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Abstract

:

Post-disaster flood risk assessment is extremely difficult owing to the great uncertainties involved in all parts of the assessment exercise, e.g., the uncertainty of hydrologic–hydraulic models and depth–damage curves. In the present study, a robust and fast data-driven tool for residential flood risk assessment is introduced. The proposed tool can be used by scientists, practitioners and/or stakeholders as a first step for better understanding and quantifying flood risk in monetary terms. Another contribution of the present study is the fitting of an equation through depth–damage points provided by the Joint Research Center (JRC). The approach is based on hydrologic simulations for different return periods, employing a free and widely used software, HEC-HMS. Moreover, flood depths for the study area are estimated based on hydrodynamic simulations employing the HEC-RAS software and the Inverse Distance Weighting (IDW) interpolation method. Finally, flood risk, in monetary terms, is determined based on the flood depths derived by the coupling of hydrodynamic simulations and the IDW method, depth–damage curves reported in the literature, vulnerability of residential areas and the residential exposure derived by employing GIS tools. The proposed tool is applied in a highly urbanized and flood-prone area, Mandra city, in the Attica region of Greece. The results are maps of flood depths and flood risk maps for specific return periods. Overall, the results derived from the application of the proposed approach reveal that the tool can be highly effective for post-disaster flood risk management. However, it must be noted that additional information and post-disaster data are needed for the verification of the damages from floods. Additional information can result in better calibration, validation and overall performance of the proposed flood risk assessment tool.
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1. Introduction


In the Mediterranean region, floods, and more specifically flash floods, are among the most common and catastrophic natural hazards [1]. According to the Emergency Disasters Database (EM-DAT [2]), between 2001 and 2011, the number of large-scale floods around Southern Europe increased with respect to the previous decade to over 120 major events, causing 345 fatalities and an estimated economic loss of at least EUR 12 billion. Projected climate change, urban sprawl and high population density of urban and coastal areas [3] are expected to augment flooding phenomena in urban areas [4,5]. As a result, in order to manage flood risk in an effective and efficient way, an integrated approach combining both structural (e.g., levees, dams, etc.) and non-structural measures (e.g., flood early warning system, insurance, etc.) is needed.



Assessing the damage of extreme flood events constitutes an important component of the integrated flood risk management approach. The conventional approach to determine direct flood damage is based on employing depth–damage curves [5]. Many scientists around the world have developed flood damage models using depth–damage curves for different regions [5,6]. Several studies have assessed flood damages at the local to regional scales [7], whereas fewer studies have performed continental flood damage assessments [8]. Such studies, however, are currently limited in evaluating the impacts from flooding due to the absence of a comprehensive database of flood damage functions that can translate flood water levels into direct economic damage [9].



According to Tsakiris et al. [10], the Floods Directive [11] of the European Union requires the estimation of damages in monetary terms for flood events with a specific return period (i.e., 50, 100 and 1000 years). These estimates are based on hydrologic–hydrodynamic modeling. However, the flood hazard and flood risk assessment exercise are limited by the absence of rainfall–runoff measurements [12]. Moreover, natural and anthropogenic changes may affect the hydrologic regime [13,14]. In order to estimate flood damage to residential and/or other land uses, methods of depth–damage functions can be applied. However, according to Appelbaum [15], the techniques for developing depth–damage functions, especially in urban areas, are not standardized. In addition, the uncertainty involved when applying a site-specific depth–damage function to another region is a subject of ongoing research [5].



In Greece, although an extensive catalogue of flood events has been developed over the past 130 years, regular recording of flood events by civil protection agencies started relatively recently [1]. In this catalogue, in total, 545 events are reported, which caused 686 casualties and extensive damage across the country. Pistrika et al. [5] proposed a novel and holistic approach for developing depth–damage functions. The proposed approach was demonstrated using data from a flood event which occurred in Moschato, a suburb of Athens, Greece, in July 2002. Moreover, they also compared the depth–damage curves developed for the Moschato area with those reported from other researchers for other regions around the globe [6,15,16,17,18]). Oliveri and Santoro [6] developed an empirical depth–damage function based on data from different regions in Italy. The proposed curve was applied in the city of Palermo, Italy, for calculating damages in monetary terms. According to Oliveri and Santoro [6], technical and economic efficiency of flood mitigation measures can be assessed employing depth–damage relationships. For instance, Kourtis et al. [19] used the depth–damage curves of Pistrika et al. [5] to compare conventional and low-impact development practices. In addition, Kourtis et al. [19], based on the depth–damage curves proposed by Pistrika et al. [5], estimated expected annual damage and assessed the efficiency of different flood mitigation measures for climate change adaptation. They also incorporated benefits offered by ecosystem services [20] in the assessment procedure.



