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Introduction

Climate change is extremely likely (see Fig. 3.1 for
definitions of uncertainty terms and Box 3.1 for ad-
ditional definitions) to bring warmer temperatures
to New York City and the surrounding region (see
CRI, Appendix A, for further information on all
the material presented in this chapter). Heat waves
are very likely to become more frequent, intense,
and longer in duration. Total annual precipitation
will more likely than not increase, and brief, intense
rainstorms are also likely to increase, with concomi-
tant flooding. Toward the end of the 21st century,
it is more likely than not that droughts will become
more severe. Additionally, rising sea levels are ex-
tremely likely, and are very likely to lead to more
frequent and damaging flooding related to coastal
storm events in the future.

The treatment of likelihood related to the New
York City Panel on Climate Change (NPCC) cli-
mate change projections is similar to that developed
by the Intergovernmental Panel on Climate Change
Fourth Assessment Report (IPCC AR4, 2007), with
six likelihood categories. The assignment of climate

hazards to these categories is based on global cli-
mate simulations, published literature, and expert
judgment.

3.1 The climate system and the impact
of human activities

This section describes the climate system and how
human activities are leading to climate change.
Terminology used throughout the chapter is also
defined.

The global climate system is comprised of the at-
mosphere, biosphere, hydrosphere, cryosphere, and
lithosphere as shown in Figure 3.2. The components
of the climate system interact over a wide range of
spatial and temporal scales.

The earth’s climate is inextricably linked to the
energy received from the sun. This incoming so-
lar radiation is partly absorbed, partly scattered,
and partly reflected by gases in the atmosphere, by
aerosols, and by clouds. The oceans, lithosphere, and
biosphere absorb most of the radiation that reaches
the surface.1 Some of the absorbed energy is used to
heat the earth. The earth re-emits some of the energy
it receives from the sun in the form of “longwave,”
or infrared radiation.

Under equilibrium conditions, there is an en-
ergy balance between the outgoing terrestrial, long-
wave radiation and the incoming solar radia-
tion. Without the presence of naturally occurring
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Climate change adaptation in New York City Ch 3. Climate observations and projections

Figure 3.1. Probability of occurrence.
Source: IPCC WG1 2007.

greenhouse gases (GHGs) in the atmosphere (i.e.,
mostly water vapor, but some carbon dioxide), this
balance would be achieved at temperatures of ap-
proximately −33◦F (−18◦C). An atmosphere con-
taining GHGs, however, is relatively transparent
to solar radiation, but relatively opaque to terres-
trial radiation. Such a planet achieves radiative bal-
ance at a higher surface and lower atmospheric
temperature than a planet totally without GHGs.
The increase in GHG concentrations due to hu-
man activities, such as fossil fuel combustion, ce-
ment making, deforestation, and land-use changes,

has led to a radiative imbalance and rising surface
temperature.

In its 2007 Fourth Assessment Report, the IPCC
documented a range of observed climate trends.
Global surface temperature has increased about
1.3◦F (0.7◦C) over the past century. During that
time, both hemispheres have experienced decreases
in net snow and ice cover, and global sea level
has risen by approximately 0.7 inches (1.8 cm) per
decade over the past century. More recently, the
global sea level rise rate has accelerated to approxi-
mately 1.2 inches (3.1 cm) per decade. In terms of
extreme events, droughts have grown more frequent
and longer in duration, and over most land areas in-
tense precipitation events have become more com-
mon. Hot days and heat waves have become more
frequent and intense, and cold events have decreased
in frequency.

The IPCC AR4 states that there is a greater
than 90% chance that warming temperatures are
primarily due to human activities. Atmospheric
concentrations of the major GHG carbon dioxide
(CO2) are now more than one-third higher than in
pre-industrial times. Concentrations of other im-
portant GHGs, including methane (CH4) and
nitrous oxide (N2O), have increased by more than

Figure 3.2. The global climate system. Adapted from IPCC WG1 2007.
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Ch 3. Climate observations and projections Climate change adaptation in New York City

Figure 3.3. 20th century observations and GCM results. Adapted from IPCC WG1 2007 and United States Global
Change Research Program.

100% and close to 20%, respectively, since pre-
industrial times. The warming that occurred over
the 20th century cannot be reproduced by global
climate models (GCMs) unless human contribu-
tions to historical GHG concentrations are taken
into account (Fig. 3.3). Further increases in GHG
concentrations are extremely likely to lead to accel-
erated temperature increases.

According to the IPCC, global average tempera-
ture over the 21st century is expected to increase by
between 3.2 and 7.2◦F (1.8–4.0◦C). The large range
is due to uncertainties both in future GHG con-
centrations and the sensitivity2 of the climate sys-
tem to GHG emissions. Globally averaged tempera-

Figure 3.4. Observed CO2 concentrations through 2003,
and future CO2 concentrations in the A2, A1B, and B1
scenarios (2004–2100). Adapted from IPCC AR4.

ture projections mask a range of regional variations.
The greatest warming is expected over land and in
the high latitudes of the northern hemisphere where
local warming may exceed 15◦F (8.3◦C). In these re-
gions, winter warming is expected to be greatest.
Precipitation, mostly as rain, is expected to increase
in the high latitudes and decrease in the subtropi-
cal latitudes in both hemispheres. Hot extremes are
very likely to increase, and cold extremes are very
likely to decrease. Snow cover and sea ice extent are
very likely to decrease this century. As CO2 con-
tinues to be absorbed by the oceans, both seawater
pH and availability of carbonate ions will be further
reduced.

Box 3.1 Definitions and terms

The NPCC uses observed local climate and cli-
mate model simulations to develop regional cli-
mate change projections for the New York City
region. Definitions and basic descriptions are pro-
vided below.

Scenarios
Climate change scenarios provide coherent and

plausible descriptions of possible future conditions
(Parson et al., 2007). The IPCC Special Report
on Emissions Scenarios (SRES) (IPCC, 2000) pro-
vides multiple future “storylines,” each with differ-
ent assumptions about population and economic
growth, and technological and land-use changes,
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Climate change adaptation in New York City Ch 3. Climate observations and projections

that lead to GHG emissions and atmospheric con-
centration trajectories. These GHG profiles are
then used as input drivers in climate model simu-
lations.

