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New York City Panel on Climate Change 2015 Report
Introduction

The climate of the New York City metropolitan region is changing—annual temperatures are hotter, heavy
downpours are increasingly frequent, and the sea is rising. These trends, which are also occurring in many
parts of the world, are projected to continue and even worsen in the coming decades because of higher
concentrations of greenhouse gases in the atmosphere caused by burning of fossil fuels and clearing of
forests for agriculture. These changing climate hazards increase the risks for the people, economy, and
infrastructure of New York City. As was demonstrated by Hurricane Sandy, coastal and low-lying areas,
the elderly and very young, and lower-income neighborhoods are highly vulnerable. In response to these
climate challenges, New York City is developing a broad range of climate resiliency policies and programs, as
well as the knowledge base to support them. The knowledge base includes up-to-date climate, sea level rise,
and coastal flooding projections; a Climate Resiliency Indicators and Monitoring System; and resiliency
studies. A special attribute of the New York City response to these challenges is the recognition that both
the knowledge base and the programs and policies it supports need to evolve through time as climate risks
unfold in the coming decades.

In early September 2012, just weeks before Hurricane Sandy hit, the New York City Council passed Local
Law 42 that established the New York City Panel on Climate Change (NPCC) as an ongoing body serving the
City of New York. The NPCC is required to meet at least twice each calendar year to review recent scientific
data on climate change and its potential impacts, and to make recommendations on climate projections for
the coming decades to the end of the century. These projections are due within one year of the publication
of the Intergovernmental Panel on Climate Change Assessment Reports (http://www.ipcc.ch), or at least
every three years. The NPCC also advises the Mayor’s Office of Sustainability and the Mayor’s Office of
Recovery and Resiliency (ORR) on the development of a community- or borough-level communications
strategy intended to ensure that the public is informed about the findings of the panel, including the
creation of a summary of the climate change projections for dissemination to city residents.

Initially formed as a scientific panel in 2008, the first NPCC was comprised of academic and
private-sector experts in climate science, infrastructure, social science, and risk management. It established
a risk management framework for the city’s critical infrastructure throughout the extended metropolitan
region under climate change. The first NPCC developed downscaled climate projections and derived new
climate risk information, created adaptation assessment guidelines and protocols, and determined how
climate protection levels would need to change to respond to evolving climate conditions (NPCC, 2010).

Following Hurricane Sandy, the City convened the Second New York City Panel on Climate Change
(NPCC2) in January 2013 to provide up-to-date scientific information and analyses on increasing climate
risks for the creation of A Stronger, More Resilient New York (City of New York, 2013). In response,
the NPCC2 published the Climate Risk Information 2013 Report (CRI; NPCC, 2013) in June 2013
(http://ccrun.org/NPCC-2013). The Climate Risk Information 2013 Report presented quantitative and
qualitative information about future climate hazards for the 2020s and 2050s, focusing on temperature,
precipitation, and sea level, as well as providing future coastal flood risk maps.

doi: 10.1111/nyas. 12625
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This NPCC2 Report (NPCC, 2015) presents the full work of the NPCC2 from January 2013 to January
2015. The aim is to increase current and future resiliency of the communities, citywide systems, and
infrastructure of New York City to a range of climate risks. NPCC2 follows the risk management and
resilience approach developed by the first NPCC (Yohe & Leichenko, 2010). In this approach, climate
hazards are extreme climatic or weather events that cause harm and damage, and climate risk is the
product of the likelihood of a climate hazard occurring and the magnitude of consequences should that
event occur. The NPCC 2010 Report found that climate risks are spatially varied across the city because
different levels of vulnerability are present within and across communities and infrastructure systems,
resulting in different outcomes. Recognizing that risk management strategies need to evolve through time
in response to continuous climate risk assessment, the NPCC developed a flexible adaptation pathways
approach to guide the city in developing greater resiliency (NPCC, 2010). The New York City flexible
adaptation framework encompasses both adaptation and mitigation and enables the consideration of
long-range goals as well as their translation into short-term objectives.

The NPCC uses the definition of the term resilience presented by the Intergovernmental Panel on
Climate Change (IPCC) in Managing the Risks of Extreme Events and Disasters to Advance Climate Change
Adaptation (Lavell et al., 2012), but with emphasis on improvement of city systems in contrast to their
simple restoration.

“Resilience is the ability of a system and its component parts to anticipate, absorb, accommodate, or
recover from the effects of a potentially hazardous event in a timely and efficient manner, including
through ensuring the preservation, restoration, or improvement of its essential basic structures.”

The information in the NPCC2 Report has been co-generated by scientists, stakeholders, and decision-
makers in New York City. The NPCC2 established Work Groups on Climate Science, Sea Level Rise/Coastal
Storms and Flooding, Mapping, Health, and Indicators and Monitoring. Scientists and managers of critical
city systems met in a series of stakeholder meetings and workshops to discuss climate risks and how
they could best be understood and presented to aid in sound decision-making. Some of these diverse
contributors are authors of the report’s chapters.

This volume is a continuation of the NPCC assessment process that began in 2008 with some significant
advances that reflect the growing sophistication of climate science research and the evolving policy agenda
to which it must respond. The report provides the City of New York with projections of its climate to the end
of the century, both static and dynamic coastal storm surge modeling, and next steps in the development of
an indicators and monitoring system for climate change impacts and adaptation. The assessment process is
innovative because it looks beyond critical infrastructure and its vulnerability to climate change (a highlight
of the first NPCC), and more directly focuses on what a more dynamic climate will mean for the everyday
experience of the city’s residents—for example, regarding health impacts.

The report documents recent observed climate trends and extends the CRI 2013 projections to the
2080s and 2100 for temperature and precipitation (Chapter 1) and sea level rise (Chapter 2). It explains
the spatial applicability of the projections to the wider New York metropolitan region and compares the
NPCC2 methods to the recently published Fifth Assessment Report of the IPCC (IPCC, 2013). It presents
new maps for the flood risks to the 2080s and 2100 for the current 100- and 500-year coastal flood event*
(Chapter 3). The report characterizes future coastal flooding through enhanced dynamic flood inundation
(storm surge) modeling that includes the effects of sea level rise (Chapter 4) and provides a review of key
issues related to climate change and health relevant to the citizens of New York City (Chapter 5). It then
develops a process for establishing an indicators and monitoring system to track data related to climate
hazards, risks, impacts, and adaptations, and presents metrics for evaluating the NYC Cool Roofs Program
and its effect on the urban heat island (Chapter 6). The report ends with conclusions and recommendations

“The 100-year coastal flood event refers to the flood with a 1% annual chance of occurrence. The 500-year coastal
flood event refers to the flood with a 0.2% annual chance of occurrence.
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with regard to both increasing climate change resiliency for the city and advancing the research required
to build it. The report includes two appendices that provide climate risk and projections infographics for
stakeholders and technical details for each of the chapters.

Ongoing assessments such as those of the NPCC must be flexible in response to changing science and
policy demands, yet also must provide a foundation for inter-assessment comparison and benchmarking
through time. The NPCC2 assessment arose from the urgent post-Hurricane Sandy need for forward
thinking on extreme events and resiliency. Implicit in its assessment approach is that as the new “normal”
of climate non-stationarity” emerges, so the way forward must be clear for developing a new and better
knowledge base for policy (Solecki & Rosenzweig 2014; Rosenzweig & Solecki 2014).

Finally, the NPCC works to improve ways to communicate data and information on climate risks both
to citizens and to potential users at multiple levels of government, including city, state, and national.
While specific to New York City and its metropolitan region, the approaches developed by the NPCC can
contribute to efforts to enhance resiliency as they are undertaken across governmental scales as well as in
other locations.

CYNTHIA ROSENZWEIG AND WILLIAM SOLECKI
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Foreword to Building the Knowledge Base for Climate
Resiliency: New York City Panel on Climate Change 2015
Report

Dear Friends,

Climate change is an existential threat to New Yorkers and the world. Together, we are rising to the challenge
by dramatically reducing our contributions to its causes, while protecting ourselves against its risks. New
York City has committed to reducing our emissions 80%, from 2005, by 2050, making us the largest
city in the world to commit to this ambitious and necessary goal, while simultaneously implementing an
aggressive, comprehensive climate resiliency plan.

With this report, the New York City Panel on Climate Change (NPCC) provides critical climate and
impact projections needed to inform decision-makers so as to make New Yorkers safer and to enhance the
city’s long-term resiliency. The buildings and infrastructure we construct and improve today will be with
New Yorkers for generations. As we prepare our city for extreme weather and rising sea levels, we must use
the best possible information and projections regarding the risks we face.

The NPCC is a consortium of local world-class scientists that began advising the city in 2008. Thanks to
their tireless work, our understanding of the risks we face continues to improve. This year, for the first time,
we have local sea level rise projections through 2100. We know that New York City’s sea level is increasing
at almost twice the global average. We also understand with greater certainty that local climate change will
very likely result in warmer regional temperatures, and that heat waves are very likely to increase.

In 2014, we created the Mayor’s Office of Recovery and Resiliency, the first-ever city office focused
on climate resiliency. This office is leading the city’s short- and long-term efforts to strengthen coastal
defenses, upgrade buildings, protect infrastructure and critical services, and make homes, businesses, and
neighborhoods safer and more vibrant. With the projections and analysis of climate change provided by
the NPCC, we can continue to track our progress, monitor our risks, and ensure that we make New York
City a safe and accessible place for all New Yorkers for years to come.

BirL DE Brasio
Mayor of New York City

doi: 10.1111/nyas. 12654
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Preface to Building the Knowledge Base for Climate
Resiliency: New York City Panel on Climate Change 2015
Report

This volume is the New York City Panel on Climate Change (NPCC) 2015 Report. It contains the Executive
Summary, chapters of the report including the Conclusions and Recommendations, one appendix devel-
oped with and for stakeholders on climate risk and projections, and a second appendix that provides tech-
nical details. The NPCC 2015 Report may be found online at www.wileyonlinelibrary.com/journal/annals
and www.nyc.gov/planycreports.

It has been an honor to work with the Mayor’s Office of Recovery and Resiliency and the Mayor’s
Office of Sustainability. We especially thank Katherine Grieg, Daniel Zarrilli, Leah Cohen, and Sergej
Mahnovski; they are exemplary professionals committed to developing effective ways to confront climate
change resiliency challenges.

This report is the product of the work of the members of the NPCC and its work groups. We express
our sincere thanks to each of them for their contributions, and to their institutions for supporting their
participation. We thank Daniel Bader for his dedicated work as the NPCC project manager, without whom
the NPCC could not have completed its tasks in such a concerted way. At the Columbia University Center
for Climate Systems Research, we thank Danielle Peters for research assistance and Shari Lifson for graphics.
We also thank the expert reviewers of the NPCC2 Report without whom the independent provision of
sound science for climate change resiliency could not proceed.

We are proud that the NPCC 2015 Report is being published in Annals of the New York Academy of
Sciences, one of the oldest continuously published scientific journals in the United States, by the third-
oldest scientific society. We would like to thank especially Douglas Braaten, editor-in chief, and the Annals’
staff, for their partnership in the publication of this volume.

Support for the printing of the report was provided by a grant administered by the New York State
Division of Homeland Security and Emergency Services and the U.S. Department of Homeland Security.
Points of view in this document are those of the authors and do not necessarily represent the official
position or policies of the New York State Division of Homeland Security and Emergency Services or the
U.S. Department of Homeland Security.

CYNTHIA ROSENZWEIG AND WILLIAM SOLECKI
Co-chairs of the New York City Panel on Climate Change

doi: 10.1111/nyas. 12653
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New York City Panel on Climate Change 2015 Report

Executive Summary

The climate of the New York metropolitan region
is changing—annual temperatures are hotter, heavy
downpours are increasingly frequent, and the sea
is rising. These trends, which are also occurring
in many parts of the world, are projected to con-
tinue and even worsen in the coming decades due to
higher concentrations of greenhouse gases (GHGs)
in the atmosphere caused by burning of fossil fuels
and clearing of forests for agriculture. These chang-
ing climate hazards increase the risks for the people,
economy, and infrastructure of New York City. As
was demonstrated by Hurricane Sandy, populations
living in coastal and low-lying areas, the elderly and
very young, and lower-income neighborhoods are
highly vulnerable. In response to these climate chal-
lenges, New York City is developing a broad range
of climate resiliency policies and programs as well
as the knowledge base to support them.

Initially formed as a scientific panel in 2008,
the first New York City Panel on Climate Change
(NPCC) was comprised of academic and private
sector experts in climate science, infrastructure, so-
cial science, and risk management. It established a
risk-management framework for the city’s critical
infrastructure throughout the extended metropoli-
tan region under climate change (NPCC, 2010).
Following Hurricane Sandy, the City convened the
Second New York City Panel on Climate Change
(NPCC2) in January 2013 to provide up-to-date
scientific information and analyses on climate risks
for the creation of A Stronger, More Resilient New
York (City of New York, 2013). This report (NPCC,
2015) presents the work of the New York City Panel
on Climate Change from January 2013 to January
2015.

The report documents recently observed climate
trends and climate projections for the New York
metropolitan region up to 2100. It compares the
NPCC2 methods and projections for the local scale
to those done at the global scale by the Fifth As-
sessment Report of the Intergovernmental Panel on

doi: 10.1111/nyas. 12591

Climate Change (IPCC, 2013). The report presents
new maps that show increasing flood risks due to
climate change defined for the 100- and 500-year
coastal flood event” in the 2020s, 2050s, 2080s and
2100. It compares future coastal flooding simulated
by static and dynamic modeling that include the ef-
fects of sea level rise. The report reviews key issues
related to climate change and health relevant to the
citizens of New York City and sets forth a process
for developing a system of indicators and monitor-
ing to track data related to climate change hazards,
risks, impacts, and adaptation strategies. Research
needs and recommendations for climate resiliency
are provided.

Climate observations and projections

Observations show that temperatures and precipi-
tation in New York City are increasing. In the New
York metropolitan region, projections from global
climate models (GCMs) indicate significant future
changes in temperature and precipitation, and thus
the potential for large impacts. Reducing green-
house gas emissions now will reduce the likelihood
of more extreme climate risks in the future.

Observations

® Mean annual temperature has increased at a
rate of 0.3°F per decade (total of 3.4°F) over the
1900 to 2013 period in Central Park, although
the trend has varied substantially over shorter
periods.

® Mean annual precipitation has increased at
a rate of approximately 0.8 inches per decade
(total of 8 inches) over 1900 to 2013 in Central
Park. Year-to-year (and multi-year) variability
of precipitation has also become more pro-
nounced, especially since the 1970s.

“The 100-year coastal flood event refers to the flood with
a 1% annual chance of occurrence. The 500-year coastal
flood event refers to the flood with a 0.2% annual chance
of occurence.

Ann. N.Y. Acad. Sci. 1336 (2015) 9-17 © 2015 New York Academy of Sciences. 9
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Figure ES.1. Observed and projected temperature and pre-
cipitation. Projected global climate model changes through time
are applied to the observed historical data.®

Future projections
Climate change is extremely likely” to bring warmer
temperatures to the New York metropolitan region.

YProbability of occurrence and likelihood defined as
(IPCC, 2007): virtually certain, >99% probability of oc-
currence; extremely likely, >95% probability of occur-
rence; very likely, >90% probability of occurrence; likely,
>66% probability of occurrence; more likely than not,
>50% probability of occurrence; about as likely as not,
33% to 66% probability of occurrence.

Likelihoods are assigned for the direction and charac-
terization of change of projected climate hazards based on
observations, model projections, physical understanding,

literature review, and expert judgment.
“The two thick lines show the average for each represen-

tative concentration pathway (RCP) across the 35 global
climate models (GCMs). Shading shows the middle range

® Mean annual temperatures are projected by
GCMs to increase by 4.1 to 5.7°F? by the 2050s
and by 5.3 to 8.8°F by the 2080s.¢

Total annual precipitation will likely increase.

® Mean annual precipitation increases pro-
jected by the GCMs are 4 to 11 percent by
the 2050s and 5 to 13 percent by the 2080s.

Heat waves and extreme precipitation days' are also
very likely to increase.

® The frequency of heat waves is projected to
triple by the 2080s, and extreme cold events
are projected to decrease.

® Thefrequency of extreme precipitation days is
projected to increase, with approximately one
and a half times more events per year possible
by the 2080s compared to the current climate.

Figure ES.1 shows observed annual trends and fu-
ture projections for temperature and precipitation
in New York City. The range of NPCC2 projections
increases to the end of the century.

Sea level rise and coastal storms

Sealevel rise in New York City is a significant hazard,
increasing the risks posed to coastal communities,
infrastructure, and ecosystems.

(25th to 75th percentile). The bottom and top lines respec-
tively show each year’s low-estimate and high-estimate
projections across the suite of simulations. A 10-year
smoothing filter has been applied to the observed data
and model output. The dotted area between 2007 and
2015 represents the time period that is not covered be-
cause of the smoothing procedure.

9Middle range (25th to 75th percentile) of model-based
projections.

¢Specific quantitative projections are not assigned a like-
lihood due to uncertainties in future greenhouse gas con-
centrations, sensitivity of the climate system to changes
in greenhouse gases, climate variability, and changes in
regional and local processes.

fThe NPCC defines heat waves as three or more consec-
utive days with maximum temperatures at or above 90°F.
Extreme precipitation days are defined as days with total
precipitation of 1 inch or more.

10 Ann. N.Y. Acad. Sci. 1336 (2015) 9-17 © 2015 New York Academy of Sciences.
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Figure ES.2. New York City sea level rise observations and projections. Projections shown are the low estimate (10th percentile),
middle range (25th to 75th percentiles), and the high estimate (90th percentile). The historical trend is also included. Projections

are relative to the 2000 to 2004 base period.

Observations
® Sea level rise in New York City has averaged
1.2 inches per decade (total of 1.1 feet) since
1900, nearly twice the observed global rate of
0.5 to 0.7 inches per decade over a similar time
period.

Projections

Sea level rise in New York City is projected to con-
tinue to exceed the global average. Sea level rise is
very likely to accelerate as the century progresses.

® Projections for sea level rise in New York City
are 11 to 21 inches by the 2050s, 18 to 39 inches
by the 2080s, and could reach as high as 6 feet
by 2100.

It is virtually certain that sea level rise alone will lead
to an increased frequency and intensity of coastal
flooding as the century progresses.

® Projected sea level changes alone would in-
crease the frequency and intensity of coastal
flooding, leading to (absent any change in
storms themselves) between a doubling and
an approximately 10- to 15-fold increase in
the frequency of the current 100-year coastal
flood by the 2080s.

Figure ES.2 shows the observed trend and future
projections for sea level rise in New York City. The
NPCC2 projections take global and local compo-
nents into account.

Projected changes in the frequency and intensity
of coastal storms are uncertain at local scales. The
two types of storms with the largest influence on
the coastal areas of the New York metropolitan re-
gion are tropical cyclones (hurricanes and tropical
storms) and nor’easters.

e It is more likely than not that the number of
the most intense hurricanes will increase in
the North Atlantic Basin, along with extreme
winds associated with these storms.

® As the ocean and atmosphere continue to
warm, intense precipitation from hurricanes
in the North Atlantic Basin is more likely than
not to increase.

e It is currently not known how nor’easters in
the New York metropolitan region may change
in the future.

Static coastal flood mapping

Mapping climate hazards is an essential part of an
overall risk management strategy for densely popu-
lated urban areas such as the New York metropoli-
tan region. The strength of a flood-mapping tool

Ann. N.Y. Acad. Sci. 1336 (2015) 9-17 © 2015 New York Academy of Sciences. 11
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The New York City Panel on
Climate Change (NPCC2)
Future 100-Year Flood

Zones for New York City

using high-estimate 90th
percentile projections of
sea level rise
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Figure ES.3. Potential areas that could be impacted by the 100-year flood in the 2020s, 2050s, 2080s, and 2100 based on projections
of the high-estimate 90th percentile NPCC2 sea level rise scenario. Map developed using the static approach. NoTe: This map is
subject to limitations in accuracy as a result of the quantitative models, data sets, and methodology used in its development. The
map and data should not be used to assess actual coastal hazards, insurance requirements, or property values or be used in lieu
of FIRMS issued by FEMA. The flood areas delineated in no way represent precise flood boundaries but rather illustrate three
distinct areas of interest: (1) areas currently subject to the 100-year flood that will continue to be subject to flooding in the future;
(2) areas that do not currently flood but are expected to potentially experience the 100-year flood in the future; and (3) areas that
do not currently flood and are unlikely to do so in the timeline of the climate scenarios used in this research (end of the current

century).

depends on the quality of the underlying data and
the techniques used for presentation. The updated
future 100-year and 500-year flood maps by the
NPCC2 show large-scale coastal vulnerability.

