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Abstract

:

Featured Application


This research was designed to understand the effects of fine scale sub-basin generation technique to assess the risk of flooding for wastewater treatment plants in New York City. The article identifies the total risk of flooding from multiple sources including extreme weather events, climate change, and high intensity rainfall.




Abstract


Wastewater treatment plants (WWTPs) in the City of New York, United States, are particularly vulnerable to frequent extreme weather events, including storm surges, high-intensity rainfall, and sea level rise, and are also affected by the cascade of these events. The complex structural configuration of WWTPs requires very fine-scale flood risk assessment, which current research has not pursued. We propose a robust technique to quantify the risk of inundations for the fourteen WWPTs through an automated sub-basin creation tool; 889 sub-basins were generated and merged with high-resolution building footprint data to create a comprehensive database for flood inundation analysis. The inundation depths and extents for the WWTPs and flood-prone regions were identified from hydrodynamic modeling of storm surge and sea level rise. The economic damage due to flooding for the WWTPs was also quantified using the HAZUS-MH model. Results indicated that the storm surges from various categories of hurricanes have the dominant impacts on flood depths around WWTPs, followed by high-intensity rainfall. Sea level rise was shown to have a relatively minor impact on flood depths. Results from economic damage analysis showed that the WWTPs are subjected to damage ranging from USD 60,000 to 720,000, depending on the size of the WWTP and the extremity of storm surge. The method of analyzing the inundation status of the research object through the sub-basin enables more accurate data to be obtained when calculating the runoff. It allows for a clearer view of the inundation status of the WWTPs when combined with the actual buildings. Using this database, predicting flood conditions of any extreme event or a cascade of extreme events can be conducted quickly and accurately.







Keywords:


wastewater treatment plant; storm surge; high-intensity rainfall; sea level rise; sub-basins; SLOSH; runoff model; NOAA; HAZUS-MH












1. Introduction


The world is experiencing rapid urbanization. Today, 55% of the global population lives in urban areas [1]. It is estimated that by 2050, the proportion of the people living in cities in the world’s total population will increase to 68% (about 6 billion) [1]. Urbanization will not only reduce the area of arable land but will also increase the greenhouse conditions and heat island effects [2,3,4,5]. Hence, in the process of rapid urbanization, the threat of extreme weather changes has become increasingly prominent. Extreme events such as sea level rise, high-intensity rainfall, and storm surge have become major problems that cities must face [6,7,8,9]. New York City (NYC) is the most populous coastal city in the United States. It has extensive beaches, ports, rivers, and wetlands. It is extremely vulnerable to catastrophic flooding because it has 520 miles of coastline [10]. Because of its vast coastal terrain, NYC is extremely vulnerable to various extreme climates such as storm surges, high-intensity rainfall, and sea level rise. With climate change and rising sea levels brought about by urbanization, these risks will increase in the forecast. There are 14 WWTPs in NYC [11], which treat 1.3 billion gallons of wastewater produced by 8.336 million people daily [11]. Meanwhile, the WWTPs in Los Angeles, the second-most populous city in the United States, can treat 400 million gallons of wastewater produced by 4.0 million people every day [12]. That means the WWTPs in NYC can treat 156 gallons per person per day, while those in Los Angeles can just treat 100 gallons per person per day. The WWTPs in NYC have a greater workload. If a WWTP becomes flooded, many people will lose wastewater treatment services. Therefore, it is imperative to accurately predict and evaluate the damage caused by storm surges, high-intensity rainfall, and sea level rise. Previous studies on the impact of floods on WWTPs focused primarily on the WWTP being regarded as a point on the map. However, the WWTP is composed of many facilities. If WWTPs are considered as a point on the map, it is impossible to fully understand the actual flooding situation of the WWTP.



This study aims to investigate the WWTPs in NYC as the study object, using GIS to analyze the inundation of the WWTP buildings suffered by storm surges, sea level rise, and high-intensity rainfall, and evaluate the impact of various extreme weather situations on the WWTPs. To achieve this goal, we propose a systematic sub-basin creation algorithm based on high-resolution land cover and building footprint data that reflects the microscale flood variation for the WWTPs. In addition, this study also uses the damage assessment formula used by HAZUS-MH [13] to estimate the amount of damage under different flooding conditions. The compounded effect of flooding from sea level rise, storm surge, high intensity rainfall and riverine flooding were analyzed using the concept of total water level.




