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Quantifying Tidal Phase Effects on Coastal Flooding Induced by Hurricane Sandy in Manhattan, New York Using a Micro-Scale Hydrodynamic Model
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This study investigates the effects of tidal phase on coastal flooding in New York City during Hurricane Sandy. A micro-scale hydrodynamic model is developed for Manhattan – the most densely populated borough of New York City – to accurately simulate coastal flooding in built environments. The model accounts for the effects of urban features on coastal flooding by resolving seawalls, buildings, and roads in the computational mesh. Model validation against high-water-mark measurements shows a root-mean-square-error of 15 cm and a bias of 7 cm. A series of numerical experiments are performed to investigate the effects of tide timing on the extent and depth of flooding in Manhattan. Model results show that the peak storm tide at The Battery tide gauge station, which is located immediately off of the southern tip of Manhattan, would have been 8.2% larger than the measured peak storm tide if Hurricane Sandy had arrived 12 h earlier. However, the extent of flooding would have been only 3% larger. If Sandy had arrived 6 h earlier, the peak storm tide would have been 27.2% smaller but the extent of coastal flooding in Manhattan would have been 69% larger. The model results indicate that the peak storm tide alone is not a good indicator for the extent of coastal flooding in urban areas. The floodwater velocity substantially impacts the extent of coastal flooding, suggesting that extra caution should be taken in using flood maps that are generated based on static modeling techniques, i.e., “bathtubbing,” that neglect the principles of fluid dynamics.
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INTRODUCTION

New York City (NYC) is among the top three cities in the world in terms of assets exposed to coastal flooding (Nicholls et al., 2007). NYC is highly vulnerable to coastal flooding as best exemplified by Hurricane Sandy in 2012. Sandy caused 43 fatalities and $19 billion in damages in NYC (City of New York, 2013). Hurricane Sandy generated the highest recorded water level in the NYC region since at least the past 300 years (Orton et al., 2019), with an estimated flood return period of between 260-year (Orton et al., 2016) and 398-year (Lin et al., 2016). The southern part of Manhattan was one of the areas in NYC that were hardly impacted by extreme water levels during Hurricane Sandy. At The Battery tide gauge station in Lower Manhattan (see Figure 1), Sandy generated a storm surge of 2.81 m above the mean sea level (Marsooli et al., 2017). The storm surge overtopped the seawalls of Lower Manhattan and flooded low-lying streets, tunnels, and subway stations.
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FIGURE 1. The extent and bathymetry of the computational domain in (a) Atlantic Ocean and (b) NY/NJ Harbor. Star signs labeled as 1 and 2 represent, respectively, the locations of The Battery and Sandy Hook tide gauge stations.


Hurricane Sandy’s peak storm surge in New York/New Jersey (NY/NJ) Harbor coincided nearly with the high tide. At the southern part of Manhattan (i.e., the location of The Battery station), the peak surge height arrived only 30 min after the normal astronomical high tide. On the other hand, at the eastern part of Manhattan (i.e., in the Upper East River and Western Long Island Sound), where the tidal range is greater than 1.5 m, the maximum surge height coincided nearly at the time of the local normal low tide. Georgas et al. (2014) found that the flood level along the Upper East River and Western Long Island Sound could be up to 0.9–1.2 m higher if Sandy happened to have come ashore 7–10 h earlier. The substantial effect of the tidal phase on the water level raises the question that what the extent and depth of coastal flooding in NYC would have been if Sandy had arrived several hours earlier.

Compound flooding due to astronomical tides, storm surges, and river flows is a major hazard in low-lying coastal areas (Zhong et al., 2013; Sopelana et al., 2018; Bermúdez et al., 2019; Valle-Levinson et al., 2020). Bermúdez et al. (2019) showed that studies of flood hazards in coastal river reaches should account for the role of and interactions between coastal and inland flood drivers. In coastal regions with large tidal amplitudes, tides could substantially contribute to the total water level during a storm event, leading to compound flooding due to tides and storm surges. Non-linear tide-surge interactions also contribute to the storm-induced water levels (e.g., Lyddon et al., 2018; Marsooli and Lin, 2018).