The aim of the present work was twofold. First, we sought to propose a rather simplified but robust and fast data-driven tool for flood risk assessment in residential areas. The proposed tool was utilized using different depth–damage curves. Seven different depth–damage curves are compared and the results revealed that assessment of flood risk is site-specific. The examined depth–damage functions and their relation depend on several site-specific factors, such as climatological characteristics, flood regime, antecedent moisture conditions, land use–land cover types, population and development density, and construction materials, among others. The second objective was to compare these seven depth–damage curves proposed in the literature [5,6,9,15,16,17,18] in terms of flood risk. The approach was based on hydrologic simulations for different return periods, employing a free and widely used software, HEC-HMS. Moreover, flood depths for the study area were estimated based on hydrodynamic simulations employing the HEC-RAS software and the Inverse Distance Weighting (IDW) interpolation method. Flood risk (i.e., risk = hazard × vulnerability × exposure) was determined based on (i) the estimated flood hazard (flood depths derived by hydrodynamic simulations and the IDW approach); (ii) the depth–damage curves and the vulnerability of residential areas in Greece, recently reported by the European Commission; and (iii) the residential exposure derived by employing GIS tools. The proposed tool was applied in a highly urbanized and flood-prone area, Mandra city [21] in Attica, Greece.



The results derived from the application of the proposed approach revealed that the tool can be highly effective for post-disaster flood risk management. Furthermore, our research indicated that depth–damage functions have been developed as ad hoc functions based on a limited number of flood data; thus, it is difficult to generalize them at low water depths. Therefore, it is proposed to use a site-specific depth–damage function but only for large return periods (e.g., greater than 50 years).



In addition, in the literature, several depth–damage functions (e.g., [5,6,9,15,16,17,18]) have been proposed relating depth with damage percentage of a building. The main contribution of the present work is the proposal of a tool for flood risk assessment in residential areas. The proposed tool incorporates seven different depth–damage functions, and as a result, it is applicable to different areas around the globe (e.g., Mediterranean region, USA, etc.) and is rather easy to be modified by only introducing a different depth–damage function. Moreover, the present work introduces an equation fitted through the depth–damage points provided by the Joint Research Center (JRC). However, the majority of the proposed depth–damage functions are empirical in nature, have been developed from a limited number of flood events and in most cases, are site-specific. Therefore, it is proposed that the depth–damage curve in a region be renewed after every flood event. Overall, the estimation of flood hazard assessment is difficult owing to the aleatory and epistemic uncertainty involved. Aleatory uncertainty (e.g., rainfall spatiotemporal variation) cannot be reduced. On the other hand, epistemic uncertainty (e.g., uncertainty of the models, uncertainty of the depth–damage functions, etc.) can, in some cases, be reduced and/or quantified. Therefore, as future research, it is proposed an extra part (i.e., Part 5) to be introduced in the proposed tool. The new part should be able to perform uncertainty quantification of the different models/parts of the proposed tool.




2. Materials and Methods


The proposed data-driven tool is presented in Figure 1. The first and most essential part of the tool is based on data collection. The second part is associated with hydrologic simulation for various return periods. The third part of the tool is associated with the estimation of flood depths based on linear interpolation and a widely used geostatistical analysis method, i.e., the inverse distance weighting (IDW) approach. Finally, flood risk assessment (Part 4 of the proposed approach) is based on the estimated flood depths, the land uses, empirical depth–damage functions (damage percentage) and the cost of repairs.



2.1. Study Area and Data


On 15 November 2017, the areas of Western Attica and specifically Mandra (Figure 2a,b) were affected by a devastating natural hydrometeorological phenomenon [21]. An extreme rainfall event which occurred in the mountainous parts of the area caused a flash flood in the hydrological basins of the area and specifically in the streams that flow in the plain of Nea Peramos and the lowland area of Mandra (Figure 2a) and the Industrial Areas of Mandra (Figure 2a). Bellos et al. [21] performed a Monte Carlo analysis for quantifying the uncertainty of this extreme rainfall event. They reported flood peaks ranging from 130 m3/s to 220 m3/s with a mean of about 180 m3/s (the rainfall return period is estimated to be above 100 years).



