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Abstract
Sea level rise (SLR) and tropical cyclone (TC) climatology change could impact future
flood hazards in Jamaica Bay—an urbanized back-barrier bay in New York—yet their
compound impacts are not well understood. This study estimates the compound effects of
SLR and TC climatology change on flood hazards in Jamaica Bay from a historical
period in the late twentieth century (1980–2000) to future periods in the mid- and late-
twenty-first century (2030–2050 and 2080–2100, under RCP8.5 greenhouse gas concen-
tration scenario). Flood return periods are estimated based on probabilistic projections of
SLR and peak storm tides simulated by a hydrodynamic model for large numbers of
synthetic TCs. We find a substantial increase in the future flood hazards, e.g., the
historical 100-year flood level would become a 9- and 1-year flood level in the mid-
and late-twenty-first century and the 500-year flood level would become a 143- and 4-
year flood level. These increases are mainly induced by SLR. However, TC climatology
change would considerably contribute to the future increase in low-probability, high-
consequence flood levels (with a return period greater than 100 year), likely due to an
increase in the probability of occurrence of slow-moving but intense TCs by the end of
twenty-first century. We further conduct high-resolution coastal flood simulations for a
series of SLR and TC scenarios. Due to the SLR projected with a 5% exceedance
probability, 125- and 1300-year flood events in the late-twentieth century would become
74- and 515-year flood events, respectively, in the late-twenty-first century, and the
spatial extent of flooding over coastal floodplains of Jamaica Bay would increase by
nearly 10 and 4 times, respectively. In addition, SLR leads to larger surface waves
induced by TCs in the bay, suggesting a potential increase in hazards associated with
wave runup, erosion, and damage to coastal infrastructure.
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1 Introduction

Coastal areas surrounding Jamaica Bay, which are home to hundreds of thousands of
New York residences, are highly susceptible to coastal flooding. Storm surges induced
by tropical cyclones (TCs) and extratropical cyclones (ETCs) result in devastating
flood events in this region, as best exemplified by historical TCs such as Hurricane
Donna in 1960 and Sandy in 2012 and ETCs such as the Great Appalachian Storm of
November 1950 and the December 1992 event (Catalano and Broccoli 2018; Catalano
et al. 2019). Climate change is expected to impact flood hazards, yet the compound
impacts of sea level rise (SLR) and storm climatology change on flood hazards in
Jamaica Bay are not fully understood. Recent studies found that ETC climatology
change and its impact on future storm surges in the New York region would not be
significant (Roberts et al. 2017; Lin et al. 2019). Here, we quantify the compound
effects of SLR and TC climatology change on future flood hazards in Jamaica Bay.

Jamaica Bay is a lagoonal (or back-barrier) estuary located in the southern portion of
the New York metropolitan area, in the northeastern USA (Fig. 1). The bay is sheltered
from swells by the Rockaway Peninsula. Jamaica Bay’s floodplains are predominantly
characterized as low-lying dense residential areas and are highly vulnerable to coastal
flooding. Coastal flooding due to ETCs is more frequent in the region. Flooding caused
by TCs is rare but results in devastating consequences in the New York City (NYC)
region including Jamaica Bay. The worst four coastal flood events in the region were
caused by TCs, including the 1788 Hurricane, the 1821 Norfolk and Long Island
Hurricane, Hurricane Donna in 1960, and Hurricane Sandy in 2012 (Orton et al.
2019). Hurricanes, in specific, result in low-probability, high consequence flood events
that cause long-term effects on the coastal environment and socioeconomic impacts. For
example, Hurricane Sandy caused at least $50 billion in economic losses and 159 deaths
(Blake et al. 2013). The return period of Sandy’s flood level is estimated to be from
260 years (Orton et al. 2016) to 398 years (Lin et al. 2016).

Climate change is expected to make TC-induced coastal flooding more destructive in
the coming decades (Lin et al. 2012; Irish et al. 2014). SLR will increase the severity and
frequency of coastal flooding worldwide (Hunter et al. 2013; Wu et al. 2017; Rasmussen
et al. 2018). Studies of historical water level observations have shown that the global
mean sea level and the local mean sea level in many locations worldwide have been
raising since the last century and it is projected that SLR will accelerate in the present
and following centuries (Kopp et al. 2014; Hay et al. 2015; Chen et al. 2017; Horton
et al. 2018). It has been also understood that SLR would increase the frequency of
extreme sea levels (e.g., Tebaldi et al. 2012; Karim and Mimura 2008; Rasmussen et al.
2018). For example, under the assumption that the variability of storms will remain
constant in the future, Tebaldi et al. (2012) found that the SLR in 2050 would lead to a
100-year storm surge level to become a between 4- and 100-year surge level along the
U.S. coasts. Regional scale studies found that SLR has increased the height of historical
coastal floods in the NYC region (Kemp and Horton 2013; Talke et al. 2014; Lin et al.
2016). Garner et al. (2017) projected that sea-level rise would cause a substantial
increase in flood heights in NYC in coming centuries compared with preindustrial or
modern flood heights.

TC climatology change could also worsen flood hazards as previous studies have shown
that global warming could result in stronger and possibly more frequent TCs (Webster et al.
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2005; Knutson et al. 2010; Emanuel 2013; Bhatia et al. 2018). Knutson et al. (2019) showed
that, with a medium-to-high confidence, the global average of TC intensity will increase in the
future. Under the 2 °C global greenhouse warming scenario, they found that almost all
available projections (from models with a spatial resolution of 60 km or finer) agree on an
increase in the proportion of TCs that reach a category 4–5 hurricane intensity.

There is currently little understanding of how future flood hazards in Jamaica Bay
would respond to climate change. Recently, Marsooli et al. (2019) studied the compound
effects of SLR and TC climatology change on TC flood levels along the U.S. East and
Gulf Coasts. According to projections based on six climate models (under RCP8.5), they

Fig. 1 Basin-scale (top left) and high-resolution regional-scale (top right) meshes of ADCIRC model. Bottom
panel shows the bathymetry of Jamaica Bay in the high-resolution mesh. The locations of water level
measurements are shown by star (USGS gauges) and cross (high water marks) signs. Triangles show locations
of NOAA tide gauge stations where SLR data are available. The solid circle in Jamaica Bay shows the bay’s
representative location used in the synthetic storm selection
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found that the 100-year flood level in the late twentieth century would become a 1-year
flood level by the end of twenty-first century in New York county. However, this
county-scale assessment cannot provide information on climate change impacts at the
very local scale. A previous local-scale study by Lin et al. (2012) evaluated the effects of
climate change on the end-of-twenty-first-century flood return periods for NYC. They
found that combined effects of storm climatology change and a 1-m SLR may change the
present NYC 100-year surge flood event to between 3- and 20-year event by the end of
the century. The study was performed based on flood levels calculated for The Battery
NY, i.e., the location of a tide gauge station at the southern tip of Manhattan. Flood
hazards for The Battery (or New York County) do not accurately represent the hazards
for Jamaica Bay. The Battery is located about 15 km away from the Jamaica Bay’s inlet.
A different geometry and bathymetry in Jamaica Bay results in different flood levels in
the bay compared to those at The Battery. For example, numerical simulations by
Marsooli et al. (2017) showed that the peak storm tide generated by Hurricane Sandy
in 2012 in Jamaica Bay was up to 0.7 m smaller than The Battery’s peak storm tide.

