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Abstract

Coastal urban areas like New York City (NYC) are more vulnerable to urban pluvial
flooding particularly because the rapid runoff from extreme rainfall events can be further
compounded by the co-occurrence of high sea-level conditions either from tide or storm
surge leading to compound flooding events. Present-day urban pluvial flooding is a sig-
nificant challenge for NYC and this challenge is expected to become more severe with the
greater frequency and intensity of storms and sea-level rise (SLR) in the future. In this
study, we advance NYC’s assessment of present and future exposure to urban pluvial flood-
ing through simulating various storm scenarios using a citywide hydrologic and hydraulic
model. This is the first citywide analysis using NYC’s drainage models focusing on rain-
fall-induced flooding. We showed that the city’s stormwater system is highly vulnerable to
high-intensity short-duration “cloudburst” events, with the extent and volume of flooding
being the largest during these events. We further showed that rainfall events coupled with
higher sea-level conditions, either from SLR or storm surge, could significantly increase
the volume and extent of flooding in the city. We also assessed flood exposure in terms
of the number of buildings and length of roads exposed to flooding as well as the number
of the affected population. This study informs NYC’s residents of their current and future
flood risk and enables the development of tailored solutions to manage increasing flood
risk in the city.

Keywords Pluvial flooding - Sea-level rise - Climate change - Hydrologic and hydraulic
model

1 Introduction

Urban flooding from extreme rainfall (i.e., urban pluvial flooding) poses public safety risks
and threats to human life and property across the world (Jha et al. 2012). In New York City
(NYC), which has approximately 70% impervious cover and extensive combined sewers,
urban pluvial flooding is a well-known problem (NYC Stormwater Resiliency Plan 2021).
Extreme rainfall can also be compounded with the co-occurrence of high sea levels either
from tides or storm surge events and cause compound flooding events (Orton et al. 2012;
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Bevacqua et al. 2019), like that caused by Tropical Storm Irene in 2011(Wahl et al. 2015).
Urban pluvial flooding in NYC is not a present problem of concern but is likely to intensify
in the future due to the increasing frequency and magnitude of extreme rainfall events,
sea-level rise (SLR), and increasing frequency and magnitude of surge events and tides
(Lenderink and Van Meijgaard 2010; Sillmann et al. 2013; Walsh et al. 2014; NPCC 2015;
Ghanbari et al. 2019).

Several hurricanes, storms, tropical, and subtropical cyclones affected NYC during
recent decades with either heavy rainfall and cloudburst, storm surge, or compound flood-
ing. The remnants of Hurricane Ida (September 2021) resulted in~7 inches of rain across
parts of NYC, including a record rate of ~3 inch hr™! at Central Park (Wolfe et al. 2021).
The NYC sewer system is only designed for 0.6—1.5 inch hr™! rates, so widespread flood-
ing occurred, and 13 people lost their lives, mainly in basement apartments in Queens.
Remnants of Hurricane Elsa (July 2021) caused up to 2.3 inches of rainfall that triggered
flooding in many parts of the city (New York Times 2021). In August 2020 Tropical Storm
Isaias brought 3 to 6 inches of rain with wind gusts of 50 to 80 mph. Hurricane Sandy
(October 2012) was the largest superstorm ever recorded in the Atlantic Basin that caused
an estimated $60 billion in damages, mostly from coastal flooding (Diakakis et al. 2015).
Hurricane Irene (August 2011) with landfalls of up to 60 mph wind was a destructive hur-
ricane affecting most of the East Coast of the U.S. with estimated total damage of almost
$15.6 billion (Avila and Cangialosi 2011; Fieser 2011). Hurricane Floyd (September 1999)
with wind gusts of up to 150 mph produced rainfall up to 13 inches from North Carolina
to northern New Jersey and caused monetary damage estimated at $6.5 billion. Collec-
tively these recent events—as well as historical trends—demonstrate that it is only a matter
of time before NYC is hit with another, and perhaps more severe rainfall flooding event.
Pressures on the city’s aging combined sewer systems are on the rise due to the increased
frequency and intensity of storms, SLR, and land-use change (Yohe and Leichenko 2010;
Karamouz et al. 2015).

The NYC Panel on Climate Change (NPCC 2015) anticipates that by the end of the cen-
tury, annual rainfall could increase as much as 25% and the number of days with more than
one inch of rainfall could increase 1.5 times in NYC. A study by Depietri and McPhearson
(2018) reveals that the number of days with more than 1.75 inches of rainfall (extreme rain-
fall) has increased over the past 140 years in NYC. Also, New York has seen an increase
of 2.5 inches in summertime rainfall in the past 60 years alone (Cappucci 2019). Climate
projections reveal that this increasing trend will continue, and NYC will likely experience
significantly increased rainfall in the future (NYDEC 2019; NYSDEC 2021). Furthermore,
SLR (Rahmstorf 2007; Sweet et al. 2017; Ghanbari et al. 2019, 2021) and increasing fre-
quency and magnitude of surge events and tides (Rahmstorf and Coumou 2011; Hallegatte
et al. 2013; Bevacqua et al. 2019; Ganguli et al. 2020) are also increasing the risk of urban
pluvial flooding by submerging outlets and decreasing the capacity of storm sewer sys-
tems. High tides and surges made higher by SLR temporarily limit the ability of stormwa-
ter infrastructure to drain streets as designed and prolong flooding events.

Considering the increased risk of flooding, the complex network of natural and built
stormwater conveyance systems in NYC is increasingly overwhelmed, leading to flooding
and water quality degradation. Without adopting appropriate strategies that prepare NYC
for the impacts of future extreme flood events, damages to public and private property
will increase (Wolfe et al. 2021). While NYC has made significant strides in stormwater
management and resilience, challenges persist in evaluating future storm events and flood
occurrence data. The ongoing nature of stormwater mitigation projects and studies high-
light a concerted effort to address the challenges posed by pluvial flooding and compound
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flooding in NYC. The success of these projects is contingent on access to accurate data,
robust modeling tools, and a deep understanding of the complex dynamics involved in
stormwater management. As such, addressing the aforementioned gaps in storm events and
flood occurrence data is paramount to ensuring the effectiveness of these mitigation efforts.
For NYC to develop and accomplish initiatives to improve service reliability and resiliency
of stormwater systems, it is important to identify and consolidate knowledge of current and
future stormwater issues. Achieving this goal requires consideration of multiple urban plu-
vial flood drivers including understanding of localized sewer network capacity and over-
land drainage pathways, development of current and future rainfall hyetographs, and con-
sideration of tidal conditions and climate change.

