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Abstract

:

To understand the potential risk of flooding in Syracuse City, New York State, USA, this research attempted to accomplish the flood hazard assessment for a simulated 500-year flood event in the downstream floodplain of Onondaga Creek within Syracuse. Based on the commonly used category of flood damages, the flood damage of Syracuse was divided into loss of buildings and loss of population. The results showed that the city’s center would have the highest damage rate for buildings and a total of 1139 buildings would be inundated, of which 326 buildings would be severely damaged by more than 80%. Furthermore, about 7390 people would be directly affected by the flood event, among which approximately 900 people might lose their lives. Communities near Onondaga Creek were assigned designated evacuation shelters based on the accessibility and distance to the shelters. The shortest available evacuation routes were calculated. More shelters should be provided in the central downtown area, with its large population, and distributed along the western bank of Onondaga Creek. This research offered a first approximate flood loss estimation that might lead to more attention and studies concerning a potential flood hazard in the future. It also provided science-based guidelines for city authorities to refer to in practical flood hazard mitigation.






Keywords:


flood loss estimation; depth-damage function; emergency shelters; evacuation route; geographic information system (GIS); urban flood












1. Introduction


Floods can cause massive negative impacts on human beings and their living environments, such as the loss of human lives and economic value, destruction of the infrastructure, land and soil degradation, crop and vegetation damage, and the submergence of cities [1,2]. Urbanization has increased the frequency and magnitude of floods and reduced the permeability of the ground surface, encouraging flash floods even for regular rainfall events [3]. According to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), extreme weather events, such as heavy storms, will occur more frequently in the future [4]. Assessing the flood exposure of infrastructure is crucial for sustainable flood risk management [5,6]. Therefore, knowledge of the degree and extent of the flood impact on an urban area is essential for determining mitigation strategies and designing flood evacuation [7].



The classification of flood damage and the methodology for estimating the damage in different categories differ in different countries. In fact, to classify flood damage in all affected sectors (i.e., people, economic activities, physical infrastructure, properties, and ecological systems), it is vital to be able to show what is actually damaged; therefore, a multisectoral understanding of loss suffered during individual flood events is needed [8,9,10]. In this context, flood damage can be further categorized into economic, social, and environmental objects [11].



A variety of methods for flood damage estimation in urban areas have been developed thus far. Some of them, such as simple empirical models, economic models, Input–Output models, and computational general equilibrium (CGE) models have been widely used to characterize the damage estimation process [12]. These models are based on the same definition of flood damage:


Flood damage = Exposed objects × Damage curve (or function)



(1)







In this equation, the exposed objects during a specific flood event may be represented by the inundation characteristics, which can be obtained from the modeling results [13]. These characteristics could be flood extent, depth, or velocity, depending on the specifically used damage curve (or function), which is usually obtained from hydraulic modeling analyses for the selected study area.



The flood depth is the most common characteristic chosen to estimate flood damages. Along this line, the depth or stage damage curves (or functions) have been developed in many places around the world as a commonly used technique to assess flood impacts [14]. Several types of curves (or functions) exist in terms of the availability of information and assessment goals [15], which may be generally classified as empirical vs. synthetic ones, or as relative vs. absolute ones. Empirical curves (or functions) are derived from the real damage data collected during actual flood events. When these data are available, empirical curves can be created by interpolating a curve describing the relationship between depths and costs [16]. Alternatively, a synthetic curve (or function) relies on expert opinions and what-if questions to estimate the magnitude of damage for every stage of the flood water [17]. Depth damage curves (or functions) can also be classified as absolute or relative, depending on if the cost is given in economic terms or as a percentage of the total value of the affected assets. A relative curve (or function) expresses the magnitude of losses as a percentage of the total value of the damaged property, whereas an absolute curve (or function) shows the extent of damage in monetary value. Roccati et al. [18] studied the choice of the depth-damage function used in flood damage analysis. They selected four depth-damage functions and applied them to historical flooding events in a catchment in Italy. Dano et al. [8] suggested a synthetic method for constructing depth-damage function curves for residential, commercial, agricultural, and industrial categories in Malaysia. Their approach is based on an interview survey (questionnaire) for the damage data.



Flood evacuation has become an emerging issue due to its effectiveness in reducing flood damage [19]. There is no doubt that the ultimate goal of flood emergency evacuation is to evacuate people to safe areas as quickly as possible. Evacuation conditions have a direct impact on reducing the life risk of flood hazards [20]. Therefore, flood evacuation involves two fundamental issues, which are evacuation shelters and evacuation routes. The essential purpose of studies that examine flood evacuation is to reduce the risk to human life by scientifically selecting shelter sites and evacuation routes. At present, the research on flood evacuation is mainly embodied in developing evacuation modeling technology, influencing the factors of flood evacuation, shelter siting, and evacuation routes [21].



