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Abstract:



Estimating economic losses caused on buildings and other civil engineering works due to flooding events is often a difficult task. The accuracy of the estimate is affected by the availability of detailed data regarding the return period of the flooding event, vulnerability of exposed assets, and type of economy run in the affected area. This paper aims to provide a quantitative methodology for the assessment of economic losses associated with flood scenarios. The proposed methodology was performed for an urban area in Southern Italy prone to hydrogeological instabilities. At first, the main physical characteristics of the area such as rainfall, land use, permeability, roughness, and slopes of the area under investigation were estimated in order to obtain input for flooding simulations. Afterwards, the analysis focused on the spatial variability incidence of the rainfall parameters in flood events. The hydraulic modeling provided different flood hazard scenarios. The risk curve obtained by plotting economic consequences vs. the return period for each hazard scenario can be a useful tool for local authorities to identify adequate risk mitigation measures and therefore prioritize the economic resources necessary for the implementation of such mitigation measures.
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1. Introduction


Flooding events can affect the lives of many communities, especially by damaging their assets. According to records the frequency of such events is increasing worldwide, and flooding events often cause economic losses greater than other natural disasters [1]. Although the death toll is relatively stable across all flooding events, the related economic losses are rising worldwide [2]. Moreover, the anthropic impact on land use changes can exacerbate the effects of floods, especially at the local scale [3]. Therefore, techniques based on Geographical Information System (GIS) and Remote Sensing Imagery (RSI) have recently been adopted for the analysis of river basin behavior during flooding events in order to improve the extraction of land use factors [4].



The economic losses due to hydrological events, i.e., floods and mass movements constituted by soil and debris, was estimated to be around EUR 165 billion (in 2015 EUR values) among all EU member countries over the period of 1980–2015. This estimate represents one-third of the total economic losses due to natural disasters for all EU member countries [5].



The assessment of potential negative effects in flooding areas affected by anthropic modification can be achieved by a risk estimation of these hybrid systems in order to obtain an accurate and objective assessment of the threat level related to potential hazardous phenomena [6,7]. As a matter of fact, the production of flood risk maps is a crucial task to identify and schedule structural and non-structural mitigation measures in a proactive way, reducing the potential negative impacts due to the occurrence of hazardous hydrological events. Risk assessment takes into account “the geographic coverage of the hazard, the exposure of people, property, and infrastructure to the hazard, and the vulnerability of people, property, and infrastructure to the event and impact” [8]. However, flood maps must be related to socioeconomic factors to assess the potential impact on communities and their assets [8]. Moreover, the economic damage assessment related to a generic natural and technological calamity can support decision-making at different spatial scales, especially as regards the adaptation to climatic changes [9].



A distinction must be made related to flood damage typologies. Damages immediately consequent to the impact of floodwaters are called direct, whereas those following the impact are defined as indirect damages. Moreover, damages are classified as tangible if the damages can be quantified in monetary values; otherwise, they are classified as intangible [10,11].



Estimating economic losses caused to buildings and other civil engineering works due to flooding events is often a difficult task. The accuracy of the estimate is affected by the availability of detailed data regarding the return period of the flooding event, vulnerability of exposed assets, and type of economy run in the affected area. In addition, interconnections between physical and social vulnerabilities increase the complexity of the estimate even further at different time and spatial scales, [12]. This can cause cascading effects, which amplify the negative consequences related to the trigger event [13].



The economic evaluation of tangible damages is often referred to a national or regional scale. The literature offers many methodologies to assess the economic impact of potential flooding concerning direct losses [10] or both direct and indirect losses [2]. This may be due to the extent of the territory considered in the planning activity, i.e., national or regional, and the lack of detailed and classified data at the local scale [9].