Georgas et al. (2014) used a “bathtub” technique to predict the effects of tidal phase on the extent and depth of flooding in NYC. In the bathtub technique, the storm tide calculated in the coastal ocean is assumed to horizontally extent over land and inundate areas with an elevation equal to or lower than the calculated storm tide level. The bathtub technique neglects the effects of fluid dynamics on the propagation of floodwaters over land and, thus, the generated flood maps are independent of the flow momentum, bottom friction, wind, and other factors that govern the floodwater dynamic.

Hydrodynamic models are accurate tools to predict coastal flooding over land. Implementation of hydrodynamic models to simulate flooding in urban areas is a challenging task because of the presence of urban features such as roads and buildings which affect the fluid dynamics. Depending on the shape and size of individual buildings, roads can become narrow open channels during a coastal flood event. Depending on the bed slope, the floodwater speed in these channels could remain high for a considerable period of time due to a relatively small bottom friction of paved roads.

In the past studies of coastal flood simulation in urban areas using hydrodynamic models, different approaches have been adopted to represent buildings in the computational domain. The most common approach is the building-resistance method that increases the bottom friction (e.g., Manning’s coefficient) in computational nodes that are located within building footprints (e.g., Gallien et al., 2011; Takagi et al., 2016; Yin et al., 2016). In this approach, the floodwater can flow over areas occupied by buildings, which would adversely impact the simulated flood characteristics. Another approach, which is called building-block method, represents buildings by raising the bed elevation of computational nodes that are within building footprints. However, this approach would result in steep slopes in the model topography and consequently cause numerical instability. Some other approaches account for the effects of buildings through partial wetting and drying schemes, building-porosity, and cut-cell methods (e.g., An and Yu, 2012; Schubert and Sanders, 2012; Wang et al., 2014).

An accurate method to represent buildings in computational domains, which is called building-hole method, is to remove computational nodes that are within building footprints (e.g., Aronica et al., 1998; Schubert et al., 2008; Cea et al., 2010). For example, Blumberg et al. (2015) developed a “street-scale” finite difference Cartesian grid with rectangular cells to simulate coastal flooding induced by Hurricane Sandy in an urban area in New Jersey waterfronts. Representing buildings in Cartesian grids has its challenges. Removing rectangular cells results in a stepwise approximation of boundaries. The Stepwise approximation is not smooth and leads to errors near the boundaries. The errors can propagate into the whole domain during the simulation. A more accurate representation of buildings can be obtained by using hydrodynamic models that utilize flexible unstructured and body-fitted meshes that conform to any desired geometry. This approach is adopted in the present study to represent urban features in the computational domain of Manhattan.

The objective of the present study is to reveal the effects of tide timing on the extent and depth of coastal flooding induced by Hurricane Sandy in Manhattan. We obtain the study objective using a coupled circulation-wave model and by developing a micro-scale unstructured computational mesh that resolves urban features including roads, buildings, and seawalls in Manhattan. We validate the model using storm tides (i.e., total water levels) measured at tide gauge stations in NY/NJ Harbor and high-water marks collected in Manhattan. The model is then utilized to simulate a number of numerical experiments to investigate the effects of tides on the extent and depth of coastal flooding.



MATERIALS AND METHODS


Hydrodynamic Model

We implement the two-dimensional version of ADvanced CIRCulation model (ADCIRC) coupled with the Simulating WAves Nearshore model (SWAN) (Dietrich et al., 2011) to simulate storm tide and coastal flooding in the study area. ADCIRC (Luettich et al., 1992; Westerink et al., 1994) is a high-fidelity finite-element coastal ocean circulation model that solves the depth-averaged continuity equation in Generalized Wave-Continuity Equation form to calculate the water surface level and the depth-averaged mean flow momentum equations to calculate the water flow velocity. SWAN (Booij et al., 1999; Ris et al., 1999) is a spectral wave model that solves the depth-averaged two-dimensional wave action balance equation to calculate the wave action density and the phase-averaged wave characteristics. Coupling the circulation and wave models allow to include the effects of surface waves on the total water level. Details on the governing equations and numerical methods can be found in the references cited above.