The vulnerability of NYC to coastal flooding is well known after Sandy (Colle et al.
2015; Orton et al. 2016), but less is known about the compound risk of surge, SLR, and
rainfall, since there have been no coupled modeling efforts to characterize them. To under-
stand complex and evolving urban pluvial flood drivers as well as evaluate flood hazards
and exposure in NYC under different storm events and sea-level conditions, we developed
a citywide Hydrologic and Hydraulic (H&H) model to simulate various storm scenar-
ios under current and future climatic conditions. This is the first citywide analysis using
NYC'’s drainage models focusing on rainfall-induced flooding. Several analyses have been
conducted in the city in the past, but they were localized and mainly driven by coastal
flooding rather than inland rainfall. Using the developed H&H model we simulated urban
flooding based on the combined impact of rainfall and coincident tidal/surge conditions
applied to sewer outfalls.

This study advanced NYC’s assessment of present and future exposure to urban pluvial
flooding. Specifically, the objectives were to (1) investigate how variation in storm inten-
sity and duration affect the volume and extent of citywide flooding using a citywide H&H
model, (2) assess the citywide exposure to flooding in terms of inundated roads and build-
ings for each simulated storm scenario, (3) evaluate the exacerbating effects of extreme
rainfall compound with SLR or storm surge on urban flood events, and (4) characterize
the exposure of affected population under different storm scenarios and sea-level condi-
tions. The results of this study provide valuable insights into the potential impact of rainfall
intensity and duration, as well as the compounding effect of SLR or storm surge, on urban
pluvial flooding in NYC and can serve as a basis for developing effective strategies and
policies aimed at reducing flood risk and mitigating its associated impacts on the city’s
residents and infrastructure.

2 Materials and methods

2.1 Study area

The NYC stormwater system is comprised of an extensive network of over 7,400 miles
of sewer pipes that collect sanitary sewage and stormwater, and 14 Wastewater Resource

Recovery Facilities (WRRFs)! (Fig. S1, Supplementary Information). Approximately 60%
of NYC’s sewer system is used to convey both sanitary and storm flows (combined sewer

' 26th Ward, Bowery Bay, Coney Island, Hunts Point, Jamaica, Newtown Creek, North River, Oakwood
Beach, Owls Head, Port Richmond, Red Hook, Rockaway, Tallmans Island, and Wards Island.
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system). For the remaining, separate storm and sanitary sewers direct runoff and sewage to
waterbodies and WRRFs, respectively (NYC DEP 2021).

2.2 Storm scenarios

NYC experiences a diverse range of storm types, each with unique characteristics. These
storms have the potential to trigger extreme rainfall events, resulting in urban pluvial flood-
ing, or, in some cases storm surge that may lead to compound (“Multivariate”), spatially, or
temporally compounded flooding (Zscheischler et al. 2020). Convective storms primarily
occur during the warm season, exhibiting temporal scales spanning from minutes-to-hours
and spatial scales capable of encompassing entire regions of NYC (Lombardo and Colle
2010; Colle et al. 2012), often accompanied by rainfall rate that can exceed 2 inch hr!
(Smith and Rodriguez 2017). During the late summer and fall, tropical cyclones, associ-
ated with low-pressure systems, can move northward along the east coast and cause an
extensive region of heavy rainfall over a 12- to 24-h period that extends hundreds of miles
ahead of the storm (Atallah and Bosart 2003) and often brings storm surges, contributing
to compound flooding. Similarly, cool-season extratropical storms can produce extensive
regions of heavy rainfall, often lasting several hours, and could also coincide with storm
surges may lead to compound flooding. Considering the diversity of storm types in NYC,
conducting a comprehensive flood risk assessment necessitates the incorporation of sce-
narios that encompass a broad spectrum of factors, including rainfall intensity and dura-
tion, tidal levels, storm surges, and the impact of climate change.

To this end, after several iterations of consultation with NYC agency stakeholders,
twelve storm scenarios were created for this study. These scenarios cover a range of NYC
rain and coastal sea-level parameters and also address specific city needs for emergency
management, planning, and design. The storm scenarios included preexisting NYC design
storms, historical storms of special interest, and simulated storms with intensities that
match observed rainfall statistics to capture specific rainfall intensity, frequency, and dura-
tion. Focusing on assessing the potential multivariate simultaneous compounding for all
storm scenarios, we modeled offshore tide and, when indicated, storm surge and SLR data
were matched and applied as boundary conditions. Eight main storm scenarios included
only time-varying tides without the compounding effect of surge or SLR. Four storm sce-
narios were repeated a second time to evaluate the compounding effect of surge or SLR.
The description of storm scenarios and the methods used to create them are provided in the
following sections, and the final scenarios are summarized in Table 1. The remainder of
this section details the methods to construct input for the H&H modeling of each scenario.

The storm scenarios covered a wide range of intensity with return periods from 1-year
up to an approximately 10,000-year event, and intensities ranging from 0.3 to 4.3 inches
hr~!. The latter was the worst historical rain event known to have occurred in the region
at the time of this study (Scenario 6, SC6). This event, a very localized storm that affected
Islip, NY (~70 km east of NYC) in August 2014, had 12.9 inches of rain over 3 h. Hur-
ricane Ida (August 2021) which occurred after this study is similar to this Islip event,
also with 3—4 inches hr™! rates. Rain durations in modeled scenarios varied from 1- to
24-h events, with intensity varying and peaking over periods as short as 5 min, captur-
ing the range of rain characteristics from common convective downpours to hurricane
events. The storm set included specific cases for the Department of Environmental Protec-
tion (DEP) drainage standard (SC5), two for the Office of Resilience and Recovery (ORR)
Climate Resiliency Design Guidelines (CRDG) (SC7, 8), as well as one for Emergency
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Management’s Flash Flood Hazard Plan (SC1). Through these storm scenarios, we were
able to investigate the effect of storm events of varying intensity and duration, SLR, and
surges on flood characteristics and exposure in NYC.