Furthermore, previous studies quantified climate change impacts on probabilities of
flood levels off the coast of NYC, i.e., coastal floodplains were excluded (e.g., Lin et al.
2012; Lin et al. 2016; Marsooli et al. 2019). For a risk-informed design of coastal
infrastructure and flood mitigation strategies, it is also desirable to quantify probabilities
of other flood characteristics, e.g., wave heights and the extent of flooding over coastal
floodplains. Quantifying such probabilities is a compute-intensive task, owing to the high
computational cost of high-resolution hydrodynamic models which are needed for resolv-
ing coastal floodplains. In addition, studies that assess the impacts of climate change on
future flood hazards should also be performed for multiple time frames, if such studies aim
to aid the design and implementation of efficient and effective flood mitigation strategies.
A multiple time frame study supports the development of incremental flood mitigation
strategies over time. Thus, flood mitigation measures can be designed and built in a way
that while mitigating the current and near future flood hazards, they can be updated,
instead of replaced, to effectively perform in the further future.

To address the needs mentioned above, we utilize a methodology that combines
climatologic-hydrodynamic modeling with high-resolution hydrodynamic-wave modeling
to elucidate climate change impacts on TC flood hazards in Jamaica Bay and its coastal
floodplains. The goal of the study is to assess the effects of SLR and TC climatology
change on TC-induced flood hazards for two future time frames in the twenty-first century.
By means of climatology-hydrodynamic modeling and statistical analysis, we quantify
changes in return periods of flood levels at a representative site in the bay from the
historical period of 1980–2000 (late-twentieth century) to future periods of 2030–2050
(mid-twenty-first century) and 2080–2100 (late-twenty-first century). This analysis, in-
volving a large number of simulations (26,000 synthetic events), is performed based on the
basin-scale relatively-low-resolution hydrodynamic modeling mesh developed by
Marsooli et al. (2019). The synthetic TC dataset, different from the basin-scale dataset
used by Marsooli et al. 2019, is specifically generated for the Jamaica Bay region. In order
to further study the coastal flooding characteristics, we generate a regional-scale, high-
resolution coupled hydrodynamic and wave model to carry out simulations for extreme
scenarios selected based on the climatology-hydrodynamic modeling. This scenario-based
high-resolution analysis demonstrates the evolving impacts of climate change on surface
waves and the extent of flooding over Jamaica Bay’s floodplains.
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2 Methods

2.1 Synthetic TCs and SLR datasets

Synthetic TCs used in this study are generated for the Jamaica Bay area by the statistical/
deterministic hurricane model of Emanuel et al. (2008). The hurricane model generates
synthetic TCs for a given large-scale atmospheric and oceanic environment estimated from
observations or a climate model. We utilize TC datasets generated for the observed climate of
the historical period of 1980–2000 (late twentieth century) from the National Centers for
Environmental Prediction (NCEP) reanalysis (Kalnay et al. 1996; updated). Records of
Atlantic TC counts during the historical period of 1980–2000 indicate an average number of
10.6 TCs per year in the Atlantic basin. TC counts are anomalously low in certain years during
this historical period. Sabbatelli and Mann (2007) found that the low TC counts in 1982 and
1997 correspond to prominent El Nino years and the low TC counts in early 1990s correspond
to El Nino-like conditions.

We also utilize TC datasets generated for the modeled climates of the historical period of
1980–2000 (late twentieth century) and two future periods including 2030–2050 (mid-twenty-
first century) and 2080–2100 (late-twenty-first century). TCs for the future periods are
generated under the RCP8.5 greenhouse gas concentration scenario. The modeled climates
are based on four global climate models including: GFDL5 (Geophysical Fluid Dynamics
Laboratory Climate Model, USA); HadGEM5 (Hadley Centre Global Environment Model,
U.K. Meteorological Office); MPI5 (Max–Planck–Institute for Meteorology, Germany); and
MRI5 (Meteorological Research Institute, Japan). Each of the 13 utilized TC datasets contains
2000 synthetic TCs that impact the study area. Each synthetic TC passes within a 200 km
radius from coordinates (40.61° N and 73.84° W), which is chosen as the representative
location for Jamaica Bay (Fig. 1).

SLR data are based on the localized SLR dataset from Kopp et al. (2014). This dataset
provides projections of the probability distribution function (PDF) of relative sea levels at
global tide gauge stations under various emission scenarios. We select the 2050 and 2100 SLR
projections under the RCP 8.5 scenario at the Battery (New York) and Sandy Hook stations
(the closest gauge stations to our study area).

2.2 Hydrodynamic and wave modeling

We utilize the ADvanced CIRCulation model, ADCIRC (Luettich et al. 1992; Westerink et al.
1994), to simulate storm tides (combination of storm surge and astronomical tide) for all the
synthetic TCs. We also utilize the ADCIRC model coupled with the Simulating WAves
Nearshore model (Booij et al. 1999; Ris et al. 1999), i.e., ADCIRC+SWAN (Dietrich et al.
2011), to simulate surface waves and the extent of coastal flooding induced by a series of
selected TC and SLR scenarios.

We adopt the ADCIRC’s basin-scale computational mesh developed by Marsooli and Lin
(2018), shown in Fig. 1, to simulate all synthetic TC storm tides. This mesh provides a balance
between the accuracy of simulations and the computational cost, making it an efficient tool for
use in probabilistic flood hazard studies where one often needs to simulate thousands of storm
scenarios. We generate a high-resolution, regional-scale computational mesh for Jamaica Bay,
shown in Fig. 1, to simulate surface waves and coastal flooding using ADCIRC+SWAN. The
mesh has a resolution of 20 m over the bay’s floodplains and between 20 m and 50 m in the
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bay’s deep waters. Additional details and validation of basin-scale and the high-resolution
hydrodynamic models can be found in the supplemental material (see Supplementary Fig. S1).

We use the high-resolution ADCIRC+SWAN model of Jamaica Bay to demonstrate the
impact of SLR on flood hazards. Due to the high computational cost of the model, we simulate
only a limited number of SLR and storm scenarios. Two TCs, associated with 125- and 1300-
year storm tide levels in the historical period of 1980–2000, are selected. The TC tracks and
intensities are shown in Supplementary Fig. S2. Each TC is simulated under a series of SLR
scenarios including 0.19 m, 0.38 m, and 0.59 m in the mid-twenty-first century and 0.44 m,
0.96 m, and 1.54 m in the late-twenty-first century. These selected values of SLR have a
specific chance of exceedance at the location of tide gauge stations near Jamaica Bay. For
example, in both periods of mid- and late-twenty-first century, the chances of exceedance are,
respectively, 95%, 50%, and 5% at the Battery station (see Supplementary Fig. S3). At the
Sandy Hook station, the selected SLR scenarios have a slightly larger chance of exceedance.

