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Abstract

New York City (NYC) faces many challenges in the coming decades due to climate

change and its interactions with social vulnerabilities and uneven urban development

patterns and processes. This New York City Panel on Climate Change (NPCC) report

contributes to the Panel’s mandate to advise the city on climate change and pro-

vide timely climate risk information that can inform flexible and equitable adaptation

pathways that enhance resilience to climate change. This report presents up-to-date

scientific information as well as updated sea level rise projections of record. We also

present a newmethodology related to climate extremes and describe newmethods for

developing the next generation of climate projections for the New York metropolitan

region. Future work by the Panel should compare the temperature and precipitation

projections presented in this report with a subset of models to determine the poten-

tial impact and relevance of the “hot model” problem. NPCC4 expects to establish

new projections-of-record for precipitation and temperature in 2024 based on this

comparison and additional analysis. Nevertheless, the temperature and precipitation

projections presented in this report may be useful for NYC stakeholders in the interim

as they rely on the newest generation of global climatemodels.
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1 CHAPTER SUMMARY

While providing an informative context on how to frame and con-

textualize climate risks, it often remains challenging for municipal

stakeholders to obtain practical advice and insights on how to assess

climate risks on a local scale from the Intergovernmental Panel on

Climate Change (IPCC) reports alone.1 The New York City Panel on

Climate Change (NPCC) was formed in 2009 and codified in New York

City (NYC) Local Law 42 of 2012with amandate to provide an authori-

tative and actionable source of scientific information on future climate

change and its potential impacts. A key task of the NPCC is to pro-

vide up-to-date climate projections (i.e., “projections of record”) for use

by the City of New York and its agencies in climate-related decision-

making.2 Asmandated by Local Law 42, the Panela is expected tomake

recommendations regarding the near-, intermediate-, and long-term

quantitative and qualitative climate change projections for NYC after

the release of an assessment report by the IPCC. This NPCC report

fulfills this expectation following the 2021 publication of the climate

science report ofWorking Group 1 of the Sixth IPCCAssessment.3

1.1 Key messages

Key Message 1: Sea level is projected to rise for centuries and remain

elevated for thousands of years. Glaciers and ice sheets combined are

now the dominant contributors to global mean sea level rise (GMSLR).

In the future, the cryosphere contributions will dominate, especially

in higher GMSLR scenarios. Changes in ocean circulation, such as the

AtlanticMeridional Overturning Circulation (AMOC), may also play an

increasing role in the future. Coastal locations in the NYC metropoli-

tan region continue to experience higher rates of relative sea level

rise (SLR) as compared to the global mean, a trend that is generally

expected to continue into the future. Projected SLR for NYC will exac-

erbate the destructive hazards posed by storm surges and cause more

frequent high-tide flooding. Although many improvements have been

made to protect neighborhoods and secure critical infrastructure in

future floods, many neighborhoods remain vulnerable to coastal flood-

a The Panel is currently led by a team of four cochairs who possess a broad spectrum of disci-

plinary expertise including climate science, demography, civil and environmental engineering,

geography, vulnerability analysis, global change, architecture, and urban planning. Both the full

NPCC and its leadership team were selected to ensure a diversity of backgrounds, research

disciplines, and fields of technical practice.

ing. More research is needed on both the baseline storm surge hazard

as well as its potential future changes.

KeyMessage2: Surface and air temperature varies throughoutNYC

as a function of time of day, season, and the underlying characteristics

of the built environment. The number of days with minimum tempera-

tures below freezing has been steadily declining since 1900. The total

number of hot days in the city is expected to increase as this cen-

tury progresses. The frequency and duration of heat waves are also

expected to increase. In general, the projected changes in precipitation

are small relative to year-to-year variability. Average annual precipi-

tation in NYC is projected to increase by approximately 2−7% by the

2030s, 4−11% by the 2050s, and 7−17% by the 2080s (all relative to

a 1981–2010 baseline period). Although the increase in total annual

precipitation is projected to be relatively small, global climate models

(GCMs) project somewhat larger increases in the frequency of extreme

precipitation events.

Key Message 3: The largest recorded drought in the New York

metropolitan region occurred during the 1960s. This event serves as

a critical benchmark to evaluate the potential impacts of extreme

drought and vulnerability to low water availability in the region, with

current water management practices designed around that event.

Since the 1960s drought of the record, several smaller droughts have

had measurable impacts. Consideration of water management under

drought currently relies on estimates of imbalances between annual

supply and evaporative losses, but droughts are manifestation of the

nonlinear interaction between supply and demand as the climate risks

faced by water users vary over time and by sector of use. There is a

need formore comprehensive assessment of drought vulnerability that

accounts for projected changes in cross-sectoral demand as well as

projected climate impacts.

2 INTRODUCTION

This report builds on and updates the SLRprojections developed by the

second New York City Panel on Climate Change (NPCC2)4 as well as

the third Panel (NPCC3).5 It also draws upon climate projections that

are under development in the ongoingNewYork StateClimate Impacts

Assessment.6 Themain climate hazards and stressors described in this

report of the fourth iteration of NPCC (NPCC4) include: (1) Sea Level

Rise and Storm Surge; (2) Inland and Coastal Flooding; (3) Average and

Extreme Temperature; and (4) Extreme Precipitation andDrought.
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F IGURE 1 The impact of the dynamic components of climate risk (R) on its temporal evolution. Graphic 1 shows the baseline condition.
Graphic 2 shows the impact of sluggish climatemitigation on themagnitude of the hazard (H) and the subsequent increase in climate risk. Graphic
3 shows that evenwith the implementation of climate adaptation and resilience strategies that reduce vulnerability (V) and exposure (E), climate
risk may increase if themagnitude of the hazard continues to increase (adapted fromRef. 1).

Climate risk is a function of the changing characteristics of the cli-

mate system and socioeconomic change as well as changes in norms

and values. As in previous NPCC assessments, NPCC4 makes use

of definitions, measurements, baselines, and scenarios to represent

how the magnitude, duration, and frequency of climate hazardsb may

change in the future. NPCC4 follows a risk management approach

that explicitly recognizes the temporally evolving nature of risk

components.1 This approach can be summarized as R =H × E × V; R =

risk on an asset, system, population (e.g., socially marginalized groups,

NYC residents), individual or location being the product of variables: H

= hazard, E= exposure, and V= vulnerability (Figure 1).

“Based on climate analyses, regional and global trends, and a review

of scientific literature,” NPCC confirms which climate projections of

temperature, precipitation, SLR, and coastal flooding (i.e., projections

of record) are most appropriate for use in resiliency planning for

the city and region.2 In this work, we present codeveloped climate

projections that translate GCMc outputs under a range of future emis-

sions scenarios into climate risk assessments associated with different

b Aclimatehazard is aweatheror climate state suchas aheatwave, flood, highwind, 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 inmiles per hour, and inches of rain, ice, or snowfall that are reached

or exceeded in a given period of time.
c 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 gasses (GHGs) and aerosols. Eachmodel simulates

physical exchanges among the ocean, atmosphere, land, and ice.7

climate stressors and hazards at the urban scale. Given that the sce-

narios and narratives utilized by IPCC are associated with spatial

scales that are much larger than cities like NYC, we aim to address

an important urban adaptation gap by presenting an approach for

incorporating the local sociocultural context and equity considerations

into urban climate risk assessment through coproduction with local

stakeholders.8

This report presents up-to-date climate risk and scientific informa-

tion as well as updated SLR projections of record, which are used by

the city to inform resilience planning and investment and is one of the

primary functions of the NPCC. We also present a new methodology

related to climate extremes and describe new methods for developing

the next generation of climate projections for theNewYorkmetropoli-

tan region. NPCC4 expects to establish new projections of record for

precipitation and temperature in 2024. The temperature and precipi-

tation projections presented in this report are intended to be used as

interim products. Recommendations for developing additional projec-

tions of record and future work are included in the Conclusions and

Recommendations section.

2.1 Future scenarios

The representative concentration pathways (RCPs) identify plausi-

ble futures for greenhouse gas concentrations and other radiative
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forcings (i.e., differences between incoming and outgoing energy in the

Earth’s atmosphere) that are used in future projections of sea level,

temperature, and precipitation.9 The shared socioeconomic pathways

(SSPs) describe alternative future socioeconomic and demographic

visions consistent with the RCPs10 across the globe through 2100

(Figure 2).11 Because socioeconomic and demographic change drive

alternative land use, energy use, transit, and other key sectors, they

are used to develop emissions scenarios. Each SSP is consistent with

theRCPs andmultiple radiative forcing targets based on the timing and

spatial distribution of development pathways. There are a total of five

major SSP narratives (representing nominally pathways that are asso-

ciated with “sustainability” [SSP1], “middle of the road” or “business as

usual” [SSP2], “regional-rivalry” [SSP3], “inequality” [SSP4], and “fossil-

fuel development” [SSP5]d) andnine total narratives (i.e., becausemore

than one RCPmay be consistent with an SSP).

This report uses two emissions scenarios (i.e., SSP2-4.5 and SSP5-

8.5) for three important reasons. First, using these scenarios allows

for the Panel to build on the 2010, 2015, and 2019 NPCC reports as

NPCC4 carries out its work across multiple years and working groups.

SSP2-4.5 and SSP5-8.5 are consistent with the two emissions scenar-

ios that drive the climate projections previously developed by NPCC2

and NPCC3; this allows for a sustained assessment approach where

municipal stakeholders can more readily compare new climate pro-

jections with earlier climate projections that were codeveloped with

less advanced GCMs. This approach facilitates the relevance, credibil-

ity, and legitimacy of Panel outputs and activities. Second, SSP5-8.5

remains useful as a complement to SSP2-4.5 when determining a

range of plausible outcomes for risk management that represent a

“short-to-medium term mean scenario and a longer-term tail-risk sce-

nario” (see Appendix B for further discussion on tail risk).12–14 While

IPCC15 suggests that policies implemented by the end of 2020 point

to late-century cumulative emissions that are closer to SSP2-4.5 than

SSP5-8.5, to date the Global North has failed to rapidly transition

away from fossil fuels in the manner that international agreementse

call for16 and this may ultimately lead to reduced implementation (or

commitment walk-back) in the Global South.17,18 In addition, “there is

extremely limited evidence on the aggregate effects of climate laws

on climate outcomes” (although there is a broader literature assessing

climate policies)19 and there have been multiple climate policy walk-

backs in the Global North since 2020 (e.g., the U.K.’s shift to delay a

prohibition on the sale of new gasoline and diesel cars). Further, geopo-

litical shocks such as climate change-associated conflicts20 as well as

pandemics21,22 have the potential to slow progress toward a transi-

tion away from fossil fuels, and “RCP8.5 is in close agreement with

historical total cumulative CO2 emissions” (i.e., within 1%).23 Third,

the publicly available National Aeronautics and Space Administration

d Note that RCP 8.5 is only plausible under SSP5. These short-hand nicknames for the SSPs

come from global scenario development and do not necessarily describe the associated local

conditions in the United States or NewYork City.
e The Paris Agreement calls for a just transition to ensure that global emissions decline fast

enough to keep global warming below 2.0◦C, and to pursue sustainable development and

poverty reduction. The agreement also enshrines the principle of common but differentiated

responsibility, which acknowledges that wealthy countries have an obligation to decarbonize

faster than other countries, given their disproportionate contributions to historical emissions.