® Higher sea level elevations result in greater
floodplain areas, with the extent of landward
flooding dependent on elevation and slope of
land, presence of man-made structures, per-
meability of soils, vegetation, and other im-
pediments to movement of water.

® For the 100-year flood, sea level rise by 2100
roughly doubles the affected area compared to
the December 2013 FEMA Preliminary Flood

Insurance Rate Maps (FIRMs); for the 500-year
flood, sea level rise by 2100 increases the af-
fected area by 50% compared to the December
2013 FEMA FIRMs 500-year flood area.
Queens is the borough with the most land area
atrisk of future coastal flooding due to sea level
rise, followed by Brooklyn, Staten Island, the
Bronx, and Manhattan.

Figure ES.3 presents the updated future 100-year
flood map for New York City for the 90th percentile
projections of sea level rise for the 2020s, 2050s,
2080s, and 2100 compared to FEMA’s December
2013 FIRMs.

12 Ann. N.Y. Acad. Sci. 1336 (2015) 9-17 © 2015 New York Academy of Sciences.



Dynamic modeling of future coastal flood
hazards

Sea level rise interacts with coastal storms to cause
increased flood heights and expanded floodplains.
The static approach to projecting coastal flooding
adds sea level rise onto current storm tide levels,
and dynamic models capture the roles of friction
and wind as well as sea level rise and tides.

® NPCC2 results generally support the finding
that both static and dynamic modeling ap-
proaches are valid and reliable approximations
of coastal flooding for most locations in the
New York metropolitan region.

® For results with hurricanes only, the static ap-
proach projects lower coastal flood heights
and reduced flood zone areas for several lo-
cations in the New York metropolitan region,
compared to results of the dynamic modeling
approach.

® Many sources, including sea level rise, type of
storm, errors in elevation data, and statistical
methods, contribute to uncertainties in coastal
flooding projections.

Figure ES.4 illustrates the differences between the
dynamic and static approaches for the 100-year

40.9
40.85
40.8
40.75
40.7

40.65

4061773

4055F 3

2050s 100y hydrodynamic-static (ft)

40.5

40,4514

40.4

-742 -741 74 -739 -738 -73.7

Figure ES.4. Difference between dynamic and static map-
ping results for 100-year flood elevations (2050s 90th percentile
NPCC sea level rise scenario). Results show the combined as-
sessment of extratropical cyclones and tropical cyclones (extra-
tropical cyclones are coastal storms existing or occurring outside
of the tropical latitudes).
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flood elevations for the 2050s, using the NPCC2
90th percentile sea level rise projections.

Public health impacts and resiliency

New York City faces potential health risks related
to two principal climate hazards: increasing tem-
peratures and heat waves and coastal storms with
flooding, as well as a range of secondary hazards re-
lated to air pollution, pollen, vector-borne diseases,
and water/food-borne illnesses. Recent experience
from Hurricane Sandy and other extreme events has
clearly demonstrated that the health of New Yorkers
can be compromised by these hazards.

® Health impacts from exposure to extreme
weather events include direct loss of life, in-
creases in respiratory and cardiovascular dis-
eases, and compromised mental health. The
risk of these impacts is projected to increase in
the future.

® Rising temperatures over the coming century
are projected to increase the number of heat-
related deaths that occur in Manhattan. How-
ever, uncertain future trends in the use of home
air conditioning, improved population health,
and better air quality during heat waves make
it difficult to predict the magnitude of these
increases.

® The health impacts of Hurricane Sandy varied
across the city considerably due to local effects
of storm and tidal surges, differing housing
types, the degree to which energy, water, and/or
transportation infrastructure was disrupted,
and the underlying health and resilience fac-
tors of the affected population.

¢ Vulnerable groups include the old and the very
young; women; those with preexisting physi-
cal, mental, or substance-abuse disorders; res-
idents of low-income households; members
of disadvantaged racial/ethnic groups; work-
ers engaged in recovery efforts; and those with
weak social networks.

Figure ES.5 shows projected increases in heat mor-
tality in New York City for two GHG emissions
scenarios (A2 and B1).

Indicators and monitoring

Climate change indicators are defined as empiri-
cally based quantities that can be tracked over time

Ann. N.Y. Acad. Sci. 1336 (2015) 9-17 © 2015 New York Academy of Sciences. 13
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Figure ES.5. Heat-related deaths in the 1980s (observed), 2020s, 2050s, and 2080s for 16 global climate models and the A2 and

B1 GHG scenarios. Source: Li et al., 2013.

to provide relevant information for stakeholder de-
cisions on climate resiliency and on the efficacy
of resiliency measures to reduce vulnerability and
risk. The three main categories of climate change
indicators are (1) physical climate change variables;
(2) exposure, vulnerability, and impact metrics; and
(3) adaptation measures and their effectiveness.

® New York City maintains an extensive set of in-
dicators and monitoring programs that can be
harmonized and expanded to provide targeted
information about current and emerging cli-
mate risks, impacts, and adaptation. This will
provide key information for climate resiliency
decision-making in regard to critical infras-
tructure, ecosystems, and health.

¢ Building on current tracking efforts, New York
City is well placed to develop an expanded
Climate Resiliency Indicators and Monitoring
System for the New York metropolitan region.

¢ Developing an effective indicators and a mon-
itoring system involves seven steps, which
include interacting with stakeholders to as-
certain information needs and key decisions;
determining what data are available; develop-
ing a preliminary set of indicators; present-
ing indicators to stakeholders for feedback;
revising preliminary indicators based on stake-
holder input; setting up and maintaining the
monitoring system; and conducting indica-
tor evaluations through time to track general
trends and to evaluate specific adaptation in-
terventions.

® The NYC Cool Roofs Program provides a valu-
able testbed for the establishment of indicators

and monitoring systems for tracking the effec-
tiveness of adaptation measures.

An example of data tracked as part of the NYC Cool
Roofs Program is shown in Figure ES.6, which illus-
trates that white roofs are more effective than black
roofs in reducing peak temperatures.

Research needs

There is a need for ongoing research across a broad
spectrum of areas in order to provide the people of
New York City and the surrounding metropolitan
region with the knowledge required to enhance cli-
mate resiliency through the coming decades. Eco-
nomic studies of potential damages and costs of
adaptation are critical to provide the knowledge
base needed for wise climate change policy. It is
important that budgetary resources are focused on
building the scientific basis for resiliency planning.

Climate

Although there is a growing understanding of how
the New York metropolitan region as a whole may
be impacted by climate change, more research is
needed on neighborhood-specific hazards and im-
pacts. High-resolution regional climate modeling is
needed to illuminate how projected changes vary
throughout the city due to factors including coastal
breezes, topography, and different urban land
surfaces.

Sea level rise and coastal storms

More research is needed on how the Greenland and
West Antarctic ice sheets will respond to climate
change because these ice sheets are the largest long-
term source of “high-end” sea level rise uncertainty.
Future research efforts should also explore the

14 Ann. N.Y. Acad. Sci. 1336 (2015) 9-17 © 2015 New York Academy of Sciences.



180

160

140

120

100

Surface temperature (°F)

NPCC 2015 Report Executive Summary

80
60
40 July 22 Heatwave
All time record electricity load Sensor sheltered for
Hurricane Irene
20
6/1/2011 6/15/2011 71172011 7/15/2011 8/1/2011 8/15/2011 9/1/2011 9/15/2011

Time

Figure ES.6. Surface temperatures for a freshly painted white roof compared to those of a control black roof at the Museum of

Modern Art, Queens, NY. Source: Gaffin et al., 2012.

relationships among the different sea level rise com-
ponents as well as the relationships between those
sea level rise components and coastal storm risk in
the Northeast. An additional key area of study is
how coastal storms may change in the future.

Static coastal flood mapping

Future work should focus on quantifying the sources
of uncertainty in the datasets used to develop flood
maps, on the mapping process, and on display-
ing these uncertainties on the maps themselves. An
overall flood vulnerability index that combines both
social and biophysical vulnerability should be uti-
lized because it can characterize site-specific levels of
risk to flood hazards. This will also help to identify
communities in the New York metropolitan region
that may require special attention, planning efforts,
and mobilization to respond to and recover from
disasters and hazards.

Dynamic coastal flood modeling

More research should be done on historical events
and on probabilistic hazard assessment methods to
identify and reduce the uncertainty in defining flood
hazards for the New York metropolitan region. In-
vestigations are needed of the local geographical and

storm conditions that lead to different flood heights
in static and dynamic models. Studies should ex-
plore the comparability between the use of the static
and dynamic approaches to projecting coastal zone
flooding.

Public health impacts and resiliency
Additional knowledge will be essential for New York
City to anticipate and avoid future health impacts
from extreme weather events in a changing climate.
Key areas include understanding the factors that
lead to unhealthy levels of exposure to heat inside
New York City apartment buildings, where most
deaths occur during heat events. Research is needed
to analyze the health impacts resulting from climate
adaptation and mitigation measures, including ef-
fects on indoor air quality. Actions that result in
climate adaptation and mitigation co-benefits in-
cluding positive health outcomes are particularly
important to identify.

Indicators and monitoring

Studies are needed to identify opportunities where
existing monitoring systems in the New York
metropolitan region can easily be enhanced for cli-
mate change and situations where more extensive
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adjustments are needed. Focused analyses should
be conducted on the identification of urban system
tipping points in response to stresses in order to
enhance capacity for early action.

Recommendations for climate resiliency

Although there remain significant uncertainties
regarding long-term climate change, the NPCC
2015 report supports the large body of evidence
indicating that decision-makers are better served by
consideration of the future climate risks rather than
reliance on the climate of the past in development
of resiliency and rebuilding programs. Specific
recommendations for climate resiliency include:

® Continue to follow the risk-based Flexible
Adaptation Pathways approach to climate re-
siliency, set forth by the NPCC in 2010. This
approach enhances the ability of the region
to periodically assess, adjust, and tailor future
development plans under changing climate
conditions, updated by the NPCC as mandated
by New York City’s Local Law 42.

® Make progress on achieving the initiatives in A
Stronger, More Resilient New York (City of New
York, 2013). Because of the short- and long-
term challenges posed by increasing risks of
temperature extremes, heavy downpours, and
coastal flooding, these need to be strength-
ened and expanded to the entire New York
metropolitan region.

® An integrated approach that includes engi-
neering, ecosystems, and social strategies is
vital to ensuring climate resiliency in the
coming decades. Land use planning for sus-
tainable infrastructure systems, particularly in
coastal zones and low-lying areas, is especially
important.

® At the same time, develop and support pro-
grams and policies (such as One City: Built to
Last; City of New York, 2014) that work to re-
duce GHG emissions in order to limit the rate
of future climate change and the magnitude
of the associated risks. Consider co-benefits of
adaptation and mitigation.

® FEstablish the New York City Climate Re-
siliency Indicators and Monitoring Sys-
tem. Associated Working Groups should be
convened to develop and analyze key infor-
mation for decision-making on critical infras-

tructure, ecosystems, and health. Build wider
networks to monitor indicators and actively
support their operation and long-term main-
tenance throughout the New York metropoli-
tan region.

® Coordinate with state and federal partners on
climate change projections and resiliency pro-
grams such as Rebuild by Design and the U.S.
Army Corps of Engineers North Atlantic Com-
prehensive Study. FEMA should incorporate
local sea level rise projections into its coastal
flood methodology and mapping. This enables
residents as well as planners to utilize the best
available information as they develop and im-
plement climate resiliency strategies.

® While the 100-year coastal flood is widely used
to inform decision-making, other risk thresh-
olds should be examined to improve risk-
reduction decisions in the future. The goal is
dynamic performance-based risk management
across a range of probabilistic hazards estab-
lished for current and future climates.

Throughout all of the above activities:

® It is essential to facilitate an ongoing and
continuous process of stakeholder—scientist
interactions, with cross-linkages between the
NPCC, other experts, the City, the other mu-
nicipalities of the New York metropolitan re-
gion, New York State, relevant agencies of the
federal government, and the U.S. National Cli-
mate Assessment.

Collaboration across multiple scales of government
will help to ensure that the climate science developed
for the New York metropolitan region informs and
draws from the best available information, thereby
positioning residents and planners to confront ex-
pected future changes in the most effective way pos-
sible.
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Introduction

During 2013 and 2014, numerous international
(IPCC, 2013) and national (Melillo et al., 2014;
Gordon, 2014) reports have concluded that human
activities are changing the climate, leading to in-
creased vulnerability and risk. Since the industrial
revolution, fossil fuel burning, industrial activity,
and land use changes have led to a 40% increase
in heat-trapping carbon dioxide (CO,), and an ap-
proximately 150% increase in methane (CHy), an-
other powerful greenhouse gas (GHG), has been ob-
served. Global temperatures have increased by close
to 1°C since 1880 as the upper oceans have warmed
and polar ice has retreated. These and other climate
changes are projected to accelerate as greenhouse
gas concentrations continue to rise.

In the coming decades, climate change is ex-
tremely likely to bring warmer temperatures in the
New York metropolitan region (see Box. 1.1 and
Fig.1.1 for key definitions and terms). Heat waves
are very likely to increase; total annual precipitation
will likely increase and brief, intense rainstorms are
very likely to increase.

“Lead authors.

Because of incomplete knowledge about exactly
how much climate change will occur, choosing
among policies for reducing future damages re-
quires prudent risk management (Yohe and Le-
ichenko, 2010; Kunreuther et al, 2013). Given dif-
fering risk tolerances among stakeholders, a risk
management approach allows for a range of pos-
sible climate change outcomes to be examined
with associated uncertainties surrounding their
likelihoods.

The New York City Panel on Climate Change 2
(NPCC2) projections can be used to inform plan-
ning across multiple governmental scales (e.g., city,
county, state) in the New York metropolitan region.
Such coordinated efforts can serve as test cases for
successful local, state, and federal coordination for
integrated climate adaptation initiatives.

This chapter describes the global climate sys-
tem, and presents observed temperature and pre-
cipitation trends and projections for the re-
gion. Chapter 2 (NPCC, 2015) focuses on sea
level rise and possible changes in coastal storms.
Chapter 3 and Chapter 4 (NPCC, 2015) de-
scribe efforts to better understand the region’s
vulnerability to coastal flooding during coastal
storms.

The treatment of likelihood related to the NPCC
projections is similar to that developed by the Inter-
governmental Panel on Climate Change Fourth and
Fifth Assessment Reports (IPCC, 2007; 2013), with
six likelihood categories (Box 1.1 and Fig. 1.1). The
assignment of climate hazards to these categories is

doi: 10.1111/nyas.12586

18 Ann. N.Y. Acad. Sci. 1336 (2015) 18-35 © 2015 New York Academy of Sciences.



Horton et al.

NPCC 2015 Report Chapter 1

Box 1.1. Definitions and terms

Climate change

Climate change refers to a significant change in the state of the climate that can be identified from changes in
the average state or the variability of weather and that persists for an extended time period, typically decades to
centuries or longer. Climate change can refer to the effects of (1) persistent anthropogenic or human-caused
changes in the composition of the atmosphere and/or land use, or (2) natural processes such as volcanic
eruptions and Earth’s orbital variations (IPCC, 2013).

Global climate models (GCMs)

A GCM is a mathematical representation of the behavior of the Earth’s climate system over time that can be
used to estimate the sensitivity of the climate system to changes in atmospheric concentrations of greenhouse
gases (GHGs) and aerosols. Each model simulates physical exchanges among the ocean, atmosphere, land, and
ice. The NPCC2 uses 35 GCMs for temperature and precipitation projections.

Representative concentration pathways (RCPs)

RCPs are sets of trajectories of concentrations of GHGs, aerosols, and land use changes developed for climate
models as a basis for long-term and near-term climate-modeling experiments (Figure 1.2; Moss et al., 2010).
RCPs describe different climate futures based on different amounts of climate forcings’. These data are used as
inputs to global climate models to project the effects of these drivers on future climate. The NPCC2 uses a set
of global climate model simulations driven by two RCPs, known as 4.5 and 8.5, which had the maximum
number of GCM simulations available from World Climate Research Programme/Program for Climate Model
Diagnosis and Intercomparison (WCRP/PCMDI). RCP 4.5 and RCP 8.5 were selected to bound the range of
anticipated GHG forcings at the global scale.

Climate change risk information

On the basis of the selection of the 2 RCPs and 35 GCM simulations, local climate change information is
developed for key climate variables—temperature, precipitation, and associated extreme events. These results
and projections reflect a range of potential outcomes for the New York metropolitan region (for a full
description of projection methods, see Section 1.3).

Climate hazard

A climate hazard is a weather or climate state such as a heat wave, flood, high wind, heavy rain, ice, snow, and
drought that can cause harm and damage to people, property, infrastructure, land, and ecosystems. Climate
hazards can be expressed in quantified measures, such as flood height in feet, wind speed in miles per hour,
and inches of rain, ice, or snowfall that are reached or exceeded in a given period of time.

Uncertainty

Uncertainty denotes a state of incomplete knowledge that results from lack of information, natural variability
in the measured phenomenon, instrumental and modeling errors, and/or from disagreement about what is
known or knowable (IPCC, 2013). See Box 1.3 for information on sources of uncertainty in climate
projections.

based on observed data, global climate model simu-
lations, published literature, and expert judgment.

bA climate forcing is a mechanism that alters the global
energy balance, causing the climate to change. Examples
of climate forcings include variations in GHG concentra-
tions and volcanic aerosols.

1.1 The global climate system

The global climate system is comprised of the at-
mosphere, biosphere, hydrosphere, cryosphere, and
lithosphere. The components of the climate system
interact over a wide range of spatial and temporal
scales. The Earth’s climate is largely driven by the
energy it receives from the sun. This incoming solar
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Probability of occurrence

>99% probability of occurrence
>95% probability of occurrence
>90% probability of occurrence
>66% probability of occurrence

than not >50% probability of occurrence

likely as not 33-66% probability of occurrence

Figure 1.1. Probability categories used by NPCC2. Source: IPCC, 2007; 2013.

radiation (shortwave radiation) is partly absorbed, from the sun in the form of longwave, or infrared,
partly scattered, and partly reflected by gases in the radiation.

atmosphere, by aerosols, by the Earth’s surface, and Under equilibrium conditions, there is an energy
by clouds. The Earth reemits the energy it receives balance between the outgoing terrestrial longwave
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Figure 1.2. Observed CO, concentrations through 2005 and future CO, concentrations consistent with four representative
concentration pathways (RCPs). NPCC2 climate projections are based on RCP 4.5 and RCP 8.5. Carbon dioxide and other GHG
concentrations are driven by a range of factors, including carbon intensity of energy used, population and economic growth, and
difusion and adoption of new technologies including green energy and energy efficiency.
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radiation and the incoming solar radiation. With-
out the presence of naturally occurring GHGs in
the atmosphere, this balance would be achieved at
temperatures of approximately —33°F (—18°C). An
atmosphere containing GHGs is relatively opaque
to terrestrial radiation. Such a planet achieves ra-
diative balance at a higher surface temperature than
it would without GHGs. On Earth, the increase in
GHG concentrations due to human activities such
as fossil fuel combustion, cement making, defor-
estation, and land use changes has led to a surface
warming of almost 1.8°F (1°C) and a range of cli-
mate changes including upper ocean warming, and
loss of land and sea ice. Key components of Earth’s
radiative balance are illustrated in Figure 1.3.

In the 2013 Fifth Assessment Report (IPCC AR5),
the IPCC documented a range of observed climate
trends. Global surface temperature has increased
about 1.5°F (0.85°C) since 1880. Both hemispheres
have experienced decreases in net snow and ice
cover, and global sea level has risen by approximately
0.5 to 0.7 inches (1.3 to 1.7 cm) per decade over
the past century (Hay et al., 2015). More recently,
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since the 1990s, the global sea level rise rate has ac-
celerated to approximately 1.3 inches (3.2 cm) per
decade (see Chapter 2, NPCC, 2015, for New York
metropolitan region sea level rise observations and
projections). Droughts (in regions such as but not
limited to the Mediterranean and West Africa) have
grown more frequent and longer in duration. In the
United States, Canada, and Mexico (as well as other
regions), intense precipitation events have become
more common. Hot days and heat waves have be-
come more frequent and intense, and cold events
have decreased in frequency. The upper oceans have
warmed and become more acidic (IPCC, 2013). As
temperatures have warmed in the atmosphere and
ocean, biological systems have responded as well;
for example, spring has been arriving earlier, and
fall has been extending later into the year, in many
mid- and high-latitude regions (IPCC, 2014).

The IPCC ARS states that there is a greater than
95% chance that warming temperatures since the
mid-20th century are primarily due to human ac-
tivities. Atmospheric concentrations of the major
GHG carbon dioxide (CO;) are now approximately
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Figure 1.3. The main drivers of climate change. Source: IPCC, 2013.
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40% higher than in preindustrial times. Concentra-
tions of other important GHGs, including methane
(CHy4) and nitrous oxide (N,O), have increased by
close to 150% and close to 20%, respectively, since
preindustrial times. The warming that occurred
globally over the 20th century cannot be repro-
duced by GCMs unless human contributions to his-
torical GHG concentrations are taken into account
(Fig. 1.4).