2.3 Statistical analysis

We adopt the extreme value theory to estimate the storm tide return periods based on the TC
annual frequency and the cumulative distribution function (CDF) of peak storm tides. Assum-
ing that TCs arrive as a stationary Poisson process under a given climate, the return period of
TC-induced storm tide ηTC exceeding a given level h is

T ηTC hð Þ ¼ 1

Fr� 1−P ηTC ≤hf gð Þ ð1Þ

where P{ηTC ≤ h} is the CDF of peak storm tide and Fr is the TC annual frequency. Extreme
events may produce a long tail of the probability distribution. The large number of synthetic
storms allows one to estimate the tail directly using an empirical storm tide CDF. However,
here we model the tail of the storm tide CDF using the Peaks-Over-Threshold method (POT)
with a Generalized Pareto Distribution (GPD) and maximum likelihood estimation (Coles
2001). The rest of the distribution is modeled using a nonparametric density estimation. The
analytical CDF reduces the noise at high return periods and can be used to estimate the return
periods of extremes that are beyond the empirical points. The threshold value that separates the
tail from the rest of the distribution is selected by trial and error so that the root mean square
error in the fitted CDF curve (compared to empirical points) is minimal.

To include the effects of SLR, the flood level η is defined as the combination of TC storm
tide and relative sea level (RSL). Thus, the return period of flood level η exceeding a given
level h is estimated as

Tη hð Þ ¼ 1

Fr� 1−P η≤hf gð Þ ð2Þ

where P{η ≤ h} is the CDF of flood level which is calculated through a convolution of the
CDF of storm tide and the PDF of relative sea level fs(s) (Lin et al. 2016; Lin and Shullman
2017; Marsooli et al. 2019) as

P η≤hf g ¼ P ηTC þ RSL≤hf g ¼ ∫þ∞
−∞ P ηTC ≤h−RSLf g f s sð Þds ð3Þ

Due to inherent uncertainties of climate models, climate projections and consequently esti-
mates of future flood return levels may be biased. We adopt the bias-correction approach used
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by Lin et al. (2016) and Marsooli et al. (2019) to calculate and remove biases from projected
storm tide flood levels. In this approach, before combining with the PDF of relative sea level,
we bias-correct the TC frequency and storm tide CDFs for each climate model by comparing
the climate-model-based estimates of the frequencies and storm tide CDFs for the historical
period with NCEP-based estimates. The biases calculated for the historical period are assumed
to remain the same over time and, thus, are employed to bias-correct the future projections.

We present flood return level projections estimated for each climate model as well as
composite projections which represent the weighted-average estimate over all climate models.
The weighted-average projections are estimated based on the approach used by Lin et al.
(2019) and Marsooli et al. (2019). In this approach, a weighting factor, between zero and one,
is calculated for each climate model based on the accuracy of the estimated storm tide return
levels for the historical period compared to the NCEP-based return levels for the same period.
By comparing the NCEP-based and model-based flood return level estimates for the historical
period, not shown here, we find that estimates based on HADGEM5 are the most accurate,
followed by MRI5, MPI5, and GFDL5. The weighting factors for these models are calculated
to be, respectively, 0.34, 0.25, 0.24, and 0.17.

3 Results

3.1 TC climatology

Figure 2 shows the CDF of synthetic TC properties when TCs are at their closest distance to
the reference point of Jamaica Bay. CDFs are estimated based on a generalized extreme value
distribution fitted to the data. We perform a t-test to quantify the significance of changes over
time in TC properties. We consider changes to be statistically significant when the p value is
equal or smaller than 0.05. Averaged over all models, the TC translation speed, VT, would
significantly change from the historical time period to the mid- and late-twenty-first century
(p values of 0.010 and 0.019, respectively). We find that the average probability (averaged
over all models) of a TC, when at its closest distance to Jamaica Bay, to move with a VT <
5 m s−1 increases by 0.9% and 5.4% in the mid- and late-twenty-first-century periods,
respectively. The average probability that a TC moves with a VT > 15 m s−1 decreases by
2.2% and 7.2%, respectively. These findings are consistent with the storm characteristics in the
basin-scale synthetic TC datasets used by Marsooli et al. (2019), which similarly showed an
increase in the number of slow-moving TCs in the future climate in the western North Atlantic
basin. While there exists limited discussion on how TC translation speed would change in the
future, using global TC “best-track” data, Kossin (2018) found that the global TC translation
speed has reduced by 10% over the time period of 1949–2016.

Projections from all models agree that the radius of maximum wind speed, Rmax, would
reduce over time. The t-test indicates statistically significant reduction in Rmax, with an
averaged p value of 0.036 for the mid-twenty-first century and about zero for the late-
twenty-first century. Averaged over all models, the probability that a TC has a Rmax < 40 km
and Rmax > 60 km changes by, respectively, 2.2% and − 4.7% by the mid-twenty-first century
and 9.8% and − 9.8% by the late-twenty-first century.

Synthetic tracks show an increase in the probability that a TC with a hurricane intensity can
reach the region of study by the end of twenty-first century (the region of study covers an area
within 200 km from Jamaica Bay) (Supplementary Fig. S4). All models except MRI5 agree
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that the intensity of TCs (represented here by the maximum wind speed, Vmax) would
significantly increase by the end of twenty-first century. Averaged over all models, the
probability of a TC to have a Vmax > 33 m s−1 (hurricane strength) increases by 1.7% (2.3%
if MRI5 excluded) by the mid-twenty-first century and 5.9% (7.9%) by the late-twenty-first
century. This projected increase in TC intensity in the future climate is consistent with most
other projections (Knutson et al. 2019). The projected increase in Vmax is also consistent with
the projected decrease in Rmax, given their physical relationship.

Differences (averaged over all models) between future and historical synthetic TC track
densities (see Supplementary Fig. S5) indicate an eastward shift in storm tracks by the end of
twenty-first century. This is consistent with Garner et al. (2017) who found an offshore shift of
storm tracks at the latitude of NYC.

There are some discrepancies among projections from each individual model. For example,
projections from GFDL5, HADGEM5, MPI5, and MRI5 show, respectively, a change of −
15.1%, − 4.5%, − 1.2%, and − 8.0% in the probability that a given TC has a translation speed
of greater than 15 m s−1 from the historical period to the late-twenty-first-century period. We
performed a bootstrap analysis to assure that our TC track datasets are large enough for making
stable conclusions. The analysis showed that the calculated percentage changes in TC param-
eters agree with the distribution of percentage changes obtained across the bootstrap samples,
assuring that our datasets are sufficiently large. For instance, based on the original GFDL5
dataset, the probability of a TC to have a translation speed of smaller than 5 m s−1 would
increase by 4.59% from the historical period to the mid-twenty-first century period, which
agrees with the distribution of changes calculated based on the bootstrap samples which shows
a mean increase of 4.55% and a standard deviation of 0.62%. Therefore, discrepancies among
projections from the different climate models can be due to systematic differences in the
models such as the resolution, initial conditions, and emphasized physical processes.