In the light of the above, this work aims to provide a quantitative assessment of risk exposure to flood events and economic risk of flood events at the local scale. This methodology concerns tangible and direct losses related to flood scenarios and attempts to quantify the economic losses consequent to potential flood events with different return periods. In order to obtain the economic consequences for each return period, firstly the economic value of the elements at risk were estimated by multiplying the unit market values or unit construction costs with the quantity of exposed elements for the considered return period across several categories of different exposed elements [14]. Secondly, the economic value of the elements at risk was multiplied by the percentage of damage associated with each element at risk. This was obtained by means of flood damage functions which relate the damage of each element at risk with flood water levels and flow velocities [15,16]. Lastly, an estimation of the total risk was derived by plotting the return period values against the quantified exposure to determine the risk curve [17]. Furthermore, the quantitative assessment of economic risk for each sub-basin of the area under investigation was carried out to identify the areas susceptible to direct damages due to potential flood events at the local scale. The proposed approach complies with the provisions issued by the European Parliament Directive 2007/60/EC on 23 October 2007 concerning the assessment and management of flood risks [18].



The basin including the urban area of San Giovanni Rotondo (Gargano area, Apulia region, Southern Italy) was chosen to test the methodology proposed in this paper. This area is periodically affected by flood events characterized by debris transport, as are many other areas in the surrounding region. As a matter of fact, San Giovanni Rotondo was one of the urban settlements most affected by a period of heavy rainfalls in 2014, with consequent several damages to buildings and transport systems [19]. Finally, the limitations of this methodology and potential future implementations are described to enable a holistic economic assessment of flood risk at the local scale.




2. The Study Area


The study area covers the urban center of San Giovanni Rotondo (Apulia Region, Southern Italy—Figure 1), which is the most populous municipality of Gargano, home to more than 27,000 inhabitants.


Figure 1. Study area.
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The inhabited center is included in an endorheic basin with obvious signs of karst engravings such as depressions and sinkholes. From a geostructural point of view, the Gargano promontory belongs to the Apulia Foreland and it is characterized by a litostratigraphic succession more than 4000 m deep and composed of Meso-Cenozoic carbonatic rocks [20,21]. The entire promontory, consisting in an anticlinal towards WNW-ESE, is affected by several faults. The morphology of the Gargano area is the result of tectonic processes that have generated a succession of reliefs and depressions. In particular, the urban area of San Giovanni Rotondo is located in a depressed plain surmounted by a steep hillslope in the north that is characterized by limestones, dolomitic limestones, and dolomite outcrops. The basin area under investigation is circa 15 km2. Maximum and minimum elevations are 1006 m and 540 m, respectively, with an average height of the basin of 684 m. The average slope is about 10.44% with a maximum peak of around 66%. The climate has an average temperature of 13.8 °C with an average annual total rainfall of 844 mm [22].



The study area suffers periodic flood events which trigger debris flows along the northern hillslope of the basin. The Gargano area, due to the lithological and structural features of outcropping lithologies (generally limestones), is mostly affected by rockfalls. During flood events, the detrital superficial strata covering the northern hillslope of the basin are diluted by the remarkable water amount channeled in the basin, generating debris flows. This type of slope instability mechanism is less widespread and different from the landslides that notoriously affect the area to the west of Gargano, known as Daunian Subappennine, located in the Apulia region about 50 km from the study area. The slope instability mechanisms in this area farther from the study area consist of composite and complex landslides, ranging in type, volume, and velocity, from deep slow roto-translational slides to shallow moderately fast earthflows [23], and affect the clayey succession of the Apenninic Chain [24]. Nevertheless, the northern rocky hillslope overhanging the urban center is considered susceptible to slope instability by the River Basin Authority of Apulia Region; however, as this instability is strictly associated with and triggered by flood events, landslides are not considered a risk factor in this study.



In particular, from 1 to 6 September 2014, the study area was affected by a strong meteorological event that caused floods and heavy damage throughout the whole Gargano [19]. The most affected zones were those of recent development in the depressed areas of the basin. This area has cultural, social, and economic importance due to the presence of a sanctuary and a hospital, known at the regional and national level. Indeed, in last years, the area has become one of the major Italian cities for religious tourism, with hundreds of thousands of visitors coming from all over the world, as well as a point of reference for regional health.