Further increases in GHG concentrations are ex-
tremely likely to lead to accelerated temperature in-
creases. Depending on these future emissions and
concentrations, by the 2081 to 2100 time period,
global average temperatures are projected to in-
crease by 2.0°F to 4.7°F (1.1°C to 2.6°C) or as high
as 4.7°F to 8.6°F (2.6°C to 4.8°C)¢ (IPCC, 2013).
The large range is due to uncertainties both in fu-
ture GHG concentrations and the sensitivity? of the
climate system to GHG concentrations. Warming
is projected to be greatest in the high latitudes of
the northern hemisphere. Throughout the globe,
land areas are generally expected to warm more than
ocean regions.

High-latitude precipitation is projected to in-
crease in both hemispheres, while many dry regions
at subtropical latitudes, such as the Mediterranean
region, are projected to become drier.

Globally, it is virtually certain that the hottest
temperatures will increase in frequency and mag-
nitude, and the coldest temperatures will decrease
in frequency and magnitude, although there could
be regional exceptions (IPCC, 2012). Both land ice
and sea ice volumes are projected to decrease. Ocean
acidification is projected to increase as CO, concen-
trations rise.

1.2 Observed local climate

This section describes the critical climate hazards
related to temperature and precipitation in the New
York metropolitan region. For sea level and coastal
storms, see Chapters 2 and 4 (NPCC, 2015). Both

“Estimates based on RCP 4.5 and RCP 8.5.

dClimate sensitivity is defined by the IPCC (IPCC, 2007)
as the equilibrium or final increase in global temperature
associated with a doubling of CO, from preindustrial lev-
els. More generally, sensitivity refers to how much climate
change is associated with a given climate-forcing agent,
such as CO,.
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Land and ocean surface
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Figure 1.4. Twentieth-century observations and global cli-
mate model results. Source: IPCC, 2013.

mean (e.g., annual averages) and extreme (e.g.,
heavy downpours) quantities are presented. Obser-
vations for New York City are placed in a broader
context because trends over large spatial scales (re-
gional, national and global) are an important source
of predictability with respect to New York City’s fu-
ture climate.

Temperature

Summers in New York City are warm, with cool
winters. Annual mean air temperature in New York
City (using data from the Central Park weather sta-
tion) was approximately 54°F from 1971 to 2000.
Mean annual temperature has increased at a rate
of 0.3°F per decade over the 1900 to 2013 period
in Central Park, although the trend has varied sub-
stantially over shorter periods (Fig. 1.5). For exam-
ple, the first and last 30-year periods were charac-
terized by warming (0.38°F per decade and 0.79°F
per decade, respectively), whereas the middle seg-
ment experienced negligible cooling (—0.04°F per
decade). This absence of warming in the middle of
the 20th century is evident nationally and globally
as well and has been linked to a combination of
high sulphate aerosol emissions (a cooling factor)
and natural variability.

The temperature trend since 1900 for the New
York metropolitan region is broadly similar to the
trend for the northeast United States (Fig. 1.6).°
Specifically, most of the Northeast has experienced

¢The Northeast as defined in the U.S. National Climate
Assessment consists of Connecticut, Delaware, Maine,
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Figure 1.5. Observed annual temperature trend in New York City (Central Park) for 1900 to 2013. Data are from NOAA United
States Historical Climatology Network (USHCN) Version 2.5 (Menne et al., 2013). *Trend is significant at the 99% level.

atrend toward higher temperatures, especially in re-
cent decades. This trend is present in both rural and
urban weather stations, so it cannot be explained by
the urban heat island effect.

Precipitation
New York City experiences significant precipitation
throughout the year, with relatively little variation
from month to month in the typical year. Annual
average precipitation ranges between approximately
43 and 50 inches, depending on the location within
the city. Precipitation has increased at a rate of
approximately 0.8 inches per decade from 1900 to
2013 in Central Park (Fig. 1.7).

Year-to-year (and multiyear) variability of pre-
cipitation has also become more pronounced,

Maryland, Massachusetts, New Hampshire, New Jersey,
New York, Pennsylvania, Rhode Island, Vermont, and
West Virginia (NCA; Melillo et al., 2014; Horton et al.,
2014).

fUrbanization is often associated with elevated surface air
temperature, a condition referred to as the urban heat
island (UHI). Urban centers and cities are often several
degrees warmer than their surrounding areas. Because of
the low albedo (reflectivity) of urban surfaces (such as
dark rooftops and asphalt roadways) and reduced evapo-
transpiration, cities “trap” heat (Blake et al., 2011, and ref-
erences therein). The future projections described in this
chapter primarily reflect the influences of global processes.
New York City’s long-term baseline surface temperature
is higher than those of surrounding areas in part due to
the urban heat island effect, but the UHI cannot explain
New York City’s long-term warming trend.
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especially since the 1970s. The standard deviation,
a measure of variability, increased from 6.1 inches
from 1900 to 1956 to 10.3 inches from 1957 to 2013.

Precipitation in many parts of the larger North-
east region has also increased since the 1900s

Temperature
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Figure 1.6. Observed temperature changes in the Northeast.
The map shows temperature changes over the past 22 years
(1991-2012) compared to the 1901-1960 average. The bars on
the graph show the average temperature change by decade for
1901-2012 (relative to the 1901-1960 average). The far right bar
(2000s decade) includes 2011 and 2012. Source: Melillo et al.,
2014; Horton et al., 2014.
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Figure 1.7. Observed annual precipitation trend in New York City (Central Park) for 1900 to 2013. Data are from NOAA United

States Historical Climatology Network (USHCN) Version 2.5 (Menne et al., 2013). *Trend is significant at the 99% level.

(Fig. 1.8). However, this long-term trend in the
Northeast generally cannot be distinguished from
natural variability.

Extreme events

Both temperature and precipitation extremes have
significant impacts on New York City. When a
single climate variable or combinations of vari-
ables approach the tails of their distribution, this
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Figure 1.8. Observed precipitation changes in the Northeast.
The map shows annual total precipitation changes (%) for 1991—
2012 compared to the 1901-1960 average. The bars on the graphs
show average precipitation changes (%) by decade for 1901—
2012 (relative to the 1901-1960 average). The far right bar is for
2001-2012. Source: Melillo et al., 2014; Horton et al., 2014.

is referred to as an extreme event (see Fig. 1.9
for an example of how an extreme is defined).
Extreme precipitation timescales are highly asym-
metrical: heavy precipitation events generally range
from less than an hour to a few days, whereas meteo-
rological droughts can range from months to years.
With its location in the midlatitudes, New York City
frequently experiences heat waves in summer and
periods of cold weather in winter.

Trends in extreme events at local scales such as
the New York metropolitan region are often not
statistically significant due to high natural variabil-
ity and limited record length (Horton et al., 2011).
However, some changes in extreme events (such as
daily maximum and minimum temperatures and
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Figure 1.9. Distribution of observed cumulative daily maxi-
mum temperatures in Central Park from 1971 to 2000 with an
extreme event threshold of days with maximum temperature at
or above 90°F. Source: NCDC

24 Ann. N.Y. Acad. Sci. 1336 (2015) 18-35 © 2015 New York Academy of Sciences.



Horton et al.

extreme precipitation) at large spatial scales can be
attributed to human influences on global climate
(IPCC, 2012). The IPCC Special Report on Man-
aging the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation (SREX) report
concluded that it is very likely that there have been
an overall decrease in the number of cold days and
cold nights and an overall increase in the number of
warm days and warm nights globally for most land
areas with sufficient data, including North Amer-
ica, Europe, and Asia. The SREX also found that
there have been statistically significant trends in the
number of heavy precipitation events in some re-
gions around the world (e.g., Canada and Mexico).

Hurricane Sandy has focused attention on the sig-
nificant effects that extreme climate events have on
New York City (see Chapter 2, Box 2.1). Other recent
events in the United States, such as the widespread
drought of 2012 or the “polar vortex” winter of
2013/2014 (see Box 1.2), also raised awareness of the
impacts of weather and climate extremes. Although
it is not possible to attribute any one extreme event
such as Hurricane Sandy to climate change, sea level
rise already occurring in the New York metropoli-
tan region, in part due to climate change, increased
the extent and magnitude of coastal flooding during
the storm (see also Chapter 2, NPCC, 2015). This
is an example of how long-term trends in climate
variables can modify the risk of extremes.

Extreme temperature. Extreme temperature
events can be defined in several ways using daily data
from New York City (Central Park weather station)
since 1900.8 Here, we use the following metrics:

¢ Individual days with maximum temperatures
at or above 90°F

¢ Individual days with maximum temperatures
at or above 100°F

® Heat waves, defined as three consecutive days
with maximum temperatures at or above 90°F

® Individual days with minimum temperatures
at or below 32°F

8Temperatures from the meteorological station in Central
Park tend to be lower than those in some other parts of
New York City. This is due to the close proximity of the
weather station to extensive vegetation.
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From 1971 to 2000, New York City averaged
18 days per year with maximum temperatures at
or above 90°F, 0.4 days” per year at or above 100°F,
and two heat waves per year.

The number of extreme events in a given year is
highly variable. For example, New York City recently
recorded three consecutive years (2010-2012) with
at least one day with maximum temperatures at or
above 100°F. Prior to 2010, the last day at or above
100°F was in 2001, and there has only been one
other time on record (1952-1955) where New York
City experienced more than two years in a row with
maximum temperatures at or above 100°E

From 1971 to 2000, Central Park averaged 71 days
per year with minimum temperatures at or below
32°F. As is the case for hot days, the number of cold
days in a given year also varies from one year to the
next. In the cool season of 2013/2014, there were
92 days at or below 32°F, whereas in 2011/2012,
there were only 37 days. The former is the greatest
number of cool season days at or below 32°F since
1976/1977.

Extreme precipitation. Extreme precipitation
events are defined here as the number of occurrences
per year of precipitation at or above 1, 2,and 4 inches
per day for New York City (at the weather station in
Central Park) since 1900. Between 1971 and 2000,
New York City averaged 13 days per year with 1 inch
ormore of rain, 3 days per year with 2 inches or more
of rain, and 0.3 days per year with 4 inches or more
of rain. As with extreme temperatures, year-to-year
variations in extreme precipitation events are large.

There has been a small but not statistically sig-
nificant trend toward more extreme precipitation
events in New York City since 1900. For example,
the four years with the greatest number of events
with 2 inches or more of rain have all occurred
since 1980 (1983, 1989, 2007, and 2011). Because
extreme precipitation events tend to occur relatively
infrequently, long time-series of measurements over
large areas are needed to identify trends; there is a
relatively large burden of proof required to distin-
guish a significant trend from random variability.
Opver the larger Northeast region, intense precipita-
tion events (defined as the heaviest 1% of all daily

"For extreme events, decimal places are shown for val-
ues less than 1, although this does not indicate higher
precision/certainty.
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events) have increased by approximately 70% over
the period from 1958 to 2011 (Horton et al., 2014).

1.3 Climate projections

This section presents New York City—specific cli-
mate projections for the 21st century along with the
methods used to develop the projections. Quanti-
tative global climate model-based projections are
provided for means and extremes of temperature
and precipitation. This section also describes the
potential for changes in other variables (e.g., heat
indices and heavy downpours) qualitatively because
quantitative projections are either unavailable or
considered less reliable. See Appendices I and IIA
(NPCC, 2015) for infographics of the projections
and further details.

Uncertainty and risk management

Scientific understanding of climate change and its
impacts has increased dramatically in recent years.
Nevertheless, there remain substantial uncertain-
ties that are amplified at smaller geographical scales
(Box 1.3) (IPCC, 2007; 2012).

The NPCC2 seeks to present climate uncertain-
ties clearly in order to facilitate risk-based decision-
making for the use of policy tools such as incentives,
regulations, and insurance. The goal is to make New
York City and the surrounding metropolitan reigon
more resilient to mean changes in climate and to
future extreme events (e.g., Lempert et al, 1996;
Kunreuther et al., 2013).

Methods

The NPCC2 generates a range of climate model-
based outcomes for temperature and precipitation
from GCM simulations based on two representa-
tive concentration pathways (Moss et al., 2010). The
RCPs represent a range of possible future global
concentrations of GHGs, other radiatively impor-
tant agents such as aerosols, and land use changes
over the 21st century. Simulation results from 35
GCMs are used to produce temperature and precip-
itation projections for the New York metropolitan
region.

For some variables, climate models do not pro-
vide results, the model results are too uncertain, or
there is not a long-enough history of observations
to justify quantitative model-based projections. For
these variables, a qualitative projection of the likely
direction of change is provided on the basis of ex-
pertjudgment. Both the quantitative and qualitative

Horton et al.

approaches parallel methods used in the IPCC AR5
report (IPCC, 2013).

Global climate models. GCMs are mathematical
representations of the behavior of the Earth’s cli-
mate system over time that can be used to estimate
the sensitivity of the climate system to changes in
atmospheric concentrations of GHGs and aerosols.
Each model simulates physical exchanges among
the ocean, atmosphere, land, and ice. Over the
past several decades, climate models have increased
in both complexity and computational power as
physical understanding of the climate system has
grown.

The GCM simulations used by the NPCC2 are
from the Coupled Model Intercomparison Project
Phase 5 (CMIP5; Taylor et al., 2011) and were de-
veloped for the IPCC AR5. Compared to the pre-
vious climate model simulations from CMIP3 used
in the first NPCC (NPCC, 2010), the CMIP5 mod-
els generally have higher spatial resolution and in-
clude more diverse model types (Knutti and Sed-
lacek, 2013).

The CMIP5 global climate models include some
Earth system models that allow interactions among
chemistry, aerosols, vegetation, ice sheets, and bio-
geochemical cycles (Taylor et al, 2011). For ex-
ample, warming temperatures in an Earth system
model lead to changes in vegetation type and the
carbon cycle, which can then “feed back” on tem-
perature, either amplifying (a positive feedback) or
damping (a negative feedback) the initial warm-
ing. There have also been a number of improve-
ments in model-represented physics and numeri-
cal algorithms. Some CMIP5 models include better
treatments of rainfall and cloud formation that can
occur at small “subgrid” spatial scales. These and
other improvements have led to better simulation
of many climate features, such as Arctic sea ice ex-
tent (Stroeve et al., 2012).

Local projections. Local projections are based on
GCM output from the single land-based model grid
box’ covering the New York metropolitan region.

i GCMs divide the Earth into a series of grid boxes, which
represent the finest spatial resolution of the climate model.
In each grid box, physical equations (e.g., of motion and
moisture conservation) are solved to determine the evo-
lution of the climate in space and time.
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Box 1.2. The polar vortex and climate change

The winter of 2013/2014 serves as a timely reminder that unusually cold conditions can still be expected to
occur from time to time as the climate warms, especially at regional and local scales. Cold conditions extended
throughout the Eastern United States, where the Great Lakes reached their second highest ice cover amount in
the 41-year satellite record. However, averaged over the continental United States, cold conditions in the East
were largely canceled out by warm conditions in the Western United States, where a few states experienced
their warmest winter on record. Globally, 2013 tied for the fourth warmest year on record (NOAA, 2013). The
planet has not experienced a month with below-normal temperatures since February 1985.

The fact that global temperatures continue to climb as GHG concentrations continue to rise does not rule out
the possibility that individual regions could cool or that weather could become more extreme in either
direction. An emerging body of observational and modeling studies (e.g., Liu et al., 2012) is investigating
whether rapid reduction in Arctic sea ice could be producing a wavier jet stream characterized by more, and
more persistent, weather extremes. This is an active research topic [counterarguments have been made by
Screen and Simmonds (2013) and Wallace et al. (2014), for example]. However, the potential consequences are
large, given the expected continued retreat of Arctic sea ice (Liu et al., 2013) and the high societal vulnerability

to climate extremes.

The precise coordinates of the grid box vary from
GCM to GCM because GCMs differ in spatial res-
olution (i.e., the unit area over which calculations
are made). These spatial resolutions range from as
fine as ~50 miles by ~40 miles (80 by 65 km) to
as coarse as ~195 miles by ~195 miles (315 by
315 km), with an average resolution of approxi-
mately 125 miles by 115 miles (200 by 185 km). The
changes reported by the NPCC2 in temperature and
precipitation through time (e.g., 3 degrees of warm-
ing by a given future time period) are specific to the
New York metropolitan region.

The spatial area of applicability of the NPCC2
projections is larger for mean changes in tem-
perature and precipitation than for the num-
ber of days exceeding extreme event thresholds.
The mean changes in temperature and precipi-
tation generally apply across at least a 100-mile
land radius. For example, the precise quantitative
mean temperature and precipitation change pro-
jections for Philadelphia (approximately 78 miles
from Manhattan) and New Haven (approximately
70 miles from Manhattan) differ only slightly
from those for New York City (i.e., £4%).) These
small differences are well within the bounds

J Spatial variation in mean temperature and precipitation
projections across these three cities is based on the com-

of the climate uncertainty in any long-term
projections.

Similarly, the qualitative projections for changes
in extreme events (such as heat indices and ex-
treme winds) are expected to be generally applica-
ble across an approximately 100-mile radius. How-
ever, the quantitative projections of changes in the
frequency of extreme event thresholds (e.g., days
over 90°F) can be highly variable spatially, even
within the confines of a city itself. For example,
there is large spatial variation in the number of days
over 90°F across the region as a result of factors such
as the urban heat island and the distance from the
Atlantic Ocean. The percentage change in the num-
ber of days over 90°F is variable as well (Meir ef al.,
2013).

Although the NPCC2 projections for total sea
level change are applicable for the New York
metropolitan region (see Chapter 2, NPCC, 2015),
projected changes in flood extent will vary substan-
tially within the 100-mile radius, and within the city
itself, as shown in the NPCC2 coastal flood maps
(Chapter 3, NPCC, 2015). This is primarily because
coastal topography differs throughout the region;

parison of the 35-GCM ensemble for RCP 8.5. The climate
projections described here illustrate changes for the 2050s
relative to the 1980s base period.
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for example, the relatively flat south shores of Brook-
lyn and Queens are in contrast to the steep shorelines
where northern Manhattan and the Bronx meet the
Hudson River.

Time slices. Although it is not possible to predict
future temperature or precipitation for a particular
day, month, or year, GCMs are valuable tools for
projecting the likely range of changes over multi-
decadal time periods. The NPCC2 projections use
time slices of 30-year intervals, expressed relative to
the baseline period 1971 to 2000, for temperature
and precipitation. The NPCC uses three time slices
(the 2020s, 2050s, and 2080s) centered around a
given decade. For example, the 2050s time slice refers
to the period from 2040 to 2069.F

The NPCC2 has also provided climate projec-
tions for 2100. Projections for 2100 require a differ-
ent methodological approach from the 30-year time
slices discussed above. The primary difference is that
because the majority of climate model simulations
end in 2100, it is not possible to make a projection
for the 30-year time slice centered on the year 2100.
Projections for 2100 are an average of two methods
that involve adding a linear trend to the final time
slice (2080s) and extrapolating that trend to 2100
(see Appendix IIA).

Uncertainties grow over the timeframe of the
NPCC projections toward the end of the century
(Box 1.3). For example, the RCPs do not sample all
the possible carbon and other biogeochemical cycle
feedbacks associated with climate change. The few
Earth system models in CMIP5 used by the NPCC2
could possibly underestimate the potential for in-
creased methane and carbon release from the thaw-
ing Arctic permafrost under extreme warming sce-
narios. More generally, the potential for surprises,
such as technological innovations that could remove
carbon from the atmosphere, increases the further
into the future one considers.

Model-based probability. The combination of
35 GCMs and two RCPs produces a 70 (35 x 2)-
member matrix of outputs for temperature and
precipitation. For each time period, the results con-

¥Thirty-year time slices are required to minimize the ef-
fects of natural variability, which is largely unpredictable.
For sea level rise (see Chapter 2), 10-year time slices are
sufficient due to smaller natural variability.
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stitute a climate model-based range of outcomes,
which can be used in risk-based decision-making.
Equal weights were assigned to each GCM and to
each of the two selected RCPs.

The results for future time periods are compared
to the climate model results for the baseline period
(1971 to 2000). Mean temperature change projec-
tions are calculated via the delta method, a type
of bias-correction’ whereby the difference between
each model’s future and baseline simulation is used,
rather than “raw” model outputs. The delta method
is a long-established technique for developing lo-
cal climate-change projections (Gleick, 1986; Arnell,
1996; Wilby et al., 2004; Horton et al., 2011). Mean
precipitation change is similarly based on the ratio
of a given model’s future precipitation to that of
its baseline precipitation (expressed as a percentage
change™).