Fig. 2 CDF of TC properties for the late-twentieth-century (black), mid-twenty-first-century (blue), and late-
twenty-first-century (red) periods
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Supplementary Table S1 summarizes the annual TC frequency, i.e., the number of TCs
(passing within 200 km from Jamaica Bay) in any given year within a specific time period.
The annual frequency in 1980–2000 is about 0.39 based on NCEP-based and most model-
based datasets. The GFDL5 model shows a smaller frequency for the historical period.
However, compared to other models, the GFDL5 model projects a substantial increase (up
to 377%) in the future TC frequencies. Projections from HADGEM5 and MPI5 indicate a
moderate increase in the TC frequency while projections from MRI5 show only a subtle
change.

3.2 Flood return levels

Figure 3 shows the estimates of flood return levels at the representative site in the bay
(40.60°N and 73.80°W), located near the bay head and the Inwood USGS gauge where the
model accurately simulated historical flood levels (see Fig. 1), for the historical and future time
periods. The very-likely range (5th–95th percentiles; i.e., 90% statistical confidence interval) is
shown by the shaded area. Under the compound effects of SLR and TC climatology change,
the flood level for a given return period would substantially increase from the historical period
in the late twentieth century to the future periods in the twenty-first century. For example,
while the 100-year weighted-average flood level in the historical period is 1.68 m (with a very-
likely range of 1.63–1.75 m), it increases to 2.13 m (2.09–2.19 m) and 3.23 m (3.14–3.42 m)
in the mid and late twenty-first century, respectively.

Flood return periods presented here are bias-corrected based on biases that are estimated by
comparing NCEP-based projections for the historical period of 1980–2000 with model-based
projections for the same historical period. Thus, it is assumed that NCEP-based projections
realistically represent flood hazards for the historical period. One may perform a sanity check
by comparing the NCEP-based flood return periods with return periods estimated based on
water level observations at tide gauge stations. Because there are no records of water level
observations in Jamaica Bay for the historical period of 1980–2000, we use water level
observations at a nearby tide gauge station, i.e., The Battery NY station in the Upper Bay,
operated by the National Oceanic and Atmospheric Administration (NOAA). The Battery

Fig. 3 Flood return period curves for the NCEP-based late-twentieth-century period, and model-based mid- and
late-twenty-first-century periods. Flood levels are relative to the mean-sea-level vertical datum. Shaded areas
cover the very-likely-range estimates (i.e., 90% statistical confidence interval; 5th to 95th percentiles). The future
return period curves are bias-corrected. Black circles represent NCEP-based empirical data. Observation-based
empirical data are based on water level observation at The Battery gauge station
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station is located at the southern tip of Manhattan in NYC, about 15 km away from the Jamaica
Bay’s inlet.

Figure 3 (circles in magenta) displays flood return periods estimated based on the observed
TC-induced water levels at The Battery. No attempt was made to fit a return period curve to
the observation-based estimates, given the low number of TC events between 1980 and 2000.
The NCEP-based and observation-based return levels compare relatively well but show some
discrepancies. We hypothesized that the discrepancies could be due to major geometric and
bathymetric differences in Jamaica Bay and Upper Bay, resulting in different flood levels
during a single storm. For example, the peak storm tide generated by Hurricane Sandy in 2012
in Jamaica Bay was up to 0.7 m smaller than that at The Battery station. However, based on
our model outputs, the NCEP-based return levels at the Battery also show discrepancies with
the observations. We investigated the effects of small observed water level sampling size by
generating NCEP-based return period curves for small sample chunks from NCEP tracks, but
the discrepancies persisted. Thus, the discrepancies exist mainly because, in synthetic model-
ing approach, the generated NCEP tracks are only statistical representations in the reanalysis
climate environment of the historical tracks.

Weighted-average return period curves in Fig. 3 show that, under the effect of only TC
climatology change, flood levels with a return period smaller than 100 year barely change.
However, the effect of TC climatology change on low-probability flood levels (i.e., return
periods greater than 100 year) is non-negligible, especially by the end of twenty-first century.
To further illustrate, Fig. 4 displays contributions of SLR and TC climatology change to the
flood level increase from the historical period to the future periods. We find that the effects of
SLR dominate the effects of TC climatology change. However, TC climatology change
becomes a major source of increases in low-probability, high-consequence flood levels,
especially in the late-twenty-first-century period. For example, from the historical period of
1980–2000 to the late-twenty-first-century period of 2080–2100, while TC climatology
change contributes to only 11% of the increase in 100-year flood level it contributes to
19%, 22%, and 31% of the increases in 500-, 1000-, and 10,000-year flood levels in Jamaica
Bay. The large increase in these low-probability flood levels is likely due to the increase in the
probability that slower and more intense TCs pass within 200 km from Jamaica Bay by the end
of twenty-first century (Figs. 2 and S4).

Similar to the weighted-average projections, projections from each individual model
(Fig. 3) suggest that the combined effects of SLR and TC climatology change result in a
substantial increase in flood levels. Projections based on GFDL5 show the largest increase in
the future flood levels whereas MRI5 projects the smallest change. Projections based on the
GFDL5 and HADGEM5 model suggest that TC climatology change by the end of twenty-first
century substantially increases flood levels associated with low probability but high

Fig. 4 Contribution of SLR and TC climatology change to the weighted-average changes in flood return levels
from the historical period (NCEP) to the mid- and late-twenty-first-century periods
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consequence events (i.e., flood return periods greater than 100 year). Similar patterns but with
a smaller magnitude can be observed from projections based on the MPI5 model. In contrast,
projections based on the MRI5 model indicate that while the TC climatology change has
negligible effects on flood levels due to high-probability events, it decreases flood levels
associated with rare but devastating events in the late-twenty-first-century period. The reason
for this projected decrease in flood levels is likely that TC projections based on MRI5 show
negligible changes in TC intensity and frequency (Fig. 2 and Table S1) but a profound
eastward shift in TC track densities.

3.3 Scenario-based coastal flooding

Results presented in the previous section elucidated that the effects of SLR on future flood
levels dominate the effects of TC climatology change. Here we use the high-resolution model
to quantify effects of SLR on surface waves and the extent of flooding under scenarios
described in Section 2.2. The SLR scenarios are simulated for two selected synthetic TCs
shown in Supplementary Fig. S2. The return periods of the combined SLR and TC scenarios
are estimated based on the climatology-hydrodynamic modeling discussed in the previous
section. Under no SLR, the two selected TCs generate flood levels of 1.76 and 2.61 m, which
are approximately equal to 125- and 1300-year flood levels in the historical time period of
1980–2000. Hereafter, we refer to these TC scenarios as the historical high- and low-
probability TC scenarios. Under a SLR of 0.59 m (5% chance of exceedance in the mid-
twenty-first century), for example, these TCs generate flood levels of 2.39 and 3.08 m, which
are equal to 214- and 1167-year flood levels in the 2030–2050 time period. Under a SLR
scenario with the same chance of exceedance but in the late-twenty-first century (1.54 m), the
TCs generate flood levels of 3.13 and 3.97 m, which are equal to 74- and 515-year flood levels
in the 2080–2100 time period.