The following sections provide a detailed explanation of the development of storm sce-
narios. It begins by explaining the univariate and bivariate extreme value analysis, followed
by an exploration of offshore sea-level forcing for tide and storm surge. The sections then
progress to an explanation of future sea-level rise scenarios, accompanied by methods for
estimating the effects of climate change on rain intensities.

2.2.1 Univariate extreme value analysis

Hourly observed rainfall data from 11 rain gauges within 15.5 miles of Central Park, plus
5 others on Long Island, were used in a frequency analysis that provided eight main storm
scenarios. The inclusion of the Long Island rain gauges within the NYC rain dataset led to
more conservative rainfall depths for storm scenarios by increasing depth and variability
in the dataset for high-return period storms. Rain-gauge years of operation varied, but the
entire 16 rain-gauge datasets covered a whole period of record from 1948 to 2013. All sta-
tion-years of data were pooled together to total over 700 station-years of data representing
the “coastal plain” rain hazard. This approach adopted the assumption that the low-lying
areas all have very similar rain intensity-duration probabilities, and reduced uncertainty in
longer return periods (e.g., 100-year). A sliding time window was used to sum the rain total
depth for a specific duration of time by moving hour by hour over the entire rain record.

Extreme value analysis using generalized Pareto distribution (GPD) was performed
separately for 1-, 3-, and 24-h rain durations (Li et al. 2014) and applied to peaks over a
threshold chosen to have approximately one event per year. For each duration, the peak
rain totals were identified throughout the record. Peak rain totals were the maximum rain
totals for the duration, with no overlapping events allowed. Empirical return period points
estimated using the Gringorten plotting position formula were used to graphically evaluate
the reasonableness of GPD in capturing the tail of the distribution. While formal goodness-
of-fit tests would have been a stronger approach, visual examination was a useful form of
quality control in a very short-term city-funded project under time pressures. The sam-
ple results are shown in Fig. S2 in Supplementary Information. Rain totals for each return
period and duration were used to create intensity—duration—frequency (IDF) curves. IDF
curves represent the probability of rainfall occurrence by using return periods to specify
the intensity of rainfall for a given duration and are usually used to design sewers for runoff
conveyance in NYC. Intensity was defined by the rain total divided by the duration, and
frequency was defined by the return period. Methods for estimating climate change effects
on rain intensities are presented in Sect. 2.2.5.

2.2.2 Bivariate extreme value analysis for extreme rainfall/storm surge compound
scenarios

The joint probability of extreme rainfall and storm surge was estimated to create the sce-
narios of compound flooding. Since this study primarily focused on urban pluvial flooding,
the analysis only considered compound events conditioned on the occurrence of extreme
rainfall, as opposed to compound events conditioned on the occurrence of storm surge
events. The joint occurrence of rain and surge was evaluated using rank correlation and
linear regressions of different percentiles of surge as a function of rainfall.
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For the bivariate analysis, we employed slightly different rain-gauge datasets, in that
hourly rain data from all rain gauges in a radius of 15.5 miles around the Battery tide gauge
site (14 total) were used. These gauge data were then averaged to estimate a spatial aver-
age. This focused the analysis on regional rain events, as opposed to localized convective
rain events, as the former is much more likely to be accompanied by storm surge events
(Wahl et al. 2015). Hourly storm surge data were used for the period of record overlapping
the rain data from the Battery tide gauge. The storm surge value was obtained by subtract-
ing astronomical tide data created using harmonic analysis from the total water level (Paw-
lowicz et al. 2002). Unlike previous studies that used maximum surge within a window
of +1 day of extreme rainfall event (Wahl et al. 2015), we used the maximum surge during
the rainfall event, since the relatively small NYC sewersheds have very short times of con-
centration (e.g., minutes-to-hours). The significance of statistical dependence between the
paired data was assessed using Kendall’s rank correlation coefficient and significance is
assessed using «=0.05.

For the percentiles approach, a 20-sample sliding window was used to compute a per-
centile of surge running from the highest rain to the 80th highest rain. The generalized
extreme value (GEV) distribution curve was used to fit the storm surge maxima in order to
estimate the 50th, 75th, and 90th percentiles surge in each 20-sample window, then a linear
model was fitted to each of these percentiles. To provide for high-end, risk-averse planning
with the storm scenarios, the linearly modeled 90th percentile surge was chosen as the
compound surge for extreme rain events. As a preference requested by NYC stakeholders,
prior climate risk projections have also used 90th percentiles for conservative, risk-averse
planning (e.g., Gornitz et al. 2019). The linear modeling of each surge percentile as a func-
tion of rainfall was chosen as a simple method of interpolating (or slightly extrapolating)
from the historically based percentiles. However, because the modeled values are within
the range of historical events, using nearest-neighbor empirical observed values would give
a similar result.

2.2.3 Offshore sea-level forcing for tide and storm surge

Tides have twice-daily excursions of 2-3 ft above and below mean sea level around NYC
(Orton et al. 2012) and are an important additional source of compound flooding. Rainfall
occurs with random timing relative to tides. All storm scenarios in this study are essentially
forms of compound events, either including only rainfall and tide, or including rainfall,
tide, and storm surge. The coupling of rainfall and these offshore water levels occurred
through provision of time series of hourly offshore water level as open boundary condi-
tions (OBCs) for the H&H model. Spatially and temporally varying water-level data, from
preexisting regional hydrodynamic model simulations, were utilized for these OBCs. The
use of the model results, from the New York Harbor Observing and Prediction System
(NYHOPS), captured the spatial variation in tides around the city (Long Island Sound and
Jamaica Bay have much larger tide ranges than Manhattan; Orton et al. 2016), as well as
a small nonlinear enhancement of tide range by SLR in Long Island Sound (Kemp et al.
2017).

The twelve modeled storm scenarios were coupled with tide data as OBCs, such that
the 1-h duration events had high tide within the hour of maximum rain intensity and the
24-h duration events had multiple high and low tides within the simulation. Compound
storm surge simulations included a constant storm surge value on top of the temporally and
spatially varying tide. For the 1-h and 3-h events, the high tide peaked at the center of the
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rain period at all locations across the city. The goal here was to account for possible high-
tide effects on flooding near the coast (e.g., how tide blocks sewer outfalls). Again, some
of these choices represent conservative approaches, generally the preference of the NYC
stakeholders when we are faced with the limitations of the project in the number of simula-
tions and computational expense.