In the research area of modeling flood evacuation, the main question is: how can evacuation problems be transformed into network optimization problems, which means optimizing for the shortest path, minimized cost, and fastest time? The point-line combination theory is capable of providing reasonable answers to this question. Its basic idea is (1) abstracting the roads in the study area as “line sets”, and the submerged units and shelters as “point sets”, and then (2) designing the flood emergency evacuation routes to the designated shelters based on a series of methods.



The scientific site selection of emergency shelters is not only beneficial to management but also essential for reducing life and economic losses caused by flooding. Scholars over the years have studied various siting models to solve siting problems, including static and dynamic siting models [22]. There are three main types of mathematical models describing static site selection: the P-median model, the P-center model, and the land scale coverage model. These models can incorporate constraints, such as the maximum and minimum size of the facility and the maximum travel distance into the mathematical equations [23]. The distance is the limiting condition to ensure that all demand points can be within the maximum service distance of the facilities. In theory, the siting of flood emergency shelters should consider more factors than location. Studies involving more factors than just location have been conducted to evaluate flood emergency shelters [24,25]. In combination with the social and geographical conditions of the flood-prone area, factors such as population density, traffic conditions, and elevation are selected as indicators for evaluating these shelters. The cluster analysis module in the GIS (Geographic Information System) platform is specially designed to solve these siting problems and has a powerful performance in integrating these limitation factors by spatial analysis [26]. Because of its advantages, the cluster analysis module is used in the selection process of emergency shelter sites in this study.



Evacuation routes are determined using modeling methods that can be broadly divided into microscopic, mesoscopic, and macroscopic, depending on their scale [27]. The microscopic modeling method is based on the transportation trajectory of the evacuation individuals. However, the mesoscopic modeling method is based on the transportation trajectory of the evacuation unit. The macroscopic modeling method is based on the evacuation starting point and traffic allocation. All of these methods involve calculating the evacuation routes, which may be achieved in two ways: (1) mathematical analysis and (2) computer simulation [28]. GIS network analysis is one of the computer simulation methods frequently used to select the optimal evacuation path. The pathfinding tool of the network analysis module in the GIS platform is often used to find the best evacuation route for the affected population and calculate the evacuation time [22]. The locations and capacities of shelters can be combined with available traffic networks to minimize the evacuation time. In addition, network algorithms embedded in a GIS platform can be used to identify alternative evacuation routes in an emergency. With the help of GIS tools, the successful planning of a flood emergency evacuation, including routing and siting, has excellent potential to mitigate flood damage to human life.



This research aims to conduct a flood hazard assessment for the Onondaga Creek floodplain in Syracuse City by focusing on flood damage estimation and evacuation design. The selected study area is within the projected inundation zone of a 500-year flood event by the Federal Emergency Management Agency (FEMA). Due to the limited research on pluvial flooding in Syracuse, its population and assets are exposed to the risks imposed by this type of flooding. Flood damages are divided into specific damages to buildings and population, which are then calculated using the functions of the inundation depth and different types of exposed objects in the study area. Flood evacuation design will be achieved by identifying the spatial distribution of flood evacuation shelters and analyzing the spatial accessibility of the evacuation shelters based on the conditions and distances of the evacuation routes.




2. Study Area and Historical Flood Events


For this study, Syracuse City was chosen as the study area, which is located at the northern side of Onondaga County, New York (Figure 1). Syracuse City has a humid continental climate with distinct seasonal variations [29]. The thirty-year average annual, minimum, and maximum temperatures are 9, −10, and 28 °C, respectively [30]. The average annual precipitation of Syracuse between 1981 and 2010 was about 1065.14 mm [31]. A large proportion of the precipitation occurs as snowfall, mainly caused by lake-effect snowstorms in the long, cold winter with an annual average snow accumulation of about 293 cm, making Syracuse the snowiest city in the United States [32]. Due to changes in the weather pattern in Syracuse, the number of heavy storm events doubled in the 25 years from 1989 to 2013 [33].



Geomorphologically, a majority of Syracuse serves as the downstream area of the Onondaga Creek watershed with an area of approximately 290 km2. The valley along the watershed was scoured by glaciers that created a terminal moraine at its headwaters in Tully. The mainstream of the watershed, Onondaga Creek, runs from the southwest in Tully along the valley to the north joined by the main tributary, the West branch on the west in the middle reach, then passes through the heart of Syracuse and finally drains into Onondaga Lake (Figure 1). Onondaga Creek has a total length of about 49 km, 14.5 km of which is within the City of Syracuse (Figure 1).