2. Literature Review


NYC lies on the edge of the Atlantic Ocean. As one of the largest cities in the world, it has a significant influence on the global economy, business, finance, media, politics, education, and entertainment. NYC’s 2017 GDP was identified as USD 937 billion [14]. As an economic and cultural center, it has the largest urban population in the United States. Before 1 July 2019, according to the U.S. Census Bureau statistics, this city had an area of 1214.4 square kilometers with a population of approximately 8.336 million people living on 789 km2 of land [15].However, the wastewater treatment system built by NYC decades ago may not be able to cope adequately with the increasing variability and extreme tidal flooding and storm surges that are expected to affect the system [16]. Most WWTPs in NYC were designed to be located at low altitudes along the coast to use gravity to transport wastewater and reduce the use of pumps, thereby saving the cost of wastewater discharge and transportation. However, it also places the WWTPs at a lower elevation and increases the risk of the plant being flooded. The sea level on the coast of New York is 9 inches higher than in 1950 [17,18,19]. Forecasts based on the global climate models (GCMs) show that sea levels will rise by 7 to 12 inches by the 2050s and 12 to 23 inches (30.48 to 58.42 cm) by the 2080s [18]. Because these WWTPs are in the coastal area of NYC, they are more susceptible to sea level rise. Strom surges are another concern for wastewater plants and are mainly caused by strong winds in hurricanes or tropical storms [20,21,22]. The frequency of hurricanes is accelerating, and the losses caused by them are becoming ever more severe. Hurricane Sandy hit NYC in 2012. Subways, highways, and parking lots were flooded, houses and industries were destroyed, 53 people died, and approximately USD 19 billion in economic losses were caused by Hurricane Sandy [6,23]. Hurricane Sandy brought high winds and a record 4.27 m (14 ft) storm surge to NYC [24]. Many WWTPs and pumping stations located near the water in the city were flooded or damaged. Hurricanes bring not only storm surges but also high-intensity rainfall. When high-intensity rainfall or continuous rainfall exceeds the city’s drainage capacity, water accumulation occurs in the city. The way to reduce accumulated water is to allow the water to percolate through the soil. However, urbanization has reduced surface vegetation, ponds, and lakes, increased impervious surfaces, and reduced soil permeability. Cities are full of impervious surfaces, including streets, roofs, and parking lots, that generate large amounts of stormwater runoff [25]. The impervious surface covers approximately 72% of NYC’s land area [26]. Because of the large area of impervious surface, if NYC encounters high-intensity rainfall, flooding likely occurs. If storm surges and high-intensity precipitation occur simultaneously in low-lying coastal areas, the possibility of flooding is greater [27]. Therefore, the damage caused by cascading events also needs to be considered. For example, the study conducted by Karamouz et al. assessed the reliability of NYC WWTPs during flooding by proposing a probabilistic framework [28]. A study conducted by Hamidi et al. focused on the uncertainty analysis of urban sewer system of NYC from the perspective of combined sewer overflow (CSO), but the associated impact on WWTPs during flooding has not been analyzed [26]. De Sousa et al. proposed a life cycle assessment framework to evaluate the impact of green infrastructure technologies for the Hunts Point WWTP in NYC [29]. After Hurricane Sandy, comprehensive wastewater resiliency plans were created by Balci and Cohn, but the quantification of flood damage for the 14 WWTPs in NYC were not performed from a microscale perspective [30]. Prioritizing investments in improving flood resilience and reliability of WWTP infrastructure was also assessed by Karamouz et al. through a multicriteria decision-making process for the fourteen WWTPs in NYC [31].




3. Data and Methodology


3.1. Creating a Sub-Basin Database


This study uses GIS and NYC’s digital elevation model (DEM) (1 m resolution) to create 889 sub-basins for NYC. The study conducted by Al-Suhili et al. showed that increasing the number of sub-basins in an urbanized area can improve the accuracy of flood inundation [32]. This study also adopted this method and completed the division of sub-basins through GIS. The procedure involves using the flow direction and basin tools to create a grid depicting all basins in NYC. Reclassification and merge tools were then used to merge all basins less than ten thousand square meters with other basins. For a sub-basin with an area exceeding ten million square meters, this study divided the basin into several sub-basins depending on the land cover and roads to make its area smaller. For this analysis, the sub-basins were identified based on their land cover characteristics. Generally, for rainfall–runoff analysis the study area needs to be divided into several hydrological basins that contribute to the surface runoff during rainfall events. Due to the limitation in data resolution and computational capacity, the basins are quite often aggregated into a large watershed that does not reflect the microscale variation surrounding complex structures such as WWTPs. Therefore, it was necessary to use a high-resolution land use and building footprint dataset to clearly subdivide individual basins into smaller sub-basins that represents proper surface runoff characteristics for flood damage analysis.



When the area of a particular sub-basin is too large, the sub-basin can be divided into smaller parts according to the road. In addition, it can also be divided according to the land cover of the sub-basin. For example, when dividing the Manhattan area into sub-basins, after basin analysis, several sub-basins with very large areas appeared in the center of Manhattan. It was found that Central Park is in it, and Central Park is almost entirely covered by green space, so Central Park was separated into one sub-basin. Figure 1 shows the whole process of database processing using GIS. In the end, NYC was divided into 889 sub-basins. The final map of the 889 sub-basins in NYC is shown in Figure 2. There are 131 sub-basins in Manhattan, 234 sub-basins in Brooklyn, 184 sub-basins in the Bronx, 207 sub-basins in Queens, and 133 sub-basins in Staten Island. Based on the sub-basins, the SLOSH model, the runoff model, and the shapefile of flood depth at different heights of sea level rise provided by NOAA were used to build the database. We utilized the high-resolution (3 ft) land cover dataset which is subclassified into seven different categories: tree canopy, grass/shrub, bare earth, water, buildings, roads, and other paved surfaces. The dataset has an overall accuracy of 96% for NYC. The land cover database was also merged with the fine-scale building footprint data to create high-resolution sub-basins for the WWTPs. We used the land cover database to subdivide the study area into smaller sub-basins, as described in Figure 1. Associated curve number values and surface roughness characteristics were also assumed based on the land use/land cover dataset. The level of damage for different land cover types varies substantially based on the surface roughness criteria. The urban land cover types were classified as most susceptible to flooding due to a low friction factor and greater surface runoff during rainfall events.



Additionally, the 3 ft (0.91 m) resolution raster image of NYC and the shapefile of footprint outlines of buildings in NYC are also parts of the database preparation. From these two files, digital elevation (DEM) files of sub-basins without buildings can be created. For the DEMs of sub-basins without buildings, starting from the lowest elevation of each sub-basin    L 0   , with an interval ΔL of 0.1 m,    L 0  + j · Δ L  , is regarded as the flood level    L j   . The formula for calculating the flood volume for each flood level is given in Equation (1).