Figures 5 and 6 illustrate the spatial extent of flooding induced by the selected TC and SLR
scenarios. The extent of flooding is defined here as the area above the mean-higher-high-water
level that is normally dry but becomes wet during a storm event. With a 0.0 m SLR (i.e.,
control runs), the extent of flooding covers, respectively, 3.55 km2 and 13.45 km2 of
floodplains under the historical high- and low-probability TC scenarios (Table 1). The flooded
areas are mainly located on the eastern side of the bay. For the same TCs, the extent of
flooding dramatically increases as sea level rises. The extent of flooding induced by the high-
probability TC scenario increases, respectively, 38%, 99%, and 210% under SLR scenarios of
0.19 m, 0.38 m, and 0.59 m (which have a chance of exceedance of 95%, 50%, and 5% in the
mid-twenty-first century). The extent of flooding induced by the low-probability TC scenario
increases, respectively, 28%, 67%, and 106% for the same SLR scenarios. Under SLR
scenarios of 0.44 m, 0.96 m, and 1.54 m in the late-twenty-first-century period (which have
a chance of exceedance of 95%, 50%, and 5% in the late-twenty-first century), the extent of
flooding increases 130%, 477%, and 925% for the high-probability TC and 79%, 160%, and
359% for the low-probability TC scenario.

In addition to the extent of flooding, rising sea levels amplify wave hazards. As sea level
rises, water depth increases which, in turn, allows larger waves to reach currently shallow areas
in the bay. Figure 7 compares the peak significant wave height, Hs,max, calculated for the
control runs (no SLR) and the 5% exceedance SLR scenarios. For the control runs, wave
heights are larger in the deep regions of the bay including the bay’s inlet, shipping channels
around the bay, and Grassy Bay (the easternmost region of the bay near the J.F. Kennedy
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International Airport). Smaller wave heights are calculated in shallow areas in the center of the
bay. For the future SLR scenarios, larger wave heights are calculated in the center of the bay as
deeper waters allow larger waves to be developed.

Under no SLR, the calculated Hs,max for the historical high- and low-probability TC
scenarios is greater than 1 m in about, respectively, 11.40 km2 and 13.16 km2 of the study
area (Table 1). Under SLR scenarios that have a chance of exceedance of 95% in the mid- and
late-twenty-first century, i.e., SLR of 0.19 m and 0.44 m, the area with a Hs,max greater than
1 m is 12.37 km2 and 13.96 km2 for the high-probability TC scenario and 14.10 km2 and
15.54 km2 for the low-probability TC scenario, suggesting 8.5%, 22.5%, 7.1%, and 18.1% of
increases compared to the no SLR scenarios (see Supplementary Fig. S6). Under SLR
scenarios that have a chance of exceedance of 5% in the mid- and late-twenty-first century,
i.e., SLR of 0.59 m and 1.54 m, the area of Hs,max greater than 1 m changes to 15.03 km2

(31.8% increase) and 23.26 km2 (104% increase) for the high-probability TC, and 16.62 km2

(26.3% increase) and 28.55 km2 (117% increase) for the low-probability TC scenario (Fig. 7).

4 Discussion

Model projections reveal a substantial increase in TC-induced flood hazards in Jamaica Bay by
the end of twenty-first century. For example, we find that the weighted-average best estimate
of 100-year flood level changes from 1.68 m in the historical period to 3.23 m in the late-

Fig. 5 Spatial extent of coastal flooding induced by the high-probability TC scenario. SLR scenarios have a 50%
and 5% chance of exceedance in the mid-twenty-first century (panels a and b) and the late-twenty-first century
(panels c and d). Areas in dark and light blue cover flooded areas (wetted areas above the mean-higher-high-
water-level vertical datum)
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twenty-first century (i.e., an increase of 1.55 m). Our findings agree with those from other
studies conducted for nearby regions. For example, Lin et al. (2012) projected an increase of
between 0.8 m and 1.75 m in the 100-year flood level at The Battery NY. More recently, based
on projections from six climate models, Marsooli et al. (2019) found that the 100-year flood
level for the New York county increases between 1.36 m and 1.90 m (with a weighted-average
increase of 1.53 m) from the historical period of 1980–2005 to the future period of 2070–2095.

Fig. 6 Spatial extent of coastal flooding induced by the low-probability TC scenario. SLR scenarios have a 50%
and 5% chance of exceedance in the mid-twenty-first century (panels a and b) and the late-twenty-first century
(panels c and d). Areas in dark and light blue cover flooded areas (wetted areas above the mean-higher-high-
water-level vertical datum)

Table 1 Flooded area and extreme waves area induced by the high- and low-probability TC scenarios under
selected SLR scenarios. The chance of SLR exceedance is based on SLR projections at the location of The
Battery tide gauge station

Time period SLR
(m)

SLR chance of
exceedance (%)

High-probability TC Low-probability TC

Flooding
area (km2)

Extreme Waves
area (km2)

Flooding
area (km2)

Extreme waves
area (km2)

Historical 0 - 3.55 11.40 13.45 13.17
Mid-twenty-first

Century
0.19 95 4.91 12.37 17.22 14.10
0.38 50 7.06 13.55 22.43 15.15
0.59 5 11.02 15.03 27.76 16.63

Late-twenty-first
Century

0.44 95 8.16 13.96 24.12 15.54
0.96 50 20.48 18.40 34.93 17.35
1.54 5 36.39 23.26 61.72 28.55
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There are some limitations to our estimates of flood return periods. The basin-scale
computational mesh used for return period calculations has a spatial resolution of 1 km at
the coast and coarser offshore. A higher resolution mesh would better resolve the complex
bathymetry and geometry of the study area. We neglected nonlinear interactions between SLR
and storm tides. Previous studies have shown that the nonlinear interactions are small in the
NYC area (Lin et al. 2012). However, depending on the bathymetry and geometry, the
nonlinear interactions could locally influence the tidal range and storm surge heights (e.g.
Atkinson et al. 2013; Passeri et al. 2018; Bilskie et al. 2014, 2019; Idier et al. 2019).
Accounting for the nonlinear interactions in a probabilistic framework may require simulating
large numbers of storms under various SLR scenarios, which is computationally expensive.
Future studies may investigate nonlinear interactions between SLR and storm tide in Jamaica

Fig. 7 Temporal peak significant wave height Hs,max generated by the historical high-probability (a to c) and
low-probability (d to f) TCs under three SLR scenarios

2166 Climatic Change (2020) 163:2153–2171



Bay and develop cost-effective parametric approximations for use in flood hazard assessment
studies.

Flood return period calculations neglected the effects of surface waves on storm tides.
Although the short wind fetch in the bay limits the generation of wind waves and the
Rockaway Peninsula shelters the bay from swells, neglecting wave effects could introduce
additional uncertainties into our projections of the flood return periods. To assess the effects of
waves and a higher spatial resolution on model results, one can compare storm tides calculated
by the basin-scale and high-resolution models for the same TC. The peak storm tides (at a
selected location within the bay) calculated for the high- and low-probability TC scenarios
(with no SLR) are, respectively, 1.68 m and 2.51 m from the basin-scale model and 1.76 m and
2.61 m from the high-resolution model. Thus, compared to the high-resolution model, the
basin-scale model shows an absolute error of − 4.5% and − 3.8%. Such errors in storm tide
simulations can induce uncertainties in the projected flood return periods, which need to be
quantified in future studies.