(NASA)/IPCC Sea Level Projection Tool24–26 includes “low confidence”

sea level projections for SSP5-8.5 that account for the potential impact

of deeply uncertain ice sheet processes and extend beyond 2100.

NPCC4 utilizes SSP5-8.5-low confidence sea level projections along

with SSP2-4.5-mediumconfidenceandSSP5-8.5-mediumconfidencepro-

jections as an actionable and prudent way to explicitly account for

deeply uncertain, high consequence events that disproportionately

impact socially vulnerable andmarginalized NYC residents.27–30

2.2 Sustained assessment and coproduction

While the IPCC assessment reports act as a standard for many

scientists and practitioners when working on matters relating to cli-

mate change, equitable urban adaptation requires meaningful engage-

ment with local stakeholders to ensure that there are mechanisms

and procedures to incorporate local knowledge and values into risk

assessments.31–34 Further, equitable urban adaptation also requires

that the voices of low-income, marginalized, and vulnerable commu-

nities (i.e., the communities most likely to bear the brunt of adverse

climate impacts) be centered in order to imagine futures associ-

ated with equitable outcomes and their corresponding pathways.35,36

NPCC4 organized a series of workshops focused on climate science

and racial equity that complemented the continuous coproduction

activities (e.g., Climate Knowledge Exchange or CKEf) that the Panel

engages in with the Mayor’s Office of Climate and Environmental

Justice (MOCEJ) and other local stakeholders in order to further incor-

porate the local sociocultural context and equity considerations into

updated climate projections and otherNPCCprocesses and outputs.37

As of thiswriting, CKE activities continue to address gaps in knowledge

and research and the needs of local stakeholders.

MOCEJ, theNPCCClimate Science andProjectionsWorkingGroup,

and partners, organized a 2-day virtual NYC Climate Science and Pro-

jectionsWorkshop in 2022. The purpose of the workshop was to bring

together city agencies, state partners, NPCC members, and other key

stakeholders, to: present on the latest climate science and projections

for NYC; share how the city is using climate projections; determine

how climate projections can be further refined and/or customized to

improve decision-making; and identify additional climate analyses that

are needed and/or would be useful for NYC. The workshop consisted

of presentations, followed by discussions (see Figure 3) via breakout

rooms and interactive tools. The feedback and discussion during the

workshop has been instrumental in helping to shape the 4th NPCC

Assessment. This report aims to meaningfully respond to two key

action items that came out of the workshop: NPCC4 should (1) con-

duct data-driven analyses to determine the extent to which the Panel

should utilize GCMs associated with the Coupled Model Intercompar-

ison Project Phase 6 (CMIP6) that project rises in global temperature

f The Mayor’s Office of Climate and Environmental Justice (MOCEJ) piloted the CKE as an

engagement process focused on identifying what city staff, nonprofit and community-based

organizations, and scientists consider to be the biggest knowledge gaps impeding a just cli-

mate response in NYC. In the first year of the CKE, MOCEJ engaged over 170 people from

27 nongovernmental organizations and 21 city agencies in 25 small discussion groups.
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6 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 2 Future global anthropogenic emissions of key drivers of climate change andwarming contributions by groups of drivers for five
scenarios: SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5.3

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15116 by N

asa G
oddard Space Flight, W

iley O
nline L

ibrary on [08/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ANNALSOF THENEWYORKACADEMYOF SCIENCES 7

F IGURE 3 Schematic depicting the sustained assessment process and principles of the Climate Knowledge Exchange (CKE) initiative that
informNPCC4 activities. It involves four key components that occur sequentially: (1) group discussion; (2) surveys; (3) focus area identification and
refinement; and (4) reporting.38

by the end of the century that might be larger than that supported by

other evidenceand (2) utilize SLRprojections that arepublicly available

through the NASA/IPCC Sea Level Projection Tool to present a broad

range of plausible outcomes.

The goal of this report is to provide guidance and up-to-date cli-

mate risk information for NYC as it continues to develop equitable

and flexible adaptation pathwaysg to cope with anthropogenic climate

change.40,41 In addition to projections of record for SLR presented

here, the fourth NPCC (i.e., NPCC4) is also planning to produce a more

detailed assessment report that includes projections of record for

temperature and precipitation as well as chapters focused on climate

science, equity, futures and transitions, energy and energy insecurity,

flooding, and health.42–47 Each of these chapters will be guided by

recognition of (and attention to) the interactions between the ongoing

climate and racial justice crises, as well as consideration of the impacts

of the COVID-19 pandemic on NYC.48–53

3 CLIMATE CHANGE IMPACTS ON NYC

Locatedon the coast in an area subject to extreme coastal floods, heavy

rainfall, and intense summer heat waves, NYC facesmany challenges in

coming decades due to climate change and its interactions with social

vulnerabilities and exposure inequities.48 For example, it is well docu-

mented that the “urban heat island effect” disproportionately impacts

communities of color (i.e., non-White, low-income communities) in the

United States.54–60 A study of 108 urban areas in the United States

underscores that the hottest urban areas tend to be inhabited by,

“resource-limited residents and communities of color.”61 Nearly half of

g Adaptation pathways are sequences of linked (portfolios of) actions that can be implemented

as conditions change.39 Flexible adaptation pathways are sequences of “adaptation strategies

that policymakers, stakeholders, and experts develop and implement that evolve as knowledge

of climate change progresses.”2

all heat-related deaths are amongNewYorkers living in neighborhoods

with high or very high poverty levels. BlackNewYorkers aremore than

twice as likely to die from heat stress thanWhite residents of NYC.62

Over multicentennial and longer timeframes, GMSLR could reach

several meters above present-day levels,h depending on the degree of

warming resulting from current to near-future emission levels.24 One

analysis suggests that a 2.7◦F (1.5◦C) warming could lead to 2.9 m of

global SLR, placing 7.6% (3.2−11%) of today’s population living on land

below the new high tide line.63 The corresponding percentage for a

3.6◦F (2◦C) warming and 4.7m of global SLRwould be 10% (7.4−12%).

Based on these warming levels, SLR, and present population patterns,

NYC is projected to be one of the most impacted cities, along with

other populous coastal cities like Shanghai, Hanoi, Dhaka, Calcutta,

Mumbai, Tokyo, and Jakarta. SLR and associated coastal flooding is also

likely to disproportionately affect low-income and non-White commu-

nities posing another climate-related environmental justice challenge

for NYC.64

4 SEA LEVEL RISE AND STORM SURGE

SLR and coastal flooding pose growing challenges to protect the large

population and major economic assets along NYC’s waterfront, due

to the city’s proximity to the Atlantic Ocean and exposure to severe

coastal storms, such as historic severe hurricanes (e.g., in 1821 and

1960) and nor’easters (extra-tropical cyclones; e.g., 1992). Notably,

Hurricane Sandy (a hybrid hurricane/extra-tropical cyclone as it prop-

agated into NYC’s offshore waters) generated the highest water levels

in at least 300 years,77 as well as extensive flooding, major power out-

ages, transportation disruptions (that were particularly detrimental to

h “Present-day levels” denotes multicentury sea level projections based on cumulative emis-

sions through 2020 only, assuming no further net emissions.

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15116 by N

asa G
oddard Space Flight, W

iley O
nline L

ibrary on [08/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 ANNALSOF THENEWYORKACADEMYOF SCIENCES

BOX1 Hurricane Ida

Ida was a deadly Category 4 Atlantic hurricane that origi-

nally made landfall in Port Fourchon, southeastern Louisiana

on August 29, 2021 before transforming into an extratrop-

ical low that caused record-breaking rainfall (Ida-remnants

cloudburst, Figures 4 and 5) and deadly inland flooding

in NYC on September 1, 2021.65 With reported sustained

winds of 150 mph, it is the fifth strongest hurricane to make

landfall in the United States.66 Ida developed from a com-

bination of multiple low-latitude weather systems, starting

with a tropical wave emerging from the coast of Africa on

August 14, 2021.65

There has not yet been sufficient research conducted to

determine the extent to which the precipitation intensity

and duration of the Ida-remnants cloudburst were influ-

encedbyanthropogenic climate change, althoughFrei et al.69

and Melillo et al.70 found that the Northeast United States

has experienced an increase in heavy precipitation since

the late 1950s. Future projections of North Atlantic71 and

specifically NewYork State tropical cyclone (TC) activity72,73

project TC intensification and more major hurricanes. How-

ever, research on tropical cyclones shows the past century

has exhibited a trend toward decreasing frequency in most

ocean basins and a roughly unchanged frequency in the

North Atlantic.74 Recent work has shown upward trends in

rapid intensification of hurricanes in the AtlanticOcean from

1982 to 2009 due to anthropogenic climate change.75 One

attribution study found that climate change may play a role

in increasing the risk of storms with Ida’s characteristics,

although other signals like the Atlantic Multidecadal Oscil-

lation (AMO) also play a role in the formation of tropical

cyclones.76

Asian and Latinx residents), 44 fatalities (with almost half of those

who died over 65), and an estimated $19 billion in damages in NYC in

2012.27,78

Projected SLR for NYC and other vulnerable coastal locations

will exacerbate the destructive hazards posed by storm surges. The

increasing frequency of coastal flooding in theUnited States, for exam-

ple, is to a large extent caused by rising sea level.79 Current global and

local NYC SLR trends are briefly reviewed in Sections 4.1 and 4.1.1.