Computational Domain

We develop a micro-scale computational mesh that covers low-lying areas of Manhattan and extends to NY/NJ Harbor and the Atlantic Ocean (Figure 1). The computational mesh consists of 668,977 nodes and 1,253,688 elements. The mesh resolution is between 3 and 8 m in Manhattan (Figure 2), between 100 and 1,000 m in NY/NJ Harbor, and reaches about 25 km in the deep ocean. The mesh is generated using the OceanMesh2D program (Roberts and Pringle, 2018; Roberts et al., 2019) and quality-checked and manually trimmed using the SMS software (Aquaveo, 2013). The developed mesh is utilized as the geographical mesh in both ADCIRC and SWAN. The spectral mesh in SWAN consists of 36 directional bins, and the lowest and highest wave frequencies are set to 0.03 and 1 Hz, respectively.
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FIGURE 2. Computational mesh in Manhattan has a resolution of between 3 and 8 m and resolves urban features such as buildings and roads (top panel: a financial district in Lower Manhattan. bottom panel: a residential neighborhood on the east side of Manhattan, see Figure 3 for the locations). Left panels are based on World Imagery from Surface-water Modeling System, SMS, software (https://www.aquaveo.com/).


Buildings are represented in the mesh as island boundaries (see Figures 2, 3). Building footprints are based on the shapefile of 2016 footprint outlines of buildings in NYC (Department of Information Technology and Telecommunications, 2016). Seawalls around Manhattan are represented in the mesh as weirs, which are defined as internal boundaries in the ADCIRC model (based on the broad-crested weir formula). ADCIRC uses a basic weir formula to calculate the flow rate over the weir when the water level exceeds the weir height. We set the weir height to the elevation of shorelines in Manhattan, which is about 2.5 m above the mean sea level (Orton et al., 2019).
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FIGURE 3. Computational domain in (a) Manhattan, (b) neighborhoods around StuyTown, and (c) Wall Street. The domain extends to an elevation of about 10 m above mean sea level. Points A and B are the locations of model outputs that are discussed later.


The topographic data are based on the NYC 1foot (about 0.3 m) Digital Elevation Model, which is a bare-earth digital-elevation surface model derived from 2010 Light Detection and Ranging data (Department of Information Technology and Telecommunications, 2013). The bathymetry data in NY/NJ Harbor are from the Continuously Updated Digital Elevation Model (CUDEM) with a spatial resolution of 1/9 Arc-Second (about 3.4 m) (Cooperative Institute for Research in Environmental Sciences, 2014). Outside NY/NJ Harbor, the bathymetry is from Shuttle Radar Topography Mission (SRTM), version SRTM15 + V2 (Tozer et al., 2019), which is a global dataset with a resolution of 15 Arc Second (about 500 m). The bottom friction coefficient is specified based on the land cover type from the 3 ft (about 9.1 m) landcover dataset of NYC. We set the Manning’s roughness coefficient to 0.017 s.m–1/3 for open waters, 0.022 s.m–1/3 for roads and paved surfaces, 0.03 s.m–1/3 for bare soil, and 0.035 s.m–1/3 for vegetated land (coefficients were selected based on sensitivity analysis and the range of recommended values in the literature).



Tidal and Meteorological Forcing

Tidal forcing in the model is specified based on eight major tidal constituents K1, K2, M2, N2, O1, P1, Q1, and S2. Tidal data, including amplitudes and phases, are obtained from the global model of ocean tides TPXO8–ATLAS with a 1/30° resolution (Egbert and Erofeeva, 2002). Meteorological forcing is based on the reanalysis data from the Oceanweather Inc.1 Wind data are generated for open-ocean marine conditions without considering the effects of roughness elements on land. We implement the ADCIRC’s directional land-masking approach (Westerink et al., 2008; Bunya et al., 2010) to adjust the wind speed based on the land type and the presence of roughness elements such as buildings and trees.