The topography of Syracuse features low, flat areas along with the downstream of Onondaga Creek and extends in two narrow belts towards the east and west, respectively (Figure 2). This area has an elevation ranging between 109 m and 140 m and is bounded by higher lands with variable hilly slopes. The low-elevation area constitutes the floodplain of the downstream reach of the Onondaga Creek and is the area directly susceptible to flooding. In the City of Syracuse, essential land uses include types of residential, commercial, industrial, schools, community service and utilities, etc. (Figure 3). The commercial areas are mainly in Downtown Syracuse, and a considerable number of residential and commercial buildings are distributed in the north and south of the city center, which are crossed by Onondaga Creek.



Citizens who live in the neighboring communities of Onondaga Creek have always faced a high potential risk of flood hazards [34,35]. Historical records have shown that Onondaga Creek overflowed and caused 28 flood hazards from 1865 to 2007, most of which occurred either in winter or early spring owning to high-volume snowmelt flows caused by unseasonably warm weather [36,37]. The spring snowmelt flooding events in March 1950, March 1960, and March 1964 caused extensive damage to local communities and buildings in the floodplain of Onondaga Creek [37]. Among these flooding events, the largest one occurred on 3 July 1974. This flood had a peak discharge of about 92.3 m3/s and an estimated recurrence interval of 40 years. The most recent flood event occurred on August 19, 2021, after heavy summer rainfall within the Central New York area. With a peak discharge of 89.2 m3/s, the flooding of Onondaga Creek caused the inundation of civil infrastructure in Syracuse (Figure A1).



Historically, because a 500-year storm event is an extreme flood event that has not occurred in Onondaga Creek, its true hydrograph is unknown. Thus, the magnitude of the flooding may only be estimated. Gao et al. [38] developed a method of constructing this hydrograph by analyzing historical discharge data and reported its peak discharge as 150.1 m3/s. Compared to the peak discharges available from 1952 to 2020 in the USGS gauging station located at Dorwin Avenue (numbered 04239000), the peak discharge of this estimated 500-year flood event is much higher than the highest peak discharge that was measured in 1974 (Figure A2). Therefore, this estimated 500-year storm event represents an extreme event in the hydrological history of Onondaga Creek and is used as the target flood event for flood hazard assessment in this study. Actually, human-induced climate change has resulted in uncharacteristic weather patterns that have generated unprecedented events (>500-year return period) in New York State [39,40,41,42].




3. Methods


3.1. Data Collection


Data from different sources have been collected, processed, and integrated using digital image processing and GIS techniques, which are summarized in Table 1.



The DEM (Digital Elevation Model) of the study area generated from LIDAR (Light Detection and Ranging) data with the resolution of 0.3 m spatial resolution was obtained from the United States Geological Survey (USGS) open-source: https://apps.nationalmap.gov/downloader/#/ (accessed on 1 July 2020). The Landsat-8 images with 30 m spatial resolution were downloaded in the GeoTIFF format from the USGS Earth Explorer Website (http://earthexplorer.usgs.gov/, accessed on 1 July 2020). It was further used to extract the green land areas and calculate the NDVI for Syracuse. All of the images were free of clouds and sensor defects. The social and economic data about Syracuse City, including census, land use, and building footprints, were collected from Syracuse Onondaga County Planning Agency (SOCPA). The hydrological data, including annual peak discharges and the associated water stages of the Onondaga Creek, were obtained from the USGS gauging station located at Dorwin Avenue (numbered 04239000) (https://waterdata.usgs.gov/nwis, accessed on 1 July 2020). The software package used for processing the images and determining the values of the study was ENVI 5.1. The ArcGIS Pro was used to analyze the processed data and to visualize the results.




3.2. Flood Simulation


To achieve the goal of successful and accurate flood damage estimation, it is necessary to acquire the information on inundation characteristics that typically contain inundation volume, area, and depth in a potentially flood-affected region. Three steps are referred to as the flood simulation process. The first step is to determine the floodplain extent of the study area from the existing DEM data, calculate the flow water volume curve, and obtain the maximum water storage volume. The second step is calculating the storm runoff and finding the areas where runoff water may accumulate. The third and final step is to determine the flow direction to the inundated areas and estimate the extent and depth of each inundated area using a water balance equation [7,42].



To complete this simulation process and acquire the necessary data, researchers widely adopt HEC-RAS as a supportive tool [43]. HEC-RAS, which refers to the Hydrologic Engineering Center’s River Analysis System developed by the U.S. Army Corps of Engineers, is an integrated software system designed for interactive use in a multi-tasking environment. As an open-source software package, HEC-RAS is freely downloadable and used to simulate hydrodynamic processes for flood events [14].