Tide gauges for the past century have measured hourly (or more

frequent) variations in coastal ocean water levels. Coupled with ear-

lier sea level measurements of varying frequencies, these provide

detailed information on historic mean global sea level change. How-

ever, tide gauge observations contain significant temporal data gaps,

are unevenly geographically distributed, and only sample coastal loca-

tions. Since 1992, radar and laser satellite altimetry observations

supplement these measurements with near-global ocean coverage at

high spatial resolution and also map changes in land ice elevation and

ice motion. In addition, since 2002, the Gravity Recovery and Cli-

mate Experiment (GRACE) and GRACE Follow-On gravity missions

have measured gravity changes caused by increasing ice sheet mass

losses, in agreement with satellite altimetry and standard glaciolog-

ical observations.80–82 Near-global coverage of Argo ocean-profiling

floats since 2006 has also yielded accurate estimates of ocean ther-

mal expansion down to 2000 m depth. The combined analysis of

these different observational methods has considerably improved the

assessment of global SLR and has helped close the previously existing

gap inourunderstandingof the relativemagnitudeofprocesses leading

to SLR.24,83,84

4.1 Global sea level rise

The observed rate of GMSLR has increased from 1.7 (1.3−2.2) mm/yr

from 1901 to 2018, up to 3.7 (3.2−4.2) mm/yr from 2006 to 2018.24

Since the 1970s, thermal expansion and glaciers have been the two

main GMSLR contributors with increasing inputs from ice mass losses

on the Greenland and Antarctic Ice Sheets (Table 1, from tab. 9.5

in Ref. 24). Between 2006 and 2018, the sum of all individual SLR

components is 3.6 (2.9−4.4) mm/yr. Over this most recent period,

glaciers and ice sheets combined are now the dominant contributors

to GMSLR. The IPCC3 finds that human influence is “very likely” the

main driver of these increases since at least 1970.24 In the future, the

cryosphere contributions will dominate, especially in higher GMSLR

scenarios.24,85–89

Satellite observations80,81 and projections in the Fifth IPCCAssess-

ment (AR5) between 2007 and 2017 show that GMSLR tracks closest

to the AR5 upper range of all emission pathways because of increas-

ing ice sheet mass losses.90,91 Ice mass losses on the Greenland Ice

Sheet have been rapidly accelerating since the 1990s.81,92 Ice mass

losses between 2000 and 2019 from theGreenland Ice Sheet have cre-

ated a climate imbalance that commits the equivalent of 274 ± 68 mm

to future GMSLR,93 although at indefinite time scales of up to millen-

nia. In the West Antarctic, a recent study of Thwaites Glacier reveals

past periods of rapid ice retreat, which could recur in the near future,

once the glacier passes a critical pinning point.94 Thwaites Glacier

faces potentialMarine Ice Sheet Instability (MISI) (see 4.1.1) that, once

initiated, could extend the retreat deep inland, given the subglacial

topography. These recent cryosphere findings underscore the poten-

tial for heightened flood risks associated with SLR faced by vulnerable

coastal cities and emphasize the importance of improving our under-

standing of ice sheet processes, initiating significant CO2 emission

reductions, and strengthening our adaptationmeasures.

4.1.1 Regional sea level rise

Spatial and temporal differences in SLR arise due to spatial vari-

ability in thermal expansion, changes in ocean circulation, geophys-

ical responses to recent land ice mass losses, other vertical land
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 9

F IGURE 4 Observed accumulated precipitation at NewYork City Automated Surface Observing System (ASOS) weather stations during the
Ida-remnants cloudburst (September 1 and 2, 2021). Source: ASOSData.67

TABLE 1 Projections for sea level rise in NewYork City for 2030−2150.

10th Percentile 25th Percentile 75th Percentile 90th Percentile

2030s 6 in. 7 in. 11 in. 13 in.

2050s 12 in. 14 in. 19 in. 23 in.

2080s 21 in. 25 in. 39 in. 45 in.

2100 25 in. 30 in. 50 in. 65 in.

2150 38 in. 47 in. 89 in. 177 in.

Note: Equal weights were assigned to each of the three scenarios utilized.

motions (VLM; e.g., glacial isostatic adjustment [GIA], neotectonics,

subsurface fluid withdrawal), and land water storage. Because of the

spatial and temporal variability associated with these processes, the

sum of SLR components at any specific locality may deviate signifi-

cantly from the global mean.25,79 These regional to local sea level dif-

ferences become significant in urban planning and efforts to enhance

coastal resilience.

Coastal locations in the NYC region continue to experience higher

rates of relative, or local, sea level rise (RSLR) as compared to the

global mean, a trend that is generally expected to continue into

the future as well. This occurs because of GIA-related subsidence,

enhanced thermal expansion, and increasing land ice mass losses.

Changes in ocean circulation, such as the AMOC, may also play an

increasing role in the future. A slower North Atlantic circulation and

weakened spiral oceanic currents would lead to a heat build-up and

increased thermal expansion, which in turn would redistribute ocean

water mass shoreward, especially in the mid-Atlantic region, including

NYC.95,96
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10 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 5 Radar-estimated 24-h accumulated precipitation between September 1, 2021 (04:00 EDT) and September 2, 2021 (04:00 EDT).
The locations of theNewYorkCity ASOSweather stations are also shown on thismap. Source: MultiradarMultisensorQ3Precipitation Estimate.68

Sea levels for NYC since 1856 are shown in Figure 6 along with SLR

drivenbyVLMand rising sea levels alone. These showthat the total SLR

has resulted from similar contributions of continual (linear) land sub-

sidence (VLM) and accelerating SLR. Studies of RSLR impacts at NYC

often cite the long-term linear rate of∼3mm/yr (∼0.12 in/yr) from this

entire period that is available fromNOAA,97 but Figure 6 helps demon-

strate that NYC’s RSLR is accelerating, as is GMSLR. An estimate of the

recent RSLR rate is obtained from taking the 8-year running average

at September 2018 minus the 8-year running average at 1990, which

gives a rate of 4.6mm/yr (0.18 in/yr).

A key uncertainty in future SLR is the behavior of the ice sheets,

and in particular, the Antarctic Ice Sheet, which holds the equivalent of

58.3 m (191.2 ft) of global SLR if all its ice melted. Therefore, NPCC398

also considered one high-end, low-probability scenario—the Antarc-

tic Rapid Ice Melt (ARIM) scenario, which includes potential instability

of the West Antarctic Ice Sheet (WAIS). Much of the WAIS lies on

land below sea level, on reverse slopes that tilt toward the continen-

tal interior. This is an inherently unstable topographic configuration

which could lead to MISI, a potential process in which an ice stream or

glacier on a reverse slopenear the grounding line accelerates, discharg-

F IGURE 6 NewYork Harbor sea level from 1856 to 2022with
1-year (gray) and 8-year (black) averaging, and as partitioned into
change due to vertical landmotion only (VLM; green) and rising sea
levels only (red). A VLM estimate of−1.5mm/yr (+/− 0.2mm95%
confidence) for the Battery tide gauge is utilized.25
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 11

ing more and more ice, until the bed slope flattens or rises landward

(e.g., fig. 2 in Ref. 98, see also Ref. 99).

Another posited process is the Marine Ice Cliff Instability (MICI)

that depends on the structural weakness of a high ice cliff (>100 m

[∼328 ft] exposure above sea level) after thinning and removal of a

buttressing ice shelf. The longitudinal stresses on the exposed cliff

face would lead to collapse. Additionally, in a warmer climate, meltwa-

ter that accumulates on top of an ice cliff during the summer season

would propagate down crevasses and cut through the ice like a knife

until reaching the bottom in a process known as hydrofracturing. As

large ice masses split off, ice cliff retreat speeds up (e.g., fig. 2 in

Ref. 100).

In the ARIM scenario, which considers the possibility of these insta-

bilities by the end of this century, SLR could reach 2.1 m by the 2080s

and 2.9mby 2100 (Ref. 98 fig. 2; see also Ref. 101). Expert elicitation of

future SLR, localized for NYC, suggests that the ARIM scenario would

have an estimated ∼3% chance of occurring by 2100 at high emissions,

but near zero probability under low emissions.98,102 In a re-evaluation

of their 2016 paper, DeConto et al.103 use improved model physics

and revised atmospheric forcing to find a substantially lower RCP8.5

median contribution to global mean sea level (GMSL) by 2100 than in

their earlier paper which delays the onset of increased surface melt.

Nonetheless, by 2025, themedian contribution toGMSL forAntarctica

reaches 1mand rates exceed 6 cm/yr by 2150. By 2300, Antarcticawill

contribute 9.6m (31.5 ft) of GMSLRunder RCP8.5,103 due to sustained

emissions increases that extend past 2100.

Conflicting assessments evaluate the future stability of the WAIS.

On the one hand, negative feedbacks such as glacial rebound and

a weaker gravitational attraction may mitigate the full extent of

MISI.104,105 MICI may be delayed by a slow retreat of ice shelves106

and limitations of the rapidity (or effectiveness) of hydrofracturing107

as there is no solid evidence for an observed MICI in the modern

era, nor in the geological past.108 On the other hand, several regions

of higher vulnerability to MISI appear on a recent topographic sur-

vey beneath the margins of the WAIS. In particular, the retreat of

the Thwaites Glacier, which once it passes beyond two ridges would

become “unstoppable.”109 Several other potentially vulnerable regions

on the East Antarctic Ice Sheet were also identified in that study. Lher-

mitte et al.110 detect highly fractured and crevassed areas onmarginal

shear zones near and at the grounding lines of the Thwaites and Pine

glaciers. Damaged areas are rapidly expanding and contribute to the

structural weakening of these glaciers, both of which lie on MISI-

prone retrograde slopes. Three otherWAIS glaciers near the Thwaites

and Pine glaciers are also rapidly retreating in the last decade.99

These recent observations raise renewed concerns over the long-term

stability of theWAIS with continued climate warming.

4.2 Sea level rise projections

“Based on climate analyses, regional and global trends, and a review of

scientific literature,” NPCC confirms which climate projections of SLR

(i.e., projections of record) are most appropriate for use in resiliency

planning for the city and region.2 The NASA Sea Level Projection Tool

was utilized to download the sea level projection data from the IPCC

6th Assessment Report (AR6) as it is publicly available and provides

easy access to the consensus projections found in the report. Table 1

shows that sea level is projected to rise along theNewYork State coast-

line and in the tidal Hudson by 177.8–279.4 mm (7–11 inches) by the

2030s, 355.6–482.6 mm (14–19 inches) by the 2050s, and 635–990.6

mm (25–39 inches) by the 2080s (all relative to a 1995−2014 base-

line period). The high-end estimate (i.e., the 90th percentile) for SLR

by the 2080s is 1145 mm (45 inches). By 2100, sea levels are pro-

jected to rise by as much as 1651 mm (65 inches) (see Appendix C.4

for methodological details).

Under theARIMscenario presented in 2019byNPCC3, accelerated

loss of land-based ice could lead to SLR of up to 2057.4mm (81 inches)

by the 2080s and 2895.5 mm (114 inches) by 2100 under a plausible

“worst-case” scenario that cannot entirely be ruled out.

Given the risk tolerance of NYC stakeholders and their commit-

ment to equitable adaptation, it is important for decision-makers to

account for a broad range of SLR outcomes, including low-probability,

high consequence scenarios (instead of planning based on one poten-

tial future). To this end, NPCC2 and NPCC4 instead provide a full

range of projections. Here, we utilize the newly available SSP5-8.5-

low confidence SLR scenario (along with SSP2-4.5-medium confidence

and SSP5-8.5-medium confidence scenarios) to quantitatively account

for the potential impact of deeply uncertain ice sheet processes in a

manner that was not possible when the ARIM scenario was developed

(as the SSP5-8.5-low confidence scenario was not available for NPCC3).

This work represents an advancement byNPCC in terms of developing

SLR projections for urban risk management as we use three scenarios

here (instead of only using two scenarios and not explicitly account-

ing for the risk associated with MISI and MICI).111 This report also

references the aforementioned higher-end ARIM scenario projection

developed in2019 forNYCbyNPCC3aswedeemthis to still represent

a plausible low probability, high consequence outcome that is still use-

ful in a variety of long-term decision contexts,112 where consequences

would be particularly catastrophic.