The proposed tool was applied in the basin of Agia Aikaterini (Figure 2c), upstream of Mandra city. The catchment upstream of the study area is about 20 km2, and the elevation ranges from about 100 m to about 675 m. Mean elevation was estimated at 295 m. The land uses in the study area, according to the 2018 Corine Urban Atlas, are presented in Figure 2a. The predominant land use–land cover types for the upstream catchment are permanently sclerophyllous vegetation (32.05%), transitional woodland–shrub (22.60%), coniferous forest (17.99%), complex cultivation patterns (10.63%), natural grasslands (10.48%), mixed forest (5.45%), non-irrigated arable land (0.55%) and land principally occupied by agriculture with significant areas of natural vegetation (0.26%). The predominant land uses for Mandra city (Figure 2a) are continuous urban fabric (24.00%) and discontinuous dense urban fabric (25.00%). Figure 2c presents the catchment upstream of the study area and the study area.



Various researchers have applied frequency analysis for estimating return periods of flood events, rainfall events, and/or have developed intensity–duration–frequency curves (IDF) [22,23,24,25,26,27,28,29,30]. In the present work, we exploited the IDF curves for Mandra station recently developed by the Greek Flood Risk Management Plan for Attica River Basin District [31]. These IDF curves were developed using the generalized extreme value (GEV) probability distribution (Equation (1)) [31]:


  i =   162.95    T  0.125   − 0.698      ( 1 +  t  0.124     ) 0.622     



(1)




where i is the rainfall intensity (mm/h), T is the return period (years) and d is the storm duration (h). We acknowledge that rainfall and flood return periods are not the same and continuous simulation is more appropriate than event-based simulation for defining the return period of floods. However, the main objectives of the present work were (i) to develop and propose a fast data-driven tool for flood risk assessment, (ii) to present an equation fitted through the depth–damage points suggested by JRC for residential areas and (iii) to compare seven different depth–damage functions in terms of flood risk in a Mediterranean city.



Table 1 presents the estimated rainfall depth (mm) for various rainfall durations (1 to 24 h) and for return periods ranging from 2 to 100 years. In the present study, a 6-h rainfall duration was used. The time step was selected equal to 10 min in order to approach the peak of the hyetograph as best as possible.




2.2. Hydrologic Simulations and Flood Hazard


Hydrologic simulations were undertaken employing the Hydrologic Modeling System (HEC-HMS) software [32]. HEC-HMS has been developed by the United States Army Corps of Engineers Hydrologic Engineering Center and is designed for the simulation of all hydrological processes. HEC-HMS is used for both event-based and continuous simulation. In the present work, all hydrologic simulations were performed without delineating the Agia Aikaterini catchment into subcatchments. In our hydrologic model, we chose not to delineate our basin, as this would result in lower peak discharges and augmented uncertainty due to the uncertainty involved with the estimation of routing parameters. The following models were selected: (i) the Unitless Soil Conservation Service (SCS) Unit Hydrograph for the transform method, (ii) the SCS Curve Number (CN) method for estimating the rainfall excess, (iii) the Giandotti equation [33,34] for estimating the time of concentration and (iv) the Alternating block method [35] for the rainfall distribution. For better defining the design hyetograph, a stochastic rainfall generator could be possibly introduced in Part 2 of the proposed tool, substituting the Alternating Block Method. The Giandotti equation [33,34] (Equation (2)) was selected as it is the one proposed by the Greek technical specifications for hydraulic works:


   t c  =   4  A  + 1.5 L   0.8  H     



(2)




where tc is the time of concentration (h), A is the catchment area (km2), L is the length of the main channel (km) and H is the difference between mean altitude and elevation at the outlet of the catchment (m). Based on Equation (2), the time of concentration for the Agia Aikaterini catchment was estimated to be 2.0 h.



The mean CN for the entire catchment was estimated to be 62. CN was estimated based on the 2018 Corine Land Cover map and the soil map of the study area. In the present work, flood depths were estimated based on the results previously reported by Handrinos et al. [36]. In their study, Handrinos et al. [36] employed the widely used HEC-RAS software for simulating flood depths, flow velocities and flood extent of the catastrophic flood event that hit the city of Mandra. They used as input an ensemble of 100 flood hydrographs derived from the simulation of the rainfall–runoff process of the Agia Aikaterini catchment. We utilized these data in estimating flood depths for different return periods (10, 25, 50 and 100 years). Linear interpolation (between maximum peak flow and estimated inundation depth) was undertaken by using the estimated maximum inundation depths at 44 points in the city of Mandra. In addition, the IDW method was used for estimating flood depth in the entire study area. The main assumption of the IDW method is that the attribute value of an unsampled point is the weighted average of known values within the neighborhood, and the weights are inversely related to the distances between the prediction location and the sampled locations [37].