This study used the simulation results from the earlier work of Gao et al. [38] as both a reference and for input data to further calculate the flood damage of the simulated 500-year flood event. HEC-RAS 2D was used to simulate the hydraulic and hydrological processes of the selected flood event in the study reach of Onondaga Creek. Running HEC-RAS 2D was performed by some basic input data, including (1) high-resolution DEM representing the morphology of the study river channel and its adjacent area; (2) distributed values of surface roughness, which might be assigned using the available land use and land cover data (LULC); (3) field-observed hydraulic data, which were typically discharged and stage data, as well as channel cross-sections. To assure the accuracy of the determined values of the spatially distributed surface roughness, LULC types of the study area were classified using both the 2010 LIDAR data and the 2009 New York State 4-ban leaf-off ortho-photographs.




3.3. Approaches to Flood Damage Estimation


Based on the specific physical setting and socioeconomic status of the study area, the flood damage was divided into damage to buildings (constructive damage) and damage to human lives (social damage).



3.3.1. Buildings Damage Estimation


A depth-damage curve describes the relationship between the depth of flood inundation and the degrees of damage caused by the associated inundation [44]. The two elements (depth and damage) are combined to calculate the expected damage for a specific flood event, i.e., the storm event with the 500-year return period in this study.



Given that there was no such curve available for representing the flood damage in the studied area, the first step in developing the flood depth-damage curve was gathering relevant information. Earlier studies have proved that different types of buildings have different ratios of damage to the same flood event [45]. The inundated buildings are broadly categorized into residential, commercial, and industrial based on their land-use purposes. As a result, to generate a more accurate estimation result of flood damage, three different depth-damage functions should be used for these three types of buildings.



The depth-damage functions developed by Karamouz et al. [45] were adopted in this study mainly because of the following two reasons: (1) The lack of data for establishing specific equations for the study area. To produce a depth-damage equation for a given study area, abundant damage records at the individual building level of earlier flood events are needed. Since there have been very few flooding events for Onondaga Creek in the past 100 years, there are not many records of flood damage available. The existing data are far less than what are needed for constructing an accurate and productive depth-damage function. (2) The depth-damage functions developed by Karamouz et al. [45] were for New York City and the Hudson River, which are also within New York State and, indeed, not very far from the City of Syracuse. Therefore, the physical conditions of their study area are more or less similar to those in Syracuse. This similarity could greatly reduce the magnitude of errors arising from directly applying the existing equations to the study area of this study without calibration parameters.



To generate flood depth-damage functions for buildings located within New York State, a synthetic method that allowed for the conversion of available data to reliable estimation of flood damage was developed by Karamouz et al. [45]. This method aimed at establishing damage curves based on synthetic relative depths for the different types of damage described above. For different types of land use, these functions are based on the relationship between the direct economic cost of flood damage and flood water depth. These depth-damage curves, which were derived from the United States Army Corps of Engineers (USACE) technical guidance and the HAZUS software database, were subsequently used to quantify damage for a certain inundation water depth.



In each grid cell covering the study area, the percentage of damage corresponding to the maximum depth of water from the designed flood event was determined using the equation generated from the USACE guidance and HAZUS database. The relationship between the percent of damage and the inundation depth was then introduced to the GIS platform. Therefore, given all of the information and reasons discussed above, in this study, the relationship between inundation depth and damage ratio was described by the following equations [45]:


Residential: Y = 0.2391x3 − 3.5524x2 + 19.933x + 11.623



(2)






Commercial: Y = −0.1347x3 + 1.1448x2 + 9.1078x + 4.4057



(3)






Industrial: Y = −0.1273x3 + 0.1163x2 + 12.923x + 4.3553



(4)




where x was the flood inundation depth, and Y depicted the damage ratio of each type of building.



Based on the Equations (2)–(4), the depth-damage curves for different types of buildings were established in Figure 4. These curves are non-linear and intersect at one threshold, representing the 50% damage rate at an inundation depth of 4 m. Before this threshold, the damage rate of residential buildings is higher than that of the other two types of buildings for any inundation depth, but its rate of increase is less than that of the latter. After this threshold, the depth-damage functions of residential and industrial buildings tend to converge at the damage rate of 60% as the flood depth increases to about 6 m, while that of commercial buildings remains the highest among the three types of buildings.




3.3.2. Population Damage Estimation


Loss of life has been determined with the method proposed by Boyd et al. [46], and a flood fatality function is established based on historical flood data. This model is widely adopted by flood research and has proved to be effective and efficient since it only requires the input data of inundation depths [47,48].



Equation (5) provided the relationship between fatalities and flood depth. The loss of population caused by a flood event was achieved by multiplying the casualty rate by the population in the flooded area. In this function, fatalities could never exceed 34% due to the nature of the exponential function, which seemed reasonable for the historical flood hazard events. This limiting condition was addressed based on the statistics that, in most flood events, a large portion of the population should be able to escape from floods, either through self-evacuations or evacuation forces from outside.