An assumption applied in creating NPCC coastal flood maps has

been and continues to be that future storm surgeswill changeprimarily

due toSLR.However, it is increasingly understood that climate-induced

changes to tropical cyclones will impact storm surges as well. Specifi-

cally, there is consensus that atmospheric warming will likely intensify

tropical cyclones in the future.113,114 Cyclogenesis, storm frequency,

and storm tracks are also likely to shift.74,115,116 Any of these changes

could directly impact storm surges in the NYCmetropolitan region.

Projections of storm surges are often developed using statistical

and/or deterministic downscaling approaches, which model tropical

cyclones from GCM data to simulate storms of a future climate. The

simulated tropical cyclones are then coupled to numerical hydrody-

namic models to assess the resulting storm surges (e.g., Refs. 117–119).

Recent studies of NYC predict large increases in extreme storm surge

levels and inundation by the end of the 21st century due to SLR

and additional increases due to the changing climatology of tropical

cyclones.73,117 However, there is considerable uncertainty and spatial

variability in the supporting data, and projections of end-of-century

storm surge risk remains an active research area.
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12 ANNALSOF THENEWYORKACADEMYOF SCIENCES

5 INLAND AND COASTAL FLOODING

In the United States, extreme flood events and their impacts have

become more frequent and intense over the past several decades. The

National Oceanic and Atmospheric Administration (NOAA) reports

that the U.S. annual average of flood-related deaths has increased

over the past 10 years.120 NOAA has estimated $60 billion of losses

from Hurricane Ida in Louisiana, New York, and New Jersey.121 Global

reinsurance provider Swiss Re estimated the devastation from Ida,

including flooding damage in New York, at nearly $32 billion, which

equals nearly 30% of the $105 billion of total global insured losses

caused by natural disasters in 2021, the fourth highest losses since

1970.122

Although Hurricane Ida (Box 1) was not associated with a signifi-

cant coastal storm surge event in the NYC area, flash floods due to

heavy rainfall as the tropical storm passed overhead caused the deaths

of 18 New Yorkers statewide, with 13 of those in NYC.123,124 Frei

et al.69 show increases in extreme precipitation in the Northeastern

United States during the period from 1935 to 2012, with more events

occurring in the latter half of the period (since the 1970s) compared

to the first few decades since 1935. Further, Howarth et al.125 report

that extreme precipitation in the Northeast United States showed

an increasing trend between 1979 and 2014, attributed to both an

increase in the frequency and intensity of extreme events.

Theexact numberof residents occupyingbasement and cellar apart-

ments in NYC is unknown and difficult to estimate, as many of these

units are illegal and have not been permitted or registered. However,

it should be noted that legal subgrade residences can also be dan-

gerous during floods. The requirements associated with permitting a

basement residence address lighting and fire hazard, but not flooding.

Based on comparisons of census data, records of construction, and cer-

tificates of occupancy, it is estimated that 300,000+New Yorkers may

live in basement and cellar apartments across the city.126 A dispro-

portionate number of these basement and cellar apartment residents

may be low-income, immigrants, non-White, and/orworking-classNew

Yorkers.

The NYC Comptroller submitted written recommendations on

August 15, 2022 to NYC Emergency Management and New York

StateDivisionofHomelandSecurity andEmergencyServiceshighlight-

ing the equity gaps in current emergency response systems as well

as short- and long-term relief and rehabilitation initiatives, including

long-term casemanagement (in the 10 citywide designated official lan-

guages) and post-disaster housingmanagement for residents unable to

return to their homes.127

5.1 Inland and coastal flooding projections

SLR is causing increases in coastal flooding during storm surge

events128–130 and more frequent high-tide flooding.79,131 NPCCi has

i There are no revisions to previously developed flood maps, nor new flood mapping/analysis,

in this NPCC report.

created extreme event coastal flood maps since 2010 based on super-

imposing SLR on top of the FEMA 100- and 500-year flood elevations

and using static (also known as bathtub) modeling to map the increas-

ing flood area. NPCC3 provided new maps showing the advancement

ofmonthly tidal floodingwith SLR,132,133 which can be complementary

to the city’s existing mapping of daily tidal flooding with SLR (e.g., City

Planning flood mapper) because they better capture the onset of tidal

flooding that can occur decades earlier than daily tidal flooding.132

FEMA has a project underway to update the 100- and 500-year

flood zones, and the city’s Future Flood Risk Mapping (FFRM) project

will use these results to update the future flood maps. However, the

FEMA project’s delays have led to delays for the FFRM and its outputs.

Also, NPCC has never created maps of rainfall-driven (pluvial or flu-

vial) flooding, in part because urban pluvial floodmodeling is in relative

infancy compared with coastal or fluvial flood modeling.134 However,

NYC recently completed its first ever citywide extreme rainfall-driven

flood projections which it released as part of the first NYC Stormwater

Resiliency Plan in May 2021.135 Three stormwater flooding scenarios

have so far been made publicly available. The moderate scenario cor-

responds to a 1-hr, 10-year storm (approximately 2 inches) and 2.5

feet of SLR above a 2000 baseline, based on NPCC3 projections for

2050 and the more extreme scenario corresponds to a 1-hr, 100-year

storm (approximately 3.5 inches) and 4.8 feet of SLR (NPCC’s 90th per-

centile estimate for 208098). Though NPCC has not previously studied

probabilities ormapped compound flooding, current research to assess

vulnerability, impacts, and adaptations (funded by NYC’s Department

of Citywide Administrative Services) is quantifying the potential for

surge and rainfall to occur simultaneously, compounding flood depths

or area. A summary of this research, aswell as future research needs, is

presented in NPCC4, Rosenzweig et al.46

6 TEMPERATURE AND PRECIPITATION

6.1 Observed annual temperature trends

This report extends temperature trends reported in previous NPCC

reports to the year 2021 using data from the Central Park weather

station (Table 2). Annual mean temperatures for this report’s base-

line period (1981−2010) were approximately 55.1◦F at Central Park

and 55.8◦F at LaGuardia Airport, marking an increase of close to

0.6◦F from the 2015 NPCC report’s baseline (1971−2000) at both

stations.136–138 Multidecade trends vary across time. For example,

temperatures between 1941 and 1970 decreased at a pace of −0.3◦F

per decade at Central Park and−0.7◦F per decade at LaGuardia, while

the most recent 30-year period (1991−2020) exhibited warming of

0.5◦F and 0.6◦F per decade for Central Park and LaGuardia, respec-

tively. Longer-term trends, however, indicate overall warming, with

temperatures increasing at a rate of 0.38◦F per decade and 0.52◦F

per decade at Central Park at LaGuardia, respectively (Figure 7). Long-

term trends between the two stations are not directly comparable, as

the Central Park (1900−2021) record is several decades longer than

that of LaGuardia (1942−2021). However, when considering trends
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 13

TABLE 2 Mean temperature and precipitation accumulation in
NewYork City using the baseline period from 1981 to 2010 and based
on data from the Central Park weather station.138

Time period Mean temperature Mean precipitation

Annual 55.2◦F 49.9 in.

January 32.8◦F 3.7 in.

February 35.5◦F 3.1 in.

March 42.7◦F 4.4 in.

April 53.3◦F 4.5 in.

May 62.6◦F 4.2 in.

June 71.7◦F 4.4 in.

July 76.7◦F 4.6 in.

August 75.5◦F 4.4 in.

September 68.2◦F 4.3 in.

October 57.2◦F 4.4 in.

November 47.9◦F 4.0 in.

December 37.8◦F 4.0 in.

Winter 35.4◦F 10.7 in.

Spring 52.9◦F 13.0 in.

Summer 74.6◦F 13.5 in.

Fall 57.8◦F 12.7 in.

over their overlapping temporal coverage, between 1942 and 2021,

results are virtually unchanged. There are spatial variations in tem-

perature and temperature change trends across NYC. For instance,

temperature records from theweather station at LaGuardia are consis-

tently warmer than Central Park by close to 1.6◦F, with the difference

between them growing larger over time.

6.2 Observed extreme heat events

Extreme temperatures impact NYC in a variety of ways. Hot days can

lead to increased deaths and hospitalizations due to heat stroke and

exacerbated existing conditions.62 Although trends in the incidence of

temperature extremes are often not statistically significant, records

show that the most recent 30-year period experienced the highest

number of days above90◦F (17days per year), the temperature thresh-

old used by the National Weather Service to declare a heat wave,

compared to the first 30 years in the record at Central Park (11 days

per year), shown in Figure 8.

Within the last decade, the number of summer (June−August) days

over 90◦F has increased (Figure 9). Temperature increases between

JFK andCentral Park aremarginal, most likely due to the buffers of the

Atlantic Ocean and park vegetation at the two sites, respectively. Over

20%of the summer days over the past decade at LGAhave a dailymaxi-

mumtemperature greater than90◦F. This is 8%more than theprevious

five decades. The hottest month is July where over 33% of mid-July

dates over that past decade experience extreme heat.

F IGURE 7 Observed annual temperature trend in NYC and
surrounding areas. Data are from the Global Historical Climatology
Network-Monthly (GHCN-M) Version 4.137 *Yearly trend is
statistically significant.

Similar to the daytime temperature, nighttime temperatures at LGA

have increased by a wider margin than Central Park and JFK. Nearly,

26% of the summer days at LGA have a daily minimum temperature

greater than 75◦F (i.e., the inflection point on heat mortality139 over

the past decade) (Figure 10). More than 40% of July observations are

greater than 75◦F. Elevated nighttime temperatures pose the greatest

risk to human health as they do not allow time for the body to recover

from high daytime temperatures, creating extended exposure to high

temperatures.

Extreme heat poses a major risk to the public health of NYC resi-

dents (see Appendix A). The heat vulnerability index (HVI) (Figure 11)

is an epidemiological study140 which characterizes the relative risk of

heat-relatedmortality during aheatwaveevent.HVI scores range from

1 (low risk) to 5 (high risk) and include both environmental (i.e., surface

temperature, NDVI) and social (i.e., air conditioning access, percent of

Black residents, percent poverty) indicators. The spatial distribution

of the HVI varies unequally across NYC neighborhoods. NYC agencies

have used the HVI to develop neighborhood-scale climate adaptation

and mitigation programs that are equitably distributed across the city.

Two examples include the Cool Neighborhoods NYC initiative141 and

the Green Roof Tax Abatement program.142

6.3 Observed extreme cold weather events

Meanwhile, the number of days with minimum temperatures below

freezing has been steadily declining since 1900,with the records show-

ing a statistically significant trend of approximately 2 and 3 fewer
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14 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 8 Number of days with temperatures above 90◦F in NYC
and surrounding areas from 1900 to 2021. Data are from the Global
Historical Climatology Network-Daily (GHCN-D) Version 4.137

*Yearly trend is statistically significant.

days per decade at the Central Park and LaGuardia Airport weather

stations, respectively (Figure 12). On average, number of days below

freezing atCentral Parkduring the1900−1929periodwas87,with the

most recent 30 years experiencing less than 70 days.