Scenario-based simulations using the high-resolution model showed that the spatial extent
of flooding over Jamaica Bay’s floodplains substantially increases by the end of twenty-first
century. To protect coastal communities susceptible to flooding, it is essential to plan and
implement effective flood mitigation strategies in a timely manner. Such strategies may
consider flood hazards due to not only SLR and TC storm tide but also rainfall runoff. Storm
climatology change will likely increase TC rainfall rates in the future (Bacmeister et al. 2018;
Gutmann et al. 2018). Also, large amounts of rainfall from slow-moving storms (which may
become more frequent in the future) can lead to the accumulation of runoff behind flood
protection measures and potentially exacerbate flooding (Zhang et al. 2018; Silva-Araya et al.
2018). Flood protection strategies should also take into account the increasing hazards
associated with surface waves. Our scenario-based simulations suggested that SLR increases
extreme wave heights within the bay which, in turn, can lead to larger wave setup and runup.
Larger waves also cause more severe coastal erosion and damage to infrastructure.

5 Conclusion

Characteristic parameters of the synthetic TCs that pass within a 200-km radius from Jamaica
Bay revealed a statistically significant reduction in the TC translation speed from a historical
period in the late-twentieth century (1980–2000) to future periods in the mid- and late-twenty-
first century (2030–2050 and 2080–2100) under the RCP8.5 scenario. We found that the
probability (averaged over four climate models) of a TC to have a translation speed of smaller
than 5 m s−1 (when the TC is at its closest distance to the bay) would increase by 0.9% and 5.4%
in the mid- and late-twenty-first-century periods, respectively. We also found a reduction in the
radius of maximumwind of future TCs. For example, the probability of a TC to have a radius of
maximum wind speed smaller than 40 km would increase by, respectively, 2.2% and 9.8% in
the mid- and late-twenty-first-century periods. Our analysis showed an increase in the intensity
of future TCs (intensity was represented by the maximum wind speed). For instance, we found
an increase of 1.7% and 5.9% in the probability of a TC with a maximum wind speed greater
than 33 m s−1 in the future periods of mid and late twenty-first century, respectively.

We found a substantial increase in Jamaica Bay’s flood return levels by the end of the
twenty-first century. For example, the weighted-average best estimate of 100-year flood level
would increase by 27% and 92% from the historical period to the mid- and late-twenty-first-
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century periods, respectively. Our projections suggested that the effects of SLR on future flood
hazards in Jamaica Bay dominate the effects of TC climatology change. However, the effects
of TC climatology change become important for low-probability, high-consequence flood
levels. For example, from the historical period to the late-twenty-first-century period, while TC
climatology change contributes to only 11% of the increase in the 100-year flood level (89% of
increase is due to SLR), it contributes to 22% and 31% of the increases in the 1000- and
10,000-year flood levels, respectively. Projections based on two climate models, GFDL5 and
HADGEM5, showed that TC climatology change would substantially increase flood levels
that have a return period of greater than 100 year. For example, the contribution of TC
climatology change to the future increase in 1000-year flood level is 22% based on the
weighted-average projections but 38% and 37% based on projections from GFDL5 and
HADGEM5, respectively.

We further utilized a high-resolution hydrodynamic-wave model to simulate surface waves
and the spatial extent of coastal flooding induced by two selected TCs under different SLR
scenarios. The selected TCs generate 125-year and 1300-year flood levels in the historical
period. The scenario-based simulations showed that SLR results in a substantial increase in
both the surface wave height and the spatial extent of flooding. For instance, model runs for the
125-year TC event showed that the extent of flooding would increase by 2.3, 5.8, 10.3 times
under a SLR of 0.44 m, 0.96 m, and 1.54 m, which have, respectively, a chance of exceedance
of 95%, 50%, and 5% in the late twenty-first century. Under these SLR scenarios and the same
TC, the area with a peak significant wave height greater than 1 m was calculated to be 1.2, 1.6,
and 2 times larger than that under no SLR scenario.

The modeling methodology adopted in this study promised future advances in understand-
ing of climate change impacts on coastal flood characteristics. We utilized a computationally
cost-effective hydrodynamic-climatologic modeling approach for probabilistic analysis of
flood hazards and a high-resolution hydrodynamic-wave modeling approach for scenario-
based analysis of coastal flooding characteristics (with probability of scenarios defined based
on the probabilistic analysis). The combination can be used for design of flood mitigation
measures, which requires the quantification of extremes (hence the large number of simula-
tions and probabilistic analysis) and at the same time local characteristics of coastal flooding.
To support specific design, the high-resolution hydrodynamic-wave modeling may be applied
to a wider range of SLR and TC scenarios than that considered in this study. The coupled
methodology may also be applied to a wider range of SLR, TC, and climate models to better
account for the deep uncertainties in flood hazard projections in a changing climate.
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Funding This material is based upon work supported by the National Science Foundation (grants 1520683 and
1854993) and the High Meadows Environmental Institute of Princeton University. The first author is also
supported by an internal research funding from School of Engineering and Science at Stevens Institute of
Technology. The first author was formerly an associate research scholar in the Department of Civil and
Environmental Engineering at Princeton University. The storm datasets were generated by Kerry Emanuel (from
MIT) for our previous Structures of Coastal Resilience design project (http://structuresofcoastalresilience.org).
The datasets and simulations presented here have also been applied by our design team (led by Guy Nordenson at
Princeton University) to develop flood mitigation strategies for Jamaica Bay (http://www.princeton.
edu/cee/research/head-bay-coastal-resilience-jamaica-bay_2018-12-5). The authors also thank three anonymous
reviewers for their constructive comments.

2168 Climatic Change (2020) 163:2153–2171

http://structuresofcoastalresilience.org
http://structuresofcoastalresilience.org
http://structuresofcoastalresilience.org
http://www.princeton.edu/cee/research/head-bay-coastal-resilience-jamaica-bay_2018-12-5
http://www.princeton.edu/cee/research/head-bay-coastal-resilience-jamaica-bay_2018-12-5


Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article's
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Atkinson J, Smith JM, Bender C (2013) Sea-level rise effects on storm surge and nearshore waves on the Texas
coast: influence of landscape and storm characteristics. J Waterw Port Coast Ocean Eng 139:98–117

Bacmeister JT et al (2018) Projected changes in tropical cyclone activity under future warming scenarios using a
high-resolution climate model. Clim Chang 146:547–560

Bhatia K, Vecchi G, Murakami H, Underwood S, Kossin J (2018) Projected response of tropical cyclone
intensity and intensification in a global climate model. J Clim 31(20):8281–8303. https://doi.org/10.1175
/JCLI-D-17-0898.1

Bilskie MV, Hagen SC, Medeiros SC, Passeri DL (2014) Dynamics of sea level rise and coastal flooding on a
changing landscape. Geophys Res Lett 41:927–934