   V  i , j   =   ∑   m = 1    N i     (   L  i , j   − P  l m   )  ∗ A  p m   



(1)




where    N i    represents the number of pixel levels smaller than the flood level in sub-basin  i ,   P  l m    is the pixel level less than the flood level, and   A  p m    is the corresponding pixel area. The database includes the information of the boundary maps of 889 sub-basins and the associated topographic elevations, areas of three different land cover classes (bare soil, tree canopy, and grass) in 889 sub-basins without buildings, shapefiles of footprint outlines of buildings of 14 WWTPs in NYC, and the table of flood volume for each flood level in the 889 sub-basins. The flood volume data were later converted to flood inundation maps using the “bathtub” approach. To achieve that we utilized the DEM at 3 ft (0.91 m) resolution and used the maximum flood level (   L j   ) by selecting all areas that are below the specified new water level height. Although the bathtub model might overpredict flood extent compared to hydraulic and hydrodynamic modeling approaches for microlevel analysis, it provides a simple approach and provides savings in input data and computation requirements [33].




3.2. Storm Surge Analysis


The Sea, Lake, and Overland Surges from Hurricanes (SLOSH) model is a two-dimensional operational storm surge model developed by the National Weather Service [34]. The SLOSH model uses pressure, size, forward speed, and tracking data to calculate the storm surge height of a tropical cyclone to create a wind field model that pushes water around [34]. The composite approach within the SLOSH uses hypothetical hurricanes to run thousands of synthetic hurricane scenarios [34]. This method produces two products, including the maximum envelope of water (MEOWs) and the maximum of MEOWs (MOMs). The MEOW product is the maximum height of the storm surge reached at each point in the model domain when thousands of synthetic storms with the same storm parameters but different parallel paths are modeled [35]. The MOM product is the maximum storm surge height obtained after merging all MEOW surge results from Saffir–Simpson storms of the same category [35]. In this study, the inundation maps of hurricane categories 1 and 2 were created for 889 sub-basins in NYC through GIS.




3.3. High-Intensity Rainfall–Runoff Model


This study divides each rainfall event into n time intervals, and each time interval is the same time ΔT. Equation (2) for calculating the time interval follows:


  n = T / Δ T  



(2)




where  n  is the number of time intervals in the rainfall period,  T  is the total duration of the rainfall period, and   Δ T   is the duration of the time interval.



The time    t k    from the beginning of the rainfall event to the  k th interval Δ T  is expressed using Equation (3):


   t k  = k · Δ T ,   k = 1 , 2 , 3 … n  



(3)







This rainfall model mainly considers rainfall, the infiltration rate of different soils, and the drainage capacity of stormwater management systems in NYC. Therefore, the calculation equation of the runoff volume at time  t  in this study is


   V   t k    =  V   t  k − 1     +  R k  −  I k  −  D k   



(4)




where    V   t k      and    V   t  k − 1       are the runoff volume after the time interval    t k    and    t  k − 1    ,    R k    is the rainfall volume during time (   t k   ,    t  k − 1    ),    I k    is the infiltrated volume during time (   t k   ,    t  k − 1    ), and    D k    is the volume of water drained through the sewer system during the time (   t k   ,    t  k − 1    ). The infiltration volume was determined by the average infiltration rate and area of the soil. The infiltration rate depends on the soil conditions. Based on infiltration capacity, Decker and Westphalen proposed that the soil can be divided into four general conditions: good, medium, poor, and impervious [36]. The infiltration rate of different land conditions is shown in Table 1.



The infiltrated volume during time (   t k   ,    t  k − 1    ) is expressed as Equation (5):


   I k  = Δ T ·  (   A b   f b  +  A t   f t  +  A g   f g   )   



(5)




where    f b   ,    f t   , and    f g    are the average infiltration rates for bare soil, tree canopy, and grass, and    A b   ,    A t   , and    A g    are the areas for bare soil, tree canopy, and green area in a sub-basin. Bare soil has more runoff and a poor infiltration condition, so    f b    = 0.035 cm/h (from Table 1). Tree canopy is in good condition, so    f t    = 5.24 cm/h (from Table 1). The grass is in moderate condition, so    f g    = 0.63 cm/h was considered (Table 1). The rainfall volume and the volume of water drained through the sewer system during the time (   t k   ,    t  k − 1    ) are calculated as follows:


   D k  = d · Δ T  



(6)






   R k  = r · Δ T  



(7)




where  r  is the average rainfall intensity during   Δ T  , and  d  is the discharge rate of the drainage system of NYC. In the Stormwater Management Design Manual of New York, the stormwater system in New York is designed to deal with a 10 year rainfall [37]. According to the data provided by NOAA,  d  is 36.322 mm/h [38]. However, these data were produced for large scale flood analysis and might not provide the precise information required for complex urban flood analysis. The horizontal accuracy of the rainfall data may reach up to 5 km (3.11 miles) and significant sampling errors could also occur due to longer duration periods. After the runoff volume was obtained, the submerged depth can be queried in the database of the corresponding sub-basin.




3.4. Modeling the Effect of Sea Level Rise


We used the data developed by NOAA Coastal Management Office to analyze the effect of sea level rise on the WWTPs [39]. It can be used to access data and information about sea level rise, storm surges, and flood risks along the coast of the United States. To obtain more detailed inundation data, the shapefiles of flood depth at different heights, ranging from 0.31 m to 3.05 m (1 to 10 ft) of sea level rise provided by NOAA, were downloaded for data analysis. Through the raster calculation tool of GIS, based on the DEM, inundation maps at different heights (ranging from 1 to 10 ft) of sea level rise for all 889 sub-basins were be obtained. After obtaining the raster format file of the flood depth through these methods and then superimposing the raster according to the specific situation of the cascading event, the flood situation for each WWTP when the cascading event occurs was obtained.