Three GHG emissions scenarios that were used
as drivers for many GCMs and available from the
World Climate Research Program (WCRP) and the
Program for Climate Model Diagnosis and Inter-
comparison (PCMDI) (see section 3.3 for further
description) were selected for use by the NPCC
(Fig. 3.4). The A2, A1B, and B1 emissions scenar-
ios provide GHG concentrations determined by
particular developmental storylines. While it is un-
likely than any single emissions scenario or GCM
projection will occur exactly as described, a suite
of GCM simulations and GHG emissions profiles
provides a range of possible climate outcomes that
reflects the current level of expert knowledge. This
approach to climate change scenarios was devel-
oped by the IPCC and provided the basis for its
2007 Assessment.

Local climate change information
On the basis of a selection of these three scena-

rios of GHG emissions and 16 (seven for sea level
rise) GCM simulations, local climate change infor-
mation is developed for the key climate variables—
temperature, precipitation, and sea level and as-
sociated extreme events. These results and projec-
tions reflect a range of potential outcomes for New
York City and the surrounding region.

The NPCC uses this approach to make regional
temperature, precipitation, and sea level projec-
tions. For some variables, climate models do not
provide results, the model results are too uncer-
tain, or there is not a long enough history of model
variable evaluation to justify a quantitative model-
based projection. For these variables, a qualitative
projection of the likely direction of change is pro-
vided on the basis of expert judgment. Both the
quantitative and qualitative approaches follow the
methods used in the IPCC AR4 report.

Climate risk factors
Climate risk factors are the subset of climate haz-

ards that are of most consequence for New York
City’s infrastructure. They are selected on the basis
of interactions with stakeholders who are respon-
sible for managing the critical infrastructure of the
region and expert judgment using the quantitative
and qualitative climate-hazard information. The
climate risk factors are then used by the stakehold-

ers to follow the Adaptation Assessment Guide-
book (AAG) to develop climate change Adaptation
Plans (see AAG, Appendix B).

The “risk factors” identified in this report are not
complete statements of “risk,” traditionally defined
as “magnitude of consequence times likelihood”
(Chapter 2). Rather, the risk factors are generalized
climate variables prioritized by considerations of
their potential importance for the region’s infras-
tructure. Qualitative statements of the likelihood
of occurrence of these tailored climate risk factors
are presented as well as potential impacts and con-
sequences of the climate risk factors. Figure 3.5
summarizes the process of translating global cli-
mate information into localized risk factors.

Sources of uncertainty
Climate change projections are characterized by

large uncertainties. At the global scale, these uncer-
tainties can be divided into two main categories:

• Uncertainties in future GHG concentrations
and other climate drivers that alter the global
energy balance, such as aerosols and land-
use changes. These are uncertain because they
depend on future population and economic
growth, as well as technological innovation
and technology sharing; and

• Uncertainties in how sensitive the climate sys-
tem will be to changes in GHG concentrations
and other climate drivers, and how rapidly the
climate will respond.

When planning adaptations for local and re-
gional scales, uncertainties are further increased
for two additional reasons:

• Climate variability (which is mostly unpre-
dictable in the midlatitudes) can be especially
large over small regions, partially masking
more uniform effects of climate change; and

• Local physical processes that operate at fine
scales, such as land/sea breezes and urban heat
island effects, are not captured by the GCMs
used to make projections.

By providing projections for the region that span
a range of GCMs and GHG emissions scenarios,
these uncertainties may be reduced, but they are
not eliminated. Presenting climate projections as
average changes over 30-year time slices, rather
than absolute climate values, reduces the local- and
regional-scale uncertainties, although it does not
address the possibility that local climate processes
may change with time.

44 Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences.
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Ch 3. Climate observations and projections Climate change adaptation in New York City

Figure 3.5. Framework for translating global information into local climate risk factors.

3.2 Observed climate

This section describes the New York City regional
climate, including historical trends and variability
of key climate variables.

Temperature

New York City has a temperate, continental climate,
with hot and humid summers and cold winters.
Records show an annual average air temperature
from 1971–2000 of approximately 55◦F (12.8 ◦C).
The annual mean temperature in New York City has
risen 2.5◦F (1.4 ◦C) since 1900 (Fig. 3.6A), although
the rate has varied substantially. For example, the
first and last 30-year periods were characterized by
warming, while the middle segment, from 1930 to
the late 1970s, was not. The absence of a warming
trend during the middle of the 20th century may
have been due in part to the cooling effects of large
regional emissions of sulfate aerosols associated with
industrial activity. However, natural variability can
also explain local temperature variations at multi-
decadal timescales.

The temperature trends in the New York City
region over the past century are broadly similar
to trends in the northeast United States. In par-
ticular, most of the Northeast has experienced a
trend toward higher temperatures, especially in re-
cent decades.

Precipitation

The city’s climate is characterized by substantial pre-
cipitation in all months of the year. Thirty-year an-
nual average precipitation from 1971–2000 ranged
between 43 and 50 inches (1090–1270 mm) de-
pending on the location within the City. As mean
annual precipitation levels have increased over the
course of the past century, inter-annual variability
of precipitation has also become more pronounced

(Fig. 3.6B). For the 20th century, the rate of increase
for precipitation in the New York City area was
0.72 in (18 mm) per decade.

Precipitation in the Northeast also increased
in the 20th century, although the trend reversed
slightly in the last decades of the 20th century.

Sea level rise

Prior to the Industrial Revolution’s onset in the 18th
century, sea level had been rising along the East
Coast of the United States at rates of 0.34–0.43 inches
(0.86–1.1 cm) per decade, mostly due to land sub-
sidence. The land subsidence in the New York City
area is primarily the result of ongoing adjustments
of the earth’s crust to the removal of the ice sheets, a
process that began around 20,000 years ago. While
areas once under ice sheets to the north and west
of the New York metropolitan region continue to
rise in response to the removal of the weight of
the ice sheets, New York City and the surrounding
region is sinking because it resides in a peripheral
zone to the south and east. Within the past 100 to
150 years, as global temperatures have increased, re-
gional sea level has been rising more rapidly than
over the last thousand years (Gehrels et al., 2005;
Donnelly et al., 2004; Holgate and Woodworth,
2004).