Based on the 2010 census data for Syracuse, the population living within the flooded area could be estimated. The corresponding loss of this population was then calculated using Equation (5) [46].


F(h) = 0.34/(1 + exp (20.37 − 6.18h))



(5)




where h represented the inundation depth, and F(h) represented the population death rate.





3.4. Framework of Flood Evacuation Design


To mitigate the adverse effects of flood disasters on urban residents, designing flood evacuation plans based on the flood simulation results is critical in flood emergency management [21]. According to the existing literature [25], practical shelter assignment and proficient evacuation route planning require a suitable spatial distribution of evacuation shelters. Moreover, the shortest route from buildings within the expected flood inundation area to the designated evacuation center should be identified.



3.4.1. Spatial Distribution Analysis of Shelter Demand and Evacuation Resources


The characteristics, including spatial distribution of both population and designated evacuation shelters, are critical for disaster preparation planning and emergency resource allocation [26,49]. In this study, the original individual census tract was divided into smaller spatial units to obtain the required information and estimate the spatial distribution of the information in the study area. The fishnet boundaries that are 200 m wide for each were employed to convert the data at the scale of the census tract into a smaller unit. When this step was completed, the study area of Syracuse, which represented the shape and location and contains various data features, was divided into smaller cell grids with a width of 200 m. For each 200 m width grid, one population point was generated to represent people who live within the grid. By using small spatial grids to obtain the spatial distribution of the population in Syracuse, this approach may better suggest and identify the spatial variations of the impacted residents.



In this study, potential flood shelters were selected on the basis of two criteria. The first was the building type, and the second was the location of the buildings based on the extent of the flood inundation. Public service buildings were considered in this study as potential shelters, including educational institutions (such as schools and colleges), religious buildings, cultural facilities, and civic or community centers.




3.4.2. Spatial Accessibility Estimation of Evacuation Shelters


After the distribution of potential emergency shelters and inundated residential buildings were determined, the next step was to measure the accessibility of shelters. The goal of this task was to compute the distance from inundated population points to the potential flood shelters identified in the previous section. Walking is considered the primary method of moving to the closest shelter since some people may not have access to vehicles in emergency circumstances [50].



This study applied a distance-based approach based on the actual road network to analyze the availability of shelters for the inundated population. In calculating the accessibility of each shelter, the centroid point feature of each grid unit was generated. These centroids represented the population within each grid area and, thus, were called population points. A road network analysis was conducted at this stage, using the GIS platform to generate evacuation routes for each population point. Mohamed [51] suggested that suitable shelters should be established at the nearest locations as the best solution for all evacuees. Following this suggestion, this study employed a “closest facility” analysis to create the transportation route between the population points and designated emergency evacuation shelters. Dijkstra’s algorithm, the most popular and frequently used route-searching algorithm, was applied to find the shortest evacuation paths [52].



Dijkstra’s algorithm is an algorithm for the single-source shortest path problem in a directed graph with nonnegative edge length [53]. It uses a similar approach to a breadth-first search to solve the single-source shortest path problem for empowered graphs. The analysis steps and pseudocode are as follows [54]:



Step 0: Set   U = V  , Set   π  s  = 0  ,   π  v  = + ∞     v ∈ V  s     .



Step 1: Set   W = arg min { π  v  | v ∈ U }   and   X = U \ W  



Step 2: If   X = ∅  , then stop; for v ∈ V, π(v) is the shortest path length from s to v.



Step 3: For v ∈ X, set


  π  v  = min [ π  v  , min   π  u  + ι   u , v   |   u , v   ϵ E ,   u ϵ W    











Set   U = V  . Go to Step 1.



Dijkstra’s algorithm searches for the path from the starting point to other vertexes until it reaches the destination point, which is the evacuation shelter in our case. Since it is extremely tough and even dangerous to cross a flooded river during a flood event, the locations of flooded pathways should not be taken into account. The distances between the inundated population points and identified flood shelters were then calculated separately for each grid point. The shortest evacuation route starting from the residential buildings within the potential flooded region to the designated evacuation center was subsequently proposed. According to the guidelines from the literature [55], the ideal length of an on-foot evacuation route should be less than 3 km. Therefore, a three-kilometer transportation distance was considered appropriate and available for the accessibility measurement.






4. Results


4.1. Flood Inundation Mapping


The inundation of the 500-year flood in Syracuse City was simulated using HEC-RAS and the GIS platform. Figure 5 shows the inundation extent; the darker the color corresponding to the deeper depth of inundation. The maximum water depth was 18 m. The Onondaga Creek passed through Syracuse City, causing severe flooding in the downtown area. Flooding might cause the inundation of land along both riversides of Onondaga Creek, which would lead to a total inundation area of 30.03 km2. The land close to the upper reach of Onondaga Creek, which was located on the south side of the city, was less inundated compared to that which was close to the downstream side. The majority of the inundation was caused by overflow in the middle section of Onondaga Creek, where more attention should be paid in further damage estimation analyses.