2.2.4 Future sea level

For future scenarios, sea-level rise was determined based on high-end (90th percentile)
projections of the 2050s, as reported by the NYC Panel on Climate Change, NPCC (Horton
et al. 2015). The sea-level rise projections for NYC are based on 24 Global Climate Models
(GCMs) and two representative concentration pathways, RCP 4.5 and 8.5. The projections
include the low estimate (10th percentile), middle range (25-75th percentile), and high
estimate (90th percentile). For the future climate at the 2050s, a sea-level rise projection of
30 inches above a baseline at 2000-2004 was applied. With this projection, the 2050s sea
level was projected to be 29.1 inches NAVDS8S. This sea level was simply superimposed
upon the offshore boundary condition water levels of tide or tide and surge. It should be
noted that the “present-day” simulations incorporate the year 2018 mean sea level, which is
1.7 inches NAVDS88 (Chen et al. 2017).

2.2.5 Present-day and future hyetographs

The extreme value analysis provided intensities for durations selected in the analysis, and
the associated frequencies. Hyetographs for those intensities and durations, both present
day and in the future, were based on simulated storms that match the present-day and pro-
jected future conditions. Similar to the surge and sea level, the 90th percentile of rainfall
intensities were selected.

Overall, climate projections for rainfall remain quantitatively uncertain since several
factors may contribute to future changes in rainfall. These factors include a change in
the types of events that produce rainfall in a given area, as well as a change in the fre-
quency, duration, and intensity of events. Future intensities for extreme-event hyetographs
were derived primarily by adapting the intensity changes projected by Castellano and
DeGaetano (2017). Those were based on Representative Concentration Pathway (RCP) 8.5,
and approximately the year 2050. The effects of climate change reported in that work were
applied to the IDF curves derived in this work. Castellano and DeGaetano (2017) did not
evaluate or scale frequencies below 5-year return periods. Intensities for common events,
expected more frequently than a 5-year return period, were climate scaled with a quantile-
matching approach. The 1 inch in an hour event was also scaled via quantile matching.

Model output from a dynamical downscaling experiment (Rasmussen and Liu 2017)
provided the information needed for scaling via quantile matching. That experiment con-
sisted of a historical (2000-2013) period simulation at 4-km grid spacing covering the
Continental US, and a counterpart end-of-century simulation produced by adding a large-
scale change to the boundary conditions of the downscaling model to simulate the end-of-
century climate. That change was a multi-model mean between the historical period cli-
matology and the 2071-2100 period, computed from many CMIP5 GCMs. The interested
reader should refer to Liu et al. (2017) for further experiment details. For these purposes, it
is sufficient that the simulations were high resolution and that the experiment can provide
scaling for intensity and duration, but not frequency. Samples of rainfall intensities for the
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historical period and future period were assembled for the region around NYC. Assuming
linear changes in quantile intensities, intensity change from early century to late century
was interpolated, for each quantile, to 2050. As an example, the quantile associated with 1
inch in 24 h intensity increases by approximately 22% from early to mid-century.

Realistic temporal structure of hyetographs at 1, 3, and 24-h durations for current and
future climates was given by hourly output from dynamical simulations. A catalog of 635
historical simulations was developed, based on a conservative threshold of 0.4 inch in 24 h
observed by Global Historical Climate Network (https://www.ncdc.noaa.gov/ghcn-daily-
description) stations within NYC (LaGuardia, John F. Kennedy International Airport, and
Central Park) during the period 1979-2016. Events exceeding that threshold were simula-
tions with the Weather Research and Forecasting (WRF) version 3.9.1 (Skamarock and
Klemp 2008). Consecutive days exceeding 0.4 inch in 24 h were aggregated into individual
events of 1-7 days, and events under 1.2 inches in total were discarded. This approach
allows for both short and longer duration events that can cause flooding. For a given inten-
sity and duration, the time series at WRF grid points over land and within 60 miles of the
Battery, and within every simulation, was searched to find the closest match in accumu-
lated precipitation during the duration of interest. That time series served as the hyetograph
for each H&H simulation.

2.3 Hydrologic and hydraulic model

A set of H&H models were developed to cover all 14 sewersheds across the city, each cou-
pled 1-dimensional (1-D) stormwater components with two-dimensional (2-D) overland
flow (Fig. 1). The twelve storm scenarios were simulated with the citywide H&H model
to examine flood characteristics and exposure under varying rainfall events and sea-level
conditions. The H&H models simulated stormwater flooding scenarios from rainfall and
compound (rainfall and storm surge) events to better understand vulnerability to different
types of flooding. In the following, the approach and methodology for developing and vali-
dating the models are described.

2.3.1 InfoWorks models

We used the InfoWorks Integrated Catchment Model (ICM) V.9.0 to facilitate integra-
tion with the NYC Department of Environmental Protection’s (NYC DEP’s) existing
sewer models. InfoWorks conceptualizes the system as a series of processes between
several major components, including (1) an atmospheric component, (2) a land surface
component, and (3) a routing component (Fig. 1). The atmospheric component was
represented by a time series of rainfall inputs to the system. The land surface compo-
nent was represented by a 2-D computational mesh, which received rainfall from the
atmospheric component in the form of rainfall time series. It then conveyed simulated
surface runoff to the routing component, which contained a network of conveyance ele-
ments modeled with manholes (known as nodes) and pipes (known as link objects) to
route runoff to wastewater resource recovery facilities and outfalls (or terminal nodes)
of sewersheds. The drainage of the outfalls was determined by the water levels (storm
surge, tides) for each storm scenario. Inflows to the routing component came from sur-
face runoff and external outflow from contributing drainage areas. The model accounted
for full dynamic wave flow routing (Rossman 2015), which allowed for the simulation
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Fig.1 Schematic of simulated processes in coupled stormwater system and overland flow

of complex hydraulic interactions such as backflow effects and pressurized flow in the
pipes and flow exchange between the streets and the sewer system.