3. Materials and Methods


3.1. Hydrologic Modeling


The first phase of the study focused on the hydrological analysis of the area. This allowed the evaluation of the hydrological discharge as input data of the two-dimensional hydraulic numerical model adopted in this work for the analysis of the hazard scenarios.



The maps of flood-prone areas were obtained after evaluating the peak flowrate for the three considered return periods. The rainfall Intensity-Duration-Frequency (IDF) curves were estimated by regional analysis of the annual maxima of rainfall intensity performed with a probabilistic model based on the use of a Two Component Extreme Value Distribution [25], Maximum Likelihood estimator, and hierarchical estimation of regional model parameters [26]. In particular, we used a regional analysis of the annual maximums of precipitation in the Apulia region [27].



To estimate the rainfall IDF, the following expression was adopted:
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(1)




where:

	
im is the average intensity of rain, a function of the duration of the rainfall event (t) and of the return period (TR);



	
a is a parameter depending on the return period (TR);



	
n is a parameter that defines the decrease of rainfall intensity over time.








The study analyzed three scenarios as follows:

	
Scenario 1: TR = 30 years;



	
Scenario 2: TR = 200 years;



	
Scenario 3: TR = 500 years.








The Apulia Basin Authority (Autorità di Bacino, AdB) indicates the return period values chosen for each scenario for the definition of the three classes of hydraulic hazard (low, middle, and high), in accordance with the hydrogeological system plan called “Piano di Assetto Idrogeologico (PAI) Puglia” [28].



The calculation of the curve was performed through a probabilistic analysis of the annual maximum rainfall of assigned duration, using the VA.P.I. method provided by the National Group for the Defense from Hydrogeological Disasters [27] with “aims to set up a uniform procedure throughout the national territory for the evaluation of the natural flood discharge”.



In the Apulia region, the project is based on an exhaustive study [27]. Precisely, the territory of Apulia was divided into six homogeneous zones for rainfall through a “regionalization” process. Each zone has an equation that allows the associated IDF curve to be estimated, based on the rainfall height (expressed in mm). The basin examined is in zone 1, corresponding to the relationship:
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(2)




where:

	
h represents the height of rainfall (expressed in millimeters of precipitation);



	
z is the mean elevation of the basin. In this case it is about 684 m.








Rainfall values must be modified using two coefficients. These are the Areal Reduction Factor (ARF) and the Growth Factor (KT). The former can be evaluated as follows:
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(3)





	
ARF is the ratio of the mean areal rainfall (hs) to the mean point rainfall (hp) in the same area. It is a function of time (t), basin area (A), and return period (TR);



	
hs is the mean areal rainfall and is a function of time (t), basin area (A), and return period (TR);



	
hp is the mean point rainfall and is a function of time (t) and return period (TR).








Studies conducted by the US Weather Bureau (1957–1960) [29,30,31,32,33,34] in the eastern United States and by Penta (1974) [35] in southern Italy have shown a negligible dependence on the return period. Therefore, an alternative approach to evaluate the ARF was proposed as follows:
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(4)







In 1972, Eagleson [36] defined:
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(5)






[image: ]



(6)







Penta [35] indicated values considered acceptable for southern Italy as follows:


C1 = 2.1 × 10−3; C2 = 0.53; C3 = 0.25.



(7)







Experimentally, KT is found to be constant for zones 1, 2, 3, and 4 in the Apulia region [27], and it can be evaluated by the following equation:
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(8)







For the three considered return periods, values of corrected height of rainfall (hc) are obtained:
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(9)







This variable is connected to the intensity of rainfall by the relationship:
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(10)







Thus, the IDF curve can also be expressed, in terms of height of rainfall, as:
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(11)







The results of the hydrological analysis for the three scenarios are shown in Figure 2.