3.5. Economic Damage Estimation Model


HAZUS-MH (multihazard) is widely used GIS-based software created by FEMA (Federal Emergency Management Agency) to evaluate the impact of disasters in urban and rural areas [13]. Government planners, GIS experts, and emergency management personnel use HAZUS-MH to determine losses and use the most favorable mitigation methods to minimize losses [40,41,42]. Accurate loss estimation gives timely emergency preparedness and disaster mitigation measures when a disaster occurs and provides a theoretical basis for subsequent recovery plans and government decisions. This study used the equations in HAZUS to estimate the damage caused by the flood to the WWTP. The damage caused by flooding is represented by the flood depth vs. damage curves. The total economic loss was later calculated by following Equation (8) [13]:


($ Loss) = (% Damage) × (Inventory $ Value)



(8)







The damage functions are presented in Table 2.



Once the expected degree of damage was known in percentage (%), it was multiplied by the replacement value to determine the amount of damage. The replacement value in HAZUS depends on the size of the WWTP. The size of the WWTP was defined by the design capability. The definition of plant size and replacement values are shown in Table 2. The probable economic damage termed as HAZUS valuation for each size of WWTP is also shown in Table 1. Based on the design capacity of 14 WWTPs in NYC, combined with this information provided by HAZUS, Table 3 was derived. Table 3 describes the economic damage for each of the WWTPs according to the damage estimation model from HAZUS. The depth–damage functions were later utilized to quantify the economic damage sustained by the WWTPs in USD.



After obtaining the inundation map of storm surge, high-intensity rainfall, and sea level rise, the submerged length of buildings in the WWTP was obtained through the measurement tool in GIS. The percentage of the submerged length in the perimeter of the entire WWTP and the amount of damage determined by the maximum submerged depth are essential bases for the definition of a WWTP in this study. Additionally, for this study’s purpose, FEMA provided the data sets of Hurricane Sandy, which were retrieved from FEMA. For Hurricane Sandy, these data sets were in raster format, created by combining field-verified high-water marks and storm surge sensor data from the USGS. HWM (high water mark) and surge sensor data were used to interpolate the water surface elevation, and subtract it from the DEM [6].





4. Results


4.1. Case Study


The Newtown Creek WWTP is taken as an example. The Newtown Creek WWTP, which is operated by the NYC DEP, is the largest in NYC [11]. It was built in 1967 and is located on Newtown Creek along Greenpoint Avenue in Brooklyn. The plant has a total of 88 employees and a design capacity of 310 MGD (1173.35 × 106 L/day), providing wastewater treatment services for 1,068,012 people on 15,656 acres [11]. It is in sub-basin 133. As shown in Figure 3a, the area is 5,067,975.8 square meters, including 29,164.3 square meters of bare soil, 582,010.2 square meters of tree canopies, and 375,189.3 square meters of grass. After a rainfall of 10.9 cm/h for 20 min, the flood elevation of sub-basin 133 is 2.4 m (8 ft) (Figure 3c). The storm surge brought by a C2 hurricane is 6 to 8 feet (~1.8 to 2.4 m). In this study, these two events and sea level rise of 8.0 ft (~2.4 m) were regarded as events with similar conditions (Figure 3b). The rise in the water level they caused was all 8.0 ft (2.4 m), as shown in Figure 3d. By comparing the percentage of the submerged length of the WWTP and the amount of damage in these three events, it can be judged which one had a greater impact on the plant.



Figure 4 provides the inundation maps of the Newtown Creek WWTP under similar conditions. According to the inundation map shown in Figure 3 and measuring the outline length of the buildings shown in Figure 4, Table 4 was developed. Table 4 shows the impact of the three events on the WWTP.



Our study showed that the amount of damage caused by storm surge was the largest, followed by sea level rise, and the least amount of damage was caused by high-intensity rainfall. The amount of damage caused by storm surge was 2.4 times greater than that caused by sea level rise, and 27.1 times that caused by high-intensity rainfall. When considering the inundation around the building footprint, results also indicated that the storm surge caused the largest percentage of flooding, followed by high-intensity rainfall. Whether from the perspective of the percentage of submerged length in the total perimeter of the buildings or the amount of damage, the storm surge undoubtedly caused a greater impact on the WWTP. Therefore, the storm surge poses a huge challenge to the Newtown Creek WWTP. In future disaster prevention research and decision-making, this event should be given special attention.




4.2. Comprehensive Study


Based on the percentage of the submerged length of the buildings to the total perimeter of the buildings and the amount of damage, a chart was developed (Figure 5) to comprehensively analyze the impact of the storm surge, high-intensity rainfall, and sea level rise that caused the water level to rise 8 ft (2.4 m) on the 14 WWTPs in NYC. The higher these two values are, the greater the impact of the event on the WWTP.