We migrated the existing InfoWorks Catchment System (CS) models to InfoWorks
ICM to simulate the connectivity between the stormwater system and the surface. This
connectivity required manipulating objects within InfoWorks ICM to handle these sur-
face—subsurface interactions. The main conceptual difference between the original NYC
DEP models and the updated surface—subsurface model was how the model simulated
rainfall data and overland flooding. The updated models simulated rain directly onto the
2-D computational mesh instead of defined sub-catchments. The previous InfoWorks
CS models could not simulate overland routing and flooding, but the two-dimensional
component of InfoWorks ICM simulated the flow path of water by applying St. Venant’s
equation to each computational cell in conjunction with the DEM. Lastly, the updated
models also recognized different sources of inflow into a given cell; thus, InfoWorks
ICM no longer stored overflow from manholes but treated it as an additional influx of
water into a given cell.

@ Springer



Natural Hazards

To develop the model, stormwater conveyance components were extracted from the
existing DEP InfoWorks 1D sewer models. Data on the stormwater systems on private
property, infrastructure areas not owned and operated by NYC DEP, and manholes not
included in InfoWorks 1-D models were not available for inclusion in the model. Geo-
graphic Information System (GIS) preprocessing algorithms were used to enable repre-
sentation of spatial data in InfoWorks ICM. The most recent 1-foot resolution, bare-earth
digital elevation model (DEM) was used (NYS 2018) to represent the terrain and create the
2-D model within InfoWorks ICM, which uses a triangular unstructured surface mesh. The
variable mesh resolution in ICM provides the ability to decrease the triangle size in areas
of complex geometries or greater interest to provide higher resolution results.

Pervious surfaces were represented in InfoWorks ICM via roughness and infiltra-
tion polygon(s), which were both derived from the NYC Parks Department’s land-use
data. Pervious surfaces were extracted from the land-use data and considered to infiltrate
rainfall into soils based on the Horton equation (Horton 1941). The basic premise of the
Horton equation is that the amount of infiltration within the soils is based on the hydro-
logic soil group classification. The parameters for the Horton equation were selected to
provide the best validation, and applied uniformly across the computational meshes. We
applied the “moderate” infiltration parameters in InfoWorks ICM, which are 200 mm h~!,
12.7 mm h™!, and 2 h™! for the initial infiltration rate, the final (limiting) infiltration rate,
and soil-specific decay constant, respectively.

2.3.2 Model validation

Validation of the citywide H&H model was carried out based on model performance
checks and quantitative comparison of areas of flooding predicted by the model against
historic flooding records. First, we compared the modeled total inflow to each wastewater
resource recovery facility (WRRF) with observed inflow during a historic rainfall event on
August 14, 2011. This storm had approximately two months’ worth of rain in a single day.
Second, we compared flood extents predicted by the model for specific storms with 311
complaints of street flooding. 311 is a platform in NYC where people can file issue reports
to the city administration or the government. The lack of spatially distributed observations
of flood depth in the study domain necessitated the use of 311 calls as a proxy for flooding.
The results provided confidence that the simulations are accurately representing the pri-
mary areas subject to flooding, though these data were not sufficient to validate the depth
of flooding. Comparison of the flood extents to 311 complaints was performed by select-
ing complaints that had observed rainfall magnitudes similar to specific rainfall scenarios,
namely a 1-inch,1-h storm (SC1), and a 2.55-inch, 3-h storm (SC5).

In the first validation, simulated flow volumes and peak flow rates were compared with
observations at each of the City’s WRRFs, which represent the most downstream portion
of the conveyance system. According to the NYC Citywide Watershed Model Recalibra-
tion guidance document (Infoworks 2012), the difference between observed and modeled
peak flow rates at each significant peak should be in the range of +25% to — 15%, and the
differences between observed and modeled flow volumes between +20% to — 10%. The dif-
ference between the simulated and observed peak flow rates across the sewersheds all fell
within the preferred range except in one instance (Fig. S4, Supplementary Information).
With respect to volumes, there were six instances where the difference between the simu-
lated and observed volumes fell outside the preferred range of +20% to —10% (Fig. S5,
Supplementary Information). However, the results were within expected uncertainties; the

@ Springer



Natural Hazards

relative volume variability at the WRRFs was largely the same in the observations and
simulations (Table S1 and S2, Supplementary Information).

We filtered 311 complaints for the root cause of “street flooding” between 2014 and
2018 and then confirmed that each of these complaints corresponded to a date in which
there was recorded rainfall at John F. Kennedy (JFK) airport. A correlation indicator
was then applied to depict the percentage of cells with a maximum flood depth thresh-
old exceeding 0.25 ft, to eliminate potential false positives obtained within a 100-ft buffer
area around these 311 complaints. The correlation indicator was calculated for the selected
events across NYC using the 311 complaints between 2014 and 2018 as the number of
points with maximum underlying depth greater than 0.25 ft divided by the total number
of 311 points (Saleh et al. 2017). A total of 10,067 311 complaints for street flooding
were identified (Fig. S6, Supplementary Information). We then identified specific events
that corresponded to the rainfall accumulation and duration for two of the modeled storm
scenarios; the 1-inch, 1-h storm (SC1) and the 2.6-inch, 3-h (SC5). Given the uncertainty
in the 311-call data itself, the correlation between 311 complaints and modeled flooding
across these three events was high (Table S3, Supplementary Information).

2.4 Exposure data

The NYC Department of City Planning annually produces the Primary Land Use Tax Lot
Output (PLUTO) file, which contains information about each tax lot in the city, includ-
ing the building class, land-use type, and other variables about the structure and location.
Building and land-use Information were obtained from MapPluto 2019 (https://www1.nyc.
gov/site/planning/data-maps/open-data/dwn-pluto-mappluto.page). The buildings were
then classified into three main categories based on their land use: residential (R), industrial
(I), and commercial (C). A detailed breakdown of building classes in each land-use cat-
egory can be found in Table S4 of the Supplementary Information.

3 Results
3.1 Univariate extreme value analysis (EVA) results

A comparison of our final rain EVA estimates with NOAA Atlas 14 at Central Park (NOAA
2014) shows the similarity between estimates for 1- and 5-year return periods (Fig. 2). For
50- and 100-year return periods, our estimates have a higher value of intensity than do the
NOAA Atlas 14 for durations under 3 h. The difference is likely due to the pooling of rain
gauges, including Long Island (where the Islip event occurred with the most extreme 1-4 h
rainfall intensities in the region), while NOAA Atlas 14 used rain data from only one rain
gauge at Central Park. This is the reason to use the regional analysis including Long Island,
for conservative planning.