4.2. Loss of Buildings in a 500-Year Flood Event


Based on the simulated 500-year flood, the influenced area and building footprint data of Syracuse were overlayed. The result was calculated using the three depth-damage equations (i.e., Equations (2)–(4)), which indicated that a total of 1139 buildings, occupying an area of 748,872 m2, would be flooded during this projected extreme event. Among these inundated buildings, 997, which covered an area of 465,256 m2, were residential buildings; 116, which covered an area of 178,990 m2, were commercial buildings; and 26, which covered 104,625 m2, were industrial buildings. The damage rate of residential buildings ranged from 11.6% to 100%. That of commercial buildings ranged from 0% to 81.9%. The industrial buildings had a lower damage rate compared to the other two, which ranged from 0% to 58.6%. A total of 326 buildings would be severely damaged by more than 80%, with the remaining 1000 buildings suffering various degrees of damage (Figure 6).



Figure 6 shows the inundated buildings, mainly in densely populated urban center areas and residential areas in the south of the city, with the inundation depths ranging from 0 to 5.78 m. The buildings in the central city and in the southern residential areas suffered heavy losses, which can be seen from the enlarged map in Figure 6. The upper enlarged figure suggests that commercial and industrial buildings located in the downtown area would suffer severe damage during the projected flood event. This also means that economic and industrial activity in Syracuse would be strongly disturbed by this projected extreme flood. The lower enlarged figure indicates that many people living in the downtown area might need emergency shelter services, since their homes would be heavily damaged during this event. Because of the high population density and damaged residential buildings in this area, this figure also reveals that we should pay more attention to evacuation planning in this area.




4.3. Loss of Population in a 500-Year Flood Event


Many scholars have studied the death rate of floods using inundation depth. Literature suggests that the death rate of a population is strongly related to the inundation depth [28]. This study produced an estimate of the loss of population based on the death rate and inundation depth determined using the equation expressed in Figure 7.



In Figure 7, the darker the red color was, the higher the death rate was. There was a high death rate in residential areas in the south of Syracuse. The city center had the highest death rate, which reached 0.34. These two areas corresponded to larger flooding areas and deeper water depths, which in conjunction with a higher population density, resulted in more severe population casualties. The number of victims in a flooded area mainly depended on the number of residents living there. Applying this death rate matrix to the population distribution map, the total number of victims could reach 900 people.




4.4. Identification of Flood Shelters


Figure 8 illustrates the spatial distribution of both the inundated population and the designated evacuation shelters in the study area. The total estimated population demand for the shelter of each grid area was classified by natural breaks and shown in different colors, from green to red. The areas with many suffered populations (yellow and red grids) were primarily located in the middle part of the study area, while the southern and northern parts of the city had fewer suffered populations (green grids).



Different types of land use (e.g., school buildings, religious institutions, and community centers) were considered as possible evacuation locations. According to this classification, there were 275 eligible buildings in the Syracuse area (blue polygons in Figure 8). Based on the above results and taking into account (i) the distribution of the population that needs to evacuate, (ii) the capacity of the evacuation point itself, and (iii) the distance to the evacuation route, five shelters were selected as the main evacuation points (red star in Figure 8).



According to the resultant map (Figure 8), the calculated shelter capacity ranges from 350 to 2500. Shelter capacity was illustrated by using symbols of different sizes. Figure 8 also shows the locations of the designated evacuation shelters. The shelter with the greatest capacity (the biggest red star) was located in the center of the city.




4.5. Determination of Flood Evacuation Routes


From the distribution pattern of inundated population grids (Figure 8 and Figure 9), it was obvious to see that the most crowded evacuation points were located around the central part of Syracuse. In particular, these places were either communities crossed by Onondaga Creek or mesh blocks near a dense population.



Figure 9 shows the evacuation routes from every population point in each grid to the closest designated evacuation shelters, along with the actual existing road network. The population that needed to evacuate was divided into three groups. Their respective evacuation routes were as follows: (1) For the affected people who lived close to the upper reach of Onondaga Creek, the evacuation route was to the shelter located southeast of the city. (2) For the affected people who lived close to the middle reach of the creek, there were three main evacuation routes. Because of the large number of potentially affected people in the central downtown area, one evacuation route led to the college station on the river’s east bank and the other two to the river’s west bank. The specific choice of the evacuation point was based on proximity. (3) For people who were affected by overflow in the downstream creek, the evacuation route led to the shelter in the northern part of the city.