Figure 2. Intensity-Duration-Frequency (IDF) curves for a return period of 30, 200, and 500 years.
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For each scenario the values of the IDF curve parameters a and n were calculated and are reported in Table 1.


Table 1. IDF parameters for several return periods.





	Scenario
	a
	n





	TR 30
	55.59
	0.388



	TR 200
	77.74
	0.388



	TR 500
	88.44
	0.388










3.2. Hydraulic Modeling


Using IDF curves, it was possible to provide the evaluation of the flood peak. First, the spatial scale of analysis for the delineation of the flow rate was defined. The whole basin was divided into 25 sub-basins, as shown in Figure 3, following the topography of the area and the hydrographic stream network.


Figure 3. Sub-basins map.
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Sub-basins are numbered from 1 to 25. In order to estimate floods for several return periods, two types of data are needed: digital elevation data (DEM) and land use data. For hydraulic modeling, a Digital Elevation Model (DEM) with an 8-m cell size was used over the Apulia region.



The land use parameter was taken into account using the runoff curve number method. The method, proposed by the USDA Soil Conservation Service Agency (SCS-CN), is largely used in hydrology as a simple watershed model [37,38].



The wide use of this method is due to its applicability in different environments, its simplicity, and its dependence from soil types, land use, and antecedent moisture conditions [39].



The CN parameter takes into account three basic factors: the lithology of land, the characteristics of land use, and agricultural practices. The CN variation range is from 0 to 100; therefore, for each sub-basin floods were estimated using a semi-distributed model.



Finally, for all sub-basins, average height, slope, surface, length of main stream, and CNII values were calculated [40]. A map of the CN value for each sub-basin is given in Figure 4.


Figure 4. Curve number nap.
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In Table 2, the flow rates are reported in m3/s.


Table 2. Flow rates for several return periods.





	
Sub-Basin

	
Q 30 Years

	
Q 200 Years

	
Q 500 Years




	
(m3/s)

	
(m3/s)

	
(m3/s)






	
1

	
3.86

	
7.85

	
10.02




	
2

	
0.24

	
0.64

	
0.88




	
3

	
0.04

	
0.14

	
0.21




	
4

	
2.22

	
4.57

	
5.86




	
5

	
1.47

	
3.01

	
3.85




	
6

	
5.26

	
9.82

	
12.22




	
7

	
5.23

	
9.45

	
11.65




	
8

	
0.08

	
0.25

	
0.36




	
9

	
3.47

	
6.62

	
8.30




	
10

	
0.60

	
1.50

	
2.03




	
11

	
0.66

	
1.56

	
2.07




	
12

	
0.46

	
1.14

	
1.54




	
13

	
0.35

	
1.13

	
1.62




	
14

	
0.12

	
0.34

	
0.46




	
15

	
0.34

	
1.01

	
1.45




	
16

	
0.88

	
2.09

	
2.78




	
17

	
0.75

	
1.77

	
2.36




	
18

	
2.03

	
4.59

	
6.04




	
19

	
0.65

	
1.43

	
1.87




	
20

	
0.52

	
1.15

	
1.50




	
21

	
0.63

	
1.48

	
1.97




	
22

	
0.45

	
1.09

	
1.46




	
23

	
2.19

	
4.14

	
5.17




	
24

	
1.15

	
2.02

	
2.47




	
25

	
2.12

	
4.55

	
5.90










In order to evaluate the flow depth and the velocity of floods for each return period, a two-dimensional numerical model called FLO-2D [41] was utilized. Three numerical simulations were performed using an empirical approach, evaluating the peak flow rate and the triangular hydrograph for each sub-basin with a return period respectively equal to 30, 200, and 500 years.



The choice of the return periods was made according to the PAI Puglia (i.e., the hydrogeological setting plan) [28]. This approach has provided the “hydraulic hazard” in the study area.



Numerical simulations were carried out in a system of square grid elements, with a width equal to 8 m. In particular, the DEM adopted to simulate flow on a floodplain topography was provided by the Regional Authorities of Apulia. The roughness parameter used for modeling is a Manning uniform coefficient equal to 0.04 s/m1/3, which is the mean value for all of the basins.