Currently, rates of sea level rise in New York City
range between 0.86 and 1.5 inches (2.2–3.8 cm) per
decade as measured by tide gauges, with a long-
term rate since 19003 averaging 1.2 inches (3.0 cm)
per decade, as seen in Figure 3.6C. The sea level
rise rates shown in Figure 3.6C include both the
effects of recent global warming and the residual
crustal adjustments to the removal of the ice sheets.
Most of the observed current climate-related rise in
sea level over the past century can be attributed to
the thermal expansion of the oceans as they warm,
although melting of land-based ice may become the

Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences. 45
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Climate change adaptation in New York City Ch 3. Climate observations and projections

Figure 3.6 Observed climate in New York City. Temperature data are not adjusted for bias due to urbanization
effects.

∗
All trends are significant at the 95% level.

Source: Columbia University Center for Climate Systems Research.

dominant contributor to sea level rise during the
current century.

Extreme events

Extreme events are intense climate events often
of short duration, such as heat waves, cold air
events, extreme rainfall, and storm surges. How-
ever, timescales of extreme events can be asymmet-
ric: heavy precipitation events generally range from
less than one hour to a few days, whereas droughts
can range from months to years. Temperature and
precipitation-based extreme events are defined here
using daily meteorological data from Central Park;
storm surge data are based on hourly tide-gauge data

from the Battery since 1960 and on US Army Corps
of Engineers hydrodynamic storm surge models (see
CRI, Appendix A).

Extreme temperature and heat waves

The NPCC calculated hot days as the number of
individual days with maximum temperatures above
90◦F and 100◦F per year, and defined heat waves
as three or more consecutive days with maximum
temperatures above 90◦F.

During the 1971–2000 period, New York City av-
eraged 14 days per year over 90◦F, 0.4 days per year
over 100◦F, and two heat waves per year. The num-
ber of events in any given year is highly variable.

46 Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences.
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Ch 3. Climate observations and projections Climate change adaptation in New York City

For example, in 2002 New York City experienced
temperatures above 90◦F on 33 different days. In
2004, temperatures above 90◦F occurred only twice.
Although the post-1900 trends for these heat events
cannot be distinguished statistically from random
variability, 7 of the 10 years with the most days over
90 degrees in the 107-year record have occurred
since 1980.

Extreme precipitation

Between 1971 and 2000, New York City averaged
13 days per year with over 1 inch of rain, 3 days
per year with over 2 inches of rain, and 0.3 days
per year with more than 4 inches of rain. As with
extreme temperatures, extreme precipitation events
vary widely from year to year. Since extreme precip-
itation events tend to occur relatively infrequently,
long time series are needed to identify trends; thus
there is a relatively large “burden of proof” required
to distinguish a meaningful trend from random
variability. The 3 years with the most occurrences
of days per year with greater than 2 inches of rain-
fall in the region have all occurred during the last
three decades, roughly coinciding with the period
of increased inter-annual variability.

Coastal storms and storm surge

The two types of storms with the largest influence
on the region are hurricanes and nor’easters. Hur-
ricanes strike New York City and the surrounding
region infrequently, but can produce large storm
surges and wind damage. They generally occur be-
tween July and October, and are usually of short
duration, as they tend to move rapidly by the time
they reach midlatitude locations, such as New York.

Nor’easters, in contrast, occur more frequently
than hurricanes in the region and tend to take place
during cooler parts of the year. While nor’easters
generally produce smaller surges and weaker winds
than hurricanes, their impacts can nevertheless be
large. They often remain in the region for multiple
days, bringing an extended period of high winds and
high water that often coincides with high tides.

While sea level rise is a gradual process, storm
surges are short-term, high-water events superim-
posed onto mean sea height. In New York City and
the surrounding region, both nor’easters and hurri-
canes cause storm surges. The surges are primarily
due to wind-induced piling up of water along the

shore. The strong winds associated with nor’easters
and hurricanes can also generate large waves that
exacerbate coastal flooding.

A significant fraction of New York City and the
surrounding region lies less than 10 feet (3 meters)
above mean sea level, and infrastructure in these
areas is vulnerable to flooding during major storm
events, both from coastal storm surges and inland
(rainfall-induced) flooding. The current 1-in-100
year coastal flood, the storm with approximately a
1% chance of occurring in a given year, produces
approximately an 8.6-foot (2.6 meters) surge at the
Battery in lower Manhattan.4

Documenting historical coastal flood events is
challenging. More complete and accurate documen-
tation of recent events may make it appear that dam-
aging storms are increasing, even though they may
not be (CRI, Appendix A). Although no trend in ob-
served storms is evident in the region, characterizing
historical storms is a critical step in understanding
future storms and their impacts. The CRI workbook
(Appendix A) presents a description of key hurri-
cane events in the New York City region over the
past two centuries.

3.3 Future projections

Building on historical climate information, this sec-
tion presents climate projection methods and pro-
jections for the 21st century for New York City
and the surrounding region. Climate model-based
quantitative projections are given for temperature,
precipitation, sea level rise, and extreme events.
This section also describes the potential for changes
in other variables in a more qualitative way, be-
cause quantitative projections are either unavail-
able or considered less reliable. These variables in-
clude heat indices, frozen precipitation (snow), in-
tense precipitation of short duration, lightning, and
storms (hurricanes, nor’easters, and associated wind
events).

Creating regional projections from global
climate models

The projected changes in temperature and preci-
pitation through time (for example, three degrees
of warming by the 2050s) are New York City region
specific. The regional projections are based on GCM
output from the single land-based model gridbox
covering New York City and its surrounding area,

Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences. 47
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Climate change adaptation in New York City Ch 3. Climate observations and projections

Figure 3.7 Annual temperature changes in the 2080s,
relative to the 1971–2000 base period. Source: Columbia
University Center for Climate Systems Research.

which are then applied to observed data from the
region. The precise coordinates of the gridbox differ
since each GCM has a different spatial resolution.
The resolutions range from as fine as ∼75 × ∼100
miles to as coarse as ∼250 ×∼275 miles, with an av-
erage resolution of approximately 160 × 190 miles.

In general, the projections apply roughly out to
∼100 miles from New York City. The applicabil-
ity of the projections decreases with distance from
New York City, and this decrease in applicability is
more pronounced for extreme events than for mean
annual changes.5

Comparisons to results from nearby land-based
grid boxes reveal similar climate changes for neigh-
boring areas, as shown in Figures 3.7 and 3.8 (see
Box 3.2 for discussion). By applying the projected
changes from the relevant gridbox to observed data,
the projections become location specific. For exam-

Figure 3.8 Annual precipitation changes in the 2080s,
relative to the 1971–2000 base period. Source: Columbia
University Center for Climate Systems Research.

ple, although Poughkeepsie’s projected change in
temperature through time is similar to New York
City’s, the number of current and projected days
per year with temperatures above 90◦F is lower be-
cause it is cooler in the present climate. The spatial
variation in baseline climate is much larger than the
spatial variation of projected climate changes.

