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Report 1

Contribution of Climate Change to
Hurricane Compound Hazards and
Monetary Losses in New York City



1 Overview

Tropical Cyclones (TCs) and Extratropical Cyclones (ETCs) cause signi�cant monetary
losses in the eastern part of the United States every year. The e�ect of anthropogenic
warming on these storms has led to changes in the risk and damages associated with
them in recent decades, and it is expected to intensify in the future. This research aims
to develop a physics-based methodology to better understand the extent to which climate
change has altered and will change the risk of multiple hazards associated with these
storms, including compound surge and rainfall-driven 
ooding and high-speed surface
winds.

The �rst section of the research focuses on developing a physics-based methodology to
quantify the risk of compound 
ooding from TCs and ETCs in current and future decades
in New York City (NYC). Due to the limited availability of instrumental hurricane records
in NYC, a physics-based statistical-deterministic downscaling approach is used to esti-
mate the climatology and evolution of hurricanes under both current and future climates.
A high-resolution statistical-deterministic tropical cyclone model is employed, which uses
time-evolving boundary conditions derived from the output data of General Circula-
tion Models (GCMs) to downscale synthetic hurricanes. By generating a large set of
synthetic hurricanes that are consistent with the ERA-Interim reanalysis and GCM cli-
mates, the climatology and evolution of hurricanes in NYC are estimated. The research
also uses dynamically downscaled extratropical cyclones and their main drivers to sim-
ulate compound 
ooding. Using hydrodynamic models forced by large sets of synthetic
TCs from four Coupled Model Intercomparison Project Phase 6 (CMIP6) climate mod-
els and ETC events downscaled using Weather Research and Forecasting (WRF) model
forced by CMIP5 simulations, the contribution of the primary drivers to increasing risk of
spatially-varying compound 
ooding is quanti�ed in current and future warming decades
in NYC.

The second section of the research uses the same physics-based model to simulate high
spatial resolution maximum wind speed during the landfalling of historical hurricanes. A
computational intelligence model is developed using conditional random �eld theory to
optimize wind-driven damage functions in grid cells with the size of 5 in 5 km in NYC. By
applying these optimized wind-driven damage functions on future synthetic hurricanes'
maximum wind speed, the monetary losses from maximum sustained wind of hurricanes
are projected in the future warming climate. By using a probabilistic model, the risk of
monetary losses from hurricanes' wind speed in the future warming climate is quanti�ed
to the portfolio of Homesite in the NYC area.

Overall, this research presents a physics-based methodology to better understand the risks
of multiple hazards from TCs and ETCs in a warming climate. The study demonstrates
that this methodology can be used to quantify the multiple hazards involved with TCs
and ETCs and the associated losses caused by these storms in the current and future
warming decades in NYC. Although the study does not quantify the e�ect of climate
change on the losses arising from compound 
ooding, it does provide insight into the risk
of monetary losses from high-speed winds of these storms. As an insurance company,
Homesite can use these results to better project the potential impacts of TCs and ETCs
in a warming climate to develop new policies, set premiums, and respond to claims related
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to these multiple hazards from these intensifying storms in a future warming climate.

2 Risk Assessment of Compound Flooding from trop-
ical and extratropical cyclones

TCs and ETCs are among the deadliest and most destructive natural hazards, causing
substantial fatalities and economic damages (US$26 billion from TCs and US$2 billion
from winter ETCs each year in the United-States alone) Bakkensen and Mendelsohn
[2019], Smith et al. [2020]. Among multiple hazards associated with these cyclones,
many of the fatalities and much of the damage are caused by coastal 
ooding from storm
surge (generated by high-speed winds), and inland 
ooding rain-driven in coastal and
inland communities Zhang et al. [2018], Rappaport [2014]. During destructive cyclones,
each of these 
ooding hazards may play a role, either separately or in combination.
For example, strong winds during Hurricane Sandy in October 2012 caused devastating
surge-driven 
ooding across heavily populated coastal areas in New York City (NYC),
resulting in more than$64 billion (2017 USD) in damages Strauss et al. [2021]. Hurricane
Harvey in August 2017, instead, stalled over an inland area and poured an unprecedented
heavy rainfall for many days over the Houston metropolitan area, causing catastrophic
inland 
ooding and costing $125 billion (2017 USD) in damages Zhang et al. [2018].
However, storm surge driven 
ooding may co-occur with inland heavy rainfall-driven