Methods for projecting changes in extreme
events. The greatest impacts of extreme tem-
perature and precipitation (with the exception
of drought) occur on daily rather than monthly
timescales. Because monthly output from climate
models is considered more reliable than daily output
(Grotch and MacCracken, 1991), the NPCC2 uses a
hybrid projection technique for extreme events.
Modeled changes in monthly temperature and
precipitation are based on the same methods de-
scribed for the annual data. Monthly changes
through time in each of the GCM-RCP com-
binations are then applied (added in the case
of degrees of temperature change and multi-
plied in the case of percentage change in pre-
cipitation) to the observed daily 1971 to 2000
temperature and precipitation data from Cen-
tral Park to generate 70 time-series of daily data.
This simplified approach to projections of extreme
events does not account for possible changes in

! Bias correction is a standard practice when climate model
outputs are used because long-term changes through time
are considered more reliable than actual values, especially
when an area like the New York metropolitan region, that
is smaller than the size of a climate model grid box, is
assessed.

"The ratio approach is used for precipitation because it
minimizes the impact of climate model biases in average
baseline precipitation, which can be large for some models
at monthly scales.
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Box 1.3. Sources of uncertainty in climate projections

Sources of uncertainty in climate projections include:

Future concentrations of GHGs, aerosols, black carbon, and land use change. Future GHG concentrations will
depend on population and economic growth, technology, and biogeochemical feedbacks (e.g., methane release
from permafrost in a warming Arctic). Multiple emissions scenarios and/or RCPs are used to explore possible

futures.

Sensitivity of the climate system to changes in GHGs and other “forcing” agents. Climate models are used to
explore how much warming and other changes may occur for a given change in radiatively important agents.
The direct temperature effects of increasing CO, are well understood, but models differ in their feedbacks
(such as changes in clouds, water vapor, and ice with warming) that determine just how much warming
ultimately will occur. A set of climate models is used to sample the range of such outcomes.

Regional and local changes that may differ from global and continental averages. Climate model results can be
statistically or dynamically downscaled (e.g., using regional models embedded within global models), but
some processes may not be captured by existing downscaling techniques. Examples include changes in
land-sea breezes and the urban heat island effect on a warming planet.

Natural variability that is largely unpredictable, especially in midlatitude areas such as the New York
metropolitan region. As a result, even as increasing GHG concentrations gradually shift weather and climate,
random elements will remain important, especially for extreme events and over short time periods (e.g., a cold
month). Chaos theory has demonstrated that natural variability can be driven by small initial variations that
amplify thereafter. Other sources of natural variability include the El Nifno Southern Oscillation and solar
cycles. Averaging short-term weather over long periods of time (e.g., 30 years) can average out much of the

natural variability, but it does not eliminate it entirely.

Observations include uncertainties as well. Sources of observational uncertainty include poor siting of weather
stations, instrument errors, and errors involved in the processing of data using models.

submonthly variability over time, which are not well
understood.

Projections for the New York metropolitan
region

This section presents climate projections for the
2020s, 2050s, 2080s, and 2100 for temperature, pre-
cipitation, and extreme events.

Mean annual changes. Higher temperatures are
extremely likely for the New York metropoli-
tan region in the coming decades. All simula-
tions project continued increases through the end
of this century. Most GCM simulations indicate
small increases in precipitation, but some do not.
Natural precipitation variability is large; thus, pre-
cipitation projections are less certain than temper-
ature projections.

Future temperature. The projected future tem-
perature changes shown in Table 1.1 and Figure 1.10
indicate that by the 2080s, New York City’s mean

temperatures throughout a “typical” year may bear
similarities to those of a city like Norfolk, Vir-
ginia, today. The middle range of projections show
temperatures increasing by 2.0°F to 2.8°F by the
2020s, 4.0°F to 5.7°F by the 2050s, and 5.3°F to
8.8°F by the 2080s. By 2100, temperatures may in-
crease by 5.8°F to 10.3°F. Temperature increases are
projected to be comparable for all months of the
year.

The two RCPs project similar temperature
changes up to the 2020s; after the 2020s, temper-
ature changes produced by RCP 8.5 are higher than
those produced by RCP 4.5. It takes several decades
for the different RCPs to produce large differences
in climate due to the long lifetime of GHGs in the
atmosphere and the inertia or delayed response of
the climate system and the oceans especially.

Future precipitation. Table 1.1 indicates that
regional precipitation is projected in the middle
range to increase by approximately 1-8% by the
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Table 1.1. Mean annual changes

Horton et al.

a. Temperature

Baseline (1971-2000) Low estimate Middle range (25th to High estimate
54°F (10th percentile) 75th percentile) (90th percentile)
2020s +1.5°F +2.0-2.9°F +3.2°F
2050s +3.1°F +4.1-5.7°F +6.6°F
2080s +3.8°F +5.3-8.8°F +10.3°F
2100 +4.2°F +5.8-10.4°F +12.1°F

b. Precipitation

Baseline (1971-2000) Low estimate Middle range (25th to High estimate
50.1 in (10th percentile) 75th percentile) (90th percentile)
2020s —1 percent +1-8% +10%
2050s +1 percent +4-11% +13%
2080s +2 percent +5-13% +19%
2100 —6 percent —1% to +19% +25%

Norte: Based on 35 GCMs and two RCPs. Baseline data cover the 1971-2000 base period and are from the NOAA
National Climatic Data Center (NCDC). Shown are the low estimate (10th percentile), middle range (25th percentile
to 75th percentile), and high estimate (90th percentile). These estimates are based on a ranking (from most to least) of
the 70 (35 GCMs times 2 RCPs) projections. The 90th percentile is defined as the value that 90 percent of the outcomes
(or 63 of the 70 values) are the same or lower than. Like all projections, the NPCC climate projections have uncertainty
embedded within them. Sources of uncertainty include data and modeling constraints, the random nature of some
parts of the climate system, and limited understanding of some physical processes. The NPCC characterizes levels of
uncertainty using state-of-the-art climate models, multiple scenarios of future greenhouse gas concentrations, and
recent peer-reviewed literature. Even so, the projections are not true probabilities and the potential for error should

be acknowledged.

2020s, 4-11% by the 2050s, and 5-13% by the
2080s. By 2100, projected changes in precipitation
range from —1 to +19%. In general, the projected
changes in precipitation associated with increasing
GHGs in the global climate models are small
relative to year-to-year variability. Figure 1.11
shows that precipitation is characterized by large
historical variability, even with 10-year smoothing.
One example is the New York metropolitan region’s
multi-year drought of record in the 1960s.

Precipitation increases are expected to be largest
during the winter months. Projections of precip-
itation changes in summer are inconclusive, with
approximately half the models projecting precipi-
tation increases and half projecting decreases (see
Appendix IIA for seasonal projections).

Future extreme events. Despite their brief du-
ration, extreme events can have large impacts on
New York City’s infrastructure, natural systems,
and population. This section describes how the
frequencies of heat waves, cold events, and in-
tense precipitation in the New York metropolitan

region are projected to change in the coming
decades. The extreme event projections shown in
Table 1.2 are based on observed data for Central
Park.

Future heat waves and cold events. The total num-
ber of hot days, defined as days with a maximum
temperature at or above 90°F or 100°F, is expected
toincrease as the 21st century progresses (Table 1.2).
By the 2020s, the frequency of days at or above 90°F
may increase by more than 50% relative to the 1971
to 2000 base period; by the 2050s, the frequency may
more than double; by the 2080s, the frequency may
more than triple. Although 100°F days are expected
to remain relatively rare, the percentage increase in
their frequency of occurrence is projected to exceed
the percentage change in days at or above 90°F.

The frequency and duration of heat waves, de-
fined as three or more consecutive days with
maximum temperatures at or above 90°F, are very
likely to increase. In contrast, the frequency of ex-
treme cold events, defined as the number of days per
year with minimum temperatures at or below 32°F,
is projected to decrease approximately 25% by the
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Table 1.2. Extreme events

Baseline Low estimate  Middle range (25th  High estimate
a.2020s (1971-2000) (10th percentile) to 75th percentile) (90th percentile)
Numbers of heat waves per year 2 3 34 4
Average heat wave duration (days) 4 5 5 5
Number of days per year with

Maximum temperature at or above 90°F 18 24 26-31 33
Maximum temperature at or above 100°F 0.4 0.7 1-2 2
Minimum temperature at or below 32°F 71 50 52-58 60
Rainfall at or above 1 inch 13 13 14-15 16
Rainfall at or above 2 inches 3 3 3-4 5
Rainfall at or above 4 inches 0.3 0.2 0.3-0.4 0.5
Low estimate Middle range (25th  High estimate
b. 2050s Baseline  (10th percentile) to 75th percentile) (90th percentile)
Numbers of heat waves per year 2 4 5-7 7
Average heat wave duration (days) 4 5 5-6 6
Number of days per year with
Maximum temperature at or above 90°F 18 32 39-52 57
Maximum temperature at or above 100°F 0.4 2 3-5 7
Minimum temperature at or below 32°F 71 37 42-48 52
Rainfall at or above 1 inch 13 13 14-16 17
Rainfall at or above 2 inches 3 3 4-4 5
Rainfall at or above 4 inches 0.3 0.3 0.3-0.4 0.5
Low estimate  Middle range (25th  High estimate
c. 2080s Baseline (10th percentile) to 75th percentile) (90th percentile)
Numbers of heat waves per year 2 5 6-9 9
Average heat wave duration (days) 4 5 5-7 8
Number of days per year with
Maximum temperature at or above 90°F 18 38 44-76 87
Maximum temperature at or above 100°F 0.4 2 4-14 20
Minimum temperature at or below 32°F 71 25 30-42 49
Rainfall at or above 1 inch 13 14 15-17 18
Rainfall at or above 2 inches 3 3 4-5 5
Rainfall at or above 4 inches 0.3 0.2 0.3-0.5 0.7

Norte: Projections for temperature and precipitation are based on 35 GCMs and 2 RCPs. Baseline data are for the 1971
to 2000 base period and are from the NOAA National Climatic Data Center (NCDC). Shown are the low estimate
(10th percentile), middle range (25th to 75th percentile), and high estimate (90th percentile) 30-year mean values
from model-based outcomes. Decimal places are shown for values less than one, although this does not indicate
higher precision/certainty. Heat waves are defined as three or more consecutive days with maximum temperatures at
or above 90°F. Like all projections, the NPCC climate projections have uncertainty embedded within them. Sources
of uncertainty include data and modeling constraints, the random nature of some parts of the climate system, and
limited understanding of some physical processes. The NPCC characterizes levels of uncertainty using state-of-the-art
climate models, multiple scenarios of future greenhouse gas concentrations, and recent peer-reviewed literature. Even
so, the projections are not true probabilities and the potential for error should be acknowledged.
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Figure 1.10. Combined observed (black line) and projected
temperature (colored lines). Projected model changes through
time are applied to the observed historical data. The two thick
lines (blue and red) show the average for each representative
concentration pathway across the 35 GCMs. Shading shows
the middle range. The bottom and top lines respectively show
each year’s low-estimate and high-estimate projections across
the suite of simulations. A smoothing procedure/10-year filter
has been applied to the observed data and model output to
remove unpredictable short-term natural variability and high-
light longer-term signals associated with climate and climate
change. The dotted area between 2007 and 2015 represents the
time period that is not covered due to the smoothing procedure.

2020s, more than 33% by the 2050s, and approxi-
mately 50% by the 2080s.

Future extreme precipitation. Although the per-
centage increase in annual precipitation is expected
to be relatively small, larger percentage increases are
expected in the frequency, intensity, and duration
of extreme precipitation (defined in this report as
at least 1, 2, or 4 inches) at daily timescales (Table
1.2). Because some parts of New York City, includ-
ing parts of coastal Brooklyn and Queens, currently
experience significantly fewer extreme precipitation
days than does Central Park, they may experience
fewer extreme precipitation days than those shown
in the table for Central Park in the future as well.

Qualitative extreme events. For some of the ex-
treme climate events, future changes are too uncer-
tain at local scales to allow quantitative projections.
For example, the relationships between short du-
ration extreme precipitation events and different
types of storms, and between droughts and tem-
perature/precipitation, are complex. For these, the
NPCC makes qualitative projections based on sci-
entific literature and expert judgment (Table 1.3).
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Figure 1.11. Combined observed (black line) and projected
precipitation (colored lines). Projected model changes through
time are applied to the observed historical data. The two thick
lines (blue and red) show the average for each representative
concentration pathway across the 35 GCMs. Shading shows
the middle range. The bottom and top lines respectively show
each year’s low-estimate and high-estimate projections across
the suite of simulations. A smoothing procedure/10-year filter
has been applied to the observed data and model output to
remove unpredictable short-term natural variability and high-
light longer-term signals associated with climate and climate
change. The dotted area between 2007 and 2015 represents the
time period that is not covered due to the smoothing procedure.

By the end of the century, heat indices” are very
likely to increase, both directly due to higher tem-
peratures and because warmer air can hold more
moisture. The combination of high temperatures
and high humidity can produce severe additive ef-
fects by restricting the human body’s ability to cool
itself and thereby induce heat stress (see Chapter 5,
NPCC, 2015).

Downpours, defined as intense precipitation at
subdaily, and often subhourly, timescales, are very
likely to increase in frequency and intensity. Changes
in lightning are currently too uncertain to support
even qualitative statements.

By the end of the century, it is more likely
than not that late-summer short-duration droughts
will increase in the New York metropolitan region
(Rosenzweig et al., 2011). It is unknown how mul-
tiyear drought risk in the New York metropolitan
region may change in the future.

"The heat index (HI) or “apparent temperature” is an
approximation of how hot it “feels” for a given combina-
tion of air temperature and relative humidity (American
Meteorological Society, 2013).
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Table 1.3. Qualitative changes in extreme events
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Spatial scale

Direction of change

of projection by the 2080s Likelihood Sources

Heat index New York Increase Very likely NPCC, 2010; IPCC, 2012;
metropolitan Fischer and Knutti, 2012
region

Short-duration drought ~ New York Increase More likely ~ Rosenzweig et al., 2011
metropolitan than not
region

Multi-year drought New York Unknown — Dai, 2013
metropolitan
region

Seasonal snowfall New York Decrease Likely IPCC, 2007; 2012; Liu et al.,
metropolitan 2012
region

Ice storms/freezing rain New York Unknown — NPCC, 2010; Rosenzweig
metropolitan etal, 2011
region

Downpours New York Increase Very likely IPCC, 2012; Melillo et al.,
metropolitan 2014
region

Lightning New York Unknown — Melillo et al., 2014; Price
metropolitan and Rind, 1994
region

As the century progresses, snowfall is likely to be-
come less frequent, with the snow season decreasing
in length (IPCC, 2007). Possible changes in the in-
tensity of snowfall per storm are highly uncertain. It
is unknown how the frequency and intensity of ice
storms and freezing rain may change.

1.4 Conclusions and recommendations

Projections for the New York metropolitan region
from the current generation of global climate mod-
els indicate large climate changes and thus the po-
tential for large impacts. In the coming decades,
the NPCC projects that climate change is extremely
likely to bring warmer temperatures to New York
City and the surrounding region. Heat waves are
very likely to increase. Total annual precipitation is
likely to increase, and brief, intense rainstorms are
very likely to increase. It is more likely than not
that short-duration, end-of-summer droughts will
become more severe. Although there remain sig-
nificant uncertainties regarding long-term climate
change, these projections would move the city’s cli-
mate outside what has been experienced historically.

This chapter offers critical information that can
be used to support resiliency, but a central message is
that the high-end scenarios of extreme warming may
challenge even a great city like New York’s adaptive
capacity. The best steps to avoid extreme warming
are to ramp up the reductions in GHG emissions
already undertaken in New York City (City of New
York, 2014). Although GHG emissions are a global
issue, New York City’s leadership on emissions re-
duction in the United States and internationally is
crucially important.

Although the NPCC has a growing understanding
of how the city as a whole may be affected by climate
change, more research is needed on neighborhood-
by-neighborhood impacts. Neighborhood- and
building-level indicators and monitoring (see
Chapter 6, NPCC, 2015) of temperature, precipi-
tation, air quality, and other variables will be critical
in the era of “big data.” High-resolution regional
climate modeling will also illuminate how projected
changes vary throughout the city due to factors in-
cluding coastal breezes, topography, and different
urban land surfaces.
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The NPCC risk-based approach emphasizes a
range of possible outcomes and lends itself to up-
dated projections as new information and climate
model results become available. Such updates are
essential as the science of climate change advances.
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Introduction

New York City’s low-lying areas are home to a large
population, critical infrastructure, and iconic nat-
ural, economic and cultural resources. These areas
are currently exposed to coastal flooding by warm-
season tropical storms such as Hurricane Sandy”
(Box 2.1) and cold-season nor’easters. Sea level
rise increases the frequency and intensity of coastal
flooding. For example, the ~12 inches of sea level
rise in New York City since 1900 may have ex-
panded Hurricane Sandy’s flood area by approxi-
mately 25 square miles, flooding the homes of more
than 80,000 additionalpeople” in New York and New
Jersey alone (Climate Central 2013, as reported in
Miller et al., 2013; see also Chapter 3, NPCC, 2015).

This chapter presents an overview of observed
sea level rise and coastal storms for the New York
metropolitan region, sea level rise projection meth-
ods and results, coastal storm projections, and rec-
ommendations for future research.

“We hereafter refer to Sandy as a hurricane or tropical
cyclone, although it also can be referred to as a hybrid
storm. The storm completed its transition to an extrat-
ropical storm just prior to making landfall in New Jersey
(Blake et al., 2013).

URelative to the number of people who would have expe-
rienced flooding in the absence of the ~12 inches of sea
level rise since 1900.

2.1 Observed changes

This section describes observed sea level rise and
coastal storms.

Sea level rise

Since 1900, the global rate of sea level rise has av-
eraged 0.5 to 0.7 inches per decade (Church et al.,
2013; Hay et al., 2015; Church and White, 2011). As
with temperature, the long-term upward trend in
sea level has varied over the decades. For example,
there were lower rates of increase during the early
part of the 20th century and much of the 1960s and
1970s; sea level rise increased more rapidly during
the 1930s through the 1950s. Since 1993, satellite
observations and tide gauges show a global sea level
rise of ~1.3 & 0.1 inches per decade (Church et al.,
2013; Nerem et al., 2010). There may be a small, yet
statistically significant global sea level acceleration
of 0.004 £ 0.002 inches per decade between 1900
and 2009 (Church and White, 2011).

There are multiple processes that contribute to sea
level rise, including changes in ocean mass distribu-
tion and density; changes in the mass of glaciers,
ice caps, and ice sheets; water storage on land; verti-
cal land movements; and gravitational, elastic, and
rotational effects resulting from ice mass loss. His-
torically, the majority of the observed rise in global
mean sea level has been attributed to thermal expan-
sion. More recently, the contribution of land-based
ice loss to global mean sea level rise has begun to
rival that of thermal expansion (Church et al, 2011;
2013).

Each of these processes has a unique local sig-
nature. Sea level rise in New York City has aver-
aged 1.2 inches per decade since 1900 (Fig. 2.1).

doi: 10.1111/nyas.12593
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Box 2.1. Hurricane Sandy
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Hurricane Sandy was directly responsible for approximately 150 deaths (Blake et al., 2013) and $70 billion in
losses (NOAA, 2013). About half of the deaths occurred in the Caribbean and half in the United States,
including 44 in New York City (Blake et al., 2013). Sandy’s 14.1-foot elevation (above mean low low water;
MLLW) set the record at the Battery tide gauge (Blake et al, 2013). Several factors caused the extreme surge.
Sandy’s minimum pressure was the lowest ever recorded® at landfall north of Cape Hatteras, NC. With a
tropical storm-force wind field of close to 1000 miles in diameter, Sandy was among the largest storms as well.
Hurricane Sandy’s unusual westward-turning track also concentrated storm surge, wind, and waves in the New
York metropolitan region. Part of the extensive coastal flooding was due to the fact that Sandy’s peak surge

coincided with high tide.

This is nearly twice the observed global rate. In
New York City, approximately 40% of the ob-
served sea level rise is due to land subsidence,?
with the remaining sea level rise driven by climate-
related factors (Peltier, 2004; Engelhart and Horton,
2012).

A faster rate of local New York City sea level rise
has also been observed in recent decades relative to
earlier in the 20th century. Tide gauges along the
Atlantic coast show a distinct regional sea level ac-
celeration “hotspot” from Cape Cod to Cape Hat-
teras since the early 1990s (Sallenger et al., 2012;
Boon, 2012; Ezer and Corlett, 2012), although the
acceleration is still too short to attribute to climate
change because of high interannual-multidecadal
ocean variability (Kopp, 2013).