According to the model, as shown in Figure 5, when the storm surge reached 2.44 m (8 ft), all buildings of the Rockaway WWTP, Red Hook WWTP, Owls Head WWTP, and Coney Island WWTP were 100% flooded. Among the 14 WWTPs, during hurricane C2, the storm surge caused the highest amount of damage to the Newtown Creek WWTP, at a cost of USD 288 million. As shown in Figure 5, after the rainfall intensity of 10.9 cm/h lasted for 20 min, all buildings in 8 of the 14 WWTPs were not significantly flooded: Oakwood Beach WWTP, Tallman Island WWTP, Jamaica WWTP, Bowery Bay WWTP, Hunts Point WTTP, Owls Head WWTP, Coney Island WWTP, and Wards Island WWTP were not submerged. Figure 5 also shows the impact of a sea level rise of 2.44 m (8.0) ft on 14 WWTPs in NYC. The most obvious is that the percentage of the Rockaway WWTP submerged was 98.34%, far exceeding the percentages of submergence for the other WWTPs. However, among the 14 plants, the largest amount of damage occurred at the Newtown Creek WWTP, which was 5.1 times greater than that of Rockaway WWTP. In the end, the Jamaica WWTP was not affected at all. According to this figure, the most significant observation is that the impact of storm surges on NYC’s WWTPs is greater than that of the high-intensity rainfall and sea level rise. The storm surge caused damage to all 14 WWTPs. However, the heavy rainfall only caused damage to 6 of the 14 WWTPs. Sea level rise caused relatively minor damage to WWTPs, with only one of the 14 plants remaining unaffected. It indicates that the formulation of preventive measures and response plans for storm surges should be a higher priority than high-intensity rainfall and sea level rise. To further compare which event of storm surge, high-intensity rainfall, or sea level rise has a greater impact on WWTPs, this study also developed Figure 6a,b. Figure 6a shows that the percentage of submerged length caused by storm surge is always the largest, while the percentage of submerged length caused by high-intensity rainfall is always the smallest. In addition, as shown in Figure 6b, from the perspective of damage, the amount of damage caused by storm surge is always the largest, while the amount of flooding caused by high-intensity rainfall is always the smallest. Except for the Rockaway WWTP, Coney Island WWTP, and North River WWTP, the other WWTPs follow the rule that the amount of damage caused by storm surge is the largest and the amount of damage caused by high-intensity rainfall is the smallest. This information indicated that the storm surge causes major challenges to WWTPs. Researchers and the government should increase the research and prevention of storm surges to cope with the occurrence of future storm surges and provide a sufficient basis for pre-disaster prevention and post-disaster recovery.




4.3. Comparison between SLOSH and MOTF Study


Through the research method proposed in this paper and the data provided by FEMA MOTF, the inundation maps of FEMA MOTF Sandy in NYC were obtained. Sub-basin 133 was taken as an example; Figure 7 presents the inundation map of FEMA MOTF Sandy in sub-basin 133. Combining the inundation map of FEMA MOTF Sandy and the previously obtained inundation map of SLOSH C1 and C2 hurricanes, this study compared the data obtained from the maps. The flood depths of 11 of 14 WWTPs in FEMA MOTF Sandy were greater than those of the SLOSH C1 hurricane, and 10 of them were greater than those of the SLOSH C2 hurricane. Similar flood depth was observed by Olyaei et al. who used a hydrodynamic model to simulate the flood inundation due to Hurricane Sandy for Coney Island WWTP [43]. We also wanted to highlight the fact that, although Hurricane Sandy reached a maximum strength of category 2 hurricane, it was only with the strength of a tropical storm (TS) during its landfall along the east coast of the United States. This means that other factors affect the flooding of WWTPs, such as heavy rainfall. Therefore, in the next section, this study analyzes cascading events.



Table 5 shows that in the data of Hurricane Sandy provided by FEMA MOTF, some WWTPs had relatively large flood depths, but the proportion of their buildings being submerged was not large. For example, the Hunts Point WWTP had a flood depth of 13.17 m, which was almost twice the flood depth of the C2 hurricane, but only 2.29% of the plant was flooded due to Sandy, which was far less than the 42.2% caused by the C2 hurricane.



In addition, this study used the amount of damage in the evaluation equation in HAZUS to develop the data provided in Table 6.



As seen in Table 6, through FEMA MOTF Sandy, SLOSH C1, and C2 hurricanes, the total damage of 14 WWTPs was USD 1.172 billion, 1.1848 billion, and 306 million, respectively. A study conducted by Karamouz et al. also found similar flood depth for the WWTPs in NYC where the flood depth simulated by HAZUS for different return periods of flooding for Hunts Point WWTP [44]. The amount of damage estimated based on the data provided by FEMA MOTF Sandy is closer to the amount of damage obtained in the SLOSH C2 hurricane. This highlights the severity of damage the WWTPs would sustain under strong hurricanes such as C2 or more. However, the study showed that six WWTPs sustained more damage as simulated by SLOSH category 2 hurricane than the observed FEMA MOTF inundation. As the SLOSH model provides the highest storm surge value considering maximum tidal elevation, it can be considered as a synthetic storm to show the maximum flooding, both in terms of depth and extent, for a certain category of hurricane. In addition, products from SLOSH inundation mapping do not include the influence of river flow or rainfall-induced flooding. Therefore, a direct comparison of SLOSH inundation maps with FEMA MOTF would not be possible. However, SLOSH can provide the information about the maximum storm surge level due to various categories of hurricanes only. Therefore, a complete flood analysis for the WWTPs needs to include the influence of storm surge and riverine flooding. On the other hand, FEMA MOTF provides the inundation maps based on observation, which were used to compare the flood depth and extent with model-simulated inundation, such as from the SLOSH C2 hurricane. Both inundation maps were generated using the high-resolution DEM, but due to the inherent difference between the data generation SLOSH C2 inundation maps were different compared to the observed FEMA MOTF maps for Hurricane Sandy.