Box 3.2 New York City temperature
and precipitation projections in a
broader geographical context

The maps in Figures 3.7 and 3.8 reveal that the
mean changes described for New York City are con-
sistent over the entire northeastern United States.
They place the mean temperature and precipita-
tion projections for the New York City region in

48 Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences.
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a broader geographical perspective. Shown are the
mean changes in temperature and precipitation for
the A1B scenario in the 2080s relative to 1971–2000
averaged across 16 GCMs. The spatial pattern is
similar for the two other emissions scenarios. The
spatial consistency of the projected changes over
the broader area lends support to the New York
City results.

While the overall patterns are consistent across
the northeastern United States, there are differ-
ences. Ocean regions are expected to warm less than
interior regions. Since New York is a coastal city,
it may experience slightly less warming (∼0.5◦F)
than more inland regions by the 2080s. Gener-
ally speaking, more southerly latitudes than New
York City’s are expected to experience less warm-
ing, while more northerly latitudes are expected to
experience more warming.

Precipitation projections are very consistent
spatially across the northeastern United States.
Near the Canadian border, precipitation is pro-
jected to increase somewhat more than in the
Northeast as a whole. There is also an ocean region
of projected slight decrease in precipitation ap-
proximately 200 miles to the southeast. The prox-
imity of this region to New York City indicates that
the possibility of slightly decreased mean precipi-
tation for New York City, although less likely than
not, cannot be ruled out.

Time slices

Although it is not possible to predict the tempera-
ture, precipitation, or sea level for a particular day,
month, or even specific year because of fundamental
uncertainties and natural variability in the chang-
ing climate system, GCMs are a valuable tool for
projecting the likely range of changes over decadal
to multidecadal time periods (see Box 3.3 for a de-
scription of GCMs). These projections, known as
time slices, are expressed relative to the baseline pe-
riod, 1971–2000 (2000–04 for sea level rise). The
time slices are centered around a given decade, for
example, the 2050s time slice refers to the period
from 2040–69.6 Thirty-year time slices (10-year for
sea level rise) are used to provide an indication of the
climate “normals” for those decades; by averaging
over this period, much of the random year-to-year
variability, or “noise,” is cancelled out, while the
long-term influence of increasing greenhouse gases,
or “signal,” remains. Thirty-year averaging is a stan-

dard used by meteorological and climate scientists
(Guttman, 1989; WMO, 1989). This method can be
used to estimate the climate change signal on both
mean annual values and the frequency and intensity
of extreme events.

Box 3.3 Global climate models

GCMs are mathematical representations of cli-
mate system interactions through time. Because the
earth is a complicated system, fluxes of heat, mo-
mentum, and moisture, as well as feedbacks among
the land, ocean, and atmosphere and other compo-
nents of the earth system must be considered. These
processes are simulated by means of detailed com-
puter programs that solve sets of coupled partial
differential equations based on the general prin-
ciples of conservation of mass, momentum, and
energy.

As shown in the Figure 3.9, GCMs divide the
earth’s surface into a series of gridboxes. For a point
within each gridbox, equations are solved to cal-
culate elements of the climate system, for example,
the motion of the air, heat transfer, radiation, mois-
ture content, and surface hydrology (precipitation,
evaporation, snow melt, and runoff).

Climate models are sophisticated enough to
handle the interactions of the ocean, the atmo-
sphere, the land, hydrologic and cryospheric pro-
cesses, terrestrial and oceanic carbon cycles, and
atmospheric chemistry. Clouds and water vapor
are included as well. While the mathematical rep-
resentation of climate processes still need refine-
ment and improvement, these model simulations
now skillfully capture many aspects of the current
climate and its variability.

For example, recent integrated climate model
simulations, conducted for the IPCC Fourth As-
sessment Report (2007), were run at higher spa-
tial resolution than earlier models and, due to
improved physical understanding, incorporated
more accurately complex physical processes, such
as cloud formation and destruction. These models
are also able to reproduce some of the key climate
characteristics of paleoclimates that were far differ-
ent than today’s climate, such as the relatively warm
mid-Holocene (approximately 6000 years ago) and
the relatively cool last glacial maximum (approx-
imately 21,000 years ago). Skillful simulation of a
range of past climate periods helps to build confi-
dence in the general realism of future simulations.

Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences. 49
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Climate change adaptation in New York City Ch 3. Climate observations and projections

Figure 3.9. GCM processes and gridboxes. Adapted from NOAA.

The large number of available GCMs makes pos-
sible model-based probabilistic assessment of fu-
ture climate projections across a range of climate
sensitivities (defined as the mean equilibrium tem-
perature response of a GCM to doubling carbon
dioxide (CO2), relative to pre-industrial levels).

Although GCMs are the primary tool used for
long-range climate prediction, they have limita-
tions. They simplify some complex physical pro-
cesses, such as convective rainfall. In addition, the
spatial and temporal scales of some climate pro-
cesses, such as thunderstorms, are finer than the
resolutions of GCMs. Further, they do not fully in-
clude other relevant local climate forcings, includ-
ing black carbon, land-cover changes and urban
heat island effects, and solar variability. For these
and other reasons, it is possible that the regional
climate of New York City may change in ways not
captured by the models, leading to temperature,
precipitation, and sea level rise changes outside the
model-based range presented.7

Model-based probability

The NPCC used IPCC-based methods (IPCC AR4)
to generate model-based probabilities for temper-

ature, precipitation, and sea level rise from GCM
simulations based on three GHG emission scenar-
ios (A2, A1B, and B1; see Fig. 3.4, and CRI for a de-
scription of each scenario). Simulation results from
16 GCMs have been used for the temperature and
precipitation projections, and results based on seven
GCMs are used to project sea level rise.