The simulation of the flooding was obtained through the numerical integration of the conservation equation of fluid volume and the Motion equation (full dynamic wave momentum equation) [41].



The model performed with a simulation time of 8 h. Instead, the computational times are: 2.90 h for 30 years (scenario1); 3.14 h for 200 years (scenario 2); 3.67 h for 500 years (scenario 3).



It should be noted that, to analyze the effects of the hydraulic simulations, the results are filtered, leaving out areas that experienced only marginal flooding.



In fact, after running the simulation, some areas included in flooding zones presented values of flow depth and velocity that were negligible to the actual consequences; these areas were defined as “marginal” with respect to the risk connected to the flooding events.



In order to define the safety area limits, the equation line passing by the points (0.2, 0) and (0.52, 0) on the plane (h, v) was chosen, with flow depth expressed in meters and velocity in meters per second, in accordance with the Basin Regional Authority. The equation used to define the filtered areas is the following:
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(12)




h* represents the maximum acceptable “flow depth” value to neglect the practical effects. In this way, each cell presenting a value of “flow depth” h lower than the corresponding limit value of h*, calculated as a function of the flow velocity, was considered to be in a hydraulic safety condition.




3.3. Risk Assessment


A quantitative assessment of the exposure, in terms of monetary values, of the elements at risk and consequently of the associated risk, in terms of economic losses, was carried out. This assessment aimed to quantify economically tangible and direct damages due to potential flood events, which are physical damages to building, infrastructures, and agriculture.



In order to conduct this quantitative assessment, five categories of elements at risk were considered for the analysis: buildings, other structures, infrastructures, and specialized and unspecialized land use (Figure 5). A total of 26 sub-categories of exposed assets were selected from the abovementioned: hotel, sport areas, paved parking, electric cabin, gas cabin, agricultural sheds, cemetery chapel, church, landfill, building, hospital, silos, energy areas, urban roads, tree planted areas, orchards, unqualified garden, nude, vegetable garden, arable crops, olive groves, vineyards, conifer forests, deciduous forests, shrub pasture, and mixed forests.


Figure 5. Proposed methodological approach for exposure and risk estimation.
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As a result of various motives, population was not considered among the elements at risk. First at all, the literature defines population as part of the intangible losses [11]. Moreover, there are objective difficulties both in assessing the temporal and spatial distribution of people in an urban center and the ethical dilemma in quantifying the economic value associated with injuries or deaths. Population is a mobile asset [42] and, for this reason, the evaluation of the exposure of persons would require the calculation of the conditional probability of persons being present in buildings or on the roads at the time of occurrence of a natural hazard [43].



The procedure used to quantitatively evaluate the exposure of elements at risk was derived from Pellicani et al., 2014 [14] and consisted in the overlay of the elements with each hydraulic hazard map, followed by the evaluation of the amount of assets in each flooding area and the quantification of the economic values affected by the various flood hazard scenarios (Figure 5).



Each type of element at risk was quantified in terms of areal extent (square meters and hectares). The information on the spatial distribution of assets was combined individually with the three hydraulic hazard maps, in order to obtain the number of elements potentially affected by flooding with a return period of 30, 200, and 500 years.



The spatial distribution of the three macro-categories of elements at risk was derived from the Regional Technical Map of Apulia at a 1:5000 scale, for structures and infrastructures, and from the Land Use Map of Apulia at a 1:5000 scale, for land use category, both available at the geo-portal of the Apulia region [44].