Numerical Experiments

We perform a series of numerical experiments to investigate the effects of tide timing on the coastal flooding in the study area. The experiments consider the peak surge height arrives at different tidal phases during a full tidal cycle (Figure 4). Experiments include a control run (actual storm surge arrival time), and 2, 4, 6, 8, 10, and 12 h early experiments. The 2–12 h early experiments consider that Hurricane Sandy made landfall 2–12 h earlier than its actual time of landfall. All simulations last for 8.6 days (with the start date of the control run in October 22, 1800ETS).
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FIGURE 4. Time series of tides and storm surge heights at different arrival times considered in the numerical experiments.




MODEL EVALUATION

Using water level observations during Hurricane Sandy, we evaluate the accuracy of the developed flood model to simulate storm tides in NY/NJ Harbor and coastal flooding in Manhattan. Hurricane Sandy was a Category 3 storm at its peak intensity and went through an extratropical transition a few hours before making landfall on the East Coast of the United States. At 2330 UTC on October 29, 2012 Sandy made landfall near Brigantine, New Jersey as an extratropical cyclone. According to data from a variety of observational platforms, Sandy was the largest tropical cyclone since 1988, with an extent (diameter) of destructive winds of about 1600 km prior to the landfall. Because of its size, Sandy generated catastrophic storm surges and waves that severely flooded coastal areas of New Jersey and New York. It caused at least $50 billion in damage in the United States, and 72 deaths in the mid-Atlantic and northeastern United States (Blake et al., 2013).

Figure 5 compares modeled and measured time series of storm tide (total water level) and storm surge at The Battery and Sandy Hook tide gauge stations (see Figure 1 for the location of the tide gauge stations). The model captures the arrival time, duration, and peak storm tides and surges. The storm surge height before the arrival of the peak surge is slightly underestimated, which can be due to the forerunner surges that are not captured by the model. To simulate forerunners, the computational domain should cover a larger area in the ocean or be nested in a basin-scale model. Storm surge time series also show a slight time lag between the modeled and measured falling surge height, which can be because of river discharge from Hudson River and three-dimensional flows that are neglected in this study. Nevertheless, the model shows a high accuracy to simulate coastal flooding in Manhattan. Figure 6 shows that the model reproduces well the measured high-water marks (Schubert et al., 2015). The modeled high-water marks have a root-mean-square-error of 15 cm and a bias of 7 cm.
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FIGURE 5. Measured and modeled time series of storm tide (water level) and storm surge at (A,C) The Battery and (B,D) Sandy Hook tide gauge stations. The vertical datum is in mean sea level.
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FIGURE 6. Measured and modeled high-water marks in Manhattan.


Modeled spatial distribution of coastal flooding (Figure 7) illustrates a wider extent of flooding in neighborhoods on the east side of Manhattan along the East River. The flood depth is larger in the southern and eastern sides of the study area and locally surpasses 2 m in some neighborhoods. The results are consistent with previous studies (e.g., Yin et al., 2016).
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FIGURE 7. Modeled spatial distribution of maximum flood depth in Manhattan during Hurricane Sandy in (a) the study area and (b) a neighborhood on the east side of Manhattan.




RESULTS AND DISCUSSION

Numerical experiments reveal that the tide timing has a significant impact on the storm tide off the shoreline and the extent and depth of coastal flooding in the study area. The storm tide level at The Battery tide gauge station would be larger than the observed storm tide level if Hurricane Sandy arrives 12 h earlier (Figure 8). While the peak storm tide is 3.42 m based on the control run, it is calculated to be 3.70 m based on the 12 h early experiment. The peak storm tide at The Battery would be the smallest (among the experiments tested here) if Sandy arrives 6 h earlier than its actual arrival time. The 6 h early experiment calculates a peak storm tide of 2.49 m at The Battery, which is slightly below the shoreline/seawall elevation in Manhattan.
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FIGURE 8. Simulated time series of the storm tide at The Battery based on the control run and numerical experiments. Horizontal axis is the simulation time from October 22, 1800 UTC.