Coastal storms

The two types of storms with the largest influence
on the coastal areas of the New York metropoli-
tan region are tropical cyclones (hurricanes and
tropical storms) and nor’easters. Tropical cyclones
strike New York City very infrequently, generally
between July and October, and can produce large
storm surges and wind damage (Lin et al.,, 2010).
Nor’easters, which tend to occur during the cold
season (November to April), are generally associated
with smaller surges and weaker winds than hur-
ricanes. Nevertheless, nor’easters affect New York

“The 1938 hurricane probably had lower pressure at land-
fall, but it went unrecorded.

9Land can subside or “sink” for many reasons. At the
Battery, the primary cause is a process known as glacial
isostatic adjustment, whereby the land is still responding
to the retreat of the ice sheets during the last ice age.

City more frequently (several times a year) than do
hurricanes (Karvetski et al., 2009), and their im-
pacts can be large, in part because their lengthy du-
ration leads to longer periods of high winds and
high water than are experienced during tropical
cyclones.

The greatest coastal inundation occurs when the
surge caused by a storm’s wind and wave effects
coincides with high astronomical (or “non-storm”)
tides. At the Battery, the mean range of tide® is 4.5
feet but can be as large as 7.7 feet/ during the most
extreme spring tides® (NOAA Tides and Currents,
2013; Orton et al., 2012).

Because of the complexity of the New York City
coastline, there is often a large spatial variation in
the extent and timing of flooding associated with
any particular storm. High tides and waves associ-
ated with nor’easters can lead to significant flood-
ing and beach erosion (Hondula and Dolan, 2010).
In the case of Hurricane Sandy (see Box 2.1), one
of the reasons coastal flooding was so devastating
for southern parts of New York City was that the
peak storm surge occurred near high tide. Had the
storm struck a few hours earlier or later than it did,
coastal flood damage would have been much higher
elsewhere, including other parts of the city such as
Hunts Point in the Bronx.

“The mean range of tide is defined as the difference in
height between mean high water and mean low water
(NOAA Tides and Currents, 2013).

/The maximum range of tide is defined as the difference in
height between NOAA’s highest astronomical tide (HAT)

and lowest astronomical tide (LAT).
8 A tide near the time of a new or full moon, when there is

the greatest difference between high and low water.
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Figure 2.1. Observed sea level rise in New York City (the Battery) from 1900 to 2013. Data are from Permanent Service for Mean

Sea Level (PSMSL). *Trend is significant at the 99% level.

Observed changes in the frequency and inten-
sity of coastal storms can also be provided for large
geographic regions. There has been an increase in
the overall strength of hurricanes and in the num-
ber of strong (category 4 and 5) hurricanes in the
North Atlantic Basin since the early 1980s (Melillo
etal., 2014). However, it is unclear how much of the
observed trend is due to natural variability (Seniver-
atne etal.,2012), increases in greenhouse gas (GHG)
concentrations (Hegerl et al, 2007), and/or other
changes such as a reduction in aerosol pollution”
in recent decades (Booth et al., 2012). There is also
some evidence of an overall increase in storm ac-

"Aerosols can influence hurricanes both by blocking sun-
light from heating the upper ocean and through local
changes in cloud formation.

tivity near the northeastern U.S. coastline during
the second half of the 20th century from 1950 to
2010 (Melillo et al, 2014). Studies have also noted
increases in coastal flooding during the past century
along the United States East Coast (Grinsted et al.,
2012) and in the New York metropolitan region
(Talke et al., 2014). Coastal flooding has been influ-
enced by historical changes in sea level in addition
to changes in storm frequency and intensity.

2.2 Sea level rise and coastal storm
projections

This section describes the methods used to project
future sea level rise for New York City and presents
the projections (see Appendix I for infographics
of projections and Appendix IIB for details of the
methods (NPCC, 2015)).

Land water storage
Groundwater mining,
impoundment in reservoirs,
urban runoff, deforestation,
seepage into aquifers

Causes of Sea Level Change

Vertical land motions
Subsidence/uplift due to
glacial isostatic adjustment,
tectonics

Thermal expansion

Local water mass density

Figure 2.2. Causes of sea level change.

Temperature, salinity, ocean currents
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Gravitational,
Rotational, Elastic

Mass changes
Glaciers and
ice sheets

\

Ocean water /
e
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Table 2.1. Sea level rise projection components
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Sea level rise component Scale Description Method Sources
Global thermal expansion ~ Global ~ Ocean water Single http://cmip-pcmdi.llnl.gov/
expands as it globally-averaged cmip5
warms value from
CMIP5 models
Local changes in ocean Local ~ Changes in ocean Local values from http://cmip-pcmdi.llnl.gov/
height water density CMIP5 models cmip5
and circulation
Loss of ice from Greenland ~ Global  Addition of Bamber and Bamber and Aspinall, 2013
and Antarctic ice sheets freshwater to the Aspinall expert
ocean elicitation
surveys of 26 ice
sheet experts,
with additional
probabilistic
analysis
Loss of ice from glaciers Global  Addition of Range from two Radi¢ et al., 2014; Marzeion
and ice caps freshwater to the recent analyses etal., 2012
ocean
Gravitational, rotational, Local Regional sea level Ice loss from each Mitrovica et al., 2009; Perrette
and elastic changes due to ice sheet and the etal., 2013; Gomez et al.,
“fingerprints™ of ice ice mass change glaciers/ice caps 2010
loss are modified by is multiplied by a
gravitational, local NYC
rotational, and coefficient
“fast” (elastic) reflecting the
isostatic aggregate effect
responses
Vertical land move- Local Local land Peltier’s Glacial Peltier, 2004
ments/glacioisostatic subsidence is an Isostatic
adjustments (GIA) ongoing slow Adjustment (GIA
response to the model)
last deglaciation
Land-water storage Global  Addition or Global estimates Church et al., 2011; Milly

subtraction of

freshwater stored
in reservoirs and

groundwater

derived from etal., 2010

recent literature

* See Appendix IIB for a full description of the “fingerprints.”

Sea level rise methods and components

The NPCC2 sea level rise projections for New York
City have been developed using a component-by-
component analysis (Fig. 2.2; Table 2.1).

Other published studies (e.g., Kopp et al., 2014;
Perrette et al, 2013; Slangen et al, 2012) have
taken a similar regionalized approach to sea level
rise projections using different sources of informa-
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tion (e.g., set of climate models) and assumptions
(e.g., for vertical land motion and ice sheet mass
loss).

For each of the components of sea level change,
the NPCC2 estimated the 10th, 25th, 75th, and 90th
percentiles of the distribution. The sum of all com-
ponents at each percentile is assumed to give the
aggregate sea level rise projection.
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Figure 2.3. New York City sea level rise trends and projections. Projections shown are the low estimate (10th percentile), middle
range (25th to 75th percentiles), and the high estimate (90th percentile). The historical trend is also included. Projections are

relative to the 2000 to 2004 base period.

Projections for sea level rise are relative to the
2000 to 2004 base period. The three time slices for
sea level rise (2020s, 2050s, 2080s) are centered on a
given decade. For example, the 2050s time slice refers
to the decadal period from 2050 to 2059. Decadal
time slices were used for sea level rise (in contrast to
the 30-year periods used for the climate variables;
see Chapter 1) because natural variability of sea level
is lower than that of temperature and precipitation.
The sea level rise projections were also extended to
2100 (the methodology is described in Appendices
ITA and IIB).

The NPCC2 90th percentile projections are gen-
erally comparable to the rapid ice melt scenario of
NPCC 2010. Whereas NPCC 2010 included two sea
level rise projection techniques, NPCC2 consoli-
dates the projections for all percentiles into a single
methodology.

Future sea level rise

As shown in Table 2.2 and Figure 2.3, the middle-
range (25th to 75th percentile) sea level rise projec-
tion in New York City is an increase of 4 to 8 inches
in the 2020s, 11 to 21 inches in the 2050s, 18 to 39
inches in the 2080s, and 22 to 50 inches by 2100.
Sea level rise is projected to accelerate as the cen-
tury progresses and could reach as high as 75 inches
by 2100 under the high estimate (90th percentile).

New York City’s sea level rise projections exceed
the global average, primarily due to local land sub-
sidence and global climate model projections that
ocean height along the Northeast coastline may in-
crease faster than global average ocean height due
in part to projected weakening of the Gulf Stream
current (Yin et al., 2009, 2010). The range of pro-
jected sea level rise grows as the century progresses,
primarily because of uncertainties about how much
the ice sheets will melt as temperatures rise.

At the 90th percentile, the NPCC2 late-century
sea level rise projections are higher than those of
Kopp et al. (2014). This is primarily due to (1) dif-
fering representation of the tail of the sea level rise
distribution in Kopp et al., which is based on a com-
bination of Bamber and Aspinall’s (2013) estimate
and that of IPCC AR5 (Church et al, 2013), and
(2) the assumption by Kopp et al. that sea level rise
components are independent.

Flood heights and recurrence intervals

Sea level rise is projected to yield large changes in
the frequency and intensity of coastal flooding, even
if storms themselves do not change at all (Table 2.3).
By the 2050s, the middle range sea level rise projec-
tions are associated with approximately a doubling
of the probability of the historical 100-year coastal
flood (the 100-year coastal flood event refers to the
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Table 2.2. New York City sea level rise projections

NPCC 2015 Report Chapter 2

Middle range
Baseline Low estimate (25th to 75th High estimate
(2000—2004) 0 in (10th percentile) percentile) (90th percentile)
2020s 21in 4-8 in 10in
2050s 8in 11-21in 30 in
2080s 13in 18-39in 58 in
2100 15in 22-50 in 75in

Norte: Projections are based on a six-component approach that incorporates both local and global factors. The model-based components are from 24 global climate models and
two representative concentration pathways. Projections are relative to the 2000-2004 base period.

Table 2.3. Future coastal flood heights and recurrence intervals at the Battery, New York

Middle range
Low estimate (25th to 75th High estimate
(10th percentile) percentile) (90th percentile)

2020s

Annual chance of today’s 1.1% 1.1-1.4% 1.5%
100-year flood (1%)

Flood heights associated with 11.5 ft 11.6-12.0 ft 12.1ft
100-year flood (11.3 ft)

2050s

Annual chance of today’s 1.4% 1.6-2.4% 3.6%
100-year flood (1%)

Flood heights associated with 12.0 ft 12.2-13.1 ft 13.8 ft
100-year flood (11.3 ft)

2080s

Annual chance of today’s 1.7% 2.0-5.4% 12.7%
100-year flood (%)

Flood heights heights 12.4 ft 12.8-14.6 ft 16.1 ft
associated with 100-year
flood

Norte: Flood heights are derived by adding the sea level-rise projections for the corresponding percentiles to the baseline values. Baseline flood heights associated with the
100-year flood are based on the FEMA stillwater elevations (i.e., without wave height). Flood height elevations are referenced to the NAVD88 datum.

flood with a 1% annual chance of occurrence). By
the 2080s under the middle range, the historical
100-year event is projected to occur approximately
2 to 4 times more often. Even under the low sea level
rise estimate, coastal flood frequency would approx-
imately double by the 2080s. Under the high sea level
rise estimate, coastal flood frequency would increase
more than ten-fold, turning the 100-year flood into
an approximately once per eight year event. The
next section addresses potential changes in coastal
storms themselves.

Coastal storms
The balance of evidence suggests that the strongest
hurricanes in the North Atlantic Basin may become

more frequent in the future, although the total num-
ber of tropical storms may decrease slightly (Chris-
tensen et al., 2013; see Table 2.4)." The implications
for the New York metropolitan region, however, are
unclear because individual storm tracks are highly
variable, and potential changes in tropical cyclone
tracks are poorly understood (Kozar et al., 2013;
Christensen et al., 2013). As the ocean and atmo-
sphere continue to warm, intense precipitation from

! A few recent studies based on downscaled CMIP5 global
climate models have projected an increase in the number
of 21st-century tropical storms (Emanuel, 2013), at least
through midcentury (Villarini and Vecchi, 2012; 2013).
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Table 2.4. Projected changes in coastal storms
Direction of change
Spatial scale of projection by the 2080s Likelihood
Tropical cyclones
Total number North Atlantic Basin Unknown —
Number of intense North Atlantic Basin Increase More likely than not”
hurricanes
Extreme hurricane North Atlantic Basin Increase More likely than not
winds
Intense hurricane North Atlantic Basin Increase More likely than not
precipitation
Nor’easters (number and New York City Unknown —

intensity) metropolitan region

% >50% probability of occurrence
Sources: Melillo, 2014; IPCC, 2012; Colle et al., 2013.

hurricanes will more likely than not increase on a
global scale (Knutson et al., 2010; IPCC, 2012), al-
though the implications for the more limited New
York metropolitan region are unclear because so few
tropical cyclones impact the region. It is unknown
how nor’easters in the region may change in the
future./

2.3 Conclusions and recommendations

Sea level rise in the New York metropolitan re-
gion is projected to accelerate as the century
progresses and could reach as high as 75 inches by
2100 under the NPCC2 high estimate. New York
City’s sea level rise is projected to exceed the global
average due to land subsidence and changes in
ocean circulation, increasing the hazard posed to the
New York metropolitan region’s coastal population,
infrastructure, and other built and natural assets.
Although projected changes in coastal storms are
uncertain, it is virtually certain (>99% probabil-
ity of occurrence) that sea level rise alone will lead
to an increased frequency and intensity of coastal
flooding as the century progresses.

Although these sea level rise projections are New
York region specific, projections based on similar
methods would not differ greatly throughout the
coastal corridor from Boston to Washington, DC
(see e.g., Tebaldi et al., 2012; Kopp et al., 2014). Ex-
ceptions would include locations experiencing more

7 One recent study (Colle et al., 2013) using CMIP5 models
projects that nor’easter tracks could shift to the west.
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rapid changes in local land height, such as land sub-
sidence due to excess groundwater extraction.

In the face of uncertainty about the future fre-
quency and intensity of coastal storms, two critical
messages are that (1) New York City is highly vulner-
able to coastal storms today, and (2) even low-end
sea level projections can be expected to increase the
frequency and intensity of coastal flooding, absent
any changes in storms themselves.

Although the NPCC projections have focused on
the 21st century, sea level rise is projected to accel-
erate into the 22nd century even if heat-trapping
GHG concentrations stabilize later this century.
Reducing GHG emissions in the near term is critical
to minimizing that long-term acceleration.

More research is needed on how the Greenland
and West Antarctic ice sheets will respond to cli-
mate change because these ice sheets are the largest
long-term source of “high-end” uncertainty. Future
research efforts should also explore the relationship
between the different sea level rise components as
well as the relationship between those sea level rise
components and coastal storm risk. For example,
research is needed on the potential correlation be-
tween dynamic sea level along the northeastern U.S.
coast and coastal storm risk (Horton and Liu, 2014).

As understanding grows of how coastal storms
may change with climate change, it will become
possible to combine changing storm and sea level
hazards into integrated projections of coastal flood
exposure. Another important area of research is how
sea level rise may impact coastal flooding and wave
damage associated with a given coastal storm.
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Introduction

The objective of this chapter is to describe the coastal
flood-mapping methods used by the second New
York City Panel on Climate Change (NPCC2) and
the coastal flood-mapping products. The chapter il-
lustrates the technical approach used to create the
NPCC2 maps of projected future flood extents. Un-
certainties in the coastal flood-mapping process are
explained and associated caveats are presented. See
Box 3.1 for key definitions and terms.

3.1 Mapping risk, hazards, and

uncertainty

Risk and hazard mapping has a long and rich tra-
dition, and presenting spatial risks and hazards
has been applied in a wide range of contexts. The
strength of the map as an information tool depends
on the quality of data and the techniques used to
translate the data onto a flat surface. Flood-hazard
mapping has its roots in 1930s conservation-era
watershed and flood-hazard management (Mileti,
1999). The most significant advance since that time,
besides the dynamic growth of computational map-
ping and geographic information systems (GIS)
(Clarke, 1997), has been the application of model-
based projections of flood extents and periodicity

“Lead authors.

doi: 10.1111/nyas.12590

(recurrence intervals) to the empirically based data
on flood extents and elevation (see Chapters 2 and
4, NPCC, 2015).

New York City hazards and climate risks
Mapping natural hazards and climate risks is an es-
sential part of an overall emergency management
strategy for densely populated urban areas such as
New York City and can be an effective part of an
overall risk reduction plan. In 2009, the New York
City Office of Emergency Management (OEM) de-
veloped the first FEMA-approved hazard mitigation
plan (HMP) for the City, a document designed to
serve as a guideline for protecting New York City
from the effects of natural hazards. The HMP as-
sesses hazard vulnerabilities including those related
to climate, identifies risk reduction opportunities,
and helps to secure funding for hazard mitigation;
it is updated every five years.

The most current plan (NYCHMP, 2014) con-
tains maps and tables that depict a broad range of
both physical hazards and social vulnerabilities. The
maps of potential flood inundation are used to il-
lustrate the City’s Hurricane Evacuation Zones and
to inform the general public about their risk from
individual flood hazard events. These are worst-case
scenario maps based on the Sea, Lake, and Overland
Surges from Hurricanes (SLOSH) model® and are

'The SLOSH model is a computerized numerical model
developed by the National Weather Service (NWS) to esti-
mate storm surge heights resulting from historical, hypo-
thetical, or predicted hurricanes by taking into account at-
mospheric pressure, size, forward speed, and storm track
data. These parameters are used to create a model of the
wind field that drives storm surge.
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Box 3.1. Definitions and terms

Base flood elevation (BFE)

FEMA term for the 100-year flood elevation that specifically includes the elevation of wave crests above the
stillwater elevation as well as estimated effects of wave runup and overtopping of sea walls.

Dynamic coastal flood modeling
Physics-based computer simulation techniques that include the effects of factors such as wind, atmospheric
pressure, and friction in calculation of coastal flood elevations (also known as hydrodynamic modeling).

Extratropical cyclone

Coastal storms existing or occurring outside of the tropical latitudes, displaying poleward displacement and
conversion of the primary energy source from the release of latent heat of condensation to baroclinic
(temperature contrast between warm and cold air masses) processes. Cyclones can become extratropical and
still retain winds of hurricane or tropical storm force.

Flood exceedance curves
Relationship between flood intensity and different levels of frequency; each curve represents the flood intensity
that will be equaled or exceeded once in a certain number of years, indicated as the frequency of that curve.

Flood hazard assessment
Statistical evaluation of the annual likelihood of a given flood event for a range of different flood elevations.

Flood zone and floodplain

A flood zone is statistically-defined region whereby each point within is subject to a flooding at a given annual
probability. A floodplain is a geologic term that refers to a broad, relatively flat land area subject to flooding
from a river, lake, ocean, or other water body.

Return period/recurrence
The average interval, in years, between occurrences of two floods of equal or greater magnitude. It is based on
the probability that the given flood event will be equaled or exceeded in any given year.

Static coastal flood modeling

A common technique for mapping flood extents whereby a flood elevation is extrapolated landward until it
reaches the equivalent contour height on land (see Chapter 4 for further discussion of the static approach).
Topographic elevations at or lower than this height are considered flooded. This approach—also referred to as
a “bathtub” model—is commonly used for sea level inundation scenarios applied to surfaces of constant
elevation such as a tidal datum, but it has also been applied to SLOSH model output.

Stillwater elevation
FEMA terminology for combined storm surge and tide, that is, total water elevation during a storm. It is the
water elevation in the absence of waves. NPCC2 utilizes stillwater elevation to create its 500-year map products.

Storm surge/storm tide
Storm surge is a wind-driven and atmospheric pressure-driven increase in water level and combines with tides
to form the total water elevation during a storm, also known as the storm tide.

Tropical cyclone
A warm-core, non-frontal synoptic-scale cyclone, originating over tropical or subtropical waters with
organized deep convection and a closed surface wind circulation about a well-defined center.

Wave setup
The rise in stillwater elevation that is driven by the unidirectional effect of waves breaking, thus pushing water
onshore.
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utilized by city agencies and stakeholders to develop
plans to protect their at-risk infrastructure. FEMA
Flood Insurance Rate Maps (FIRMs) are represented
in the HMP. New York City’s comprehensive climate
resiliency plan, A Stronger, More Resilient New York
(City of New York, 2013), also uses flood mapping
to assess risks and plan for the future.

FEMA Flood Insurance Rate Maps and
Hurricane Sandy

A Flood Insurance Study (FIS) is a document de-
veloped by FEMA that contains information about
flooding in a community and is produced in con-
junction with a flood rate insurance map (FIRM).
Both coastal flooding and riverine flooding are in-
cluded (the NPCC2 only considered coastal flood-
ing). A FIS describes the flooding history of a com-
munity, explains the engineering methods and data
sources used to develop the FIRMs, and provides
flood heights and profiles for various recurrence
probabilities.