5. Discussion


5.1. Urban Pluvial Flooding


Although there have been many advances in regulations to assess flood hazard in urban areas, the majority of these studies have focused on coastal or fluvial flooding [56,57]. However, in urban environments, pluvial flooding remains to be an imperative issue in need of attention [58]. Due to the limited research on pluvial flooding in Syracuse City, its population and assets are exposed to the risks imposed by this type of flooding, as their primary metrics for delineating flood risk are the traditional riverine flood zones designated by the Federal Emergency Management Agency (FEMA).



Urban pluvial flooding usually occurs more frequently than fluvial flooding, potentially leading to equivalent or even higher human life and assets damage for pluvial as opposed to fluvial flood events [59,60]. As a case study in Nagoya City, Japan, has shown, pluvial flooding presents comparable risks to fluvial flooding in urban settings where the main population and assets are not located around streams [60]. Many contemporary cities are becoming more prone to pluvial flooding and its associated risks [58], requiring much work on this understudied phenomenon.



Due to the different driving mechanisms of fluvial and pluvial flooding, the approaches to model them are distinguished. Although the hazard sources of fluvial flooding are river networks, the modelling approach typically involves the assessment of flood-flow frequency using either historical discharge data or a design storm, followed by the analysis of the water surface profile [43,61]. The same approach, however, does not apply to pluvial flooding. In urban settings, pluvial flooding usually occurs when the volume of runoff exceeds the capacity of natural and engineered drainage systems [39]. This category of flooding is, therefore, related to depressions, where low lying areas are surrounded by higher elevation areas, and the subsurface drainage network [61]. Thus, pluvial flood risks have been investigated by identifying depressions in a GIS environment using a high-resolution DEM [61,62,63].



To address this issue, this research implemented an existing HEC-RAS 2D simulation to screen for pluvial flooding risk in Syracuse using a 1 m resolution DEM with a 500-year storm event. Additionally, the land use or cover within areas at high risk from pluvial flooding were investigated and compared to the FEMA floodplain.




5.2. Flood Damage Estimation


Flood damage data are scarce. Only a few data sets are publicly available and little is known about data quality. The lack of reliable, consistent and comparable damage data is seen as a major obstacle for flood damage studies and effective and long-term damage prevention [64]. To analyze and investigate the common relationships between flood characteristics and damage, flood damage data are required at various spatial scales, including national, regional, and individual scales [65]. Especially in the developing process of depth-damage curves, individual object-oriented data are essential but hardly accessible in reality. Urban pluvial flooding is characterized by fast arrival of the peak discharge. It follows that flash floods may be highly variable in space and over time, which greatly challenges flood damage estimation.



The presented data and methodology established a very useful framework to assess flood impacts in urban areas. However, the damage of the projected 500-year-flood hazard calculated in this study is difficult to verify by actual measurement. The value of inundation depth obtained by the simulation in the Syracuse area is relatively large (the maximum inundation depth in urban areas was 5.78 m). However, in reality, such inundation depths are rare in urban settings. According to the depth-damage function, greater water depth corresponds to more losses. The extreme inundation depth predicted by the model might lead to lower accuracy of the estimation results, which should be compared with the loss reported during historical flooding events.



This study only evaluated the loss of buildings and population due to flooding in the Syracuse area. Considering that the broad impact of extreme floods on the city is far-reaching (not only these two aspects), with the increase of evaluation items, the city’s flood losses will also increase (such as property loss, reconstruction and mitigation cost, and trauma to the affected people). For example, for environmental loss, the submerged farmlands and vegetation area are considered as damaged. Using an average cost to calculate the total restoration cost is an approximation, but straightforward. Because some landscape restoration costs are often difficult to estimate, their ecological values are also difficult to assess. In fact, the impact of floods on the local ecological environment is far more than the vegetation restoration cost. If it is necessary to systematically assess the impact of floods on the ecosystem and study how to restore it, more influencing factors should be considered and a more complex model should be established.



The population loss of disasters has always been the focus of social and public attention, especially the population loss caused by heavy rains and floods. Regarding the estimated result of flood damage in Syracuse, it is necessary to pay special attention to the central downtown areas. Even though damage to buildings is relatively acceptable, human casualties are severe. This suggests that, in flood mitigation planning, the central downtown area should be the key area of concern where flood evacuation design needs to be created.




5.3. Flood Evacuation Design


This study evaluated the accessibility of evacuation shelters for the affected population during a projected 500-year flood event. The results can be used to map the spatial distribution of the affected population, emergency shelters, and evacuation routes in order to provide a statistical estimation of the shelter demand.



Population and shelter distribution are the most significant factors that influence shelters’ demand and accessibility in actual flood hazard circumstances [66]. Therefore, the proposed algorithm integrated the various aspects associated with the position, especially the spatial distribution of both shelters and populations. It has an obvious advantage in evaluating the imbalance between shelter demand and existing shelter resources during a potential flood event [67].