For the hydrologic model, we did not have available rainfall–runoff measurements in this ungauged basin. As a result, it would be impossible to calibrate and validate our model. For the hydraulic model, we used field-measured maximum flood depth marks and the results of a previous study [36], and we exploited the IDW approach in order to minimize the computational resources needed and keep the time needed at reasonable levels. Thus, the hydraulic model was calibrated. Regarding the uncertainty associated with the use of the models, the parameter estimation and the IDW approach, this could be simply resolved by introducing a new part in the proposed tool to perform uncertainty quantification by means of Monte Carlo analysis.




2.3. Flood Risk


Risk can be defined as follows:


  R = H ∗ V ∗ E  



(3)




where H is the hazard, V is the vulnerability and E is the exposure.



The flood risk of a potential event can be calculated based on the water depths along with estimating the number of objects (e.g., buildings, roads, etc.) affected in the area of interest. Specifically, it can be expressed in monetary units, calculating every component of the risk as follows [38]: (i) hazard, namely, the flood depth expressed in meters, is transformed to the damage percentage of the object, employing a depth–damage curve; (ii) vulnerability is the maximum damage expressed in monetary units, which corresponds to 100% hazard; and (iii) exposure is the number of the inundated objects.



The Joint Research Center (JRC) is the European Commission’s Science and Knowledge Service and has proposed depth–damage functions for every continent and for several classes [9]. According to JRC [9], the available damage functions are categorized into five classes in the form of empirical distribution functions. Figure 3 presents various depth–damage functions used in the present work. All are applicable to residential areas. In addition, we employed six other depth–damage functions, except for the one proposed by JRC. These functions are (i) the Moschato function [5], (ii) the Palermo function [6], (iii) the function reported by USACE [16], (iv) the function reported by FIA [18], (v) the function reported by Appelbaum [15] and (vi) the function reported by Debo [17].



Equation (4) was developed by fitting a non-linear function to the raw data reported by JRC [9]:


  D F = (  1 − e x p ( − 0.487  h  1.009    ) )  



(4)




where DF is the estimated damage (%) and h is flood depth (m). The form of the function was based on two main principles. First of all, the function should pass from the point (0, 0), because a flood depth equal to zero should not give damage percentage values other than zero. In addition, the function should have an asymptotic value equal to one, in order to avoid the extrapolation errors, which can be significant in non-linear functions.



Finally, flood risk in monetary terms was estimated based on the maximum depth per building block, the damage percentage per building block estimated employing Equation (3) and a real estate value of EUR 1000 per m2. This cost refers to the current market value of buildings for the study area [39] as reported by the Ministry of Finance of Greece. Finally, it must be mentioned that we assumed that in each building block, residential area (i.e., buildings) accounts for 66%, according to the land use–land cover types of the study area.





3. Results and Discussion


3.1. Hydrologic Simulations


Figure 4 presents the results of the hydrological simulation for rainfall duration of 6 h and return periods of 10, 25, 50 and 100 years. Flood peaks were estimated at about 10 m3/s, 23 m3/s, 36 m3/s and 54 m3/s for return periods of 10, 25, 50 and 100 years, respectively. Total flooding volumes were estimated at 90,300 m3, 228,900 m3, 333,500 m3 and 482,500 m3 for return periods of 10, 25, 50 and 100 years, respectively. It must be stated that we chose not to use probabilities of occurrence lower than 0.01 in order to not introduce extra uncertainty as a result of the extrapolation needed.




3.2. Flood Hazard


Flood hazard was estimated based on linear interpolation and the IDW method, as previously described. Figure 5 presents the estimated results with respect to the flood inundation depths for rainfall duration of 6 h and return periods of 10, 25, 50 and 100 years. For a return period of 10 years, maximum depths ranged from 0.0 to 0.19 m; for a return period of 25 years, maximum depths ranging from about 0.0 m to 0.46 m were estimated. Finally, for return periods of 50 years and 100 years, maximum depths ranged from 0.0 to 0.72 m and 0.0 to 1.08 m, respectively.