ooding resulting in a compound 
ooding event, whose destructive potential is often
much greater than that of either of the individual 
ooding hazards. During Hurricane
Katrina, a destructive category 5 TC, a signi�cant storm surge coincided with record-
breaking heavy inland rainfall along the Gulf coast. The compound 
ooding devastated
coastal areas in Louisiana and caused one of the costliest natural disasters in U.S. history,
with at least 1,833 deaths and more than$160 billion in damages (adjusted to 2017 USD
to compare with the rainfall dominant Hurricane Harvey) Patricola and Wehner [2018].
Recently, a destructive compound 
ooding event during Hurricane Ian had devastating
impact in western Florida, and cost between$50 billion and $65 billion in insured losses.
In densely populated coastal areas, such 
ood hazard compounding in TCs or ETCs can
thus lead to extreme impacts even if, individually, these 
ooding hazards are not extreme
Wahl et al. [2015].

Past and future changes in the risk of compound 
ooding from these cyclones depend on
how the warming atmosphere and oceans have in
uenced and will in
uence the structural
characteristics, intensity, frequency, and movement of these cyclones Emanuel [2021b].
There is con�dence that anthropogenic warming has intensi�ed the activity and destruc-
tiveness of major TCs in the North Atlantic basin in recent decades Bender et al. [2010],
Emanuel [2005, 2021a, 2013]. This trend is expected to accelerate in the future as ocean
temperatures increase Trenberth et al. [2018], Saunders and Lea [2008], Emanuel [2005],
Huang et al. [2015], and the troposphere warms Patricola and Wehner [2018], Emanuel
[2021b], Walsh et al. [2015], Priestley and Catto [2022]. Despite our understanding of the
future changes of multiple individual drivers of TC and ETC 
ooding under a warming
climate |including intensifying rainfall, poleward migration, slowdown of cyclone trans-
lation speed, Sea Level Rise (SLR), and deceleration of ETCs due to atmospheric blocking
Emanuel [2021b], Kossin et al. [2014], Booth et al. [2021], Strauss et al. [2021]|quan-
tifying the risk of compound 
ooding in response to these changes in highly populated
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coastal cities, like NYC, remains elusive.

In recent years, much e�ort has been devoted to modeling the complex hydrodynamics of
compound 
ooding from TCs and ETCs and their corresponding risk in highly populated
coastal areas. The majority of these studies model risk statistically, based on individual
predictors such as surge height and rainfall intensity veri�ed using local observations
Gori et al. [2021], Wahl et al. [2015]. Recent studies have introduced physically based
computational models to supplement statistical risk assessment approaches Garner et al.
[2017], Reed et al. [2015], Emanuel [2017], Lin et al. [2016], Marsooli et al. [2019], Gori
et al. [2022], Bates et al. [2021]. Most of these have been used to predict rainfall, not

ooding, or focus on surge-only 
ooding. In this study, we introduce a physically based
computational approach to model compound 
ooding and address how human-induced
climate change and SLR may a�ect 
ooding and 
ood risk in NYC from TCs and ETCs.