The combination of 16 GCMs and three emis-
sions scenarios produces a 48 (16 × 3)-member
matrix of outputs for temperature and precipita-
tion. For each scenario time period and variable,
the results constitute a “model-based” probability
function. The results for the future time periods are
compared to the model results for the 1971–20008

baseline period. Mean temperature change projec-
tions are calculated as the difference between each
model’s future simulation and the same model’s
baseline simulation, whereas mean precipitation is
based on the ratio of a given model’s future precip-
itation to the same model’s baseline precipitation
(expressed as a percentage change). Sea level rise
methods are more complex, since sea level rise is
not a direct output of most GCMs.

The model-based frequency distributions rep-
resent subsets of the possible future range of the

50 Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences.
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Ch 3. Climate observations and projections Climate change adaptation in New York City

climate variables. Neither the global climate models
nor the emissions scenarios fully sample the range
of possible climate change outcomes. Actual results
could fall outside the range simulated by the mod-
els. This approach is based on the assumption, used
by the IPCC, that each GCM and emission scenario
is equally valid; this may not be true. Despite these
caveats, the model-based quantitative approach pro-
vides valuable information for many projected cli-
mate variables by providing the range and central
tendency of possible outcomes based on the leading
global climate models and a set of emissions sce-
narios, both developed by the worldwide scientific
community.

Sea level rise methods

For sea level rise, the NPCC produced two sets of
projections using a combination of approaches. The
first is similar to the IPCC model-based method
used for temperature and precipitation described
above, with seven GCMs contributing available re-
sults. The projections include both global and local
components. The global components include ther-
mal expansion and meltwater from glaciers, ice caps,
and ice sheets; and the local components include lo-
cal land subsidence and local water surface elevation
(CRI, Appendix A).

The IPCC estimates may be too low in large
part because they do not fully consider the po-
tential for land-based ice sheets to melt owing to
dynamic (motion-related) processes (Horton et al.,
2008). Therefore, the NPCC also developed an al-
ternative “rapid ice-melt” approach for regional
sea level rise projections because of extensive dis-
cussion within the scientific community of the pos-
sibility that the GCMs used in the IPCC AR4 sea
level rise projections may underestimate the range
of possible increases. The NPCC “rapid ice-melt”
scenarios, therefore, are based on observed trends
in melting of the West Antarctic (Velicogna and
Wahr, 2006) and Greenland ice sheets (Rignot and
Kanagaratnam, 2006) and paleoclimate studies of
ice-melt rates during the most recent postglacial
period (Fairbanks, 1989). Starting around 20,000
years ago, global sea level rose 394 feet (120 me-
ters) and reached near present-day levels around
7000–8000 years ago. Paleoclimate data show that
the average rate of sea level rise during this period
of about 10,000–12,000 years was on the order of

3.9–4.7 in (9.9–11.9 cm) per decade. This informa-
tion is incorporated into the rapid ice-melt scenario
projections. More information on the rapid ice-
melt scenario and its integration with GCM-based
projections, can be found in the CRI workbook
(Appendix A).

Extreme events methods

Extremes of temperature and precipitation (with
the exception of drought) tend to have their largest
impacts at daily rather than monthly timescales. Be-
cause monthly output from climate models is con-
sidered more reliable than daily output, the NPCC
used a hybrid technique to project how extreme
events may change in the future because of increas-
ing greenhouse gas emissions. Simulated changes in
monthly temperature and precipitation were calcu-
lated on the basis of the same methods described
for the annual data; monthly changes through time
from each of the 16 GCMs and three emissions sce-
narios were then applied to the observed daily Cen-
tral Park record from 1971–2000 to generate 48 time
series of daily data.9 This is a simplified approach to
projections of extreme events, since it does not allow
for possible changes in the patterns of climate vari-
ability through time. However, because changes in
variability for most climate hazards are considered
highly uncertain, the approach provides an initial
evaluation of how extreme events may change in
the future. This level of information with appro-
priate caveats can assist long-term planners as they
begin to prepare adaptation strategies to cope with
future extreme events.

Projections for the New York City region

Future climate change for the New York City re-
gion is projected for mean annual temperature and
precipitation, heat waves, intense downpours and
droughts, sea level rise, and coastal flooding events.

Mean annual changes

Regional projections show that higher temperatures
and sea level rise are extremely likely to occur in the
coming decades. For temperature and sea level rise,
all simulations project continuing increases over the
century, with the central range (defined as the val-
ues occurring in 67% of the simulations) projecting
more rapid temperature and sea level rise than oc-
curred over the 20th century.

Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences. 51
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Climate change adaptation in New York City Ch 3. Climate observations and projections

Figure 3.10. Combined observed (black line) and pro-
jected temperature, precipitation and sea level rise. Pro-
jected model changes through time are applied to the ob-
served historical data. The three thick lines (green, red,
and blue) show the average for each emissions scenario
across the 16 GCMs (7 in the case of sea level). Shad-

Precipitation projections are less certain than
temperature projections, in part owing to large mul-
tidecadal variability. Although most projections for
the region indicate at least small increases in pre-
cipitation, some do not. Further, projections later
in the century relative to earlier in the century are
characterized by larger uncertainty (i.e., the ranges
of outcomes become larger through time), because
of uncertainties in the climate system and the pos-
sible pathways of the greenhouse gas emission sce-
narios. This increasing uncertainty through time is
not unique to precipitation; it applies to all climate
variables.

Figure 3.10 presents observed data from 1900 to
the present and projected changes up to 2100 for
temperature, precipitation, and sea level rise. These
graphs provide context on how projected changes
in the region compare to historical trends and long-
term variability; the black line on the left-hand side
of the figures shows the historic values, and the
right-hand side of the graphs shows the range of
projections across the GCMs over the course of the
21st century.

Table 3.1 shows the baseline climate and projected
changes in temperature, precipitation, and sea level
rise relative to the baseline for the 2020s, 2050s, and
2080s. In order to highlight where the various GCM
and emissions scenario projections agree, the values
in rows two through four indicate the central 67%
range of the projected model-based changes; the
highest and lowest 16.7% of values are not shown
on the table. The maximum and minimum values
of the projections, as well as the entire distributions,
are shown in CRI (Appendix A).