Figure 3, the left panel, shows a fuller picture of EVA results, in which the entire
range of possible rain depths is depicted from 1 to 48-h duration and 1-to-1000-year
return period. All the storm scenarios are based on the rain totals shown here. For each
extreme rain value, there is a corresponding 95% confidence interval (Table S5, Supple-
mentary Information), estimated by bootstrapping, used both to convey uncertainty and
to assist in matching with WRF simulation results. The original data were resampled
1000 times, and a GPD curve was fitted for each new dataset. Next, the 97.5th and 2.5th
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Fig.3 (Left panel) Rainfall total depth estimates (inches) for various return periods and durations. (Right
panel) Hyetograph for storms scenario 3 (1.77-inch, 1-h)

percentiles were chosen to represent the 95% confidence interval for each return period.
Bootstrap uncertainty analysis was performed on both individual rain gauges and pooled
datasets. Several additional sensitivity analyses were performed to test the rationality
and stability of the final results, including adding one more station to the pooled data-
set, using gauges within different radii of NYC other than 15.5 miles (e.g., 31 miles),
and comparing EVA results from different individual rain gauges. The uncertainty was
impacted by several aspects of the chosen methods. Uncertainty increased by the inclu-
sion of the diverse rain data from the entire coastal plain rain-gauge sample, including 6
rain gauges from Long Island. Uncertainty decreased by pooling the data to increase the
sample size. As is typical, there is substantial uncertainty, represented by a large confi-
dence interval, for high-return periods (e.g., greater than 200 years).

Modeled rainfall time series for all the storm scenarios are presented as plots in the
supplementary information (Fig. S7-S14), and an example (SC3) is presented in Fig. 3,
right panel. These 5-min resolution results were then applied to the H&H modeling to
create final storm scenario simulations.
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3.2 Bivariate analysis of rain/surge compound flooding

Rain and surge for 24-h storm duration have a Kendall rank correlation coefficient
of 0.23 which is significant with p-values of around 0.01. Rain and surge for the 1-h
storm duration have low Kendall rank correlation coefficients, which are not significant
at the 0.05 level with p-values around 0.10. The result that 24-h rain correlates with
surge, whereas 1-h rain does not, likely arises because synoptic weather systems that
cause high 24-h rainfall events are large-scale and cause storm surge, whereas convec-
tive rain systems that cause high 1-h rain are small scale and do not. Nevertheless,
completely ignoring any correlations risks underestimating the compound flood hazard
(Moftakhari et al. 2017).

The results for the percentiles approach to defining the joint occurrence of extreme
rain and surge are shown in Fig. 4 (24-h rain) and S15 (1-h rain). A positive linear
trend between various percentiles of compound surge and 24-h rain total depths is evi-
dent, whereas no trend is evident with surge with 1-h rain intensity, both consistent
with the rank correlation analysis. The fitted linear equations (90th percentile) were
used to estimate the compound surges for specific 1-h and 24-h rain total depths. Thus,
2.9 and 3.1 ft surge was utilized with the 24-h rain events SC7 (5-year, 4.31 inches)
and SC8 (50-year, 7.2 inches), respectively, and 1.3 ft surge was utilized for the 1-h
rain event SC3 (5-year, 45-mm).

3.3 Flood characteristics and exposure

The overland model outputs were provided as maximum flood depth above ground for
all the storm scenarios. The maximum values associated with maximum flood depth
values were produced at 5 ft resolution and processed into flood depth and extent maps.
The final maps were developed based on the identification of areas of major (defined as
1 ft flood depth above ground and more) and nuisance flooding (defined as 4 inches to
1 ft flood depth above ground).

@ Springer



Natural Hazards

(a)

T T T T T T
Flood Volume (BG)
S-year 50.year 378G
24 sc8 7N .
= SC7 \ |3BG
£ ~—
z NG ~10000-year
k) S-year
E 3 i SCS O O i
=) X
a <HyeariEes 5-year 100-year
1F ® @ O Q SC6 i
SC1 1-year sC3 sca
1 1 1 1 1 L | |
0.18 0.3 0851 1.22 1.77 3.66 4.29

Average Intensity (inch hr?)
(b)

I Nuisance Flooding
[ Major Flooding

20

151

% Area
S
T

SC1 SC2 SC3 SC4 SC5 SC6 SC7 SC8
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3.3.1 Flood response to storm events of varying intensities and durations

SC4 and SC6 led to the largest flood in the city in terms of both volume and extent (Fig. 5).
The stormwater runoff from the high-intensity short-duration SC6, which had the high-
est record of average intensity (4.29 inch hr™!) in the region at the time of this study,
impacted ~28% of the city. Of this area, 17% was affected by major flooding, resulting
in~37 Billion Gallons (BG) of floodwater. Following that, a 100-year rainfall event with
a duration of an hour and average intensity of 3.66 inch hr~! (SC4) inundated 17.5% (9.5%
nuisance, 8% major) area of NYC with 15 BG of floodwater. The findings illustrate how
the stormwater system in NYC is stressed by high-intensity short-duration “cloudburst”
events.

The standard design criterion to calculate the appropriate size of sewer pipes in NYC
to be able to manage stormwater is based on a 5-year return period storm (e.g., 1.77-inch,
1-h storm). However, current design criteria are based on historical data from 1903 to 1951
and may not accurately reflect the increasing intensity and duration of 5-year return period
storms due to changing climate conditions, and consequently, the NYC sewer system could
fail during 5-year storm scenarios. Among three 5-year return period scenarios, the largest
flood volume was caused by the 24-h storm with an intensity of 0.18 inch hr™' (~11 BG)
followed by the 3-h storm event with an average intensity of 0.85 inch hr™!, and 1-h storm
event with 1.77 inch hr™! average intensity that led to 9 and 6 BG of floodwater, respec-
tively. The latter storm scenario (1-h, 1.77 inch hr™!) resulted in~625 miles of roads being
inundated by nuisance and ~280 miles by major flooding (Fig. 6). With a higher average
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rainfall intensity (SC3 compared to SC4) the total miles of roads exposed to nuisance and
major flooding increased by a factor of ~1.7 (from 625 to 1060 miles) and~5.9 (from 280
to 700 miles), respectively. The most extreme scenario in this study (SC6) led to~ 1200
and ~ 1500 miles of roads being inundated with nuisance and major flooding, respectively
(15% and 19% of total roads). Overall, almost one-third of NYC roads could be flooded in
the case of this level of storm events.