Therefore, in order to evaluate the economic exposure associated with the different hydraulic hazard levels, the unit market values or unit construction costs were assumed for each asset category. Starting from buildings, the unit market value (Euros per square meter) relative to 2017 was obtained from the Observatory of Real Estate Market (OMI) instituted by the National Territorial Agency. OMI is a cadastral database and provides maximum and minimum values for different kinds of buildings, such as residential, commercial, agricultural, etc., and for different zones of inhabited area, such as city centers, suburbs, etc. A mean among the values related to residential and commercial buildings, considering the overall percentage of the second ones with respect to the first ones in the study area, was derived. As far as hotels, churches, and hospitals were concerned, the unit construction costs (Euros per cubic meter) were deduced from the DEI National Price List for 2017.



For sport areas, paved parking, electric cabins, gas cabins, agricultural sheds, cemetery chapels, landfills, silos, and energy areas, the unit construction costs (Euros per square meter or cubic meter) were calculated from values defined in 1988–1989 by the National Territorial Agency. These values were updated by calculating the inflation rate using data from ISTAT (National Institute of Statistics). Also, the unit agricultural values (Euros per hectare) were obtained from the National Territorial Agency. The most recent data for the study area (included in the Foggia Province) are related to 2012. Finally, for roads, the unit construction costs obtained from the Regional Price List of Apulia for 2017 were used.



After defining the monetary value of the 26 elements at risk categories, a quantitative analysis of their exposure was carried out. Therefore, the exposed values associated with each flooding scenario were quantified by multiplying the amount of the individual exposed assets (square meters, cubic meters, and hectares) with their unit economic value.



The quantitative evaluation of risk associated with the three flood hazard scenarios, in terms of economic expected losses, was carried out starting from the exposure estimation, according to Figure 5.



For each category of elements at flood risk, the potential damages were obtained by considering their vulnerability to flood damages, expressed by flood damage functions. Velocity and flood depth values, resulting from the hydraulic modeling and varying for each flood hazard scenario, permitted the calculation of a vulnerability (Ve) value, ranging from 0 to 1 (Table 3). Therefore, Ve defines the percentage of damages as a function of the physical characteristics of floodwaters. As a matter of fact, each sub-category of the five abovementioned categories was associated with a different vulnerability flood damage function. The flood damage functions of buildings, other structures, as well as specialized and unspecialized land use were referred to Barbano et al., 2012 [15], whereas that of infrastructures was referred to Huizinga et al., 2017 [16].


Table 3. Flood damage functions.





	
Categories of Elements at Risk

	
Vulnerability (Ve)

	
Reference




	
h (m); v (m/s)






	
Buildings

	
Ve(h) = 0.5∙h

	
[15]




	
Other structures

	
Ve(h,v) =

	
0.5∙h

	
if v < 2




	
0.35∙h∙(1 + 0.25∙v)

	
if v ≥ 2




	
Specialized land use

	
Ve(h,v) =

	
h

	
if v < 0.25




	
h∙(1 + v)

	
if v ≥ 0.25




	
Unspecialized land use

	
Ve(h,v) =

	
0.25∙h

	
if v < 0.25




	
0.25∙h∙(1 + v)

	
if v ≥ 0.25




	
Infrastructures

	
Ve = f(h)

	
[16]










The consequences were assessed by multiplying the exposed economic value of assets by the Ve values of each category of elements at risk.



For each flooding scenario, the total consequences (or expected losses) were calculated by summing the values related to the five categories of elements at risk. The economic loss values resulting from each flooding scenario were plotted against the three-temporal probability of hazard scenarios in order to obtain the risk curve. Finally, the area under the curve was determined, representing the total flooding risk in monetary terms.



This methodology was applied to the study area and to each sub-basin represented in Figure 3 in order to classify the areas more impacted by flood damages.





4. Results and Discussion


After the definition of all parameters using the FLO-2d model, the hydraulic model was performed. The results of the two-dimensional numerical models were examined for all return periods investigated. The flooding areas for the three scenarios are shown in Figure 6. The results show an evolution of the extension of the flood area, as well of the flow depth and velocity, proportional to the increase of the return period.