FIRM:s display flood hazard boundaries and base
flood elevation (BFE) information essential to set-
ting insurance rates and building design standards,
and for the implementation of floodplain manage-
ment and regulation practices. They are used by fed-
eral agencies, state and local governments, lending
institutions, insurance agencies, surveyors, and the
National Flood Insurance Program (Crowell et al.,
2007).

The initial Flood Insurance Study for the City
of New York became effective in 1983 and then,
in 1991, 1992, 1994, 2001, and 2007, underwent a
series of revisions such as redelineations, and the in-
corporation of approved amendments requested by
property owners. Despite these updates, the original
coastal flood-hazard analysis for New York City was
not fully revised until 2013.

FEMA was in the process of updating the FIS and
FIRMs for New York City when Hurricane Sandy
struck on October 29, 2012. The Hurricane Sandy
field-verified inundation area (Fig. 3.1), a surface in-
terpolated using field-verified high-water marks and
storm-sensor data from the U.S. Geological Survey,
clearly equaled and exceeded the 1983 100- and 500-
year floodplains, most strikingly along the southern
coasts of Brooklyn and Queens and along the east-
ern and southern shores of Staten Island. Northern
Queens and the Bronx experienced less flooding rel-
ative to the other boroughs in part because the Long
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Island Sound was at low tide when Sandy made
landfall (Georgas et al., 2014).

It is critical that coastal flood maps are updated
regularly. As a result of not having updated maps,
many people were caught unaware and without
flood insurance during Hurricane Sandy. The flood
maps from the 2010 NPCC Report, Climate Change
Adaptation in New York City, were based on the 1983
FEMA FIS, thus making them less useful than they
were intended to be.

In December 2013, FEMA released Preliminary
Flood Insurance Rate Maps for New York City based
on their 2013 Flood Insurance Study. These maps
were a significant update from the first FEMA Flood
Insurance Study conducted in 1983. They incorpo-
rated changes that included:

® Revised flood hazard analysis and mapping for
the 520 miles of coastal shoreline of New York
City

® Base map updated to 2008 aerial photography

® Incorporation of 2010 digital topographic data
provided by New York City

® Incorporation of validated Letters of Map
Change (LOMCs), which are FEMA-issued
documents that reflect official revisions/
amendments to FIRMs

® Conversion of the geodetic datum from the
National Geodetic Vertical Datum of 1929
(NAVD29) to the North American Vertical
Datum of 1988 (NAVDSS).

In comparison to the 1983 FIRMs, the revised pre-
liminary FIRMs delineate a larger 100-year flood
zone, extending the zone of flooding further inland
in nearly all areas of the city and encompassing 50
square miles of land relative to the 100-year flood
zone of 1983 that covered 33 square miles (Fig. 3.2).

3.2 GIS flood-mapping approach

In the first NPCC Report and in the post—-Hurricane
Sandy NPCC Climate Risk Information 2013 that
followed (NPCC, 20105 2013), the NPCC provided
future flood maps for New York City depicting pro-
jected flood areas under the NPCC sea level rise
scenarios. The sea level rise scenarios were an essen-
tial component of the future flood-mapping exercise
because, as sea levels rise through the 21st century,
a coastal flood of a given volume will reach higher
elevations and greater aerial extents than previously
experienced.
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Figure 3.1. FEMA’s 1983 projections of the 100-year and 500-year flood zones® in New York City compared to the field-verified

post—Hurricane Sandy flooding area. Source: FEMA.

The projected flood areas created by the NPCC2
for the 100- and 500-year flood events in the 2020s,
2050s, 2080s, and 2100 were developed using a static
coastal flood-modeling technique that uses outputs
from FEMA’s hydrologic and hydraulic models and
modifies these outputs in a GIS by adding the NPCC
sea level rise projections (see Appendix IIC NPCC,
2015 for further details). This static “bathtub” ap-
proach to mapping sea level effects on coastal flood
zones is simple in logic. It assumes that floodwaters
will continue to move landward until they reach
an equivalent topographic elevation (see Chapter 4,
NPCC, 2015, for further discussion of the static ap-
proach) (Titus and Richman, 2001; Wu et al., 2002;
Kleinosky et al., 2006; Poulter and Halpin, 2008;
Gesch, 2009; Li et al., 2009).

“The 100-year coastal flood event refers to the flood with
a 1% annual chance of occurence. The 500-year coastal
flood event refers to the flood with a 0.2% annual chance
of occurrence.

48

The FEMA FIRMs were chosen as the base data-
set (and not the hurricane storm-surge inundation
areas derived from SLOSH) because the FIRMs are
used for New York City Building Code regulations
and floodplain management. Selection of the FIRMs
produces maps that are compatible and compa-
rable for stakeholder and planner use. However,
the FEMA Regional 2 Coastal Storm Surge Study
(FEMA, 2014) suggests the 2013 FIRM flood eleva-
tions and extents may be on the high end of previous
estimates (see Chapter 4 of NPCC, 2015 for further
discussion).

Following on from this approach, the NPCC2
has also conducted analyses and created maps that
combine sea level rise directly with dynamic coastal
flood models that include wave effects (see Chap-
ter 4). Despite its limitations (discussed below), the
static approach is a useful tool for planners and
stakeholders and can be used to inform decisions
on infrastructure investments and land use policy.
The static approach is relatively simple, requires less
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Figure 3.2. Comparison of FEMA’s 100-year floodplains for New York City as first developed in 1983 and revised in 2013.

time, and is less computer-intensive than dynamic 2.
approaches.

The methodology for developing the static GIS
maps described in the NPCC 2010 Report has been
revised slightly for the NPCC2 mapping products
that have followed. The following section details the
GIS mapping approach, methodology and limita-
tions regarding data use and map interpretation, and
describes the vertical accuracy of the topographic
data. It notes where current data-sets and methods

differ from previous mapping efforts.

Data sets used for mapping
The following data sets were used to develop the
NPCC2 flood maps:

1. The 90th-percentile value projections of sea
level rise elevations for the 2020s, 2050s, 2080s,
and 2100 developed by NPCC2.
® 2020s, 10 inches; 2050s, 30 inches; 2080s,

58 inches; 2100, 75 inches
® Prepared February—December 2013

Ann. N.Y. Acad. Sci. 1336 (2015) 45-55 © 2015 New York Academy of Sciences.

Preliminary 2013 FIRMs derived from the

FEMA 2013 Preliminary Flood Insurance

Study for the City of New York, NY.

® TFlood extent and base flood elevation (BFE)

information (relative to the North Ameri-

can Vertical Datum of 1988 [NAVDS88]) for

the 100-year floodplain

Release date: December 5, 2013

The 0.2% (500-year) Annual Chance Flood

Hazard Area Stillwater Flevation Raster, de-

rived from the FEMA Preliminary Flood In-

surance Study and FIRMs for the City of New

York, NY.

® Flood extent and stillwater elevation
(SWEL) information (relative to NAVD88)
for the 500-year floodplain

® Release date: December 5, 2013

Digital Elevation Model (DEM), 2010 for New

York City.

e Surface developed from LiDAR data col-
lected in spring 2010 over New York City

49



NPCC 2015 Report Chapter 3

® Nominal pulse spacing (NPS) of LiDAR: <
1 meter (>1 pulse/m?)

e LiDAR points interpolated to create a 1-
foot resolution surface with cell values cor-
responding to ground-elevation values in
feet above NAVDS8

® Horizontal positional accuracy: root mean
square error (RMSE) of LiDAR data
33.08 cm

® Horizontal datum: North American 1983

® Vertical positional accuracy: root mean
square error (RMSE) of LiDAR data 9.5 cm

® Vertical datum: NAVD88“
5. New York City borough boundaries (New York

City Department of City Planning).

® Release date: September 2008

Static coastal flood mapping methodology
Vector shapefiles and maps of areas that could be
impacted by future 100- and 500-year floods were
created using spatial processing techniques in ESRI
ArcGIS software.® In 2010 and again in 2013, the
NPCC developed a GIS-based methodology to map
projected flood scenarios based on given increments
of sea level rise. That work was based on the follow-
ing assumptions:

1. Sea level rise will result in greater 100- and
500-year flood extents and higher flood eleva-
tions than are currently modeled in the FEMA
FIRMs.

2. Floodwaters will continue to move onshore
until they reach an equivalent topographic
elevation.

3. Low-elevation land areas must have direct
connectivity to the open water in order to
flood (i.e., they are not surrounded by areas of
higher elevation)./

IThe NAVDSS is an orthometric datum that is approxi-
mately 2.5 inches above mean sea level at the Battery, NY

tide gauge station.
“ESRI’s ArcGIS software is a platform that is used for

creating maps and geographic information products.

f1t is possible that areas not hydrologically connected to
open water can flood via subterranean tunnels or pipes or
via a storm surge—induced increase in hydrostatic pressure
that raises water tables relatively distant from shoreline.
However, this flooding is not indicated on the NPCC
maps.
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4. Wave contributions to flood elevations will
remain unchanged from those found in the
FEMA FIRMs.

Flood-elevation values change as floodwaters
move inland, most often but not always decreas-
ing in elevation as they move from the coast to
areas onshore. NPCC2 projections of the 90th per-
centile of sea level rise elevations of 10 inches for
the 2020s, 30 inches for the 2050s, 58 inches for
the 2080s, and 75 inches for 2100 were added to
the BFE and SWEL elevation values at the most
landward locations of flooding to show how a
rise in sea level could increase those values and
extend the 100- and 500-year floodplains further
inland.

FEMA’s BFE and SWEL elevations vary both par-
allel and perpendicular to the shoreline and thus
are not at a constant elevation. The transitions in
flood elevation values along the coasts should be
reflected in the landward movement of floodwa-
ters, such that the inland shape and extent of the
flood zone reflect the changing base flood elevation
values nearer to shore. The NPCC2 static ap-
proach incorporates these lateral variations in
flood elevation values by assuming that landward
values of floodwater elevation are likely to be
more similar to neighboring flood-elevation val-
ues and less similar to more distant values (see
Appendix IIC, NPCC, 2015).

3.3 Future flood map products

The NPCC2 maps illustrate the estimated potential
inundation extent associated with projected sea level
rise elevations for four time slices (see Figs. 3.3 and
3.4). Using the static approach, the NPCC2 created
two specific map products:

1. GIS shape files of the future 100-year flood
extent for the 2020s, 2050s, 2080s, and 2100
based on FEMA’s Preliminary FIRMs (Decem-
ber 2013) for New York City and the NPCC2
high-estimate (90th percentile) sea level rise
projections of 10 inches for the 2020s, 30
inches for the 2050s, 58 inches for the 2080s,
and 75 inches for 2100.

2. GIS shape files of the future 500-year flood
extent for the 2020s, 2050s, 2080s, and 2100
based on stillwater elevation (SWEL) raster
data for New York City (December 2013) and
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Climate Change (NPCC2)
Future 100-Year Flood
Zones for New York City
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Figure 3.3. Potential areas that could be impacted by the 100-year flood in the 2020s, 2050s, 2080s, and 2100 based on NPCC2
projections of the high-estimate 90th-percentile sea level rise scenario.

Note: This map is subject to limitations in accuracy as a result of the quantitative models, datasets, and methodology used in its
development. The map and data should not be used to assess actual coastal hazards, insurance requirements, or property values or
be used in lieu of FIRMS issued by FEMA. The flood areas delineated above in no way represent precise flood boundaries but rather
illustrate three distinct areas of interest: (1) areas currently subject to the 100-year flood that will continue to be subject to flooding
in the future; (2) areas that do not currently flood but are expected to potentially experience the 100-year flood in the future; and
(3) areas that do not currently flood and are unlikely to do so in the timeline of the climate scenarios used in this research (end of

the current century).

the NPCC2 high-estimate (90th percentile)
sea level rise projections of 10 inches for the
2020s, 30 inches for the 2050s, 58 inches for
the 2080s, and 75 inches for 2100.

The GIS shape files were used to create the pro-
jected future 100- and 500-year flood zone maps for
New York City shown in Figures 3.3 and 3.4. These
maps illustrate that higher sea level elevations result
in greater floodplain areas, with the extent of land-
ward movement dictated by the elevation and slope
of the land. In each scenario, Queens is the bor-
ough with the most affected land area, followed by
Brooklyn, Staten Island, the Bronx, and Manhattan.

The relationship between sea level elevation and
flood extent is illustrated by the calculations of flood
area inundation in Table 3.1.

3.4 Mapping limitations

The maps contain numerous sources of uncertainty
as a result of the datasets and methodologies used
in their development and as such are limited in
their accuracy. FEMA’s methodology for creating
coastal BFEs and SWEL data involves simulating
the dynamic processes of flooding using detailed
hydrologic and hydraulic models (FEMA, 2013).
These models have a range of uncertainty associ-
ated with their output, even before sea level rise
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Climate Change (NPCC2)
Future 500-Year Flood
Zones for New York City

using high-estimate 90th
percentile projections of
sea level rise
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Figure 3.4. Potential areas that could be impacted by the 500-year flood in the 2020s, 2050s, 2080s, and 2100 based on NPCC2
projections of the high-estimate 90th-percentile sea level rise scenario.

Norte: This map is subject to limitations in accuracy as a result of the quantitative models, datasets, and methodology used in its
development. The map and data should not be used to assess actual coastal hazards, insurance requirements or property values
or be used in lieu of FIRMS issued by FEMA. The flood areas delineated above in no way represent precise flood boundaries but
rather illustrate three distinct areas of interest: (1) areas currently subject to the 1-in-500-year flood that will continue to be subject
to flooding in the future; (2) areas that do not currently flood but are expected to potentially experience the 1-in-500-year flood in
the future; and (3) areas that do not currently flood and are unlikely to do so in the timeline of the climate scenarios used in this

research (end of the current century).

projections are added (see Box 3.2). As mentioned
above, FEMAs 2013 Preliminary FIRMs and
500-year Flood Hazard Still Water Elevation Raster
present flood elevations and extents that are on the
high end of previous estimates (see Chapter 4 of
NPCC, 2015 for further discussion). Projecting fu-
ture sea level rise impacts on the 100- and 500-year
flood areas also involves uncertainties regardless
of the methodology. Uncertainty in the elevation
data, the sea level rise projections, and FEMA
model outputs (BFE and SWEL data) contribute to
uncertainty that is difficult to quantify.

In addition, the static coastal flood-modeling
methodology involves different uncertainties than

those encountered in the dynamic modeling
methodology. The static GIS-based methodology
does not take into consideration the effects of
soils, vegetation, surface permeability, infrastruc-
ture (e.g., drainage systems), structures, friction,
and other factors that can act to limit or increase
the extent of flooding at local scales (in most cases
these factors will likely limit the extent of flood-
ing). For example, the landward extents of FEMA’s
dynamically modeled 100- and 500-year flood ar-
eas do not simply follow topographic contours but
are influenced by shoreline protection features (e.g.,
rip-rap, bulkheads), land use/land cover, and infras-
tructure obstructions. Because these are not taken
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Box 3.2. NPCC2 mapping data limitations
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Critical issues related to future coastal flood mapping are the vertical accuracy of the elevation data, the
consistency of flood elevation data, and the inherent uncertainties in the information presented. (See

Appendix IIC for further details.)

Vertical accuracy of elevation data

The absolute vertical accuracy of the topographic elevation dataset must be known in order to determine if the
sea level rise increments used are supported by the underlying elevation data. Using sea level rise increments
that are smaller than the bounds of the statistical uncertainty of the elevation data, defined as the linear error at
95% confidence, will yield questionable results. The 90th-percentile NPCC2 sea level rise projections of 10
inches (25.4 cm) for the 2020s, 30 inches (76.2 cm) for the 2050s, 58 inches (145.3 cm) for the 2080s, and 75
inches (190.5 cm) for 2100 all exceed the 95% error bounds of the elevation data.

Dataset consistency

Because base flood elevations incorporating wave heights and wave runup were not calculated for the 2013
Preliminary FIRM 500-year flood extent, 500-year SWEL data were used as a proxy.

Table 3.1. Inundation areas for current and projected
100- and 500-year flood scenarios. Sources: 100-year
flood scenario from A Stronger, More Resilient New York;
500-year flood scenario calculated by NPCC2.

100-year flood scenario Area (mi?)
FEMA 2013 Preliminary FIRM 50
Projected 2020s, 10” 59
Projected 2050s, 30” 72
Projected 2080s, 58” 85
Projected 2100s, 757 91
500-year flood scenario Area (mi?)
FEMA preliminary FIRM 66
Projected 2020s, 10” 76
Projected 2050s, 30” 84
Projected 2080s, 58” 94
Projected 2100s, 75 99

into account in the static modeling approach, the
NPCC2 future flood maps may overestimate flood
extent in areas where shoreline features such as sea-
walls and bulkheads have a large effect on floodwater
movement. See Chapter 4 for a comparison of the
results using the static and the dynamic modeling
approaches for future flood mapping.

The NPCC2 maps do, however, account for
hydrologic connectivity in the flood area, such
that only land areas with direct connection to the
ocean or flooded waterways are considered flooded.

Hydrologic connectivity is a useful refinement
to a static coastal flood-modeling approach that
effectively eliminates from inclusion low-elevation
areas surrounded by areas of higher elevation. That
said, it is possible to experience inland flooding in
areas not connected to the ocean or other water
bodies due to flooding in underground passage-
ways (e.g., transportation tunnels, sewers, utility
conduits) or to an increase in hydrostatic pressure
that elevates groundwater levels at inland locations.
Neither static nor dynamic modeling takes this into
account. Without a method to account for such un-
derground water movement, future flood maps may
underestimate the extent of flooded inland areas.

Further, the NPCC2 future flood maps do not
contain flood-elevation information and should not
be used to evaluate site-specific flood hazards or be
used in lieu of FEMA FIRMs to determine building
elevation or insurance requirements. The presence
of man-made structures, permeable soils, vegeta-
tion, and other impediments to water movement
will affect the extent of flooding, and these effects
are not captured in the maps.

3.5 Conclusions and recommendations

The NPCC2 100- and 500-year future flood maps
are presented as two-dimensional delineations of
potential flood extent. Their intent and value lie in
illustrating three distinct citywide areas of interest
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that should be monitored as sea level rise projections
are updated through the 21st century: (1) areas cur-
rently within the 100- and 500-year flood areas; (2)
areas that are not currently within the 100- and 500-
year flood areas but will potentially be in the future;
and (3) areas that are not currently in the 100- and
500-year flood areas and are unlikely to be in flood
areas during the time slices used in this report. In
Chapter 4 (NPCC, 2015) the NPCC2 sea level rise
projections are incorporated into a dynamic storm
surge model to more fully explore future flooding
potential and to compare methodologies.

Future work should focus on quantifying the
sources of uncertainty in both the data sets used
to develop these maps and in the mapping pro-
cess, and in displaying this uncertainty on the maps
themselves. Known vertical uncertainties include
those associated with the estimates of sea level
rise and with the topographic LiDAR data (see
Appendix IIC, NPCC, 2015).

Additional mapping work should consider alter-
native methods of assessing the extent of coastal
flooding associated with different return periods
and considering directly the effects of projected cli-
mate conditions using dynamic models with syn-
thetic hurricanes (Emmanuel et al., 2006; Lin et al.,
2012). Hurricane models such as these typically use
large-scale atmospheric and oceanic data as input,
which can be generated from global climate mod-
els (GCMs). Dynamic models with synthetic hurri-
canes could be used to prepare maps for both cur-
rent and future climate conditions using the same
methodology. This proposed future work will allow
for the consideration of both 100- and 500-year av-
erage return periods as well as events with lower
probabilities of occurrence that may produce large
flooding extents similar to that which occurred dur-
ing Hurricane Sandy.

Other future work of particular interest to stake-
holders and planners are site-specific flood depth
calculations. Estimates of uncertainty associated
with the elevation, sea level rise, and FEMA flood
heights should be used to determine to what degree
of confidence flood depth calculations could be de-
termined. Although the 90th-percentile sea level rise
projections exceed the 95% error bounds of the ele-
vation data, other sources of error such as those as-
sociated with FEMA’s base flood elevations may not.
The error associated with flood-depth calculations
may exceed the value of those depths themselves.
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Finally, future work should also consider the bio-
physical and social vulnerabilities to current and
future flood events through the development of in-
dices (Cutter et al., 2000, 2003; Cutter and Finch,
2008; Flanagan et al., 2011; Kleinosky et al., 2006;
Maantay et al., 2009; Rygel et al., 2006; Wu et al.,
2002). Storms are not “equal-impact events” be-
cause social and physical geographies interact to ex-
pose vulnerable populations to elevated risk (Cutter,
1996). Not all populations are exposed to the same
degree of flooding: some will experience more wave
action and greater flood heights than others, and
not all populations have the same capacity to pre-
pare for, respond to, and recover from a flood event.
An overall flood vulnerability index that combines
both social and biophysical vulnerability can charac-
terize site-specific levels of risk to flood hazards and
identify communities that may require special atten-
tion, planning efforts, and mobilization to respond
to and recover from such disasters and hazards.
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Introduction

Storm surge is an increase in water level caused by
winds and low atmospheric pressure and combines
with tides to form the total water elevation during
a storm, also known as the storm tide or stillwater
elevation. Storm tides are among the world’s most
costly and deadly hazards, bringing floodwaters and
waves capable of damaging and disabling infras-
tructure, homes, and property, as well as threat-
ening human life and health. Sea level rise in the
New York metropolitan region has already been in-
creasing the number of coastal flood events (see
e.g., Colle et al., 2010; Sweet et al., 2013; Talke et al.,
2014). Coastal flood heights are projected to increase
and coastal flood zones to expand as sea levels con-
tinue to rise due to climate change, as documented in
Chapters 2 and 3.