6.4 Temperature and precipitation projections

“Based on climate analyses, regional and global trends, and a review

of scientific literature,” NPCC confirms which climate projections of

temperature and precipitation (i.e., projections of record) are most

appropriate for use in resiliency planning for the city and region.2 As

shown in Table 3, average annual precipitation is projected to increase

by approximately 2−7% by the 2030s, 4−11% by the 2050s, and

7−17% by the 2080s (see Appendix C.1 for methodological details). In

general, the projected changes in precipitation associatedwith increas-

ing GHGs in the GCMs are small relative to year-to-year variability.

Although seasonal projections are less certain than annual results, the

greatest increases in precipitation are projected to occur during the

winter months. In the summer and fall seasons, smaller increases are

generally projected. Across all seasons, someGCMs project reductions

in mean precipitation, with the greatest decreases projected for the

summer and fall seasons.

As shown in Table 3, average annual temperatures are projected

to increase across NYC by 2.7−3.9 F by the 2030s, 4.0−6.0 F by the

2050s, and 5.6−9.8 F by the 2080s. The projected changes are simi-

lar for both SSPs until approximately the 2040s, when they begin to

TABLE 3 Projections for average annual temperature and
precipitation accumulation for 2030−2100.

Decadal

period

Mean annual

temperaturea
Mean annual

precipitationa

2030s +2◦F (+2.7◦F to

+3.9◦F)+4.7◦F

+0% (+2% to+7%)

+10%

2040s +2.8◦F (+3.3◦F to

+5◦F)+5.9◦F

+0% (+3% to+9%)

+13%

2050s +3◦F (+4◦F to+6◦F)

+7.1◦F

+0% (+4% to+11%)

+14%

2060s +3.6◦F (+4.7◦F to

+7.1◦F)+8.6◦F

+0% (+5% to+13%)

+16%

2070s +4.2◦F (+5.1◦F to

+8.4◦F)+10.2◦F

+0% (+6% to+14%)

+19%

2080s +4.8◦F (+5.6◦F to

+9.8◦F)+11.6◦F

+2% (+7% to+17%)

+22%

2100 +5.1◦F (+6.1◦F to

+10.7◦F)+13.5◦F

−1% (+5% to+21%)

+30%

Note: Projections are based on 35 GCMs and two SSPs; shown are the

low-estimate (10th percentile), middle range (25th−75th percentile), and

the high-estimate (90th percentile) from left to right. Equal weights were

assigned to each GCMand to each of the two selected SSPs.
aSeveral of the 35 GCMs utilized for temperature and precipitation projec-

tions are associated with the “hot model” problem identified by Hausfather

et al. (2022); see Section 6.4.2.

deviate and SSP5-8.5 has greater warming for the remainder of the

century. The climate models suggest that each season will experience

a comparable amount of warming relative to the 1981−2010 baseline

period.

Higher temperatures are extremely likely for the New York

metropolitan region in the coming decades. Compared to changes in

surface temperature, changes in air temperature may be considered

more relevant for human living conditions.144 However, it should be

noted that Avashia et al.145 recently found that “the microclimate in

a city as represented by land surface temperatures is a better indi-

cator for estimating relative risk of temperature related mortality as

compared to air temperature.” All model simulations project continued

temperature increases for NYC through the end of this century. Nearly

all GCM simulations indicate small increases in precipitation. Natural

precipitation variability is large; thus, precipitation projections are less

certain than temperature projections.

6.4.1 Extreme weather event projections

Although the increase in total annual precipitation is projected to be

relatively small, models project somewhat larger increases (i.e., larger

positive percentage changes) in the frequency of extreme precipita-

tion events (defined as events with more than 1, 2, or 4 inches of

precipitation at daily timescales).

The total number of hot days in NYC is expected to increase as this

century progresses. The frequency and duration of heatwaves, defined

as 3 ormore consecutive dayswithmaximum temperatures at or above
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 15

F IGURE 9 Percentage of days at or above daily maximum air temperature of 90◦F on each summer date for years 1960−2010 and
2011−2021 at Central Park, LaGuardia, JFK, andNewark airports. Data smoothedwith a 7-daymoving average. Data Source: NOAANational
Centers for Environmental Information - Climate Data Online (www.ncei.noaa.gov/cdo-web/)

F IGURE 10 Percentage of days at or above daily minimum air temperature of 75◦F on each summer date for years 1960−2010 and
2011−2021 at Central Park, LaGuardia, JFK, andNewark airports. Data smoothedwith a 7-daymoving average. Data Source: NOAANational
Centers for Environmental Information - Climate Data Online (www.ncei.noaa.gov/cdo-web/)

90◦F, are also expected to increase. In contrast, extreme cold events,

defined as the number of days per year with minimum temperature at

or below 32◦F, are expected to decrease.

The projections for extreme heat and extreme precipitation events

are summarized in Table 4 (see Appendix B for additional climate

risk information associated with extreme precipitation). Projections

of daily temperature (maximum and minimum) and precipitation

were computed using a method known as quantile mapping (see

Appendix C.2). The projections are based on 16 GCMs and two

emission scenarios (i.e., SSP2-4.5 and SSP5-8.5). Baseline data are

for the 1981−2010 base period and are from the NOAA National

Climatic Data Center.147 Shown are the low-estimate (10th per-

centile), middle range (25th−75th percentile), and high-estimate (90th

percentile) 30-year mean values from model-based outcomes. Dec-

imal places are shown for values less than 1, although this does

not indicate higher precision or certainty. Heat waves are defined

as 3 or more consecutive days with maximum temperatures at or

above 90◦F.
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F IGURE 11 NYCHeat Vulnerability Index.Data Source: NYCDOHMH.143

6.4.2 Indoor temperatures and climate change

Indoor temperatures in non-air conditioned spaces are often haz-

ardous. In NYC, the majority of direct heat-attributed and heat-

exacerbated deaths start inside insufficiently cooled homes.62 Studies

evaluating linkages between observed outdoor and indoor tempera-

tures often find weak correlations148–150 due to nonlinear energetic

interactions between building envelopes and the atmosphere as well

as the prevalence and usage of air conditioning. One of the leading

sources of these nonlinear interactions, heat stored in building materi-

als, can significantly impact indoor temperatures by holding on to heat

and slowing down cooling compared to outdoor air.

Understanding the impact ofNYC’s changing climate on indoor tem-

peratures requires observations and modeling of indoor conditions

and the processes that contribute to its spatiotemporal variability.

Monitoring campaigns of indoor thermal comfort in NYC have found

significant differences between not only indoor and outdoor tempera-

tures, but also between dwellingswith different characteristics like the

presence of indoor cooling, type of air conditioning, and even proximity

to the roof.149,151 Meanwhile, Hrisko et al.152 found significant spa-

tiotemporal variability of heat storage in NYC using highly temporally

resolved satellite imagery.

Advances in urban-scale climate models have begun to quantify

how changing climate may impact indoor conditions. A case-study

using an urbanized Weather Research and Forecasting Model in

NYC found that absent air conditioning, large portions of the city

could experience more than double the amount of hours with heat

index levels categorized by the National Weather Service as Very

Hot (heat index >40.6◦C) by end of the century under a high emis-

sions scenario, with currently warm locations like the South Bronx

expected to see close to 90% of total summer hours past that

threshold.153
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 17

TABLE 4 Projections for extreme heat and extreme precipitation events in NYC for 2030−2100.

2030s Baseline 10th Percentile 25th Percentile 75th Percentile 90th Percentile

Days at or above 90◦F 17 27 27 46 54

Days at or above 95◦F 4 8 8 17 27

Days at or below 32◦F 70 34 39 52 58

Days at or above 1 inch precipitation 14 14 14 16 17

Days at or above 2 inches precipitation 3 3 3 4 5

Days at or above 4 inches precipitation 0.2 0.2 0.3 0.4 0.4

Number of heat waves 2 3 3 6 7

Avg. length of heat waves (days) 4 5 5 5 6

2050s

Days at or above 90◦F 17 32 38 62 69

Days at or above 95◦F 4 10 14 32 35

Days at or below 32◦F 70 17 31 48 52

Days at or above 1 inch precipitation 14 14 15 17 17

Days at or above 2 inches precipitation 3 3 4 5 5

Days at or above 4 inches precipitation 0.2 0.2 0.3 0.4 0.4

Number of heat waves 2 4 5 8 9

Avg. length of heat waves (days) 4 5 5 6 6

2080s

Days at or above 90◦F 17 46 46 85 108

Days at or above 95◦F 4 17 17 54 73

Days at or below 32◦F 70 3 9 39 48

Days at or above 1 inch precipitation 14 14 15 17 18

Days at or above 2 inches precipitation 3 4 4 6 6

Days at or above 4 inches precipitation 0.2 0.3 0.4 0.6 0.7

Number of heat waves 2 6 6 9 10

Avg. length of heat waves (days) 4 5 5 8 10

Note: Baseline data are for 1981−2010.

6.5 Comparative study of CMIP6 models

Several studies including the IPCC’s Sixth Assessment Report (AR6)

have identified GCMs associated with the CMIP6 that project rises

in temperature by the end of the century that might be larger than

that supported by other evidence (e.g., Ref. 154) To constrain the model

sensitivity and warm bias, Hausfather et al.146 recommend using the

Transient Climate Response (TCR) of the GCMs as a filtering category.

The IPCC “very likely” range for TCR of 1.2−2.4 degrees C. (IPCC,

AR6-WG1, TS) filters GCMs to 24models out of 30 availablej models.

To assess this further, we compare projections from two storylines

to provide stakeholders with comprehensive risk information. The two

storylines include (a) ensemble projections for scenarios SSP2-4.5 and

SSP5-8.5 from 30 GCMs and (b) ensemble projections for scenarios

SSP2-4.5 and SSP5-8.5 from a subset of 24 models based on the TCR

“very likely” range.

j Thirty-fivemodels total in NASANEX-GDDPdataset, but only 30were selected for usewhen

this analysis was conducted; CESM2-WACCM, both GFDLmodels, and HadGEM3-GC31-MM

hadmissing scenarios, while IITM-ESMhad amissing year in all files.

Projections for both storylines are calculated from the NASA Earth

Exchange (NEX) Global Daily Downscaled Projections (GDDP) dataset

for two scenarios, SSP2-4.5 and SSP5-8.5, as shown in Figure 13.155

Baseline data are for the 1981−2010 base period. This dataset

includes 35 GCMs from the CMIP6 for the period from 2015 to 2100,

and historical experiments for the period 1950−2014.11 The Bias-

Correction Spatial Disaggregation method was used to generate the

NEX-GDDP dataset. This is a statistical downscaling algorithm specif-

ically developed to address the limitations of global GCM output,

like coarse resolution that does not capture local climate patterns

or local biases. The NEX dataset utilized Global Meteorological Forc-

ing Dataset for Land Surface Modeling historical data to bias-correct

GCMoutputs. After spatial disaggregation, the spatial resolution of the

interpolated NEX output data is 0.25 × 0.25 degrees. All projections

calculated in this section are averaged over three grids of resolution

0.25× 0.25 degrees covering NYC.