Figure 6. Flooding areas for the three hazard scenarios with return period of 30 (a), 200 (b) and 500 (c) years.
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A comparative analysis between the different scenarios in the domain was also carried out. In particular, the areas most affected in terms of flow depth are those most depressed, placed in the new expansion zone of the town at the boundary of the historical settlement. Meanwhile, in terms of velocity, the highest values were recorded along the flow directions with the highest slope, to then pour into the preferential accumulation zones described above.



The hydraulic model calibration was conducted on the basis of flooding reports. The results in terms of “flooding areas” demonstrate the need for an upgrade of the real hazard map in San Giovanni Rotondo. In fact, this study finally provided a valid tool for Civil Protection in terms of the “flooding forecast”, as well as a tool for the Basin Regional Authority in terms of “flood hazard management”.



In particular, the numerical analysis, conducted at the basin scale, highlighted some critical areas in relation to the flow capacity in safety conditions.



It seems evident that an accurate estimation of flooding hazard, already highlighted in the scenario characterized by the minor return period (TR), would significantly improve the real-time management of flood risk in the study area.



The analysis of the exposure of assets affected by the three flooding scenarios in the whole study area allowed for the categorization of the different typologies of elements in order of amount and economic exposed values, as shown in Table 4.


Table 4. Definition, for each element at risk category and flooding scenario, of amount, economic value of exposed assets, and overall consequences.





	
Elements at Risk

	
TR

	
Temporal Probability

	
Amount

	
Economic Value

	
Consequences

	
Total Economic Losses






	
Buildings

	
30

	
0.033

	
55,894 mq

	
€194,614,708

	
€13,895,661

	
€14,880,090




	
Other structures

	
30

	
0.033

	
7185 mq

	
€6,109,602

	
€694,699




	
Road

	
30

	
0.033

	
32,020 mq

	
€4,002,468

	
€273,812




	
Specialized land use

	
30

	
0.033

	
4 ha

	
€56,527

	
€9701




	
Unspecialized land use

	
30

	
0.033

	
30 ha

	
€82,544

	
€6218




	
Buildings

	
200

	
0.005

	
187,626 mq

	
€588,434,156

	
€57,397,781

	
€59,982,082




	
Other structures

	
200

	
0.005

	
40,472 mq

	
€10,577,381

	
€1,251,951




	
Road

	
200

	
0.005

	
108,672 mq

	
€13,584,055

	
€1,239,335




	
Specialized land use

	
200

	
0.005

	
19 ha

	
€265,619

	
€68,215




	
Unspecialized land use

	
200

	
0.005

	
77 ha

	
€293,026

	
€24,801




	
Buildings

	
500

	
0.002

	
228,538 mq

	
€717,485,846

	
€77,739,884

	
€81,326,517




	
Other structures

	
500

	
0.002

	
47,304 mq

	
€13,905,091

	
€1,744,504




	
Road

	
500

	
0.002

	
137,329 mq

	
€17,166,171

	
€1,711,906




	
Specialized land use

	
500

	
0.002

	
22 ha

	
€304,865

	
€94,850




	
Unspecialized land use

	
500

	
0.002

	
89 ha

	
€332,429

	
€35,373










It is important to note that the amount in square meters of the different kinds of structures, especially residential buildings, refers to the areal extent in plan. The overall amount of buildings, used to calculate the economic values of structures potentially damaged by flooding, was computed considering the height of buildings or the number of floors. This data was obtained by extracting the absolute altitude from the elevation points of the Regional Technical Map related to building eaves and by subtracting from this the terrain elevation.



The spatial distribution of the elements at risk included in the three flooding areas and grouped into land uses, structures, and infrastructures is shown in Figure 7.


Figure 7. Elements at risk in flooding areas for the three hazard scenarios with return period of 30 (a), 200 (b) and 500 (c) years.
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In the area of study, the Regional Authority has already considered structural hydraulic defense works to mitigate flood risk for a return period of 200 years, at a cost of about €7,000,000.00 [45]. It is thus appreciable to highlight that this economic amount would be lower than the economic estimation of tangible and direct losses related to a 30-year return period.