The number of buildings in the major flooded area is depicted in Fig. 6b. It should be
noted that a flooded building was defined as a building that is exposed to major flooding,
as nuisance flooding events typically do not cause damage to buildings. The number of
buildings affected by major flooding increased from ~ 10,000 to~27,500 as the intensity of
a 1-h rainfall event increased from 1 (SC1) to 1.77 (Sc3) inch hr™!. As the rainfall inten-
sity further increased to 3.66 (SC4) inch hr™!, the number of exposed buildings to major
flooding rose to approximately 73,000. In the case of a 3-h, 4.29 inch hr™! storm event
(SC6) ~ 150,000 buildings were affected.

3.3.2 Flood response to sea-level rise
SLR is one of the potential sources of expanding urban pluvial flooding in NYC

(Fig. 7). It should be noted that the additional 2.3ft SLR, projected as a high-end esti-
mate for the 2050s, does not produce permanent inundation along the waterfront in
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the city, as the topography is higher than the projected amount of SLR. However, it
decreases the drainage potential so that outfalls are unable to release water from the
system. Figure 7 (a) reveals that more flooding (both in terms of volume and extent)
could show up in the city as a result of SLR. The volume of major floodwater almost
doubled with 2.3ft SLR under SC1 (1-h, 1 inch hr™!). The percentage of areas flooded
by nuisance and major flooding, respectively, increased from 4.4 to 5.7%, and from 1.5
to 2.2%. The increase in volume and extent of flooding due to SLR led to exposing an
additional ~225 miles of roads to flooding (Fig. 7b) and the number of exposed build-
ings to major flooding elevated from ~ 10,000 to 16,000 (Fig. 7¢c). These findings high-
light the importance of considering the potential impact of SLR in urban pluvial flood
risk management and adaptation planning.

3.3.3 Flood response to compounding impacts of storm surge and heavy rainfall

We also examined three storm scenarios compounding with surge effect, namely SC3
(1.3 ft surge), SC7 (2.9 ft surge), and SC8 (3.1 ft surge). Apart from direct interactions
of overland flow, storm surge at outfalls may lead to backflow into the stormwater sys-
tem and upland flooding through street drains. Sediments and debris from storm surge
inundation can clog pipes, storm drains, and outfalls.

The compounding effect of surge with heavy rainfall significantly exacerbated urban
flooding in all scenarios (Fig. 8a). Surge of 1.3 ft compounds with a 1-h, 1.77 inch hr!
storm event (SC3) increased nuisance and major flood volume by a factor of 1.5 and
2.1, respectively. Less frequent longer 24-h, 0.3 inch hr™! storm events compounded
with 3.1 ft surge increased nuisance and major flood volume by a factor of 1.8 and 2.4,
respectively. The percentage of inundated areas with nuisance and major flooding also
increased up to 1.4 and 1.9 times, respectively.

The compounding effect of 1.3 ft surge with 1-h, 1.77 inch hr™! storm (SC3) did not
substantially increase the exposure of roads to nuisance flooding (Fig. 8b); however,
it caused a 20% increase in miles of roads exposed to major flooding (from 280 to 340
miles). 3.1 ft surge compounds with SC8 increased the milage of exposed roads to nui-
sance flooding from 511 to 700 miles, and major flooding from 493 to 798 miles. In other
words, the milage of exposed roads became 1.5 times higher under the compound effect of
3.1 ft surge. The compound effect 1.3 ft surge with 1-h, 1.77 inch hr™! storm (SC3) did not
considerably increase the number of exposed buildings (Fig. 8c). The reason for this is that
the compound effect 1.3 ft surge just caused some additional hotspots of flooding along
the waterfront in areas subject to surge flooding and subsequently the number of affected
buildings located inland was not changed significantly. However, the compound effect of
3.1 ft surge with a 24-h, 0.3 inch hr™! storm event led to 46% increase in the number of
inundated buildings to major flooding (~ 56,000 to ~ 82,000).

These results for the compounding of pluvial urban flooding with storm surge are
based on a small number of scenarios and simulations with relatively conservative
combinations of 90th percentile surge, as previously noted. While historical events
with compounding have occurred (e.g., Irene), there have also been events with very
little compounding (e.g., Ida, Sandy). To have a probabilistic understanding of the
compounding of tide, surge and rain on NYC urban flooding, further analyses and a far
larger simulation coverage of the multi-parameter space would be needed (Wahl et al.
2016; Bevacqua et al. 2019).
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Fig.8 The compounding effect (a)

of surge on a flood volume and I Nuisance Flooding
extent b total miles of road | [ Major Floodin
exposed to nuisance and major
flooding ¢ number of buildings
exposed to major flooding

% 11.6

-
(&)

Flood Volume (BG)
o >

0
SC3 SC3 SC7 597 SC8 SC8
+ +
Surge Surge Surge
1500 - (b)
P [ Nuisance Flooding
Q£ [ Major Flooding
]
& 8 1000
o™
g2
25
= 3 500
=8
F:
0
SC3 393 SC7 597 SC8 398
Surge Surge Surge
100 (c) .
[ Residential
80 - [ Commercial
[ industrial

(o2}
o

N
o

N
o

Number of Buildings Exposed
to Major Flooding (1000)

o

SC3 SC3 SC7 897 SC8 SC8
+ +
Surge Surge Surge

3.4 Socioeconomic analysis

Figure 9 shows the number of exposed households/populations to flooding under different
storm scenarios and sea-level conditions. In all storm scenarios, socioeconomically disad-
vantaged households (i.e., households with annual income less than $40,000), and under-
represented racial populations, were proportionally the most exposed group to flooding.
The exposure of these vulnerable groups increased with higher sea-level conditions either
due to SLR or surge.