The unweighted average of these models plots a graph closer to the

global warming projected by the IPCC. Results of this analysis show a

relatively small difference of about 0.48 degrees C in temperature pro-

jections by the 2090s for SSP2-4.5 scenario and about 0.54 degrees
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18 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 12 Number of days with temperatures below freezing
(32 degrees F) in NYC and surrounding area from 1900 to 2021.Data
Source: Global Historical Climatology Network-Daily (GHCN-D)
Version 4.137 *Yearly trend is statistically significant.

C by the 2090s for the SSP5-8.5 scenario (Table 5). Further investiga-

tion focusedonprecipitation andextremeeventmetrics is necessary to

fully understand the potential benefits of using TCR as a GCM filtering

category.

6.5.1 Drought

Droughts (i.e., temporal water availability shortages) pose unique chal-

lenges forNYC in that they can “evolve rapidlywithin amonth or slowly

over a season, and spanmonths to decadeswithout a clear beginning or

end.”156 While the impacts of droughts on water security, agriculture,

and energy systems are fairly well understood, “little is known about

the effect of drought on all-causemortality, especially in higher income

countries such as the United States.”157 It is important to note that

institutional constraints leading to (mis)management158,159 of water

resources can also lead to drought vulnerability and result in environ-

mental and societal costs.160,161 Salvador et al. summarized the direct

and indirect links between climate, droughts, human health, and envi-

ronmental and socioeconomic problems. Similarly, Bell et al.162 also

provide context related to the health impacts of droughts, which dis-

parately impact the marginalized population. More recently, Salvador

et al.163 analyzed the short-term effects of different drought sever-

ity levels on circulatory and respiratory mortality in 13 urban areas in

Brazil and found substantial gender differences with females and chil-

dren most vulnerable and affected. Although the studies mentioned

above do not pertain specifically to NYC, it is important to note that

future droughts could impact marginalized communities in the city

most and exacerbate heatwaves while simultaneously decreasing air

quality.164

This section focuses on synthesizing drought declaration markers

for New York State and NYC, and the role of demand projections

in quantifying future drought risk for the area. The NPCC3 assess-

ment report focused on drought indices developed for the city’s major

reservoir systemusing paleoclimate data5 and found at least eight inci-

dences of historical drought lasting five consecutive years or longer in

the region since 1750 by examining this historical record. The drought

of record in the New Yorkmetropolitan region continues to be the one

that occurred in the early to mid-1960s.165 It is a potential marker

for NYC drought and water shortages. Utilities are particularly con-

cerned with the threat of the recurrence of the 1960s drought and

the uncertainty for an even larger drought. Current and proposed

reservoir operating rules governing water management for the region

depend mainly on performance testing under the 1960s drought of

record.166–168

The State Drought Index, which compares streamflows, precipita-

tion, reservoir storage levels, and groundwater levels to climatological

normals, is used for evaluating droughts in New York. The Drought

Management Task Force of New York uses the State Drought Index

along with water use, duration of the dry period, and season to assess

drought in different parts of the state. Other standard drought indices,

such as the Palmer Drought Severity Index and the Standardized

Precipitation Evapotranspiration Index, are also monitored. Current

drought conditions at the State level can be obtained from the New

York State Department of Environmental Conservation at https://

www.dec.ny.gov/lands/5017.html.

Drought in the Catskill region is an essential marker as the Catskills

(and nearby Delaware regions) have the primary water supply reser-

voirs for NYC. The city bases its assessment of drought conditions

on the probability of these reservoirs being full by June every year.

The current reservoir levels and drought conditions for NYC can be

monitored at NYC Water Supply System (https://www.nyc.gov/site/

dep/water/reservoir-levels.page). Increasing water supply needs have

stressed these water systems that must additionally meet several pur-

poses, such as ecological habitat protection, recreation, hydropower,

and flood control. Recent scenario modeling for the Northeast sug-

gests similar or slightly decreased summer precipitation and droughts

that are more frequent but perhaps similar to historical conditions

in magnitude.169,170 Decreased summer precipitation will result in

reservoirs being drawn down, which may increase the frequency of

short-duration droughts.171 Since the 1960s drought of the record,

several smaller droughts (e.g., in the 1990s and 2000s) have had mea-

surable impacts.172 Research on streamflow reconstructions for the

upper Delaware River Basin using tree rings revealed a moderate

probability of recurrence of droughts with similar characteristics to

the 1960s drought of record.166 Recently, observations of a lack of
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F IGURE 13 Change in average annual temperature in NYC, calculated fromNASANEX-GDDP for scenarios SSP2-4.5 and SSP5-8.5 to
highlight difference in projections after excluding hot models using Transient Climate Response (TCR) range of 1.2−2.4◦C deemed “very likely” in
IPCCAR6.

snowpack and more frequent summer low flow periods have led to

questions on the long-term sustainability of current reservoir oper-

ating policies. These issues expose an unappreciated climatic and

institutional vulnerability to droughts that needs attention.

Water use for various sectors (e.g., public water supply, industrial

use, mining, thermoelectric, irrigation, etc.) also plays a significant

role in understanding droughts in the New York area. However, the

nature of drought risk for New York has not been articulated beyond

an analysis of the potential imbalance between estimates of average

annual supply and evaporative demand. For sector-specific droughts,

one needs to go beyond using a purely supply-based index since

the frequency, severity, and duration of deficits are not adequately

indicated, especially in a comparative setting across markedly dif-

ferent demand patterns in the same climatic regime. For providing

sector-based drought information, one must think of droughts as a

manifestationof thenonlinear interactionbetween supply anddemand

since the risks faced bywater users vary over time and by sector of use.

Historic and projected water use data for the Delaware River Basin

area (the major watershed for New York) for eight major sectors is

available from Thompson and Pindar173 (see Figure 14). Their sum-

mary of the key findings fromwater use data states that the peakwater

withdrawal from the Basin already occurred in 2005−2006. Further,

irrigation water use and the public water supply as well as industrial

and thermoelectric water use is projected to stay constant at current

consumption (or decrease further) between 2020 and 2060. A more

comprehensive drought risk assessment for water utility operations

could be better informed if appropriate stress indices were developed

for drought conditions relative to current and projected demands and

their likelihood assessed through future climate scenarios.

Integrating water demand projections with climate projections is

necessary to better prepare for future drought conditions. Sector-

specific drought early warning predictions and monitoring tools

can help NYC better prepare for and operate through extreme

drought periods. Recent works on demand-sensitive drought indica-

tor development174–176 that consider regional water demands for

specific purposes (e.g., municipal use, other sectoral use such as irri-

gation, and ecological releases) and their temporal distribution over

the year can be leveraged to develop spatially explicit demand-driven

drought indices for water users. Following this approach, water man-

agers at utilities and relevant agencies could utilize their temporal

water demand pattern (e.g., daily scheduled releases and diversions) to

generate a customized index.

7 CONCLUSIONS AND RECOMMENDATIONS

The compound effect of “inland precipitation (pluvial flooding), high

wind speeds, storm surge and waves, played an important role in

exacerbating the impacts” of Hurricane Sandy in 2012.177 Following

the initial convening of NPCC and Hurricane Sandy, the city chan-

neled major investments into climate resilience. These efforts include

both completed projects (e.g., Reconstructed Rockaway Boardwalk,

wetland restorations in Sawmill Creek and Sunset Cove Park) and

ongoing efforts, including coastal protections as well as programs to

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15116 by N

asa G
oddard Space Flight, W

iley O
nline L

ibrary on [08/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



20 ANNALSOF THENEWYORKACADEMYOF SCIENCES

TABLE 5 Temperature change in NYC (degrees C) as low-estimate (10th percentile), middle range (25th−75th percentile), and high-estimate
(90th percentile) computed as 30-year mean values centered over desired decades frommodel-based outcomes.

Decades

Intermediate emissions (SSP2-4.5)

Intermediate emissions (SSP2-4.5)

- Excluding “hotmodels”

Baseline 1981−2010

10th (25th−75th percentile) 90th 10th (25th−75th percentile) 90th

2020s +0.37 (+0.56 to+1.07)+1.66 +0.34 (+0.53 to+0.82)+1.22

2030s +0.75 (+0.98 to+1.47)+2.18 +0.74 (+0.84 to+1.34)+1.57

2040s +0.88 (+1.31 to+1.90)+2.51 +0.77 (+1.19 to+1.76)+1.99

2050s +1.07 (+1.55 to+2.27)+3.02 +0.97 (+1.51 to+2.22)+2.28

2060s +1.18 (+1.72 to+2.69)+3.36 +1.02 (+1.64 to+2.58)+2.76

2070s +1.47 (+1.97 to+2.93)+3.66 +1.33 (+1.93 to+2.69)+3.21

2080s +1.64 (+2.24 to+3.17)+3.86 +1.48 (+2.19 to+2.77)+3.45

2090s +1.76 (+2.39 to+3.26)+3.98 +1.56 (+2.32 to+2.89)+3.50

Decades

High emissions (SSP5-8.5)

High emissions (SSP5-8.5)

- Excluding “hotmodels”

Baseline 1981−2010

10th (25th−75th percentile) 90th 10th (25th−75th percentile) 90th

2020s +0.34 (+0.57 to+1.26)+1.73 +0.19 (+0.50 to+1.03)+1.46

2030s +0.73 (+1.07 to+1.88)+2.46 +0.68 (+1.03 to+1.66)+2.17

2040s +1.31 (+1.61 to+2.55)+3.15 +1.29 (+1.51 to+2.24)+2.66

2050s +1.87 (+2.10 to+3.18)+3.96 +1.85 (+2.01 to+2.85)+3.25

2060s +2.23 (+2.76 to+4.04)+4.56 +2.30 (+2.72 to 3.43)+4.02

2070s +2.84 (+3.49 to+4.93)+5.43 +2.89 (+3.41 to+4.10)+5.04

2080s +3.30 (+4.18 to+5.60)+6.40 +3.33 (+4.06 to+4.83)+5.86

2090s +3.66 (+4.45 to+5.91)+6.90 +3.65 (+4.36 to+5.28)+6.27

increase social resilience, strengthen small businesses, and harden

critical infrastructure. This NPCC report contributes to the Panel’s

mandate to advise the City of NewYork on climate change and provide

timely climate risk information that can inform equitable and flexible

adaptation pathways.

NPCC4 confirms new SLR projections of record for use by NYC

in this report and presents a new methodology related to climate

extremes. Future work by the Panel should compare the extreme tem-

perature and precipitation projections presented in this report with a

subset of models to fully determine the potential impact and relevance

of the “hot model” problem.146 NPCC4 expects to establish new pro-

jections of record for precipitation and temperature in 2024 based on

this comparisonandadditional analysis.Nevertheless, the temperature

and precipitation projections presented in this reportmay be useful for

NYC stakeholders in the interim as they rely on the newest generation

of GCMs.