The risk curve, obtained by plotting the values of total economic losses and temporal probabilities summarized in Table 4, is shown in Figure 8. The total flooding risk in monetary terms was estimated, by calculating the area under the curve, to be equal to €806,268.


Figure 8. Risk curves for the main basin and sub-basins.
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In order to obtain a better definition and knowledge of the distribution of the risk level in the study area, the quantification of the expected losses in the 25 sub-basins was carried out. In Figure 8, the risk curves for each of the 25 sub-basins are plotted. The total flooding risk values in monetary terms for each sub-basin are summarized in Table 5 and mapped in Figure 9. It can be observed that sub-basins 1, 6, 7, and 23 provide greater contributions to the total risk of the main basin. In particular, sub-basin 1 and the lower portions of sub-basins 6 and 7 correspond to areas of recent urban expansion.


Figure 9. Ranking map of the 25 sub-basins according to economic flooding risk.
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Table 5. Total risk for sub-basins.











	Sub-Basins
	Total Risk
	Sub-Basins
	Total Risk





	1
	€271,984
	14
	€ ≈ 0



	2
	€ ≈ 0
	15
	€ ≈ 0



	3
	€1036
	16
	€ ≈ 0



	4
	€16,031
	17
	€180



	5
	€3412
	18
	€5531



	6
	€235,335
	19
	€343



	7
	€104,698
	20
	€2610



	8
	€ ≈ 0
	21
	€195



	9
	€6513
	22
	€430



	10
	€52
	23
	€128,223



	11
	€146
	24
	€14,223



	12
	€11
	25
	€7792



	13
	€2.6
	
	









This study may represent a decision support system to delineate the actions that in the future will have to be prepared in order to define safety interventions for these areas recently affected by flooding. In particular, using a basin scale approach, it is also possible to provide a “priority order” for the coordination of “structural interventions for the reduction of flooding risk”. The approach proposed (at the basin scale) in this manuscript is in line with the European Parliament Directive 2007/60/EC of 23 October 2007 on the assessment and management of flood risks. In fact, as said in the directive “the management of flood risks should be determined by the Member States themselves and should be based on local and regional circumstances”.



In the evaluation of risk, the 2007/60/EC suggests to take into account “the particular characteristics of the areas they cover and provide for tailored solutions according to the needs and priorities of those areas, whilst ensuring relevant coordination within river basin districts and promoting the achievement of environmental objectives laid down in Community legislation”. In other words, the directive recommends this approach where it is necessary to consider population, economic assets, and ecologic value—not only the flooding hazard.



Finally, a method that quantifies the flooding risk through the estimation of the expected losses, in monetary terms, allows also the establishment of the changes of risk in the future with urban development and inflation.




5. Conclusions


Although studies on the assessment of risk associated with natural hazards (landslide, flooding, earthquakes, etc.) presented in the literature are increasing, the quantitative evaluation of risk, which expresses the expected monetary losses as the product of hazard (or probability of occurrence), amount or costs (of elements at risk), and vulnerability (the degree of damage of the elements at risk) is often hampered by severely limited data on the calamitous event, damages, costs, etc.



This study aims to define a methodology to assess the economic value of tangible and direct losses related to potential flood events. It undoubtedly has some constraints related to many drivers, such as hydrologic data and modeling, flood damage functions, and unit market values.



Despite these limitations, the method permits a comparison of tangible and direct losses both of cities at a wide scale and of sub-basin at an urban scale. This result can aid in addressing the financial resources of local governments towards areas more exposed to losses. In order to do this, we are aware that it will be fundamental to implement the methodology with the assessment of tangible and indirect losses at the local scale, due to the cascading effects of flooding on impacted systems.



Finally, this work may represent a decision support system to delineate the actions that in the future will have to be prepared to define safety interventions for these areas recently affected by flooding. A further upgrade of this work may be achieved, in order to also consider indirect and intangible losses at the basin scale.
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