Future temperature

The projected future temperature changes shown
in Figure 3.10A and Table 3.1 indicate that by the

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
ing shows the central range. The bottom and top lines,
respectively, show each year’s minimum and maximum
projections across the suite of simulations. A ten-year
filter has been applied to the observed data and model
output. The dotted area between 2003 and 2015 (2002–
2015 for sea level rise) represents the period that is not
covered due to the smoothing procedure.
Source: Center for Climate Systems Research, Columbia
University.
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Ch 3. Climate observations and projections Climate change adaptation in New York City

Table 3.1. Baseline climate and mean annual changesa

Baseline

1971–2000 2020s 2050s 2080s

Air temperature
Central rangeb 55◦ F + 1.5 to 3.0◦ F + 3.0 to 5.0◦ F + 4.0 to 7.5◦ F

Precipitation
Central rangeb 46.5 in3 + 0 to 5% + 0 to 10% + 5 to 10%

Sea level risec

Central rangeb NA + 2 to 5 in + 7 to 12 in + 12 to 23 in

Rapid ice-melt scenariod NA ∼ 5 to 10 in ∼ 19 to 29 in ∼ 41 to 55 in

Source: Columbia University Center for Climate Systems Research.
aBased on 16 GCMs (7 GCMs for sea level rise) and 3 emissions scenarios. Baseline is 1971–2000 for temperature and
precipitation and 2000–04 for sea level rise. Data from National Weather Service (NWS) and National Oceanic and
Atmospheric Administration (NOAA). Temperature data are from Central Park; precipitation data are the mean of the
Central Park and La Guardia Airport values; and sea level data are from the Battery at the southern tip of Manhattan
(the only location in New York City for which comprehensive historic sea level rise data are available).
bCentral range = middle 67% of values from model-based probabilities; temperatures ranges are rounded to the
nearest half-degree, precipitation to the nearest 5%, and sea level rise to the nearest inch.
cThe model-based, sea level rise projections may represent the range of possible outcomes less completely than the
temperature and precipitation projections.
d“Rapid ice-melt scenario” is based on acceleration of recent rates of ice melt in the Greenland and West Antarctic ice
sheets and paleoclimate studies.

2080s, New York City’s mean temperatures through-
out a “typical” year may bear similarities to a
city like Raleigh, North Carolina, or Norfolk, Vir-
ginia, today, increasing by 1.5–3◦F by the 2020s,
3–5◦F by the 2050s, and 4–7.5◦F by the 2080s. The
growing season could lengthen by approximately a
month, with summers becoming hotter and win-
ters more mild. The climate model simulations sug-
gest that the amount of warming may be relatively
consistent for each of the four seasons. Because year-
to-year temperature variability is larger in winter
than in summer, the summer changes may produce
relatively larger deviations from what has been ex-
perienced historically during individual years.

The three emissions scenarios project similar
temperature in the near-term decades. Only begin-
ning around the 2030s do the three emissions sce-
narios produce temperature patterns that are dis-
tinguishable from each other. This is due to both
(1) the large inertia of the climate system—it takes
centuries to millennia for the full climate effects of
greenhouse gas emissions to be felt—and, (2) the
fact that it takes time for the different emissions sce-
narios to produce large differences in greenhouse
gas concentrations.

Future precipitation

Table 3.1 indicates that regional precipitation is pro-
jected to increase by approximately 0–5 % by the
2020s, 0–10 % by the 2050s, and 5–10 % by the
2080s. While seasonal projections are less certain
than annual results, the climate models tend to dis-
tribute much of this additional precipitation during
the winter months. During the autumn months of
September and October, in contrast, total precip-
itation for the region is slightly reduced in many
climate models. Monthly and seasonal breakdowns
of both temperature and precipitation projections
are included in CRI (Appendix A).

Figure 3.10B shows that precipitation is char-
acterized by large historical variability, even with
10-year smoothing. The GCMs project similar levels
of increased precipitation through the 2030s. Only
from the 2040s on does the lower-concentration B1
scenario produce smaller increases in precipitation
than the A1B and A2 scenarios. Even after the 2040s,
there are occasional periods where B1 precipitation
exceeds A2. At no point in the coming century are
the A2 and A1B scenario-based precipitation pro-
jections consistently distinguishable.

Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences. 53
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Climate change adaptation in New York City Ch 3. Climate observations and projections

Future sea level rise

The GCM-based sea level rise projections in
Figure 3.10C and Table 3.1 indicate that sea level
may rise by 2–5 inches in the 2020s, 7–12 inches in
the 2050s, and 12–23 inches in the 2080s. Sea level
projections for the three emissions scenarios agree
through the 2040s. Figure 3.10C shows that the B1
scenario produces smaller increases in sea level than
the A1B and A2 scenarios beginning in the 2050s,
and only around 2080 does the A2 scenario produce
larger values than A1B. The separation of A2 from
A1B occurs approximately 10 years earlier for tem-
perature than for sea level rise, in part reflecting the
large inertia of the ocean and ice sheets relative to
the atmosphere.

Sea level rise projections for the New York City re-
gion are higher than global sea level rise projections
(by approximately 6 inches for 21st century projec-
tions) (IPCC, 2007). One reason is that New York
City and the surrounding region are subsiding by
approximately 3–4 inches per century. The climate
models also have a tendency to produce accelerated
sea level rise along the northeast U.S. coast, associ-
ated in large part with a projected weakening of the
Gulf Stream (Yin et al., 2009).

The model-based sea level rise projections shown
in Figure 3.10 and Table 3.1 are characterized by
greater uncertainty than the temperature projec-
tions, due to the possibility that dynamic processes
in polar ice sheets not captured by the GCMs may
accelerate melting beyond currently projected lev-
els. This uncertainty is weighted toward the upper
bound of the GCM projections: that is, the proba-
bility of future sea level rise being lower than that
described in the third row of Table 3.1 is very low,
and the probability of sea level rise exceeding the
GCM projections is relatively high.

The rapid ice melt sea level rise scenario shown
in the fourth row of Table 3.1 addresses this possi-
bility. It is based on extrapolation of recent acceler-
ating rates of ice melt from the Greenland and West
Antarctic ice sheets and on paleoclimate studies that
suggest sea level rise on the order of ∼3.9–4.7 inches
(9.9–11.9 cm) per decade may be possible. The po-
tential for rapid ice melt needs to be included in
the regional projections for New York City because
of the large magnitude of consequence should it oc-
cur. (As described in Chapter 2 on risk management,
rapid ice melt leading to accelerated sea level rise is
the kind of catastrophe of which the consequences

may be so severe that policy makers need to take it
into consideration, despite uncertainties.) More in-
formation on the development of the rapid ice-melt
scenario can be found in the CRI (Appendix A). To
assess the risk of accelerated sea level rise and cli-
mate change for the New York City region over the
coming years, climate experts need to monitor rates
of polar ice melt, as well as other key indicators of
global and regional climate change.