4.4. Cascading Events


In recent years, the main damage caused by storm surges, high-intensity rainfall, and sea level rise has often come from the cascade of these events rather than a single strong factor [6]. The impact of storms on WWTPs is also a result of a cascade of storm surge, sea level rise, and rainfall. Therefore, this study also explored the impact of the three-factor cascading event on the buildings of the WWTP based on the sub-basin. Through GIS, this study analyzed the flood depth when a cascade event of 100 years of rainfall, sea level rise, and storm surge C1 occurred in 2050, which was used to evaluate the impact of the cascade event on the NYC WWTPs. Sea level will rise by 7 to 12 inches [18], and the intensity of the 100 year rainfall in 2050 is 4.14 in/h (10.52 cm/h) as projected by the New York State Energy Research and Development Authority (NYSERDA). A study conducted by Rosenzweig et al. also utilized similar sea level rise trends to develop coastal adaptation to climate change in NYC [45]. This analysis can help understand which factor plays a more significant role in the flood caused by cascading events. The study utilized the linear summation of the constituents to simulate the extreme flooding events for the WWTPs based on the total water level (TWL) concept. Several studies have also adopted similar methodology to simulate the extreme total water levels. For example, research conducted by Serafin and Ruggiero (2014) simulated the elevation of the TWL considering linear summation of four different component (i.e., storm surge, sea level rise, rainfall, and wave run-up) to explain the total contribution from mean sea level, astronomical tides, wave run-up, and nontidal residuals [46]. Therefore, the present study utilized a similar approach to quantify the total water level.



Table 7 shows the maximum total flood depth in 2050 when the 100-year rainfall, sea level rise, and storm surge C1 occurred simultaneously. Although a hydrodynamic model would be necessary to get the precise assessment of flood depth and inundation extent based on cascading events, this study presents a preliminary estimation of flood depth due to the contribution of extreme events occurring simultaneously. Results showed that storm surge had the largest impact on the flood depth around the WWTP. The rainfall only affected the Port Richmond WWTP and the Newtown Creek WWTP. However, sea level rise had no impact on the 14 WWTPs according to our study, but a more comprehensive approach with hydrodynamic modeling must be conducted with proper boundary conditions to further justify the outcome from the cascading events.





5. Discussion


The main feature of this study was that the WWTPs could be considered as a building rather than a point. To further compare the difference between the inundation maps obtained by considering WWTPs as buildings and points, this study also used the same data source, taking the WWTP as a point on the map to obtain the inundation maps of 14 WWTPs in NYC. Taking the storm surge as an example, Table 8 shows the flood depth obtained from the inundation map of a SLOSH category 2 hurricane when the WWTP is regarded as a point and a building. Research conducted by McAllister also reported a similar surge level at King’s Point on Long Island and at Battery Park in Lower Manhattan [47]. In the flood analysis of the WWTP, the storm surge inundation map obtained by treating the WWTP as a point does not fully show the inundation status of the WWTP. In addition to the inability to show which areas of the WWTP are submerged, it is also unable to have deviations in the flood depth.



Similar flood depth was also found by Karamouz et al., which showed a flood depth of 1.98 m (6.49 ft) for Hunts Point WWTP [44]. Research conducted by McAllister also reported that the flood elevations for the affected WWTP during hurricane Sandy exceeded the flood depth outlined by FEMA flood maps, and the 100 year flood elevation [47]. As shown in Table 8, the flood depth obtained when the WWTP is regarded as a point has only one value, mostly between the maximum and minimum flood depths obtained when the WWTP is regarded as a building. A study conducted by Olyaei et al. also pointed out major damage for the WWTP infrastructures with the WWTP with Coney Island being damaged the most [43]. However, there are exceptions, such as the Newtown Creek WWTP. When the WWTP is regarded as a point, it was shown that it had not encountered floods, but in fact, the maximum flood depth of the Newtown Creek WWTP was 9.65 ft, the minimum flood depth is 2.90 ft, and the percentage of submerged length is 92.13%. The Bowery Bay WWTP, North River WWTP, and Wards Island WWTP also have the same problem. In addition, the division of NYC into 889 sub-basins also has apparent advantages in calculating runoff. NYC covers a very large area. When it encounters unevenly distributed rainfall, if the entire NYC is used to calculate the runoff, the accuracy of the resulting flood maps and data is reduced. In this study, a 20 min rainfall event with an average rainfall intensity of 10.9 cm/h was used as an example to compare the inundation maps and data obtained by dividing NYC into sub-basins and not dividing it into sub-basins. Taking the Newtown Creek WWTP as an example, Table 9 shows the difference in flood elevation and flood depth obtained by dividing and not dividing sub-basins when calculating runoff.



Analysis showed that the proportion of green space in NYC is greater than the proportion of green space in sub-basin 133. The proportion of green space affects the infiltration volume and, thus, the runoff volume. Figure 8 shows the inundation map of the Newtown Creek WWTP under a 20 min rainfall event with and without sub-basins. The difference is noticeable. When calculating runoff without dividing NYC into 889 sub-basins, the inundation map shows that the Newtown Creek WWTP did not flood, but after dividing the sub-basins, the maximum flood depth of this plant reached 1.31 ft. Because different types of green space are not evenly distributed, soil infiltration capacity in different areas of NYC is also different. It is easily observed that dividing the city into sub-basins provides more accurate rainfall inundation results.




6. Conclusions


The main purpose of this study was to provide a new perspective for evaluating the impact of three extreme events on the NYC WWTPs based on the sub-basins. It measured and compared the submerged length of all buildings within the WWTPs and the percentage of the submerged length to the total perimeter of all buildings. Additionally, the formula for calculating the amount of damage in HAZUS was used to evaluate the amount of damage. These two values have become important factors in evaluating the impact of flooding scenarios. By comparison, this study did find that the sub-basin is crucial for analyzing the inundation situation. Generally, when the inundation situation is analyzed under high-intensity rainfall, the inundation situation obtained is more accurate. In addition, certain areas can be analyzed in a targeted manner to reduce the workload. Moreover, by analyzing the inundation situation of the buildings themselves, researchers acquire a clearer understanding of the WWTP’s actual flooding situation rather than a single value at a particular point. The methodology not only provides more details for describing the flood encountered by the WWTP, but also determines which buildings are affected by the flood, which can help the government take preventive measures in advance.