NPCC5 should assess the value of presenting climate projections

that are based on global warming levels rather than only presenting

projections based on time. For example, instead of assessing changes

in extreme rainfall in the 2050s, the Panel could report changes at

global warming levels of 1.5, 2, and 3◦C. In addition, NPCC5 should

develop an approach for regularly updating drought projections using

climate observations and models for climate risk assessment at differ-

ent timescales as more research is needed on the frequency, duration,

and magnitude of future droughts as well as the potential for future

drought conditions to exacerbate heatwaves in NYC and decrease air

quality. Recommendations for future research on compound flooding

are presented in NPCC4, Rosenzweig et al.46

7.1 Additional recommendations for research and
future work

More research is needed on a broader range of compound extreme

events (e.g., tropical cyclone-blackout-heatwave events) as well as pro-

cesses that could lead to the destabilization of ice sheets, such as MISI

andMICI.

More research is needed on the meteorological factors that

contributed to Ida’s extreme rainfall characteristics in the NYC

metropolitan region. Researchers should aim to improve subhourly

extreme precipitation projections that consider urban meteorolog-

ical effects and identify neighborhoods most likely to experience

flooding.
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F IGURE 14 Historic and projected water withdrawals from the Delaware River Basin.173

Additional research is needed to better understand the impact

of land use change, population growth, and urban development on

storm surge impacts as well as themost appropriate interventionmea-

sures such as flood protection systems (both built and nature-based).

The methods tested by NPCC3 utilizing GCM and RCM ensembles

and scenarios should be utilized and expanded by NPCC5 for the

identification of climate change “hotspots” of vulnerability at finer

spatial scales within the city and across the region. Using expanded

observations, bias correction, and RCMs, these methods can provide

quantitative analyses associated with heat extremes, heavy down-

pours, and droughts. Indoor heat exposure is the most common cause

of both heat-related and heat-exacerbated deaths in NYC. However,

there is limited research quantifying the physical linkages between

climate and weather temporal variability, characteristics of the built

environment, and indoor temperatures. In order to better understand

indoor temperature change and address its impacts, there is a need for

(1) operational monitoring of indoor temperatures in order to map the

spatial distribution of indoor hazardous heat, (2) research to quantify

the climate and infrastructure drivers of indoor temperature, and (3)

better communication and warning systems when hazardous indoor

conditions can be expected.
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APPENDIX A: Heat Exposure Inequity in NYC

Extreme heat is a recurring climate hazard increasing in frequency

and intensity with anthropogenic climate change. Extreme heat nega-

tively impacts people’s health, ranging from triggering temporary acute

conditions to exacerbating existing illnesses and causing death. In the

United States, more people die each year from heat than from all other

weather-related hazards combined,k illustrating the significant mor-

bidity and mortality burden extreme heat carries. In NYC, there are on

average 370 heat-related deathsl each year, with people of color (i.e.,

non-White people) and low-income communities at disproportionately

higher risk. This risk is further compounded by air pollution as well as

inadequate access to thermally safe housing, cooling areas, or green

spaces.178 Notably, the historical practice of redlining has implications

for climate risk exposure experienced in the present day.48

The term “redlining” refers to the four-category rating system cre-

ated by theHomeOwners’ Loan Corporation (HOLC) in the 1930s that

color-coded and rated neighborhoods as follows:

A—“Best” (Green)

B—“Still Desirable” (Blue)

C—“Definitely Declining” (Yellow)

D—“Hazardous” (Red)

This rating system informed the distribution of subsidized loans for

people in specific neighborhoods by conducting residential security

map surveys. While the rating system was determined by multiple fac-

tors, it was significantly influenced by the social construct of race, with

“D” graded (red) neighborhoods often being communities that were

predominantly composed of non-White residents.61

k EPA Climate Change Indicators: Heat-Related Deaths at https://www.epa.gov/climate-

indicators/climate-change-indicators-heat-related-deaths
l New York City 2022 Heat-Related Mortality Report at https://www1.nyc.gov/site/doh/

about/press/pr2022/heat-related-mortality-report.page

TABLE A1 Year ranges considered and number of Landsat scenes
within each range.

Year range # Scenes

1984−1993 26

1994−2002 26

2003−2012 33

2013−2022 21

Research conducted through the Climate Change Research Initia-

tive (CCRIm) evaluated the risk of exposure to elevated land surface

temperatures (LSTs) and the amount of vegetation cover across the

four HOLC categories in NYC. Using Earth observations from satel-

lite imagery, LSTs and vegetation cover estimates were derived for

each HOLC for each summer (June, July, and August) from 1984 to

2022.

To calculate LST and vegetation cover, using an index known as the

Normalized Difference Vegetation Index (NDVI), data from Landsat 5

and Landsat 8 were used (see Figure A1). Both satellites measure data

according to spectral bands that can be used to estimate LST andNDVI.

NASA satellite imagery from Landsat 5 is used for scenes from 1990

to 2011 and Landsat 8 imagery is used for scenes from 2013 to 2022.

Additionally, scenes were filtered for those images that had less than

10% cloud cover resulting in a total of 114 scenes collected for this

study.

Each Landsat scene was clipped to the NYC boundary before per-

forming calculations and the data were organized into 10-year periods

to study changes in LST and NDVI by decade. The mean, median, max-

imum, and minimum pixel values were calculated for each decadal

period and the statistical significance across grades and decadal time

scaleswere evaluated. Thedecadal periods considered and thenumber

of scenes within each decadal period are summarized in Table A1.

Results show that areas that were redlined, classified with a “D”

grade (hazardous), experienced higher LSTs than the areas classified

with an “A” grade (best) across each decade. Additionally, the formerly

redlined areas classifiedwith a “D” gradewere also found to have lower

NDVI values than the “A” grade areas throughout the city. Lower NDVI

values suggest that there is lower vegetation density; this aligns with

the LST trends observed. The results for LSTs are shown in Figure A2.

and the results for NDVI are shown in Figure A3.

With the tenets of environmental justice and community-based

participatory research at its core, Columbia University researchers

collaborated with South Bronx Unite to lead an urban heat islandmap-

ping campaign on July 24, 2021.n Additionally, researchers wanted

to empower a group of community members from the South Bronx

and Upper Manhattan, areas disproportionately impacted by heat, to

become community scientists.

With remuneration fromColumbiaUniversity, community scientists

and volunteers collected data traversing along 10 different routes,

m NASA 2021−2022 Climate Change Research Initiative via Amel Derras-Chouk at https://

github.com/aderras/nyc-lst-ndvi
n The resulting storymapwith accounts of lived experiences can be found at heatstorynyc.org
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F IGURE A1 Schematic depicting the workflow for computing land surface temperature (LST) and the normalized difference vegetation index
(NDVI) with Landsat 5 imagery. An analogous workflow is used for Landsat 8.

collecting over 40,000 data points using heat sensors from NOAA’s

partner CAPA Strategies, three times through the day.o,179 Predic-

tive models developed from the data collected demonstrate that areas

marginalized along the axes of race and class, such as the South

Bronx,pwereup to8◦F (4.5◦C)hotter thanareas inmoreaffluentUpper

o Data Dive: Heat Mapping New York City and Environmental Justice at https://news.climate.

columbia.edu/2022/04/08/heat-mapping-new-york-city-environmental-justice/
p The City at https://as-she-rises.simplecast.com/episodes/the-city-A_7XROTV

West Side and Upper East Side communities, just a few miles away

(see Figure A4). Notably, the Mott Haven-Port Morris section of the

Bronx has been nicknamed “Asthma Alley” by some as it is surrounded

by heavy-traffic highways and polluting industry, which also bring com-

pounding hazards such as air pollution.164,180–182 Overall, the results

confirm what residents of these areas and researchers indicate they

have known for years—that people of color and low-income residents

are disproportionately exposed to urban heat and its compounding
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F IGURE A2 Box-and-whisker plots of median land surface temperature (LST) across HOLC grades for different year ranges. The orange line is
themedian of themedians, and the green triangle is themean of themedians. NASA satellite imagery from Landsat 5 is used for scenes from 1990
to 2012 and Landsat 8 imagery is used for scenes from 2013 to 2022.

F IGURE A3 Box-and-whisker plots of median NDVI across year ranges for different HOLC grades. The orange line is themedian of the
medians, and the green triangle is themean of themedians. NASA satellite imagery from Landsat 5 is used for scenes from 1990 to 2012 and
Landsat 8 imagery is used for scenes from 2013 to 2022.

 17496632, 0, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.15116 by N

asa G
oddard Space Flight, W

iley O
nline L

ibrary on [08/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



32 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE A4 Map displayingmodeled air temperature at three
different times of day on July 24, 2021.179

consequences. This data collection campaign mirrors similar efforts

performed by Voelkel et al.183 in Portland, Oregon, who helped devise

the first iterations of themethodology employed in NYC.

APPENDIX B: Tail Risk of Extreme Precipitation in NYC

This section focuses on climate projections for extreme precipita-

tion, how they compare with observed extreme precipitation data,

and the projected changes in the tail risk of extreme precipitation for

NYC.

A total of 32 global climate models associated with the sixth phase

of the Coupled Model Intercomparison Project (CMIP6) are available

from the NASA Earth Exchange Global Daily Downscaled Projections

(NEX-GDDP-CMIP6)155 and used to understand future precipitation

patterns for NYC. The models have a spatial resolution of 0.25◦ by

0.25◦, and the data from the grid overlapping the National Weather

Service’s Central Parkweather station is selected as representative for

climate projections in NYC.

Mean daily precipitation rates in kg m−2 s−1 are converted to

inches/day. Themodel data (daily) are available ashistorical experiment

(1950−2014) and projected scenarios (2015−2100) in the two shared

socioeconomic pathways (SSPs) utilized: SSP2-4.5 and SSP5-8.5. Daily

precipitation data from the Central Park Weather Station are avail-

able from 1869 to present.138 The precipitation data from the models

are compared to observed precipitation data from the Central Park

weather station.

Theannualmaximumevent (i.e., thehighestmagnitudeprecipitation

in a calendar year) is used as a criterion for extreme precipitation to be

consistent with blockmaxima extreme value analysis.184

Figure B1 presents the time series of the annual maximum pre-

cipitation estimated from the observed data (1869−2022) and the

two emissions scenarios (SSP2-4.5 and SSP5-8.5) driving the 32 mod-

els utilized. The weather station-recorded annual maximum events

are shown as a circle-marked line from 1869 to 2022. A smooth

black line (based on lowess smoother, Locally Weighted Scatterplot

Smoothing185) is also shown to depict the long-term trend. The model

data are presented as gray lines from 1950 to 2100 (with 1950−2014

representing the historical experiment and 2015−2100 representing

the projections) with a smooth dashed line depicting the long-term

trend. While the models project an upward trend of extreme precip-

itation in the future, they exhibit a bias in reproducing the observed

distribution of extreme precipitation. The models seem to be sys-

tematically underestimating the overall distribution, especially the

tails.