Bilskie M, Hagen SC, Irish JL (2019) Development of return period stillwater floodplains for the Northern Gulf
of Mexico under the coastal dynamics of sea level rise. J Waterw Port Coast Ocean Eng 145:04019001

Blake ES, Kimberlain TB, Berg RJ, Cangialosi JP, Beven JL (2013) Tropical cyclone report hurricane sandy
(Rep. AL182012). National Hurricane Center, Miami

Booij N, Ris RC, Holthuijsen LH (1999) A third-generation wave model for coastal regions: 1. Model description
and validation. J Geophys Res Oceans 104(C4):7649–7666. https://doi.org/10.1029/98JC02622

Catalano AJ, Broccoli AJ (2018) Synoptic characteristics of surge-producing extratropical cyclones along the
northeast coast of the United States. J Appl Meteorol Climatol 57. https://doi.org/10.1175/JAMC-D-17-0123.1

Catalano AJ, Broccoli AJ, Kapnick SB, Janoski TP (2019) High-impact extratropical cyclones along the
northeast coast of the United States in a long coupled climate model simulation. J Clim 32(7). https://doi.
org/10.1175/JCLI-D-18-0376.1

Chen X et al (2017) The increasing rate of global mean sea-level rise during 1993–2014. Nat Clim Chang
7(June):492. https://doi.org/10.1038/nclimate3325

Coles S (2001) An introduction to statistical modeling of extreme values. Springer, London
Dietrich JC et al (2011) Modeling hurricane waves and storm surge using integrally-coupled, scalable compu-

tations. Coast Eng 58(1):45–65. https://doi.org/10.1016/j.coastaleng.2010.08.001
Emanuel KA (2013) Downscaling CMIP5 climate models shows increased tropical cyclone activity over the 21st

century. Proc Natl Acad Sci 110(30):12219–12224. https://doi.org/10.1073/pnas.1301293110
Emanuel K, Sundararajan R, Williams J (2008) Hurricanes and global warming: results from downscaling IPCC

AR4 simulations. Bull Am Meteorol Soc 89(3):347–368. https://doi.org/10.1175/BAMS-89-3-347
Garner AJ et al (2017) Impact of climate change on New York City’s coastal flood hazard: increasing flood heights

from the preindustrial to 2300 CE. Proc Natl Acad Sci:201703568. https://doi.org/10.1073/pnas.1703568114
Gutmann ED, Rasmussen RM, Liu C, Ikeda K (2018) Changes in hurricanes from a 13-yr convection-permitting

pseudo-global warming simulation. J Clim 31:3643–3657. https://doi.org/10.1175/JCLI-D-17-0391.1
Hay CC, Morrow E, Kopp RE, Mitrovica JX (2015) Probabilistic reanalysis of twentieth-century sea-level rise.

Nature. 517(January):481. https://doi.org/10.1038/nature14093
Horton BP, Kopp RE, Garner AJ, Hay CC, Khan NS, Roy K, Shaw TA (2018) Mapping sea-level change in

time, space, and probability. Annu Rev Environ Resour 43:481–521. https://doi.org/10.1146/annurev-
environ-102017-025826

Hunter JR, Church JA, White NJ, Zhang X (2013) Towards a global regionally varying allowance for sea-level
rise. Ocean Eng 71:17–27. https://doi.org/10.1016/j.oceaneng.2012.12.041

Idier D, Bertin X, Thompson P, Pickering MD (2019) Interactions between mean sea level, tide, surge, waves
and flooding: mechanisms and contributions to sea level variations at the coast. Surv Geophys 40:1603–
1630. https://doi.org/10.1007/s10712-019-09549-5

Irish JL, Sleath A, Cialone MA, Knutson TR, Jensen RE (2014) Simulations of Hurricane Katrina (2005) under
sea level and climate conditions for 1900. Clim Chang 122:635–649

Kalnay E et al (1996) The NCEP/NCAR 40-year reanalysis project. Bull Am Meteorol Soc 77(3):437–472.
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2

Climatic Change (2020) 163:2153–2171 2169

https://doi.org/
https://doi.org/10.1175/JCLI-D-17-0898.1
https://doi.org/10.1175/JCLI-D-17-0898.1
https://doi.org/10.1029/98JC02622
https://doi.org/10.1175/JAMC-D-17-0123.1
https://doi.org/10.1175/JCLI-D-18-0376.1
https://doi.org/10.1175/JCLI-D-18-0376.1
https://doi.org/10.1038/nclimate3325
https://doi.org/10.1016/j.coastaleng.2010.08.001
https://doi.org/10.1073/pnas.1301293110
https://doi.org/10.1175/BAMS-89-3-347
https://doi.org/10.1073/pnas.1703568114
https://doi.org/10.1175/JCLI-D-17-0391.1
https://doi.org/10.1038/nature14093
https://doi.org/10.1146/annurev-environ-102017-025826
https://doi.org/10.1146/annurev-environ-102017-025826
https://doi.org/10.1016/j.oceaneng.2012.12.041
https://doi.org/10.1007/s10712-019-09549-5
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2


Karim MF, Mimura N (2008) Impacts of climate change and sea-level rise on cyclonic storm surge floods in
Bangladesh. Glob Environ Chang 18(3):490–500. https://doi.org/10.1016/j.gloenvcha.2008.05.002

Kemp AC, Horton BP (2013) Contribution of relative sea-level rise to historical hurricane flooding in New York
City. J Quat Sci 28(6):537–541. https://doi.org/10.1002/jqs.2653

Knutson TR et al (2010) Tropical cyclones and climate change. Nat Geosci 3(February):157. https://doi.
org/10.1038/ngeo779

Knutson T, Camargo SJ, Chan JCL, Emanuel K, Ho C-H, Kossin J, Mohapatra M, Satoh M, Sugi M, Walsh K,
Wu L (2019) Tropical cyclones and climate change assessment: part II: projected response to anthropogenic
warming. Am Meteorol Soc 101(3). https://doi.org/10.1175/BAMS-D-18-0194.1

Kopp RE et al (2014) Probabilistic 21st and 22nd century sea-level projections at a global network of tide-gauge
sites. Earth’s Future 2(8):383–406. https://doi.org/10.1002/2014EF000239

Kossin JP (2018) A global slowdown of tropical-cyclone translation speed. Nature. 558:104–107
Lin N, Shullman E (2017) Dealing with hurricane surge flooding in a changing environment: part I. risk

assessment considering storm climatology change, sea level rise, and coastal development. Stoch Env Res
Risk A 31(9):2379–2400. https://doi.org/10.1007/s00477-016-1377-5

Lin N, Emanuel K, Oppenheimer M, Vanmarcke E (2012) Physically based assessment of hurricane surge threat
under climate change. Nat Clim Chang 2(6):462–467. https://doi.org/10.1038/nclimate1389

Lin N, Kopp RE, Horton BP, Donnelly JP (2016) Hurricane Sandy’s flood frequency increasing from year 1800
to 2100. Proc Natl Acad Sci 113(43):12071–12075. https://doi.org/10.1073/pnas.1604386113