The results also show that when the height of the water level rise caused by storm surge, high-intensity rainfall, and sea level rise was similar, the storm surge has a greater impact on the WWTP and causes more damage. Moreover, as expected, WWTPs close to the coastline are more vulnerable to flooding than those more inland plants, such as the Rockaway WWTP. In the analysis for WWTPs in NYC impacted by extreme events, the results indicate the largest impacts are due to storm surge, followed by high-intensity rainfall, and lastly by sea level rise.



Through the sub-basin database and inundation maps established by this research, more inundation data can be generated to analyze the impact of other extreme events of varying degrees on WWTPs. Additionally, the sub-basin database also provides support for studying flood conditions when cascading events occur. Based on this database, the damage degree of WWTPs can be assessed when different events occur simultaneously. These data can provide the theoretical basis for future research and government decision-making so that citizens can respond to extreme events in a timely and correct manner. The study focused on the compound effect of different types of extreme events including rainfall, sea level rise, hurricanes, etc. Future extension of this work will include hydrodynamic modeling of the study area by integrating different boundary conditions such as rainfall, tides, storm surge, etc. to depict an accurate representation of flood extent within the WWTPs.
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Figure 1. The process of dividing NYC into 889 sub-basins and database processing. 
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Figure 2. The map of 889 sub-basins in NYC. 
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Figure 3. (a) Land cover of sub-basin 133 in NYC, (b–d) inundation maps of SLOSH category 2 hurricane, a rainfall of 10.9 cm/h for 20 min, and sea level rise of 2.44 m (8 ft) in sub-basin 133. 
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Figure 4. Outline of buildings in Newtown Creek WWTP. 
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Figure 5. Percentage of the submerged length of buildings to the total perimeter of buildings and amount of damage caused by storm surge, high-intensity rainfall, and sea level rise. 
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Figure 6. (a) Percentage of submerged length caused by three extreme events to 14 WWTPs and (b) amount of damage caused by three extreme events to 14 WWTPs. 
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Figure 7. The inundation map of FEMA MOTF Sandy in sub-basin 133. 
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Figure 8. Comparison of inundation map of Newtown Creek WWTP under a 20 min rainfall event without and with sub-basins. 
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Table 1. Average infiltration rates for green space categories.
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	Green Space Condition
	Average Infiltration Rate (cm/h)





	Good
	5.24



	Moderate
	0.63



	Poor
	0.035



	Impervious
	0
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Table 2. WWTPs classification, damage function, and economic valuation.
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WWTPs

	
Capacity

	
Damage (%) by Depth of Flooding (in Feet)

	
HAZUS Valuation (in Thousands of USD)




	
0

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10






	
Small WWTP

	
<50

	
0

	
5

	
8

	
10

	
17

	
24

	
30

	
30

	
30

	
30

	
40

	
60,000




	
Medium WWTP

	
20–200

	
0

	
5

	
8

	
10

	
17

	
24

	
30

	
30

	
30

	
30

	
40

	
200,000




	
Large WWTP

	
>200

	
0

	
5

	
8

	
10

	
17

	
24

	
30

	
30

	
30

	
30

	
40

	
720,000
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Table 3. HAZUS valuation and damage function of 14 WWTPs in NYC.
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	WWTPs
	Design Capacity

(MGD)
	HAZUS

Valuation

(Thousands of USD)





	Port Richmond
	60.0
	200,000



	Oakwood Beach
	39.9
	60,000



	Tallman Island
	80.0
	200,000



	Rockaway
	45.0
	60,000



	Jamaica
	100.0
	200,000



	Bowery Bay
	150.0
	200,000



	Hunts Point
	200.0
	200,000



	Red Hook
	60.0
	200,000



	Owls Head
	120.0
	200,000



	Newtown Creek
	310.0
	720,000



	Coney Island
	110.0
	200,000



	26th Ward
	85.0
	200,000



	North River
	170.0
	200,000



	Wards Island
	275.0
	720,000
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Table 4. Percentage of the submerged length and maximum flood depth for Newtown Creek WWTP and amount of damage in three events.
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	Newtown Creek WWTP
	Building Perimeter (m)
	Submerged Length (m)
	Submerged Length
	Submerged Depth (ft)
	Damage (Thousands of USD)





	Storm Surge (C2)
	18,381.72
	16,934.28
	92.13%
	9.65
	288,000



	Rainfall (10.9 cm/h for 20 min)
	18,381.72
	624.46
	3.40%
	1.31
	36,000



	Sea Level Rise (8ft)
	18,381.72
	7014.86
	38.16%
	3.81
	122,400
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Table 5. Comparison of maximum flood depth between FEMA MOTF Sandy, SLOSH C1, and C2 hurricanes.
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WWTPs

in NYC

	
SLOSH C1

	
SLOSH C2

	
FEMA Sandy




	
Percentage of the Submerged Length

	
Flood Depth (m)

	
Percentage of the Submerged Length

	
Flood Depth (m)

	
Percentage of the Submerged Length

	
Flood Depth (m)