While the 1-h, 1.77 inch hr™! (SC3) and 24-h, 0.18 inch hr™' (SC7) storm scenarios
affected ~ 140,000 households with an annual income of less than $40,000, the more
extreme 1-h storm scenario with average rainfall intensity of 3.66 inch hr™' (SC4)
affected ~ 240,000 households from the same group. The occurrence of the most extreme
storm scenario by the time of the study (SC6) affected 365,000 households with an annual
income of less than $40,000 and 1.5 million individuals from underrepresented racial
populations. Considering 2.3 ft SLR by mid-century increased the number of low-income
households from~80,000 to~110,000 and elevates the number of affected underrepre-
sented populations by a factor of 1.3 (365,000 to 473,000). The compound effect of 3.1
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Fig. 9 The number of exposed people/households to flooding under different storm scenarios and sea-level
conditions

ft surge with a 24-h, 0.3 inch hr! rainfall event led to a 48% increase in the number of
exposed low-income households, and a 45% increase in the number of exposed people
from ethnically diverse communities.

4 Discussion

This study represents a significant advancement in the NYC’s efforts to enhance under-
standing of future storm events in the city and obtaining comprehensive understanding of
flood hazards and exposure under these storm events and different sea-level conditions.
The availability of past and current rainfall data in NYC is a valuable resource for under-
standing historical precipitation patterns. However, a critical gap in our knowledge emerges
when considering future extreme rainfall events at sub-daily scales. While current datasets
provide a robust foundation for understanding historical trends, predicting, and preparing
for future extreme rainfall events required advancements in scientific research. Through
this study we have addressed this gap that is essential for effective stormwater management
and flood preparedness, especially in the context of climate change.

Twelve storm scenarios were thoughtfully designed in consultation with NYC stake-
holders to meet specific city needs in emergency management, planning, and design.
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They encompass a wide range of parameters, including current and future rainfall and
tide scenarios as well as compound scenarios involving both rainfall and surge/SLR.
The methodology employed to construct these scenarios involved advanced techniques
such as extreme value analysis for assigning rainfall and surge depths, dynamic down-
scaling for rainfall time series, and the use of a coastal ocean model for offshore water-
level time series. The creation and analysis of the storm scenarios offers a robust foun-
dation for evaluating flood hazard and exposure in NYC.

The development of a set of H&H models for each sewershed across NYC represents
a significant step in understanding the hazard and exposure related to different types of
flooding, including pluvial and compound events involving storm surge. These models
integrate 1-D stormwater components with 2-D overland flow simulations to provide
a comprehensive analysis of flood scenarios. The creation of these models relied on
various city data sources, including existing DEP sewer models, up-to-date DEMs, and
land-use shapefiles. The model’s resolution was based on a triangular mesh network,
ensuring accurate representation with varying levels of detail. The validation of the
citywide H&H model was a crucial step in ensuring its reliability and accuracy. This
validation process involved model performance checks and a quantitative comparison of
predicted flooding areas with historic flooding records, confirming the model’s ability to
simulate real-world conditions. Notable findings from these model simulations include
the successful advancement of 1D and 2D stormwater modeling for NYC, encompassing
a range of storm scenarios that account for SLR, storm surge, and variations in rainfall
intensity.

The development and validation of H&H models for New York City’s sewersheds
represent a significant advancement in flood modeling and mitigation efforts. The abil-
ity to simulate a wide range of storm scenarios provides valuable insights for enhanc-
ing the city’s resilience to flooding. However, ongoing refinement and improvements
in stormwater modeling are necessary to fully harness the potential of these models for
flood risk assessment and mitigation in the future. Specifically, in this study we did not
account for the timing of rainfall. The omission of accounting for the timing of rain-
fall, particularly during peak hours, can significantly impact the assessment of flooding
within a combined sewer system. Peak hours are characterized by heightened demand
on sanitary sewers, creating a scenario where the system’s capacity is already under
stress. When rainfall coincides with these peak hours, the cumulative effect may lead
to a more substantial strain on the system’s ability to manage stormwater and sanitary
flows. The interplay between stormwater runoff and the existing load on sanitary sew-
ers during these high-demand periods can exacerbate flooding, potentially causing more
pronounced and rapid inundation of urban areas.

The flood exposure analysis underscores the vulnerability of the stormwater system
in NYC, particularly in the face of high-intensity short-duration “cloudburst” events.
Our findings indicate a substantial impact, revealing that nearly one-third of NYC roads
could potentially be inundated during such intense storm events. Notably, this stress on
the stormwater system is further exacerbated under higher sea-level conditions, whether
attributed to SLR or storm surge, resulting in an increased flood extent and volume.
Socioeconomically disadvantaged households, characterized by an annual income of
less than $40,000, and underrepresented racial populations are proportionally the most
exposed groups to flooding. The exposure of these vulnerable groups is amplified under
higher sea-level conditions. These insights contribute significantly to the study’s overall
goal of understanding the present and future exposure to urban pluvial flooding in NYC.
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5 Conclusions

Here we developed a citywide H&H model to simulate flooding from stormwater in NYC
and estimate citywide flood exposure under twelve storm scenarios. This is the first city-
wide analysis of rainfall-driven flooding using NYC’s drainage models. Storm scenarios
were defined such that they capture specific rainfall, surge, and SLR scenarios. The storm
scenarios cover a wide range of rainfall intensity ranging from 0.3 to 4.3 inch hr™!, with
return periods from 1-year up to an approximately 10,000-year event, which was the worst
historical rain event known to have occurred in the region by the time of this study. We
demonstrated the potential for extensive flooding in NYC during intense, short-duration
“cloudburst” events. Almost 18% of NYC could experience inundation during a 1-h, 3.6
inch hr~! rainfall event. This value could rise to 28% in the case of a 3-h, 4.3 inch hr™!
storm event. We also investigated the impact of SLR and storm surge on stormwater propa-
gation and found that increasing sea levels either from SLR and/or storm surge can lead to
more extensive and severe flooding, as the NYC’s gravity-drained sewer systems become
less able to drain stormwater under higher sea-level conditions. We further showed that
underrepresented and socioeconomically disadvantaged communities were proportionally
the largest group exposed to flooding in NYC under all considered storm scenarios. These
findings underscore the need for strategic planning and investment in the stormwater man-
agement system including gray infrastructure (i.e., centralized conveyance systems), green
infrastructure (i.e., distributed infiltration systems), hybrid systems, and cloudburst man-
agement to reduce the risk of flooding and minimize potential damage to infrastructure and
assets in the city.
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