3.3. Flood Risk and Comparison


Figure 6a presents the costs of repairs calculated with the use of Figure 3: (i) the Moschato function [5], (ii) the Palermo function [6], (iii) the function reported by USACE [16], (iv) the function reported by FIA [18], (v) the function reported by Appelbaum [15], (vi) the function reported by Debo [17] and (vii) the function estimated based on the JRC report [9]. Moreover, in Figure 6a the actual cost of repairs for the Mandra catastrophic flood event is presented (red circle). The return period for this event was more than 100 years. This cost was estimated at about EUR 32,000,000 [39]. The aforementioned costs refer to state compensations and compensations from insurance companies. Accordingly, Figure 6b presents the average cost of repairs per building block estimated based on the seven aforementioned depth–damage functions. All costs presented in Figure 6 have been calculated for return periods of 10, 25, 50 and 100 years. Finally, Figure 7 and Figure 8 present the flood risk for return periods of 50 and 100 years, respectively, estimated with the use of all aforementioned depth–damage functions for the study area.



It can be observed that for return periods of 10 and 25 years, the calculated cost for all methods except for the JRC function are of the same order of magnitude and are ranging between EUR 10,000,000 and 90,000,000. The main reason for this is that these relationships were derived as ad hoc functions developed based on a limited amount of flood data, and therefore, it is difficult to generalize them at low water depths.



Moreover, for return periods of 50 and 100 years, the total cost ranges from about EUR 16,000,000 to 95,000,000 and from about EUR 20,000,000 to about 108,000,000, respectively. It can be observed (Figure 6, Figure 7 and Figure 8) that the depth–damage curves of JRC [9], USACE [16], FIA [18] and Appelbaum [15] overestimate the cost compared to the curves for Moschato [5], Palermo [6] and the one proposed by Debo [17]. The main reason is associated with the sparse urban sprawl in the USA in contrast to the dense urban sprawl in Europe, and especially in the Mediterranean region. The functions for Palermo and Moschato give comparable results as they refer to sites with similar characteristics, e.g., climatological, flood regime, land use–land cover type, population and development density, construction materials, etc. In addition, these differences are related to the empirical nature of these curves. The curves for Moschato and Palermo were developed after flood events in the Mediterranean region, while the depth–damage curves of Debo [17] are synthetic curves developed after an economic model was applied on damage results in Georgia, USA. Moreover, the curves of USACE [16], FIA [18] and Appelbaum [15] were developed based on ex post flood damages reported for different regions in the USA. As a result, differences were expected as site characteristics, housing and development type, cost of repairs and materials, among other factors, refer to USA conditions and prices. Regarding the JRC methodology, it seems that it gives the biggest risk in monetary terms, and is comparable to that estimated by the USACE method.



Overall, it can be concluded that the depth–damage functions reported by Pistrika et al. (Moshato curve [5]) and Oliveri and Santoro (Palermo curve [6]) are closer to the real damage cost for Mandra city. However, our intention is not to promote one or another function, but to demonstrate the uncertainties associated with this issue. It must be mentioned that the assessment of flood risk based on empirical depth–damage curves is a subject not well-addressed in the literature. Therefore, it constitutes a very interesting subject from both a practical and future research perspective.



Moreover, it must be mentioned that the use of new low-cost technologies, open data and participatory methods for data collection to provide the necessary geospatial infrastructure either from an office (no field measurements) or combined with field work by volunteers can effectively support the proposed tool for residential flood risk assessment and post-disaster recovery. The tool could be particularly valuable for flood risk assessment in informal settlements, where there is usually a lack of geospatial infrastructure and/or rainfall–runoff measured data. For this application, most of the needed data in Greece can be provided by existing geospatial infrastructure and open datasets for free (e.g., Corine Land Cover, Hellenic Cadastre, Ministry of Government and Energy). Trained volunteers may collect all needed data remotely. These crowdsourced data, following a professional validation, may contribute to building the needed geospatial information for hydrological applications and for planning for emerging demands from a distance (remotely) in a Fit-For-Purpose (FFP) manner, being timely, affordable and reliable.



