived from the implementation of the chosen measure with the costs of its implementation. 
Therefore, the mitigation measure to be implemented will be the one in which profits are maximized in relation to costs. The 
mathematical expression that optimizes this process is given by: 
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In which the first term represents the values related to the cost of each mitigation measure (K i,0); the second term 

determines the expected losses for a given measure and a return period T0. In this respect, Pi,0, means the losses for a given 
measure due to flooding;  Si,0 is the standard deviation derivate from the calibration of the model . Thus, for a 500 yr return 
period equation 2 becomes: 
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where K i,j represent the cost of each mitigation measure (i) considering the return period (j); Tj is the return period; Pij 

the losses of assets associated to each measure considered (i) and for the return period (j); and Si,j is the standard deviation 
derivate from the calibration of the model and evaluated for each measure (i) and return period (j). 
 
Results 
 

The results derived from the hydrological model showed a sharp deviation between peak flows simulated and 
observations. Increasing the volume of runoff was necessary to improve results. To this purpose, the values of CNs were 
augmented considering 10% of the initial estimate as upper limit of the range that the search algorithm took as reference to 
find the optimum of the objective function. Additionally, it reduced the lag time in a similar percentage to the 
abovementioned. The calibration process was completed by acting on the parameters that define the Muskingum flood 
routing method. Thus, the parameter K is decreased while increased the parameter X to reduce the lamination of the flood 
wave. Once the hydrologic model was calibrated and validated were determined peak flows for each return period considered 
(Table 1). 

 
Table 1. Peak flows obtained for each return period 

Return 
period 

Average areal  precipitation 
(mm) 

Peak flow 
(m3/seg) 

500 yr 251.5 2291 
100 yr 195.7 1670 
50 yr 172.5 1392 
10 yr 123.0 852 
5 yr 77.1 388 

 
With regard to the results derived from the hydraulic model in the Figure 3 are represented the flooding areas in the town 

of Navaluenga for each return period. As can be seen in the Figure 4, the value of expected losses, considering as scenario not 
to apply any corrective measure in the catchment and for the design storm of 500 yr is around 6 million € . 
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Figure 3. Flooding areas for each return period considered. 
 

 
Figure 4. Flooding areas for each return period considered. 

 
In the Figure 4 are represented the different mitigation measures evaluated according to their degree of suitability based 

on the CBA conducted. As can be seen in this figure 5, the proposed measures are grouped into three families of solutions: a) 
feasible, which corresponds to the construction of small dams linked to the forest hydrological correction; b) unfeasible, 
which is the result of the construction of two of the planned reservoirs in the River Basin Management Plan; c) 
unreasonable, that is associated with the construction of the three reservoirs included in the River Basin Management Plan. 
In this regard, despite only 5% of the total cost assigned to the construction of the dam have been taken into account for flood 
risk mitigation, the design of large dams is not reasonable for mitigation in the study site.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Evaluation of the various measures envisaged from the standpoint of mitigating the risks of flooding 
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