Lin N, Marsooli R, Colle B (2019) A storm surge return levels induced by mid- to-late-twenty-first-century
extratropical cyclones in the Northeastern United States. Clim Chang 154:143–158

Luettich R Jr, Westerink JJ, Scheffner NW (1992) ADCIRC: an advanced three-dimensional circulation model
for shelves, coasts, and estuaries. Report 1. Theory and methodology of ADCIRC-2DDI and ADCIRC-3DL.
Coastal Engineering Research Center, Department of the Army, U.S. Army Corps of Engineers, Waterways
Experiment Station, Vicksburg

Marsooli R, Lin N (2018) Numerical modeling of historical storm tides and waves and their interactions along the
U.S. East and Gulf Coasts. J Geophys Res Oceans 123(5). https://doi.org/10.1029/2017JC013434

Marsooli R, Orton PM, Mellor G, Georgas N, Blumberg AF (2017) A coupled circulation-wave model for
numerical simulation of storm tides and waves. J Atmos Ocean Technol 34(7):1449–1467. https://doi.
org/10.1175/JTECH-D-17-0005.1

Marsooli R, Lin N, Emanuel K, Feng K (2019) Climate change exacerbates hurricane flood hazards along US
Atlantic and Gulf Coasts in spatially varying patterns. Nat Commun 10(3785). https://doi.org/10.1038
/s41467-019-11755-z

Orton PM, Hall TM, Talke SA, Blumberg AF, Georgas N, Vinogradov S (2016) A validated tropical-
extratropical flood hazard assessment for New York Harbor. J Geophys Res Oceans. 121(12):8904–8929.
https://doi.org/10.1002/2016JC011679

Orton P et al (2019) New York City panel on climate change 2019 report chapter 4: coastal flooding. Ann N Y
Acad Sci 1439(1):95–114. https://doi.org/10.1111/nyas.14011

Passeri DL, Bilskie MV, Plant NG, Long JW, Hagen SC (2018) Dynamic modeling of barrier island response to
hurricane storm surge under future sea level rise. Clim Change 149:413–425. https://doi.org/10.1007
/s10584-018-2245-8

Rasmussen DJ et al (2018) Extreme sea level implications of 1.5 °C, 2.0 °C, and 2.5 °C temperature stabilization
targets in the 21st and 22nd centuries. Environ Res Lett 13(3):34040

Ris RC, Holthuijsen LH, Booij N (1999) A third-generation wave model for coastal regions: 2. Verification. J
Geophys Res Oceans. 104(C4):7667–7681. https://doi.org/10.1029/1998JC900123

Roberts K, Colle B, Korfe N (2017) Impact of simulated twenty-first-century changes in extratropical cyclones
on coastal flooding at the Battery, New York City. J Appl Meteor Climatol 56(2):415–432. https://doi.
org/10.1175/JAMC-D-16-0088.1

Sabbatelli TA, Mann ME (2007) The influence of climate state variables on Atlantic Tropical Cyclone
occurrence rates. J Geophys Res 112:D17114. https://doi.org/10.1029/2007JD008385

Silva-Araya WF, Santiago-Collazo FL, Gonzalez-Lopez J, Maldonado-Maldonado J (2018) Dynamic modeling
of surface runoff and storm surge during hurricane and tropical storm events. Hydrology 5(1):13. https://doi.
org/10.3390/hydrology5010013

Talke SA, Orton P, Jay DA (2014) Increasing storm tides in New York Harbor, 1844–2013. Geophys Res Lett
41(9):3149–3155. https://doi.org/10.1002/2014GL059574

Tebaldi C, BH Strauss, CE Zervas (2012) Modelling sea level rise impacts on storm surges along US coasts.
Environ Res Lett 7:014032 (11pp). https://doi.org/10.1088/1748-9326/7/1/014032

Webster PJ, Holland GJ, Curry JA, Chang HR (2005) Changes in tropical cyclone number, duration, and
intensity in a warming environment. Science 309(5742):1844–1846. https://doi.org/10.1126
/science.1116448

2170 Climatic Change (2020) 163:2153–2171

https://doi.org/10.1016/j.gloenvcha.2008.05.002
https://doi.org/10.1002/jqs.2653
https://doi.org/10.1038/ngeo779
https://doi.org/10.1038/ngeo779
https://doi.org/10.1175/BAMS-D-18-0194.1
https://doi.org/10.1002/2014EF000239
https://doi.org/10.1007/s00477-016-1377-5
https://doi.org/10.1038/nclimate1389
https://doi.org/10.1073/pnas.1604386113
https://doi.org/10.1029/2017JC013434
https://doi.org/10.1175/JTECH-D-17-0005.1
https://doi.org/10.1175/JTECH-D-17-0005.1
https://doi.org/10.1038/s41467-019-11755-z
https://doi.org/10.1038/s41467-019-11755-z
https://doi.org/10.1002/2016JC011679
https://doi.org/10.1111/nyas.14011
https://doi.org/10.1007/s10584-018-2245-8
https://doi.org/10.1007/s10584-018-2245-8
https://doi.org/10.1029/1998JC900123
https://doi.org/10.1175/JAMC-D-16-0088.1
https://doi.org/10.1175/JAMC-D-16-0088.1
https://doi.org/10.1029/2007JD008385
https://doi.org/10.3390/hydrology5010013
https://doi.org/10.3390/hydrology5010013
https://doi.org/10.1002/2014GL059574
https://doi.org/10.1088/1748-9326/7/1/014032
https://doi.org/10.1126/science.1116448
https://doi.org/10.1126/science.1116448


Westerink JJ, Luettich R Jr, Blain C, Scheffner NW (1994) ADCIRC: an advanced three-dimensional circulation
model for shelves, coasts, and estuaries. Report 2. User’s manual for ADCIRC-2DDI. Coastal Engineering
Research Center, Department of the Army, U.S. Army Corps of Engineers, Waterways Experiment Station,
Vicksburg

Wu S, Feng A, Gao J, Chen M, Li Y, Wang L (2017) Shortening the recurrence periods of extreme water levels
under future Sea-level rise. Stoch Env Res Risk A 31(10):2573–2584. https://doi.org/10.1007/s00477-016-
1327-2

ZhangW, Villarini G, Vecchi GA, Smith JA (2018) Urbanization exacerbated the rainfall and flooding caused by
hurricane Harvey in Houston. Nature. 563:384–388

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Affiliations

Reza Marsooli1 & Ning Lin2

1 Department of Civil, Environmental, and Ocean Eng, Stevens Institute of Technology, Hoboken, NJ, USA
2 Department of Civil and Environmental Eng, Princeton University, Princeton, NJ, USA

Climatic Change (2020) 163:2153–2171 2171

https://doi.org/10.1007/s00477-016-1327-2
https://doi.org/10.1007/s00477-016-1327-2

	Impacts of climate change on hurricane flood hazards in Jamaica Bay, New York
	Abstract
	Introduction
	Methods
	Synthetic TCs and SLR datasets
	Hydrodynamic and wave modeling
	Statistical analysis

	Results
	TC climatology
	Flood return levels
	Scenario-based coastal flooding

	Discussion
	Conclusion
	References