According to the calculated storm tides at The Battery, one could expect that NYC would not have flooded if Hurricane Sandy had struck the region 6 h earlier. However, the model results suggest that a worst-case scenario, in terms of the extent of coastal flooding, would have occurred in lower Manhattan. If Sandy’s storm surge had arrived 6 h earlier, the extent of flooding would have been much wider than that on October 29–30, 2012 (Figure 9A). While the total flooded area (where area represents open spaces) during Hurricane Sandy, regardless of the flood depth and duration, is calculated to be 4.34 km2 (control run), a 6 h shift in the storm arrival time results in a total flooded area of 7.33 km2. In other words, if the storm surge had arrived 6 h earlier, the extent of flooding would have been about 69% wider.
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FIGURE 9. (A) Flooded area (solid circles represent the area with a flood depth greater than 1 m; hollow circles represent the total flooded area). Area represents the area of open spaces and excludes the area occupied by buildings. (B) Temporal maximum flood depth. The central mark on each box indicates the median (of flood depth in flooded computational nodes), the top and bottom edges of each box indicate the 25th and 75th percentiles, and the whiskers extend to the most extreme flood depths.


Model results (Figure 9B) suggest that only the 12 h early experiment shows an increase in the maximum flood depth in the study area. Although the 6 h early experiment showed a substantial increase in the extent of flooding, it shows a slight decrease in the overall maximum flood depth in the study area. The flood depth in half of the total flooded area is smaller than 0.96 m based on the control run and 0.87 m based on the 6 h early experiment. However, in many neighborhoods, especially the western part of Manhattan, the local maximum flood depth based on the 6 h early experiment is calculated to be much deeper than that based on the control run (Figure 10).
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FIGURE 10. (a) Spatial distribution of maximum flood depth in the study area based on the 6 h early experiment and (b) the difference in the maximum flood depth based on the control run and the 6 h early experiment.


The 6 h early experiment showed the largest extent of flooding in the study area, although the simulated peak storm tide at The Battery (2.49 m) does not exceed the seawall height (2.50 m). This is because the storm tide level varies in space, depending on the bathymetry and shoreline geometry. Model results (not shown here) indicate that the peak storm tide, for short periods of time, exceeds the seawall height along the shorelines of the East River (east of Manhattan) and several locations along the Hudson River (west of Manhattan). We find that the floodwater speed based on the 6 h early experiment is much higher than that based on the control run, which explains the wider extent of flooding in the study area. A faster floodwater contains more kinetic energy, which provides the flood wave with enough momentum to overcome dissipating forces such as bottom friction and, in turn, to propagate longer distances. During coastal flood events in urban environments, narrow streets with buildings along both sides can become open channels that convey floodwaters to areas hundreds-to-thousands of meters away from the shoreline. The small bottom friction coefficient of roads and sidewalks (which are usually paved with asphalt/concrete surfaces) results in a smaller dissipation of the kinetic energy.

Figure 11 shows the time series of floodwater depth and speed at two locations on the western side of Manhattan (see Figure 3 for the location of sites). Both the peak floodwater depth and speed based on the 6 h early experiment are larger than those based on the control run. Time series based on the 6 h early experiment show substantially faster floodwaters, which explain the wider extent of flooding calculated by the 6 h early experiment compared to the control run. Figure 12 indicates that, overall, the temporal maximum floodwater speed based on the 6 h early experiment is larger than that based on the control run and other experiments. For example, while the median maximum speed based on the control run is 0.9 m.s–1 (i.e., the maximum speed in half of the flooded computational nodes is less than 0.9 m.s–1), the median maximum speed based on the 6 h early experiment is 1.76 m.s–1.
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FIGURE 11. Time series of floodwater depth and speed at (A) site A and (B) site B located in western part of Manhattan (see Figure 3 for the site locations).



[image: image]

FIGURE 12. Temporal maximum floodwater speed. The central mark on each box indicates the median (of water speed in flooded computational nodes). The top and bottom edges of each box indicate the 25th and 75th percentiles, and the whiskers extend to the most extreme floodwater speeds.