Until now, the New York City Panel on Climate
Change (NPCC) has utilized a static mapping
approach to assess future costal flood hazards (see
NPCC, 2010; 2013; 2015). One assumption of static
mapping is that the flood elevation is spatially uni-
form over inland flood areas, although peak water
elevation for a major hurricane can have strong

9Lead authors.

spatial variations (Fig. 4.1), potentially violating
this assumption. In this chapter, the second NPCC
(NPCC2) advances these methods by testing the
use of a dynamic model that explicitly accounts for
more of the forces acting on the water and the result-
ing water movement. The NPCC2 has undertaken
dynamic modeling of future coastal flooding based
on the Federal Emergency Management Agency’s
(FEMA) flood-mapping framework, which includes
the effects of tides, storm surge, and wave setup (see
Chapter 3, Box 3.1, NPCC, 2015) on water eleva-
tions and maps overland flood areas. This chapter
presents the methods for the dynamic modeling of
coastal flooding and compares results from the static
approach (discussed in more detail in Chapter 3,
NPCC, 2015) and dynamic modeling approaches.
The NPCC2’s exploration of dynamic modeling
was, in part, motivated by a desire to test whether
there were considerable differences between dy-
namic modeling and static mapping outcomes. In
addition, FEMA uses dynamic models for its flood-
mapping studies (e.g., FEMA, 2014a), and the Na-
tional Oceanic and Atmospheric Administration
(NOAA) similarly uses dynamic models for forecast-
ing neighborhood flooding during hurricanes. Fur-
ther, prior studies of New York Harbor have shown
that dynamic models can reproduce past storm-tide
events with a typical accuracy of 0.5 ft (e.g., Colle
et al., 2008; Orton et al., 2012; Georgas et al., 2014).
In addition, under the Biggert-Waters Flood
Insurance Reform Act of 2012, FEMA is required
to convene a Technical Mapping Advisory Council
to develop recommendations on “how to ensure
that the Federal Emergency Management Agency

doi: 10.1111/nyas.12589
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Figure 4.1. Study region for NPCC2 dynamic coastal flood modeling, with peak water elevation data for the synthetic tropical

cyclone NJa_0007_006 shown in Figure 4.2.

uses the best available methodology to consider the
impact of the rise in sea level.”” New York City relies
on FEMA’s Flood Insurance Rate Maps (FIRMs)
as the basis to understand current flood risk and
to inform floodplain management regulations.
Therefore New York City and the NPCC2 have an
interest in developing methods for assessing future
flood hazards that are consistent with FEMA’s
approach for mapping present-day flood zones.

Here, we set out to inform this discussion by uti-
lizing both static and dynamic methods of calcu-
lating the effects of sea level rise on FEMA stillwa-
ter elevation estimates and then comparing results.
The broader goal of this work is to contribute to the
methods by which New York City and other coastal
cities can evaluate and address the future impacts of
sea level rise on coastal flooding.

4.1

As discussed in Chapter 2 (NPCC, 2015), both trop-
ical cyclones (e.g., hurricanes) and extratropical

Background

b43 USC 410la(d) (emphasis added), available at
http://www.law.cornell.edu/uscode/text/42/4101a.

cyclones (e.g., nor’easters) strike the New York
metropolitan region and are important to defin-
ing flood zones and elevations for the “100-year”
and “500-year” floods, known respectively as the
1% and 0.2% annual chance floods (FEMA, 2014a,
Chapter 2). Currently almost 400,000 New Yorkers
live within the new 100-year FEMA flood zone, as
defined by FEMA’s Preliminary FIRMs (City of New
York, 2013a; FEMA, 2014a), and Hurricane Sandy
flooded many of these neighborhoods (see Chapter
2, FEMA, 2014a).

Hurricanes strike New York City infrequently
but have produced the highest two flood events
on record at the Battery at the southern tip of
Manhattan—Hurricane Donna in 1960 (7.2 feet,
NAVDS88) and Hurricane Sandy in 2012 (11.3
feet, NAVD88). Extratropical cyclones such as
nor’easters typically have small-to-moderate surges
but occur more frequently. Their effects can be
large because they can last for several days, leading
to more extended periods with high storm surge.
This makes it more likely for the storm surge
to coincide with high tide, as occurred with the
December 11-12, 1992 nor’easter (Colle et al.,
2010).
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Figure 4.2. Atmospheric pressure and wind vectors for synthetic tropical cyclone NJa_0007_006, one of the worst in the FEMA
storm set for New York metropolitan region flooding used in NPCC2 dynamic coastal flood modeling. The longest vector represents
a maximum sustained wind speed of 124 mph, a Category-3 hurricane.

Flood-mapping methods for future sea levels
In Chapter 3 (NPCC, 2015), NPCC, 2010, and
NPCC, 2013, static approaches were used to esti-
mate the future impacts of sea level rise, adding sea
level rise projections to FEMA’s 100- and 500-year
flood elevations, and to map flood zones with pro-
jected sealevel rise (Horton et al.,2010; NPCC, 2010;
2013). The static approach was applied to FEMA
flood elevations for 100- and 500-year floods, with
the additional criterion that low-elevation land ar-
eas must have direct connectivity to the open water
in order to flood. Whereas the first NPCC maps re-
lied on older FEMA flood elevations from the 2007
FIRMs, the NPCC2 updates use newer, higher flood
elevations from the recently released FEMA Prelimi-
nary FIRMs and coastal flood study (FEMA, 2014a).
Dynamic flood modeling is a physics-based com-
puter simulation technique that includes the effects
of factors such as wind, atmospheric pressure, and
friction in the calculation of flood elevations (this
technique is also known as hydrodynamic modeling).
A limited number of studies have compared static
mapping and dynamic modeling to quantify the im-
pact of sealevel rise on coastal flooding. One study of
low-lying populated regions around Miami found
that dynamic modeling gave higher flood heights
than static flood-mapping methods (Zhang et al.,
2013). A study of the New York metropolitan re-
gion that did not include overland flooding found

that simple superposition of sea level rise on top of
storm tide (used in the static mapping technique)
was an excellent approximation to dynamic mod-
eling results (Lin et al., 2012). This NPCC2 study
uses a hazard assessment framework, dynamically
simulates water elevation (including the effects of
tides, storm surge, and wave setup) and identifies
overland flood areas.

4.2 Methods

The overall strategy of the NPCC2 dynamic mod-
eling is to incorporate sea level rise projections
into the dynamic coastal flood-modeling proce-
dure used in the recent FEMA Region II Coastal
Storm Surge Study (FEMA, 2014a). The aim is to
produce compatible future flood exceedance curves
and flood zones (see Appendix IID for details).
The NPCC2 baseline simulations used the same dy-
namic model, grid parameters (e.g., bottom friction,
bathymetry/land elevation), storm sets, and forcing
data input files (wind, atmospheric pressure, and
tide). Statistical methods were also similar between
the NPCC2 dynamic modeling and the FEMA study,
although there are small discrepancies in results that
suggest minor differences in computation.

The study region for the NPCC2’s dynamic
coastal flood modeling is shown in Figure 4.1, with
three areas that were highlighted for special focus:
The Battery, Manhattan; the Midland Beach, Staten
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Island neighborhood; and the Howard Beach,
Queens neighborhood. The flood maps and hazard
assessment presented in this chapter include the sur-
rounding parts of New Jersey around the New York
Harbor. These interconnected areas are a crucial
part of the New York metropolitan region’s trans-
portation, energy, and food distribution systems.

The first step was to conduct a baseline repro-
duction of the FEMA (2014a) model simulations
that do not include the effects of sea level rise. The
ADCIRC (ADvanced CIRCulation)/SWAN (Simu-
lating WAves Nearshore) (Booij et al., 1996; Luettich
et al., 1992) computer model was used to conduct
the storm-surge simulations. The NPCC2 baseline
results were then compared to FEMA (2014a) results
to test for consistency.

The storm set developed by FEMA for use in the
Region 2 Coastal Storm Surge Study includes the
30 strongest extratropical cyclones from the period
1950-2009, based on ranking storm surge heights
from tide gauges in the region. Tropical cyclones
are harder to characterize because they are rare, so
FEMA defined a set of 159 synthetic tropical cy-
clones that span a wider range of possible storms
(seee.g., Fig. 4.2).

In the second step, the same modeling procedure
was followed, incorporating NPCC2 sea level rise
projections. Chapter 2 (NPCC, 2015) presents the
NPCC?2 sea level rise projections for the 10th, 25th,
75th and 90th percentiles for the 2020s, 2050s, 2080s
and 2100. The NPCC2 dynamic coastal flood mod-
eling used the 90th percentile sea level projections
in order to focus on high-end risks. Time periods
simulated were the 2020s, 2050s and 2080s (11, 31,
and 58 inches of sea level rise, respectively). Only
a subset of the storms were simulated with sea level
rise, focused on 100-year to 500-year events, but
the final results take into account the full range of
storms (see Appendix IID).

Dynamic coastal flood mapping
Temporal maximum water elevation data (e.g.,
Fig. 4.2) at each location over the entire domain for

“The values used here differ slightly from the 10, 30, and 58
inches presented in Chapter 2 (NPCC, 2015); the Chap-
ter 2 values include additional information incorporated
after the release of the IPCC Fifth Assessment Report.
The small differences are within the bounds of climate
uncertainty in the long-term projections.
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each storm were utilized for statistical analysis. For
each of the 188,390 grid points in the study area that
covers the spatial extent shown in Figure 4.2, prob-
ability distributions of water elevation were built
separately for tropical cyclones (TCs) and extratrop-
ical cyclones (ETCs). A detailed description of the
statistical methods utilized for converting these dis-
tributions to flood exceedance curves (return period
versus water elevation; Fig. 4.3) is given in Appendix
IID. As a consistency check, statistical codes and
ADCIRC modeling outputs closely reproduced
FEMA flood exceedance curves, generally within
2 inches (e.g., Fig. 4.3).

For dynamic flood maps of the baseline and
future decades, the 100-year and 500-year stillwater
elevation values were taken from the flood ex-
ceedance curves for each grid location. The resulting
water elevation data were imported into ArcMAP
and interpolated (inverse-distance weighting, IDW)
to form a raster surface over the entire region (New
York City and the New Jersey Harbor regions).
The ADCIRC land surface elevation (essentially a
coarse, 70-m-resolution digital elevation model)
was also interpolated using IDW to the same cell
size as the water elevation rasters. The land surface
raster was subtracted from each water elevation
raster to compute a map (raster) of flood depth,
and the zero contour is the boundary of that event’s
floodplain. Static mapping methods were generally
equivalent to those summarized in Chapter 3, but
were performed using a 70-m-resolution digital
elevation model (DEM) to enable equivalent
comparison to the dynamic mapping results (see
Appendix IID, NPCC, 2015 for details).

4.3 Results and discussion

This section presents the dynamic coastal flood
modeling results and examines differences between
the dynamic and static flood-mapping results.
The sensitivity of the flood elevations to potential
climate change—driven increases in the frequency
of tropical cyclones is then analyzed. Finally, the
section outlines and discusses some limitations
of this study as well as how further research can
address them.

Dynamic modeling of future coastal floods

Contours for the 100-year (1% annual chance) flood
zone, baseline versus the 2080s, are shown in Fig-
ure 4.4. The regions where sea level rise will cause
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the greatest change in the 100-year flood zone are in
the broad flat land area (a floodplain in geographic
terms) of southern Queens and eastern Brooklyn
around Jamaica Bay. There are other increases in
the flooding area across the entire region, includ-
ing the southern Bronx (the Bronx and Hutchinson
River floodplains), and northern Brooklyn (New-
town and Gowanus Creek floodplains).

Contrasting dynamic and static flood
assessment approaches

A comparison of the dynamic and static assessments
of flood zone boundary contours in the 2050s is
shown in Figures 4.5 and 4.6. The results are similar,
especially when considering the entire region.

Many New York City floodplain regions in
Figure 4.6 show dynamic mapping results that are
similar to static mapping results—in many cases
the two are only inches higher or lower. Variations
in these results arise due to factors such as wind
direction (which can blow up higher sea levels in
downwind areas) and friction (which initially re-
duces flood height for a shallow flow, then eventu-
ally has little effect as the flow becomes deeper). (For
full details, see Appendix IID, NPCC, 2015.)

Results of stillwater elevations for the three spe-
cific study locations are compared in Figure 4.3 and
Table 4.1. At the Battery, the site of the New York City
financial district and a historical tide gauge station
off lower Manhattan, the results show dynamic still-
water elevations that are just below those calculated
with the static method. At Howard Beach, a neigh-
borhood in southern Queens with a slightly sloping
floodplain on the north shore of Jamaica Bay, the dy-
namic results are equal to or a few inches higher than
the static results. At Midland Beach, a neighborhood
on the eastern shore of Staten Island that is only a
few feet above normal high tides, the dynamic re-
sults for the 2050s are substantially higher (>0.5 ft)
than the static results, but for the 2080s they are
substantially lower (>1.0 ft; Table 4.1). Reasons for
these results are discussed below.

A spatial view of the difference between dynamic
and static 100-year flood calculations is presented in
Figure 4.6. Like the Battery, most other deep-water,
estuarine, or open coastal locations show dynamic
flood elevations equal to or a few inches lower than
the static results.

One exception is the Meadowlands in New Jersey,
where dynamic modeling results are close to 1 foot

60 Ann. N.Y. Acad. Sci. 1336 (2015) 56-66 © 2015 New York Academy of Sciences.
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Figure 4.4. The 100-year flood zone for baseline sea level (mean sea level, 1983-2001, as used by FEMA) and for the NPCC2 2080s

90th-percentile sea level rise scenario using the dynamic model.

lower than those of the static mapping approach.
These differences are likely related to several factors.
First, as flood levels rise with sea level rise, the flood-
plain cross-section across which the flood travels is
expanding. Thus, some volume of water is spread-
ing outward and inland instead of just rising upward
as noted in a prior study of the area (Moore et al.,
1981). Second, the result could be related to inter-
actions between the tide and the storm surge or to
changes to the resonance of the tides (e.g., Zhong
et al., 2008). Third, the differences could also be re-
lated to the frictional effects of wetlands (e.g., Resio
and Westerink, 2008). These and other mechanisms
need to be evaluated further.

There are also a small number of locations
where the static methods underestimate future
flood heights by more than 0.5 feet. For example,
Midland Beach dynamic results for the 2050s are
greater than the static results by more than 0.5 feet,

yet for the 2020s and 2080s they are equal or
in one case lower than the static results (the
2080s 500-year water elevation) (Table 4.1). These
dynamic modeling results for Midland Beach are
also found in FEMA’s results for 100-year flood
elevations, where the lowest-lying area of Midland
Beach has ~0.5 feet lower stillwater elevations than
the surrounding more elevated regions.

The results at Midland Beach stem from two com-
bined factors: (1) the dominance of only one extra-
tropical cyclone in the FEMA assessment; and (2)
the placement of the low-lying neighborhood be-
hind an elevated waterfront land berm, which makes
the statistical analysis of flood zones complex. In the
FEMA study, areas that are not flooded for a given
storm are referred to as “upland points” (FEMA,
2014b), and the dynamic model-based statistics are
supplemented for nonflooding storms with water
elevations from nearby flooded areas (effectively
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NPCC 2015 Report Chapter 4

Orton et al.

2050s 100-Year
Flood, Static

2050s 100-Year
Flood, Dynamic

of&d' ?j‘)
LG8 L
H\r\:}hf/‘a q'/;'

P S AN

[ % 2=

. T
éjjé_j‘?ﬁ: En}fﬁ
ST

AN

2 P
;//'_"‘ Q-‘)-‘V'\/ Raritan
/:‘ i_d,/ ’ =

Queens

o

A
o éo 3 -MQ_A\U/Y‘}:\%?!V;

b 4 J b bl N,
CRAR sk P
i i! g

7 \ ey

: ] ; ; R
o AL
FCA 4 e

\E?, A

ATLANTIC OCEAN

N
0 15 3 6
Miles A

Figure 4.5. Comparison of dynamic model and static flood area contours for the 100-year flood area of the NPCC2 2050s

90th-percentile sea level rise scenario.

a static flood-mapping method). The combina-
tion of these two factors leads to erratic results in
the assessment of the impact of sea level rise for
Midland Beach; however, berm-protected sites are
relatively rare in the broader New York metropolitan
region.

Cases where the dynamic and static results differ
by more than 0.5 feet are more widespread in the
case of flooding from tropical cyclones only (Fig. 4.6,
bottom). The difference between these results for
the combined flood assessment (Fig. 4.6, top; note
different color scales) occurs because the extratrop-
ical cyclone 100-year flood height is higher than
the tropical cyclone 100-year flood height in the
FEMA study, and thus, the extratropical cyclones
more strongly influence the combined assessment.
The larger differences (dynamic versus static) for
tropical cyclones are likely driven by the very strong
winds during tropical cyclones that can drive up

large sea level gradients, particularly in shallow ar-
eas of flooding. Friction and water velocity, which
combine to reduce inland penetration of a fast-
moving storm surge (e.g., a hurricane surge) and
have less effect on a slow-moving storm surge (e.g.,
a nor’easter), also play a role.

These results indicate that the static flood-
mapping approach is not always the “conservative”
method (i.e., erring on the side of a high risk bias and
therefore leading to a more risk-averse response) of
estimating the effect of sea level rise on flood heights.
Future studies should use both dynamic and static
methods in the absence of funding constraints. Con-
tinuing use of static mapping methods allows for
comparisons to previous assessments.

An ancillary benefit of dynamic modeling of
flood hazards is the availability of the model for
adaptation experiments. During the development
of the City’s comprehensive climate resiliency plan,
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A Stronger, More Resilient New York, dynamic mod-
eling was used to test the effects of coastal adapta-
tion options such as storm-surge barriers, breakwa-
ters, and wetlands (City of New York, 2013b). The
dynamic modeling provided quantitative informa-
tion on the efficacy of these flood adaptations and
on how they could be iteratively adjusted to address
problems such as “backdoor flooding” (flood wa-
ters that do not go over high ground at the front
of a barrier island but instead go around the low-
lying area behind the island, as occurs with Coney
Island).

NPCC 2015 Report Chapter 4

Sensitivity analysis of storm climatology
change

Storm climatology changes are changes to the fre-
quencies or intensities of storms for a given area.
Like sea level changes, storm climatology changes
can alter return periods for a given flood level (Lin
et al., 2012). Recent evidence suggests this may al-
ready be occurring due to both regional reductions
in aerosol emissions (Villarini and Vecchi, 2012)
and atmospheric warming (Grinsted et al, 2013;
see Chapter 2). Grinsted et al. (2012) found a dou-
bling of “Katrina-level” tropical cyclones in years
with warm global air temperatures, based on analy-
sis of historical tide gauge data in the U.S. East and
Gulf Coasts.

A sensitivity test was conducted based on this
finding, where the annual rates of tropical cyclones
were doubled in the statistical analysis. For the
same test no change was imposed for extratropical
cyclones, as there is no consensus on how climate
change will affect their storm surges in the New
York metropolitan region (Chapter 2, NPCC,
2013). The results were that the 100-year and
500-year flood for the Battery increased by 0.7
and 0.6 feet, respectively, under doubled annual
rates of tropical cyclones. These are relatively small
increases compared to the increases driven by sea
level rise because extratropical cyclones dominate
the impact of storm surge in the FEMA and NPCC2
assessments. For a discussion of this dominance,
see the last three paragraphs of the next section.

Study limitations

The use of NPCC2 90th-percentile, high-end pro-
jections of sea level rise is useful for conservative,
risk-averse planning, but the lack of a similar as-
sessment using median estimates of sea level rise is a
limitation of this study. The sea level rise projections
are near-worst-case scenarios for the specific future
decades that the projections are targeting.