A possible next step of this research may be the modeling of a crowdsourced methodology for an FFP geospatial data collection that could be used for flood risk assessment in informal settlements. The proposed methodology should focus on the following steps: (i) investigation of the required accuracies of the geospatial data to be used for specific hydrological applications, (ii) investigation of the appropriate tools and methods of collecting all the needed information, (iii) selection and training of volunteers for crowdsourcing, (iv) validation of the crowdsourced data, (v) editing of the geospatial information by a professional engineer and (vi) evaluation of the proposed tool in terms of geometric accuracy and completeness.





4. Conclusions


A robust and fast data-driven tool for residential flood risk assessment is presented here. In addition, an equation fitted through the depth–damage points proposed by the Joint Research Center (JRC) was introduced. The proposed tool incorporates seven different depth–damage functions and is based on free software; thus, it can be applied in different parts of the world and is relatively easy to modify. The proposed tool is based on hydrological simulations employing a free and widely used tool, estimation of flood depths employing linear interpolation and the Inverse Distance Weighting interpolation method in previously reported flood depths, and finally, estimating flood risk, in monetary terms, using seven different depth–damage functions. The tool was tested in an urban area in Mandra, Attica region, Greece, recently affected by a catastrophic flood event. In addition, the results of seven depth–damage functions in terms of estimated monetary cost for the study area were compared. The comparison with previous studies [4,19], which applied the same depth–damage functions, revealed that the results are comparable. However, the current results were not compared with those reported by other researchers, as the results revealed that the depth–damage functions developed from ex post flood damages in the Mediterranean region are more appropriate for this region compared to the costs estimated from depth–damage functions developed for the USA. Moreover, the wide range of the costs is indicative of the high level of uncertainty in this kind of analysis (e.g., aleatory and epistemic). The proposed tool can be possibly used by scientists and engineers, practitioners and/or stakeholders as a first step for better understanding and quantifying flood risk in monetary terms. The proposed fast data-driven tool for the assessment of flood risk in monetary terms can be extended in order to incorporate a stochastic rainfall generator [40,41,42,43,44]. The weather generator is to be used instead of the Alternating Block Method for better defining the design hyetograph. Finally, the proposed tool can be extended by introducing a new part that could account for epistemic uncertainty.
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Figure 1. Flow chart of the proposed data-driven tool for flood risk assessment. 






Figure 1. Flow chart of the proposed data-driven tool for flood risk assessment.



[image: Hydrology 09 00147 g001]







[image: Hydrology 09 00147 g002 550] 





Figure 2. (a) Location of study area and land uses; (b) residential blocks in the study area and city boundary; (c) Agia Aikaterini catchment upstream of the study area and digital elevation model. 
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Figure 3. Depth–damage function for residential class [5,6,9,15,16,17,18]. 
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Figure 4. Hydrologic simulations for rainfall duration of 6 h and return periods of (a) 10 years, (b) 25 years, (c) 50 years and (d) 100 years. 
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Figure 5. Flood inundation depths for rainfall duration of 6 h and return periods of (a) 10 years, (b) 25 years, (c) 50 year and (d) 100 years. 
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Figure 6. (a) Total cost of repairs calculated with various depth–damage functions and for various return periods [5,6,9,15,16,17,18]; (b) average cost of repairs per building block calculated with various depth–damage functions and for various return periods [5,6,9,15,16,17,18]. 
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Figure 7. Flood risk, in monetary terms, estimated for the 50-year flood with the various depth–damage functions of (a) Moschato [5], (b) Palermo [6], (c) USACE [16], (d) FIA [18], (e) Appelbaum [15], (f) Debo [17] and (g) JRC [9]. 
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Figure 8. Flood risk, in monetary terms, estimated for the 100-year flood with the various depth–damage functions of (a) Moschato [5], (b) Palermo [6], (c) USACE [16], (d) FIA [18], (e) Appelbaum [15], (f) Debo [17] and (g) JRC [9]. 
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Table 1. Rainfall depth (mm) for return periods ranging from 2 to 100 years and rainfall durations ranging from 1 to 24 h.
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Rainfall Depth (mm) for Various Return Periods (Years)




	
Duration (h)

	
2

	
5

	
10

	
25

	
50

	
100






	
1

	
22

	
31

	
37

	
46

	
53

	
62




	
2

	
30

	
41

	
50

	
62

	
72

	
83




	
3

	
35

	
49

	
59

	
73

	
85

	
98




	
6

	
46

	
64

	
77

	
96

	
112

	
129




	
12

	
60

	
84

	
101

	
126

	
146

	
168




	
24

	
78

	
109

	
132

	
164

	
191

	
219
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