The faster floodwater speed calculated based on the 6 h early experiment can be due to the interactions of storm surge and tides in the surrounding waters of Manhattan. Model results for the 6 h early experiment show that the storm tide in Western Long Island Sound and the East River is much larger than that based on the control run, which is consistent with findings from Georgas et al. (2014). The higher storm tides in Western Long Island Sound propagate into the East River and toward NY/NJ Harbor, in contrast to the control run that the storm tide propagates from NY/NJ Harbor to the East River (Figure 13A). In an area between the Governors Island and the southern tip of Manhattan, the water flow in the East River confronts the storm tide that propagates up NY/NJ Harbor from the Atlantic Ocean (Figure 13B). Strong flows in the East River add additional momentum to the flow in NJ/NJ Harbor which, in turn, generate energetic floodwaters on the floodplains that propagate a large area over land.
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FIGURE 13. Water velocity fields 20 min after the flood arrival in Manhattan (A) control run and (B) 6 h early experiment.




CONCLUSION

Using a high-resolution hydrodynamic model, we studied the effects of tidal timing on coastal flooding induced by Hurricane Sandy in New York City. The model resolves urban features such as seawalls and buildings in Manhattan, with a spatial resolution between 3 and 8 m. Model validation against high-water-mark measurements showed a root-mean-square-error of 15 cm and a bias of 7 cm. We utilized the validated model to simulate a series of numerical experiments and to quantify the effects of tide timing on the depth and extent of flooding in low-lying areas of Manhattan.

Numerical experiments showed that if Hurricane Sandy had arrived 12 h earlier than its actual arrival time, the peak storm tide at The Battery tide gauge station, located immediately off of the shoreline in the southern tip of Manhattan, would have been 0.28 m (i.e., 8.2%) larger than the measured peak storm tide. The extent of flooding in Manhattan would have been 3% larger if Sandy had arrived 12 h earlier. On the other hand, if Hurricane Sandy had arrived 6 h earlier than it did, while the peak storm tide at The Battery would have been 0.93 m (i.e., 27%) smaller than the measured peak storm tide, the extent of coastal flooding in Manhattan would have been 69% larger.

The study showed that the storm tide level in the coastal ocean alone is not a good indicator of the extent of coastal flooding on floodplains. For example, model results showed that if Sandy’s storm surge had arrived 6 h earlier, while the peak storm tide at The Battery would have been 2.49 m, which is just below the seawall height, a large area in Manhattan would have been flooded. We found that floodwater speed substantially influences the extent of flooding. Model results showed that while the maximum floodwater speed in half of the flooded areas in Manhattan was 0.9 m.s–1 during Hurricane Sandy, it would have been 1.76 m.s–1 if Sandy had arrived 6 h earlier. More energetic floodwaters are caused by storm tides that propagate from the East River (Western Long Island Sound) and the Atlantic Ocean to NY/NJ Harbor in an opposing direction and consequently confront in coastal waters between Governors Island and Manhattan.

Model results presented in this study suggest that the storm tide level at a single location, e.g., The Battery for our study area, is not a good indicator of the intensity and extent of coastal flooding. Flood maps that are generated based on the storm tide at a single location may misrepresent the actual hazard in coastal floodplains, especially in the built environment. For instance, using the “bathtubbing” approach to produce flood maps based on the water level calculated by the 6 h early experiment would result in no flooding in Manhattan (as the peak storm tide level at The Battery is just below the seawall height). However, the hydrodynamic modeling approach adopted in this study showed that the 6 h early experiment produces the largest extent of flooding in Manhattan. High-resolution hydrodynamic models that resolve urban features such as buildings and streets are the most appropriate tool to reliably map coastal flood hazards in urban environments.

This study revealed the importance of tide timing on compound flooding due to tides and storm surges in Manhattan. Historical storms, e.g., Hurricane Harvey in 2017, have shown that the rainfall runoff and river flow could also have a profound effect on the extent and depth of flooding in coastal cities. Our future studies would further investigate the contribution of stormwater runoff and river discharge to compound flooding in the study area.
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