Besides uncertainty in the amount of projected
sea level rise, there is also uncertainty about the time
it will take to arrive at a given amount. Sea level rise
is expected to occur and to be unavoidable due to
greenhouse gases already added to the atmosphere,
but the exact amount and timing are difficult to
project (see Chapter 2 of Levermann et al., 2013).
However, the conclusions of this chapter on the
differences between dynamic and static coastal
flooding calculation methods are independent of
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Table 4.1. 100-year and 500-year still water elevations (NAVD88) for baseline 1983-2001 sea level” and future decades
with NPCC2 sea level rise projections, comparing dynamic (D) and static (S) modeling results

The Battery, Howard Beach, Midland Beach,
Manhattan Queens Staten Island
100-year 500-year 100-year 500-year 100-year 500-year
return (ft) return (ft) return (ft) return (ft) return (ft) return (ft)
Sea level D S D S D S D S D S D S
Baseline 11.3 — 14.8 - 9.7 — 12.5 — 11.7 - 16.0 —
(1983—
2001)
2020s 12.3 12.3 15.7 15.8 10.8 10.7 13.5 13.6 12.7 12.7 16.8 17.0
2050s 13.8 14.0 17.3 17.5 12.6 12.4 15.4 15.2 15.0 14.4 19.3 18.7
2080s 15.9 16.2 19.4 19.7 15.0 14.7 17.6 17.5 16.6 16.6 19.6 20.9

“The 1983-2001 values are from the current NPCC2 statistical analysis and are nearly identical (within 0.1 ft) to
FEMA’s results. However, the earlier NPCC Climate Risk Information 2013 report cites baseline (1983-2001) values
for the Battery that are 0.4-0.5 ft lower (10.8, 14.4 ft). This difference arose because the earlier NPCC report utilized a
location from the FEMA FIRMs in Battery Park, whereas the work for this chapter utilizes the location of the in-water
tide gauge in the FIRMs for the purposes of historical comparison and cross-comparisons with other studies.

the uncertainty in the rate at which the sea level rise
occurs.

This NPCC2 study relied on the FEMA hazard
assessment approach, which is an extremely detailed
study of the region’s storms and flooding; vet the
FEMA approach has limitations. One limitation is
that Hurricane Sandyis notincluded in the storm set
because the storm climatology assessment was com-
pleted before Sandy hit the New York metropolitan
region. This raises the question of how Sandy’s
storm track and record-setting storm surge would
have affected results. Future studies will need to uti-
lize data for Hurricane Sandy as well as more recent
storms to build a more complete storm climatology
in what are currently data-poor conditions.

A further limitation is that tropical cyclones in
the New York metropolitan region often take on
extratropical characteristics (Colle et al., 2008),
as was the case with Sandy (Blake et al., 2013).
The FEMA study utilized representations of ide-
alized tropical cyclones (e.g., Fig. 4.1) that lack
the more complex characteristics of extratropical
cyclones. Further study of hybrid storms, transi-
tions between tropical and extratropical storms,
and methods for representing synthetic tropical cy-
clone wind and pressure fields will be useful for
improving the accuracy of future hazard assessment
studies.

The FEMA study found that the hazard assess-
ment results for New York Harbor at the Battery
for the flood elevations of 100- and 500-year
storm tides are influenced predominantly by the
extratropical cyclones. However, a recent study has
recovered storm tide data from the 1800s and has
shown that the three highest storm tides from 1821
to the present were either tropical cyclones (the ma-
jor storm of 1821 and Hurricane Donna in 1960) or
tropical-extratropical hybrid storms (Sandy) (Talke
et al., 2014). Yet, the largest storm surge within the
time period used by FEMA (1927-2009) was an
extratropical cyclone on November 25, 1950, at
7.6 feet. That storm surge peaked at the time of low
tide, and the storm tide was only the sixth highest
from 1821 to present (Talke ef al., 2014). Thus, the
relative importance of extratropical cyclones, trop-
ical cyclones, and hybrid storms for defining the re-
gion’s flood hazards is an important topic for further
research.

Uncertainties in flood hazard assessment for
the New York metropolitan region (e.g., defining
the 100-year flood elevation) are large, and more
research should be done on historical events and
on hazard assessment methods to reduce these
uncertainties. The recent FEMA hazard assessment
found substantially higher estimates of 100-year
and 500-year storm tides for New York City (except
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for the upper East River and Long Island Sound)
than those of other studies or data analyses.

For example, the FEMA (2014a) estimate of the
100-year flood elevation at the Battery tide gauge is
11.3 feet (NAVD88), whereas a statistical analysis by
NOAA of observed storm tides from 1893 to 2013
results in a 100-year flood elevation of 7.86 feet
(NAVDS88) (http://tidesandcurrents.noaa.gov/est),
a difference of 3.4 feet. Putting this into perspec-
tive, Hurricane Sandy produced an 11.3-foot storm
tide at the Battery. Prior to the new FEMA study,
FEMA’s old estimate for the 100-year flood el-
evation was estimated to be 8.6 feet (NAVDSS8)
based on USACE Waterways Experiment Station
Implicit Flood Model results in the 1980s (Hor-
ton et al., 2010). A recent study of tropical cyclone
storm tides concluded that the 100-year tropical cy-
clone storm tide is 6.45 feet (NAVDS88) (Lin et al.,
2012), compared with the FEMA 100-year tropi-
cal cyclone storm tide of 8.83 feet (FEMA, 2014a).
Discrepancies for 500-year storm tides are simi-
larly large. Again, further research is needed to un-
derstand and reduce these large discrepancies and
uncertainties.

4.4 Conclusions and recommendations

The static and dynamic flood-mapping methods for
projecting the effects of sea level rise on coastal flood
elevations in the New York metropolitan region give
similar results for most locations, usually within
=£0.5 feet. Therefore, the flood zone boundaries pro-
duced from these two methods are very similar.

In a small number of areas, the methods differ
by more than 0.5 feet. These exceptions are geo-
graphically more widespread in regard to flooding
from tropical cyclones (hurricanes) than from
extratropical cyclones (nor’easters).

Uncertainties in flood hazard assessment for
the New York metropolitan region (e.g., defining
the 100-year flood elevation) and in the rate of
future sea level rise are much larger than differences
between the dynamic and static flood-mapping
methods. Recent studies assessing the present-day
100-year flood elevation for the Battery have
differed substantially (a range of 3.4 feet), while the
80% uncertainty range (90th percentile minus the
10th percentile) in NPCC2 sea level rise predictions
for the 2080s is 3.75 feet.
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Research recommendations

More research should be done on historical storm
events and on hazard assessment methods to reduce
the uncertainty in defining New York City flood haz-
ards. The 100-year and 500-year flood heights from
FEMA’s (2014a) present-day hazard assessment are
influenced predominantly by the extratropical cy-
clones, but new storm tide data from the 1800s
demonstrate that the three highest storm tides from
1821 to the present came from tropical cyclones.

Future dynamic modeling efforts should study a
broader set of sea level scenarios. However, compu-
tational dynamic modeling of storm surges for haz-
ard assessment is time intensive, and this limits the
potential for simulating many different scenarios.
Therefore, either faster models, different statistical
techniques, or a much larger allocation of compu-
tational resources will be required.

Research is needed to understand the geogra-
phy and storm conditions that cause some locations
to have higher (or lower) dynamic modeling flood
heights than static flood-mapping heights.

Resiliency recommendations

Dynamic modeling identified some locations in the
New York metropolitan region where results dif-
fered from static flood-mapping methods. There-
fore, it is recommended that dynamic modeling
continue to be used alongside static flooding as-
sessments as resources allow. An ancillary benefit
of dynamic modeling of flood hazards is the ability
to conduct adaptation experiments such as testing
locations for storm surge barriers.

For more complete probabilistic risk analyses and
cost-benefit studies in the context of sea level rise
and adaptation strategies for important infrastruc-
ture and coastal land-use planning, it would be
highly advisable to consider the storm tide eleva-
tions for much longer recurrence periods (e.g., 1000
to 5000 years), together with a thorough quantifica-
tion of their uncertainties.
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Introduction

Recent experience from Hurricane Sandy and high-
temperature episodes has clearly demonstrated that
the health of New Yorkers can be compromised
by extreme coastal storms and heat events. Health
impacts that can result from exposure to extreme
weather events include direct loss of life, increases
in respiratory and cardiovascular diseases, and
compromised mental health. Other related health
stressors—such as air pollution, pollen, and vector-
borne, water-borne, and food-borne diseases—
can also be influenced by weather and climate.
Figure 5.1 illustrates the complex pathways linking
extreme weather events to adverse health outcomes
in New York City. New York City and the surround-
ing metropolitan region face potential health risks
related to two principal climate hazards: (1) increas-
ing temperatures and heat waves, and (2) coastal
storms and flooding. The health impacts of these
hazards depend in turn on myriad pathways, the
most important of which are illustrated in the fig-
ure.

doi: 10.1111/nyas.12588

Although New York City is one of the best-
prepared and most climate-resilient cities in the
world, there remain significant potential vulnera-
bilities related to climate variability and change. As
part of the NPCC2 process, a team of local climate
and health specialists was mobilized to assess current
vulnerabilities and to identify strategies that could
enhance the resilience of New York City to adverse
health impacts from climate events. The goal was
to highlight some of the important climate-related
health challenges that New York City is currently
facing or may face in the future due to climate vari-
ability and change, based on emerging scientific un-
derstanding.

As indicated in Figure 5.1, health vulnerabili-
ties can be magnified when critical infrastructure
is compromised. Critical infrastructure is a highly
complex, heterogeneous, and interdependent mix
of facilities, systems, and functions that are vulner-
able to a wide variety of threats, including extreme
weather events. For example, delivery of electricity
to households depends on a multi-faceted electrical
grid system that is susceptible to blackouts that can
occur during heat waves. These, in turn, can expose
people to greater risk of contact with exposed wires
or to greater heat stress due to failure of air condi-
tioning. Understanding and predicting the impacts
that extreme weather events may have on health in
New York City require careful analysis of these in-
teractions.

Two recent plans to enhance climate resiliency
in New York City have been released. A Stronger,
More Resilient New York (City of New York, 2013)
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Figure 5.1. Pathways linking climate hazards to health impacts in New York City.

was developed in the aftermath of Hurricane Sandy
by a task force of representatives from City agen-
cies and consultants. This plan was informed by
a detailed analysis of the impacts of Hurricane
Sandy on infrastructure and the built environment
and by the NPCC’s updated 2013 climate projections
for the New York metropolitan region. It includes
more than 250 initiatives and actionable recommen-
dations addressing 14 domains of the built environ-
ment and infrastructure including the healthcare
system and several other domains relevant to pro-
tecting public health.

In addition, the 2014 New York City Hazard
Mitigation Plan (HMP) (City of New York, 2014),
developed by the NYC Office of Emergency Man-
agement in collaboration with the Department of
City Planning, updated the 2009 HMP and assesses
risks from multiple hazards that threaten New York
City. These include but are not limited to several
climate-related hazards such as coastal storms and
heat waves, and it lays out comprehensive strategies
and plans to address these hazards. Many of the
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measures recommended by A Stronger, More
Resilient New York and the HMP have already been
implemented, are in progress, or are planned (City
of New York, 2013; 2014). This chapter does not in-
clude a detailed review of these plans, which would
be beyond the expertise and charge of the contrib-
utors. Nonetheless, the recommendations in this
chapter do broadly support the plans laid out in A
Stronger, More Resilient New Yorkand the 2014 HMP,
and these are referenced at several points where they
are especially relevant. Here we focus on summariz-
ing and synthesizing the emerging scientific knowl-
edge on climate-related health hazards, knowledge
that can inform ongoing preparedness planning.
Key terms related to climate variability and
change as they are applied in the health sector
are defined in Box 5.1. This is followed by sec-
tions describing health risks, vulnerabilities, and
resilience strategies for coastal storms and extreme
heat events. We then briefly discuss the interactions
of climate change with air pollution, pollen,
vector-borne diseases, and water- and food-borne
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Box 5.1. Definitions of key cross-cutting terms in the health context

Adaptation

Initiatives and measures to reduce the vulnerability of natural and human systems against actual or expected
climate change effects. Various types of adaptation exist, such as anticipatory and reactive, private and public,
and autonomous and planned. For health, physiological adaptation is also relevant.

Infrastructure
The man-made built environment and supporting systems and facilities, including buildings, land use (e.g.,
parks and green space), transportation systems, and utilities (e.g., electricity, running water).

Critical infrastructure

Systems and assets, whether physical or virtual, so vital to the United States that the incapacity or destruction
of such systems and assets would have a debilitating impact on security, national economic security, national
public health or safety, or any combination of those matters. In the health sector, examples include the
electrical grid, water supply, and access to functioning health care facilities. Source: §1016(e) of the U.S. Patriot
Act 0f 2001 (42 U.S.C. §5195c¢(e)).

Environmental public health indicators
Summary measures that provide information about a population’s health status in relation to environmental
factors. Ongoing collection, integration, analysis, and dissemination of indicators can be used to:

Quantify the magnitude of a public health problem

Detect trends in health, exposures, and hazards

Identify populations at risk of environmentally related diseases or of exposure to hazards
Generate hypotheses about the relationship between health and the environment

Direct and evaluate control and prevention measures and individual actions

Facilitate policy development

Source: U.S. CDC (2014).

Vulnerability

The propensity for the health of individuals or groups to be adversely affected as a result of exposure to a
climate hazard. Vulnerability is an internal characteristic of the affected system and includes the characteristics
of persons or groups and their situation that influence their capacity to anticipate, cope with, resist, and recover
from an adverse climate event. Different levels of vulnerability will lead to different levels of health damage and

loss under similar conditions of exposure to physical events of a given magnitude. Source: IPCC (2012).

Resilience

Resilience is the ability of a system and its component parts to anticipate, absorb, accommodate, or recover
from the effects of a potentially hazardous event in a timely and efficient manner, including through
ensuring the preservation, restoration, or improvement of its essential basic structures. Source: Lavell et al.

(2012).

diseases. We conclude with recommendations for
research and resiliency planning.

5.1. Coastal storms and flooding

Storm surge-related health risks will be com-
pounded in the future as sea level continues to rise
and with the potential for more intense storms in
a changing climate (Lane et al., 2013a; Chapter 2).

Large and growing numbers of people live near coa-
sts and within areas likely to be impacted by coastal
storms (Walsh et al., 2014).

The health risks related to coastal storms can vary
widely and in ways that are hard to predict due to
differences in the severity, timing, and location of
landfall, the topographic and infrastructure charac-
teristics of affected areas, and the capacity for pre-
paredness and response.
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Storm health impact pathways
There are at least seven pathways through which
storm events can adversely affect health, including:

1. Direct exposure to storm hazards

2. Evacuation

3. Exposure to secondary hazards related to util-
ity outages and sheltering in place in inade-
quate housing after the storm

4. Exposure to secondary hazards including con-
taminated drinking water, contact with con-
taminated floodwaters, and mold and mois-
ture in housing

5. Population displacement and disruption of
services

6. Mental health effects from traumatic or stress-
ful experiences during and after the storm

7. Health and safety risks from cleanup and re-
covery activities

These pathways and their interactions are elabo-
rated in Figure 5.1. Storms can impact health not
only through direct exposure to climate hazards
such as wind and flood waters but also via a range of
secondary hazards, many of which operate through
disruptions in critical infrastructure. These hazards,
for which few data often exist, can result in a range
of short-term and long-term health outcomes.

Directexposuretostormhazards. Adverse health
effects due to direct exposure to storm hazards in-
clude deaths and injuries from drowning, electrocu-
tion, or physical trauma. All of these health effects
were observed in the immediate aftermath of Hur-
ricane Sandy (see Box 5.2). Flash flooding, due to
excessive rainfall, although often a key risk factor for
drowning during extreme storm events in many lo-
cations (French et al., 1983; Rosenzweig et al., 2011),
is generally not a major threat to life safety in New
York City and was not observed for Sandy.

Evacuation. Evacuation before, during, or after a
storm event can result in health impacts, including
those due to traffic accidents. An inability to evacu-
atein advance of a storm due to age, disability, or lack
of economic resources, or an unwillingness to evac-
uate in order to protect one’s home and/or prop-
erty, increases vulnerability to direct storm hazards
(Jonkman and Kelman, 2005; Zoraster, 2010). Evac-
uation from health care and nursing home facilities
presents complex challenges because of the unique
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needs of patients and elderly individuals (Klein and
Nagel, 2007).

Secondary hazards from utility outages and shel-
tering in place. Widespread power outages can
occur from storm events due to flooding and wind
damage to infrastructure. Lack of electricity can
make it difficult or impossible to control interior cli-
mate, refrigerate food, pump water to upper floors
of high-rise buildings, move within buildings, and
operate medical support equipment (Beatty et al.,
2006). These infrastructure disruptions can lead to
a wide range of adverse health effects depending on
the age, health, and economic resources of residents
in the affected households. For example, exposure
to ambient heat or cold in the absence of climate
control may lead to heat- or cold-related illness
or exacerbate underlying chronic conditions. Car-
bon monoxide poisoning from backup generators
or cooking equipment used improperly is another
potential risk. Increases in overall mortality rates
have been observed after widespread power outages
(Anderson and Bell, 2012).

Secondary hazards from contaminated drinking
water, floodwaters, and mold and moisture. In-
tense rainfall and wind can compromise water qual-
ity via mobilization of pathogens and/or toxins.
Untreated sewage in urban areas sometimes con-
taminates surface waters when heavy rainfall leads
to combined sewer overflows. Toxic waste reservoirs
can also disperse pollutants (Rotkin-Ellman et al.,
2010; Ruckart et al., 2008). Flooding of structures is
a strong risk factor for mold growth and may result
in subsequent respiratory symptoms such as cough
or wheeze and be a risk factor for childhood asthma
exacerbation (Barbeau et al., 2010; Jaakkola et al.,
2005).

Research conducted by the New York City Envi-
ronmental Justice Alliance’s (NYC-EJA)? Waterfront

“The NYC-EJA is a nonprofit New York City—wide mem-
bership network linking grassroots organizations from
low-income communities of color in their struggle for
environmental justice. NYC-EJA coalesces its member
organizations around common issues to advocate for im-
proved environmental conditions and against inequitable
burdens by coordinating campaigns designed to affect
City and State policies. The Waterfront Justice Project is
an advocacy campaign created by NYC-EJA to (1) research
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Box 5.2. Hurricane Sandy and health in New York City

Hurricane Sandy showed in stark terms the extent to which the health of New Yorkers can be rapidly put at risk
by powerful coastal storms. In its initial landfall on October 29, 2012, Sandy caused 44 deaths in New York
City, nearly four-fifths of which occurred by drowning due to the storm-driven tidal surge. The remaining
deaths were caused by falling trees, falls, electrocution, and other trauma. Nearly half of fatalities occurred
among adults aged 65 or older. Although these deaths represent the most obvious and tragic impact of Sandy;,
they do not account for the storm’s full impact on excess mortality from accidental and natural causes, as well
as other nonfatal health impacts, in impacted communities.

Hurricane Sandy had substantial impacts due to its unusually large size and low pressure, a massive storm
surge, and the fact that its landfall coincided with high tide (see Box 2.1). Further, impacts differed
considerably across locations within the flood zone due to local variations in the storm and tidal surges,
differing housing types, the extent to which energy, water, and/or transportation infrastructure was disrupted,
and underlying population health and resilience.

Five acute-care hospitals in New York City shut down due to Sandy, three of which required evacuation of
patients after the storm hit due to flooding and damage to energy infrastructure in lower floors (NYU Langone
Medical Center, Bellevue Hospital, and Coney Island Hospital). Other health facilities affected by Sandy
included a psychiatric hospital, nursing homes, long-term-care facilities, outpatient and ambulatory care
facilities, community-based providers, and pharmacies.

After Hurricane Sandy made landfall, 2 million of New York City residents lost power at some point during the
storm. However, even after the electric grid had been largely restored, many residential buildings in
storm-inundated areas still lacked electric power, heat, or running water, often because of saltwater flood
damage to electrical and heating systems. Many people who did not evacuate in advance of the storm sheltered
in place in housing conditions that lacked one or more of these essential services.

Developing a fuller understanding of the health impacts of Sandy requires careful analysis of health data, only
some of which have so far been available. For example, in the days following Sandy, health department
surveillance data showed the impact of people living without power or heat and, in some cases, trying to
provide power or heat in unsafe ways. From the storm impact until November 9 (10 days), carbon monoxide
(CO)-related emergency department visits and Poison Control Center (PCC) calls related to CO exposure
were elevated for the time of year; PCC data frequently identified storm-related sources of exposure including
charcoal grills and household cooking appliances used for heating, as well as portable generators. Calls to the
PCC about gasoline exposures, often due to siphoning, were also elevated, although no serious outcomes were
reported (http://www.ncbi.nlm.nih.gov/pubmed/24237625). On the other hand, there was no observed
increase in reportable infectious diseases (http://www.ncbi.nlm.nih.gov/pubmed/24274131).

A more complete accounting for immediate, delayed, and longer-term Sandy health impacts, including those
related to health-care facilities, power outages, stress and mental health disorders,