Future extreme events

Despite their brief duration, extreme events can
have large impacts on infrastructure and people,
so they are a critical component of climate change
impact assessment. Table 3.2 indicates how the fre-
quency of heat waves, cold events, intense precipi-
tation, drought, and coastal flooding in New York
City and the surrounding region are projected to
change in the coming decades. The average number
of extreme events per year for the baseline period
is shown, along with the central 67% of the range
of the model-based projections. The full range of
results can be found in CRI (Appendix A). Uncer-
tainties associated with extreme events are discussed
in Box 3.4.

a. Future heat waves and cold events
The total number of hot days, defined by the NPCC
as days with a maximum temperature over 90 or
100◦F, is expected to increase as the 21st century pro-
gresses. The frequency and duration of heat waves,
defined as three or more consecutive days with max-
imum temperatures above 90◦F, are also expected to
increase. In contrast, extreme cold events, defined
as the number of days per year with minimum tem-
perature at or below 32◦F, are expected to become
rarer. The extreme event temperature projections
shown in Table 3.2 are based on observed data from
the weather station located in Central Park. Because
some parts of New York City, including the south
shore of Brooklyn and Queens, currently experience
significantly fewer extreme heat days, they will prob-
ably experience fewer heat events than those shown
in the corresponding column of the table for Central
Park in the future as well.

b. Future intense precipitation and droughts
Although the percentage increase in annual precip-
itation is expected to be relatively small, larger per-
centage increases are expected in the frequency of

54 Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences.
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Ch 3. Climate observations and projections Climate change adaptation in New York City

Table 3.2. Quantitative changes in extreme events

Extreme event

Baseline

(1971–2000) 2020s 2050s 2080s

Heat waves and

cold events

# of days/year with

maximum temperature

exceeding:

90◦F 14 23 to 29 29 to 45 37 to 64

100◦F 0.4a 0.6 to 1 1 to 4 2 to 9

# of heat waves/yearb 2 3 to 4 4 to 6 5 to 8

Average duration (in days) 4 4 to 5 5 5 to 7

# of days/year with

minimum temperature

at or below 32◦F

72 53 to 61 45 to 54 36 to 49

Intense

precipitation

and droughts

# of days per year with

rainfall exceeding:

1 inch 13 13 to 14 13 to 15 14 to 16

2 inches 3 3 to 4 3 to 4 4

4 inches 0.3 0.2 to 0.4 0.3 to 0.4 0.3 to 0.5

Drought to occur, on

averagec

∼once every

100 yrs

∼once every

100 yrs

∼once every

50 to 100 yrs

∼once every 8

to 100 yrs

Coastal floods

and stormsd

1-in-10 yr flood to recur,

on average

∼once every

10 yrs

∼once every 8

to 10 yrs

∼once every 3

to 6 yrs

∼once every 1

to 3 yrs

Flood heights (in ft)

associated with 1-in-

10 yr flood

6.3 6.5 to 6.8 7.0 to 7.3 7.4 to 8.2

1-in-100 yr flood to recur,

on average

∼once every

100 yrs

∼once every

65 to 80 yrs

∼once every

35 to 55 yrs

∼once every

15 to 35 yrs

Flood heights (in ft)

associated with

1-in-100 yr flood

8.6 8.8 to 9.0 9.2 to 9.6 9.6 to 10.5

1-in-500 yr flood to recur,

on average

∼once every

500 yrs

∼once every

380 to 450

yrs

∼once every

250 to 330

yrs

∼once every

120 to 250

yrs

Flood heights (in ft)

associated with

1-in-500 yr flood

10.7 10.9 to 11.2 11.4 to 11.7 11.8 to 12.6

Source: Columbia University Center for Climate Systems Research.
Note: Extreme events are characterized by higher uncertainty than mean annual changes. The central range (middle
67% of values from model-based probabilities) across the GCMs and GHG emissions scenarios is shown.
aDecimal places shown for values less than 1 (and for all flood heights), although this does not indicate higher
accuracy/certainty. More generally, the high precision and narrow range shown here are due to the fact that these
results are model based. Owing to multiple uncertainties, actual values and range are not known to the level of
precision shown in this table.
bDefined as three or more consecutive days with maximum temperature exceeding 90◦F.
cBased on minima of the Palmer Drought Severity Index (PDSI) over any 12 consecutive months. More information
on the PDSI and the drought methods can be found in the CRI.
dDoes not include the rapid ice-melt scenario.
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Climate change adaptation in New York City Ch 3. Climate observations and projections

extreme precipitation (defined as more than 1, 2,
and 4 inches per day). This projection is consistent
both with physical climate theory that a warmer at-
mosphere is expected to hold more moisture and
that precipitation tends to be concentrated in ex-
treme events; the projection is also consistent with
observed trends nationally over the 20th century
(Karl and Knight, 1998). Because some parts of New
York City, including parts of coastal Brooklyn and
Queens, currently experience significantly fewer ex-
treme warm-season precipitation events than Cen-
tral Park because of the cooling effect of the nearby
ocean, they may experience fewer extreme warm-
season precipitation days than Central Park in the
future as well.

Twenty-first century drought projections reflect
the competing influences of greater total precipi-
tation as well as greater evaporation due to higher
temperatures. By the end of the 21st century the
effect of higher temperatures, especially during the
warm months, on evaporation is expected to out-
weigh the increase in precipitation, leading to more
droughts, although the timing and levels of drought
projections are marked by relatively large uncer-
tainty. Changes in the distribution of precipita-
tion throughout the year and timing of snowmelt
could potentially make drought more frequent as
well. According to the IPCC, snow season length is
very likely to decrease over North America (IPCC,
2007).