The specific evacuation routes of the closest shelters to each population grid were identified and visualized by a limiting condition of 3 km. This step is meaningful since it has been revealed that the residents in Syracuse have no sense of where to go during a flood event [28]. Therefore, the results from this study indicate the nearest designated evacuation shelter and evacuation route. This assessment is beneficial for disaster preparation by enhancing the awareness of the local people about the location and accessibility of shelters. Central downtown areas in Syracuse need to evacuate more people. Although three shelters are available in the vicinity of the high-capacity area, they may not be able to meet all of the evacuation requirements. Therefore, it is recommended to increase the number of available shelters (Figure A3). This study also showed that people located around the area on the northern and southern borders of the city might have difficulties evacuating to nearby shelters due to the long evacuation distances to the shelters. Based on the findings in this study, it is recommended that some other options for shelters be arranged in those areas, or cooperation with the neighboring towns should be planned.



The distance-based function of the actual road network was taken into account in this study rather than using the Euclidean distance to estimate the accessibility of facilities. Because, in the real world, travel routes could be covered, collapsed, or disconnected due to flood disaster, which could decrease the efficiency and impact of the evacuation and the accessibility of shelters [68]. Another limitation is the ignorance of time in the determination of parameters. If time is taken into account for flood evacuation, then all of the issues should be considered dynamically, which involves the time of the flooding process, and the time of the evacuation process. In reality, the occurrence of a flood is a dynamic process during which flooded water accumulates gradually, leading to a gradually increased inundation depth over time. Considering this dynamic process in a parameter would undoubtedly make the flood simulation more accurate, but may also require the development of new models, which is beyond the scope of this study. Involving time in flood evacuation means establishing a flood warning model, which would consider the flow of people and vehicles, a classic conundrum of network analysis [69]. As a comprise, this study considers the worst-case scenario, which is the design of a flood evacuation plan for a projected 500-year flood event.





6. Conclusions


This study systematically evaluated the potential hazard caused by a projected 500-year flood event in Syracuse City. The results indicated that a total of approximately 1139 buildings would be inundated, of which 326 would be severely damaged. Furthermore, about 7390 people would be directly affected by the flood event, among which, approximately 900 people might lose their lives.



A flood evacuation plan was designed by employing a GIS-based spatial analysis approach. The results explicitly showed the shelters’ service areas and the shortest routes leading to them. In addition, their accessibility was evaluated by integrating the spatial distribution of the population and the designated evacuation shelters.



The analysis results from this study could provide a valuable reference for flood hazard mitigation, enhancing disaster preparedness, and achieving an effective disaster response to future potential flood hazards. Regarding the estimated result of flood damage in Syracuse, it warrants more attention and studies in urban pluvial flooding.
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Figure A1. Scenarios of the flood event that occurred on 19 August 2021 in Syracuse City. (a,b) Hiawatha Blvd; (c) Franklin Square; (d) Onondaga Park. 
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Figure A2. Annual peak discharges (Qpeak) of Onondaga Creek from 1952 to 2020. 
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Figure A3. Recommended locations for new shelters. 
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Figure 1. Geographic location of the study area. 
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Figure 2. Elevation map of Syracuse City. 






Figure 2. Elevation map of Syracuse City.



[image: Water 15 00003 g002]







[image: Water 15 00003 g003 550] 





Figure 3. Map of different land use categories in Syracuse City. 
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Figure 4. Depth-damage curves for different buildings. 
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Figure 5. Inundation depth in Syracuse for a 500-year flood event. 
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Figure 6. The map of inundated buildings near Onondaga Creek (Red color represents inundated residential buildings; Blue represents inundated commercial buildings; Green represents inundated industrial buildings; Darker color represents a higher percentage of damage. The two figures on the right side are the enlarged maps of inundated buildings in the downtown area). 
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Figure 7. Population death rate of the 500-year flood. 
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Figure 8. Spatial distribution of the inundated population and identified flood shelters. 
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Figure 9. Spatial distribution of the inundated population points and the designated evacuation routes. 
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Table 1. Data collected for analyses in this study.
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	Data Category
	Data Type
	Resolution/Scale
	Year
	Source





	DEM
	Raster
	0.3 m
	2010
	USGS



	Landsat-8 Remote sensing image
	Raster
	30 m
	2015
	USGS



	Census
	Vector
	Household-level
	2010
	U.S. Census Bureau



	Land use
	Vector
	Household-level
	2015
	SOCPA



	Building footprint
	Vector
	Household-level
	2015
	SOCPA



	Hydrological data
	Numeric
	Daily
	1970–2020
	USGS
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