First, we estimate the climatology and evolution of TCs in the current and future cli-
mates by using a physics-based statistical-deterministic downscaling approach Emanuel
et al. [2008]. This method generates a large number of synthetic TCs consistent with
the ERA-Interim reanalysis and General Circulation Model (GCM) climates to emulate
a long record of historical and future TC events. We downscale a large set of storms
from ERA-Interim reanalysis from the late 20th century (1979-1999), and the early 21st
century (2000-2020) climates. We also downscale a large set of synthetic tracks from four
bias corrected GCMs of the Coupled Model Intercomparison Project phase 6 (CMIP6),
to represent the evolution of TCs in the current climate (2000-2014), and at the mid-
dle (2041-2060) and end of the century (2081-2100) under the SSP3 7.0 scenario. The
Tropical Cyclone Rainfall (TCR) algorithm is used to estimate evolving, high spatial res-
olution (almost � 20 m) hourly rainfall from the synthetic TCs in and near NYC Feld-
mann et al. [2019]. Second, for ETC events, we use a dynamically downscaled dataset
of hourly rainfall, wind, and pressure �elds over the Northeastern U.S., with 3-km spa-
tial resolution, driven by CESM v1.0 under Representative Concentration Pathway 8.5
(RCP8.5). The downscaling data comes from convection-permitting Weather Research
and Forecasting (WRF) model simulations for almost the same three climate periods
Komurcu Bayraktar et al. [2018]. We then use an extensively evaluated hydrodynamic
model (GeoCLAW) driven by atmospheric pressure and surface wind speed to compute
surge height associated with TCs and ETCs, along a vast segment of coastline near NYC
Mandli and Dawson [2014]. The hydrodynamic model also accounts for SLR from the
ensemble mean of CMIP6 projections, incorporated to the model as a `bathtub' approach
(see more details on the data sets in Appendix). We then apply a pluvial hydraulic model
Neal et al. [2012], driven by the simulated storm surges and downscaled heavy rainfall
events simultaneously as boundary conditions. The hydraulic model then simulates high
spatio-temporal resolution compound 
ooding during the landfalling of each synthetic
TC and downscaled ETC in the current and future climates (see more details in Ap-
pendix). Finally, we quantify the extent to which changes in storm climatology and SLR
from anthropogenic forcing may change the spatial risk of compound 
ooding events in
NYC.
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Figure 1: (A) Maximum compound 
ooding level for a downscaled synthetic track (#260) from CESM2

model under the current climate. (B-D) Compounding e�ect from nonlinear mechanical interaction

between surge and rainfall driven 
ooding through landfalling the synthetic TC in the three depicted

areas in NYC. (E-G) Flooding levels as a function of return period from the three 
ooding hazard

sources. The results are based on synthetic TCs generated from CESM2 model over the current climate

(the results are calculated based on the mean of 
ooding levels for each depicted area). The shading part

in the �gure represents sampling uncertainty bounds calculated based on the 5th and 95th percentiles of

a Poisson distribution (H-J) Similar to the previous section, but for the end of the century.

2.1 Compound 
ooding e�ect

Figure 1 (A-D) compares the behavior of compound 
ooding with the individual surge
and rainfall driven 
ooding in di�erent locations in NYC (coastal and inland areas),
based on the simulations from a randomly selected synthetic track in the current climate
in NYC. The combination of the individual surge and rainfall driven 
ooding is nonlinear
(Figure 1 (B-D)). This nonlinear e�ect depends on di�erent factors, including the nature
of the storm (whether it is wind or rainfall dominant), topography and the distance from
coastline, and the lag time between surge and rainfall driven 
ooding. Although the
contribution of surge driven 
ooding dominates in coastal areas, in inland areas rainfall
driven 
ooding is the dominant factor. In both coastal and inland areas, however, the
compound 
ooding levels are higher than the individual hazards at the time of landfalling.
We also show that a linear summation of the individual surge and rainfall-driven 
ooding
(red dashed line) cannot represent the level of compound 
ooding. Summing the two
individual 
ooding levels overestimates the level of `actual' compound 
ooding.

This e�ect of compounding will also a�ect risk assessments in the current and future
warming climate. In assessing TC 
ood risk, di�erent studies typically consider the risk
of one individual hazard Lin et al. [2016, 2012], Reed et al. [2015] and may use statistical
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