	
Port Richmond

	
50.23%

	
3.83

	
96.66%

	
9.54

	
34.92%

	
5.91




	
Oakwood Beach

	
13.55%

	
1.54

	
52.75%

	
7.78

	
38.60%

	
15.54




	
Tallman Island

	
7.94%

	
0.46

	
94.25%

	
6.66

	
16.35%

	
13.08




	
Rockaway

	
68.28%

	
2.33

	
100%

	
9.42

	
100%

	
13.9




	
Jamaica

	
0.00%

	
0

	
98.09%

	
4.67

	
0.00%

	
0




	
Bowery Bay

	
3.37%

	
0.24

	
63.19%

	
6.46

	
5.70%

	
9.07




	
Hunts Point

	
2.74%

	
0.35

	
42.20%

	
6.55

	
2.29%

	
13.17




	
Red Hook

	
20.53%

	
4.58

	
100%

	
10.62

	
21.75%

	
3.46




	
Owls Head

	
24.57%

	
1.42

	
100%

	
7.89

	
31.59%

	
11.47




	
Newtown Creek

	
59.47%

	
3.73

	
92.13%

	
9.65

	
46.35%

	
17.38




	
Coney Island

	
0.00%

	
0

	
100%

	
7.22

	
50.38%

	
13.04




	
26th Ward

	
1.21%

	
1.83

	
91.36%

	
12.48

	
28.01%

	
13.15




	
North River

	
7.66%

	
12.84

	
55.71%

	
19

	
50.52%

	
11.11




	
Wards Island

	
0.00%

	
0

	
6.94%

	
5.1

	
5.25%

	
7.03
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Table 6. Comparison of the amount of damage related to the FEMA MOTF Sandy, SLOSH C1, and C2 hurricanes.
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WWTPs

in NYC

	
Amount of Damage (Thousands of USD)




	
SLOSH C1

	
SLOSH C2

	
FEMA Sandy






	
Port Richmond

	
34,000

	
80,000

	
60,000




	
Oakwood Beach

	
4800

	
18,000

	
24,000




	
Tallman Island

	
0

	
60,000

	
80,000




	
Rockaway

	
4800

	
18,000

	
24,000




	
Jamaica

	
0

	
48,000

	
0




	
Bowery Bay

	
0

	
60,000

	
60,000




	
Hunts Point

	
0

	
80,000

	
80,000




	
Red Hook

	
34,000

	
80,000

	
20,000




	
Owls Head

	
10,000

	
60,000

	
80,000




	
Newtown Creek

	
122,400

	
288,000

	
288,000




	
Coney Island

	
0

	
60,000

	
80,000




	
26th Ward

	
16,000

	
80,000

	
80,000




	
North River

	
80,000

	
80,000

	
80,000




	
Wards Island

	
0

	
172,800

	
216,000




	
SUM

	
306,000

	
1,184,800

	
1,172,000











[image: Table] 





Table 7. Estimation of the potential magnitude of flood depth due to the compounded effect of high-intensity rainfall, sea level rise, and storm surge.
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	WWTP
	Total Flood Depth/ft
	Rainfall

100 yr/ft
	Sea Level Rise

1 ft/ft
	Strom Surge

C1/ft





	Port Richmond
	13.96
	6.89
	0
	7.07



	Oakwood Beach
	1.54
	0
	0
	1.54



	Tallman Island
	0.46
	0
	0
	0.46



	Rockaway
	2.33
	0
	0
	2.33



	Jamaica
	0
	0
	0
	0



	Bowery Bay
	0.24
	0
	0
	0.24



	Hunts Point
	0.35
	0
	0
	0.35



	Red Hook
	4.62
	0
	0
	4.62



	Owls Head
	1.42
	0
	0
	1.42



	Newtown Creek
	4.06
	0.33
	0
	3.73



	Coney Island
	0
	0
	0
	0



	26th Ward
	1.83
	0
	0
	1.83



	North River
	2.92
	0
	0
	2.92



	Wards Island
	0
	0
	0
	0
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Table 8. Comparison when considering WWTPs as points vs. buildings for a SLOSH category 2 hurricane.






Table 8. Comparison when considering WWTPs as points vs. buildings for a SLOSH category 2 hurricane.





	
WWTPs

	
Points

	
Buildings




	
Flood Depth (ft)

	
Minimum Flood Depth (ft)

	
Maximum Flood Depth (ft)






	
Port Richmond

	
6.27

	
2.95

	
9.54




	
Oakwood Beach

	
7.65

	
1.19

	
7.78




	
Tallman Island

	
0.10

	
0.09

	
6.66




	
Rockaway

	
6.13

	
2.79

	
9.42




	
Jamaica

	
4.63

	
1.32

	
4.67




	
Bowery Bay

	
\

	
3.11

	
6.46




	
Hunts Point

	
6.53

	
3.23

	
6.55




	
Red Hook

	
0.96

	
0.79

	
10.62




	
Owls Head

	
4.58

	
1.31

	
7.89




	
Newtown Creek

	
\

	
2.90

	
9.65




	
Coney Island

	
7.12

	
3.78

	
7.22




	
26th Ward

	
5.9

	
2.33

	
12.48




	
North River

	
\

	
2.35

	
19.00




	
Wards Island

	
\

	
1.71

	
5.10
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Table 9. Calculated runoff volume with and without sub-basins.






Table 9. Calculated runoff volume with and without sub-basins.





	Newtown Creek WWTP
	Without Sub-Basin (NYC)
	With Sub-Basin (Sub-Basin 133)





	Area of Bare Soils/m2
	10,262,756.5
	29,164.3



	Area of Tree Canopy/m2
	158,648,274.6
	582,010.2



	Area of Grass or Shrubs/m2
	141,279,429.4
	375,189.3



	Total Area/m2
	782,750,587.5
	5,067,975.8



	Runoff Volume/m3
	16,160,876.3
	114,997.8



	Flood Elevation/m
	0.6
	2.4



	Flood Depth/ft
	0.0
	1.31
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