To verify this further, a comparison was made between the prob-

ability distribution function of the models and the observed annual

maximum precipitation. Figure B2 compares the probability distri-

butions (estimated using a local polynomial density estimator185 of

the observed annual maximum precipitation with models’ historical

experiment [1950−2014] and the two projected scenarios [SSP2-4.5

and SSP2-8.5]). Significant biases are revealed across all quantiles,

but especially in the tails of the distribution, which will have implica-

tions when assessing the reliability of current stormwater designs and

upgrading them for future precipitation conditions.

A failure odds ratio between themodel and observation data is com-

puted to adequately quantify the nature of the bias across the upper

quantiles. For a specific quantile that corresponds to a T-year return

period event, the failure odds ratio is computed as the ratio of the

probability that the model-projected extreme precipitation exceeds

theT-year returnperiodevent to theprobability of theT-year event. As

an example, for a 100-year return period event, the failure odds ratio

is computed as the ratio of the probability that the model-projected

extreme precipitation exceeds the 100-year event. Since the 100-year

return period event is expected to be exceeded 1% of the time on aver-

age, if the model-projected extreme precipitation exceeds this (design)

event by more than 1%, then the failure odds ratio will exceed 1 (or

alternatively it is less than 1). In other words, if the failure odds ratio

is greater than 1, the future risk of exceeding the T-year return period

event is greater than that current risk (1/T% failure). If the failure odds

ratio is less than 1, the future risk of exceeding the T-year return period

event is less than that current risk (1/T% failure).

Figure B3 presents the bias estimated by the failure odds ratio for

return periods ranging from2 to100years (2-, 5-, 10-, 20-, 50-, and100-

year). SSP2-4.5-drivenmodel projections’ tail risk comparison is shown

on the left in Figure B3, and the SSP2-8.5 model-driven projections’

tail risk comparison is shown on the right in Figure B3. Consistent with

Figures B1 and B2, all models across the two SSPs and return periods

project a risk that is much lower than the current risk (1/T%).
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F IGURE B1 Time series of observed and projected annual maximum precipitation for NYC.

It is widely acknowledged that the CMIP gridded products exhibit

biases when compared to any single station observations and more

so in extreme values. Moreover, using the CMIP6 GCM data for engi-

neering or design studies must be cautiously done with collaborative

discussions with climate experts and practicing engineers. The current

analysis can be expanded to include model comparisons with several

weather stations in the greaterNYC region and by verifying othermet-

rics of extreme precipitation, such as precipitation events (extreme

precipitation days) greater than certain thresholds (e.g., 1, 2, and 4

inches or various higher percentile precipitation events, such as 95 or

99th percentile daily rainfall).

APPENDIX C: Methods of Climate Projections

NPCC4 utilizes a range of climate model-based outcomes for temper-

ature and precipitation from global climate model (GCM) simulations

based on two shared socioeconomic pathways (SSPs). Temperature

and precipitation projections for the NYC metropolitan region were

derived from an ensemble of 35 GCM simulations across a range of

emission scenarios. The scenarios represent a range of plausible future

global socioeconomic and emissions pathways. Further, the GCM sim-

ulations represent a broad range of what we consider plausible climate

outcomes, including the high consequence outcomes that are critical

for risk management.

For some variables, climate models do not provide results, the

model results are too uncertain, or there is not a long-enough his-

tory 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 expert judgment. Both the quantita-

tive and qualitative approaches parallel methods used in the IPCCAR6

report.

C.1 Mean Temperature and Precipitation

Projections for mean annual temperature and mean annual precipita-

tion were computed using 35 GCMs and two SSPs. The combination

of the 35 GCMs and two scenarios produces a 70-member matrix

of outputs for temperature and precipitation for a given time period.

The results constitute a climate model−based range of outcomes,

which can be used in risk-based decision-making. Equal weights were

assigned to each GCMand to each of the two selected SSPs.

Mean annual temperature and precipitation projections are calcu-

lated using the delta method, consistent with prior NPCC reports.

The delta method is a type of bias-correction whereby the difference

between each model’s future and baseline simulation is used, rather

than “raw”model outputs. The deltamethod is a long-established tech-

nique for developing local climate-change projections (see prior NPCC

reportsq and references therein).

C.2 Extreme Temperature and Precipitation

For projections of extreme events, daily data from local weather

stations and GCMr outputs are utilized. Projections of daily tem-

perature (maximum and minimum) and precipitation were computed

using a method known as quantile mapping. Quantile mapping adjusts

model values by mapping percentiles of the model’s distribution

q NYC MOCEJ New York City Panel on Climate Change at https://climate.cityofnewyork.us/

initiatives/nyc-panel-on-climate-change-npcc/
r A total of 16models had daily data available for both SSPs at the time of analysis.
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F IGURE B2 Probability distributions of observed and projected annual maximum precipitation for NYC.

onto percentiles of the observations.186–188 When applying a quan-

tile mapping-based bias correction to daily temperature extremes and

daily precipitation, the approach uses a base period where both daily

observations and daily GCM-simulated values are available. The quan-

tile mapping was performed by defining the percentiles based on the

entire 12-month calendar year.

The quantile mapping approach in this report uses one-percentile

bins, in order to strike a balance between (1) capturing rich information

about howbaseline bias and projected change can differ across the dis-

tribution of a variable and (2) including a sufficient number of days per

bin (over 100 days across the 30-year period) to minimize the role of

random variability associated with small sample sizes.

For each 30-year time period, model, SSP, and station, the bias

correction and downscaling approach was conducted such that each

observed day between 1981 and 2010 was assigned a temperature

percentile. The same procedure was applied separately to the GCM

data in the base period and in a future period. For example, if May 25,

1995, was ranked in the 61st percentile of days for temperature in the

observations, the warming experienced in the GCM at the 61st per-

centile of temperatures in the two time periods (e.g., 4.0◦F)was applied
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F IGURE B3 Failure odds ratio presenting the changes in the projected tail risk.

to the observed day. The resulting dataset can be thought of as a syn-

thetic timeseries, basedon the sequenceofweatherexperiencedat the

station historically, but modified by the amount of warming projected

by each GCM in the temperature percentile associated with each day.

This approach yields results that conform closely to the sequences of

weather experienced over the observational period, but could under-

estimate the risk of sequences of events, such as a long-duration heat

wave, if the observational record underestimates the true historical

variability, or if climate change modifies the sequences of hot days.

The synthetic time series were then used to calculate the metrics of

extreme temperatures and precipitation.

C.3 Climate Projection Timeslices

GCMs are valuable tools for projections of the likely range of change

over multidecadal time periods. These projections are expressed rela-

tive to a baseline period of 1981−2010 for temperature and precipi-

tation, while the baseline period is 1995−2014 for sea level rise. This

base period has been revised since the NPCC3 report to becomemore

consistent with U.S. climate normals.

Projections are provided for 30-year timeslices with the time peri-

ods centered on a given decade. Thirty-year timeslices are used to

provide an indicationof the climatenormals for thosedecades. By aver-

aging over this period, much of the random year-to-year variability—or

noise—is canceled out, while the long-term influence of increasing

greenhouse gasses—or signal—remains.

Projections are provided for each decade from the 2030s through

the 2080s following the priorities of municipal stakeholders. For cer-

tain basic quantitative projections (e.g., annual temperature and annual

precipitation), the projections are extended to 2100 using an alternate

method developed for the 2015 NPCC assessment report (see Ref. 189

for methodological details based on a hybrid of timeslices and trend

extrapolation of trends from earlier in the 21st century).

C.4 Sea Level RiseMethods

Historic GMSLR data come from tide gauges, which, however, con-

tain significant temporal data gaps, uneven geographic distribution,

and only sample coastal locations. Since 1992, tide gauge observa-

tions have been supplemented by radar and laser satellite altimetry

with near-global ocean coverage. In addition, since 2002, Grace Recov-

ery andClimate Experiment (GRACE) andGRACEFollow-On Satellites

have measured gravity losses due to ice sheet mass losses, while near-

global coverageofArgoocean-profiling floats since2006provides data

on ocean thermal expansion down to 2000meters depth.

Since the last NPCC update of the full set of sea level rise projec-

tions in 2015, there have been advances in sea level rise understanding

and projection methodologies, including new approaches to capture
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the possibility of rapid icemelt from land-based ice sheets.24,98,102 Sev-

eral recent studies confirm the plausibility of high-end sea level rise

scenarios (e.g., Ref. 190) and offer techniques to adapt projections to

the regional/local scale.24,191,192 Coastal locations in NYC continue to

experience faster rates of sea level rise when compared to the global

average, a trend that is generally expected in the future as well.193

There is growing evidence that supports the plausibility of higher-

end sea level rise projections, primarily based on observations of

land-based ice loss and advances in climate modeling. Probabilistic

sea level rise associated with high emissions scenarios, such as those

presented in Kopp et al.,191 may represent possible future outcomes.

These projections are similar to those presented in the most recent

National Climate Assessment.192 These two studies, along with sev-

eral others, informed the development of an Antarctic Rapid Ice Melt

(ARIM) Scenario as part of the 2019 New York City Panel on Climate

Change Report.98 The ARIM scenario represents one example of a

high-impact, low-probability future event. The scenario incorporates

the latest science, as of 2019, on changes in land-based ice, including

glaciers, the Greenland Ice Sheet, and the Antarctic Ice Sheet.

Projections for NPCC4 include updated projections based on those

developed for the IPCC 6th Assessment report; data associated with

the projections can be found via the NASA Sea Level Projection Tool

at https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool. These

projections are based on the CMIP6 models and SSP framework,

and also incorporate advances in process understanding, improved

and lengthened observational records, and ice sheet modeling. Three

scenarios used by the IPCC, SSP2-4.5-medium confidence, SSP5-8.5-

medium confidence, and SSP5-8.5-low confidence are selected for use

here as they span a broad range of plausible outcomes. IPCC expresses

a level of confidence using five qualifiers: very low, low, medium, high,

and very high, and typeset in italics (e.g., mediumconfidence). The IPCC

provides, for each scenario, a full set of percentiles in 1% increments,

for tide gauges (e.g., the Battery). Because these data are available for

years at the start of each decade (e.g., 2050), we interpolated the val-

ues to the middle year (e.g., 2055) of the decade, in order to align with

the decadal timeperiods (e.g., the 2050s) previously used forNPCCsea

level rise projections. Ten-year sea-level rise time slices, rather than

the 30-year time slices used for other climate variables, are adequate

given the small interannual variability of sea level rise relative to its

accelerating trend. After adjusting to the midpoint of each decade, the

individual one-percentile distributions of samples for each of the three

scenarios from the IPCC are combined. This results in a distribution

of 297 values (3 scenarios × 99 quantiles) for each station. The per-

centile values are taken across this model-based “distribution” to form

the updated sea level rise projections.

The updated projections for sea level rise use the same six compo-

nents as were used in the prior NPCC2 products. These components

are: ocean dynamics; thermal expansion; vertical land motion; loss of

land-based ice; gravitational, rotational, and deformational effects; and

land-water storage.
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