Severe drought frequency, as defined by the
12-month average Palmer Drought Severity Index
(PDSI; Palmer, 1965) based on global climate model
results, is essentially unchanged for the 2020s, but
increases thereafter. For the 2050s, the projected
frequency of severe drought is approximately dou-
bled, and by the 2080s the frequency is approx-
imately five times greater. The rapid increase in
drought risk through time is reflective of a non-
linear response in the PDSI, because as tempera-
ture increases in summer become large, potential
evaporation increases dramatically. See CRI (Ap-
pendix A) for more information on the PDSI and
its applicability. Because New York City and the sur-
rounding region has experienced severe multiyear
droughts during the 20th century, most notably
the “drought of record” in the 1960s, any increase
in drought frequency, intensity, or duration could
have serious implications for water resources in the
region.

c. Future coastal floods and storms
As sea level rises, coastal flooding associated with
storms will very likely increase in intensity, fre-
quency, and duration. The changes in coastal floods
shown in Table 3.2 are solely due to the IPCC model-
based projections of gradual changes in sea level
through time. Any increase in the frequency or in-
tensity of storms themselves would result in even
more frequent future flood occurrences. By the end
of the 21st century, projections based on sea level
rise alone suggest that coastal flood levels that cur-
rently occur on average once per decade may occur
once every 1-to-3 years.

The projections for flooding associated with more
severe storms (e.g., the 1-in-100 year storm) are less
well characterized than those for less severe storms
(e.g., the 1-in-10 year events). The historical record
is not sufficiently long to allow precise estimates of
the flood level associated with the once-per-century
storm. Furthermore, the storm risk may vary on
multidecadal to centennial ocean circulation-driven
timescales that are currently not well understood.
Keeping these uncertainties in mind, the NPCC es-
timates that owing to sea level rise alone the 1-in-100
year flood may occur approximately four times as
often by the 2080s. The current 1-in-500 year flood
height is even more uncertain than the 1–in-100
year flood since the historical record is shorter than
500 years. However, on the basis of the available in-
formation, by the end of the century, the current
1-in-500 year flood event may occur on the order of
once every 200 years.

The flood heights shown in Table 3.2 are based
on the tide gauge located at the Battery in lower
Manhattan and on surge models. Some parts of
New York City, such as the northernmost points
where the Bronx Borough and the Hudson River
meet, experience lower flood heights than the
Battery.

Qualitative extreme event projections

For some extreme climate events—such as heat in-
dices, heavy downpours, and lightning—that have
large impacts on infrastructure, future changes are
too uncertain at local scales to allow quantitative
projections. Therefore, qualitative information for
some of these factors is provided in Table 3.3.

By the end of the century, heat indices that com-
bine temperature and humidity are very likely to

56 Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences.
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Table 3.3. Qualitative changes in extreme events
Probable direction of change over the 21st century, as well as likelihood associated with the qualitative projection.
For these variables, which can have large impacts on infrastructure, quantitative projections are not possible because
of insufficient information.

Probable direction

throughout 21st

Extreme event century Likelihooda

Heat indexb ⇑ Very likely

Ice storms/freezing rain ⇑ About as likely as not

Snowfall frequency and amount ⇓ Likely

Downpours (precipitation rate/hour) ⇑ Likely

Lightning Unknown

Intense hurricanes ⇑ More likely than not

Nor’easters Unknown

Extreme winds ⇑ More likely than not

Source: Columbia University Center for Climate Systems Research.
aLikelihood definitions given in Figure 3.1. See CRI Appendix A for more information.
bThe National Weather Service uses a heat index related to temperature and humidity to define the likelihood of harm
after “prolonged exposure or strenuous activity” (http://www.weather.gov/om/heat/index.shtml).

increase, both directly owing to higher temperatures
and because warmer air can hold more moisture
and the resulting humidity exacerbates the effects
of heat. The combination of high temperatures and
high humidity can produce severe additive effects
by restricting the human body’s ability to cool itself.
The National Weather Service Heat Index definition
is based on the combination of these two climate
factors.

Ice storms can have large effects on infrastructure.
Greater warming of the lower atmosphere than sur-
face layer could potentially lead to more ice storms in
the near term by allowing snow to more frequently
melt on descent and then refreeze near (or at) the
surface, but any such changes are highly uncertain.
By the second half of the century, overall warm-
ing may be large enough to reduce the threat of ice
storms below current levels. Snowfall is likely to be-
come less frequent in a warmer climate, with the
snow season decreasing in length. Possible changes
in the intensity of snowfall per storm are highly un-
certain.

Intense hurricanes and associated extreme wind
events will more likely than not become more fre-
quent due to expected warming of the upper ocean
in the tropical cyclone genesis regions (IPCC AR4,
2007). That is, once formed, the fraction of hurri-
canes that become intense is expected to increase,
along with the overall destructive power. However,

because future changes in other critical factors for
tropical cyclones, including wind shear, the vertical
temperature gradient in the atmosphere, and pat-
terns of variability including the El Niño-Southern
Oscillation (ENSO) and the Atlantic Multidecadal
Oscillation (AMO)10 are not well known, it is un-
clear whether the total number of tropical storms
will increase. There is the possibility that intense
hurricanes and their extreme winds will not be-
come more frequent or intense, should there be a
decrease in the total number of tropical storms. It
is also unknown whether the most probable tracks
or trajectories of hurricanes and intense hurricanes
may change in the future.

Regional downpours, defined as intense precip-
itation at subdaily (often subhourly) timescales,
are likely to increase in frequency and intensity
in a warmer climate due to the greater capacity of
warmer air to hold water vapor. Future changes in
nor’easters and lightning are currently too uncertain
to support even qualitative statements.11

Box 3.4 Uncertainties related to
extreme events

Because the climate processes affecting extreme
events, such as hurricanes and nor’easters, may
change in the future, prediction of future extremes

Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences. 57
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Climate change adaptation in New York City Ch 3. Climate observations and projections

is generally characterized by higher uncertainty
than the annual averages described in the previ-
ous section. The NPCC projections are based on
the assumption that the distributions of the ex-
treme events will remain unchanged while mean
temperature, precipitation, and sea level rise shift.
Changes in the distribution of extreme events could
have large effects on the results shown here. Given
the uncertainty, the direction and relative magni-
tudes of changes, rather than the precise projec-
tions, should be emphasized.

While Table 3.2 provides an estimate of how
the occurrence of extreme events may change for
the average future year, extreme events in indi-
vidual years will continue to be characterized by
high variability. In some cases, only when many
years, or even decades, are averaged will the pat-
tern of changes in extreme events become evident.
For example, New York City’s drought of record
was a multiyear event that occurred four decades
ago in the 1960s; no drought since that time in
New York has approached it in severity. Droughts
usually affect entire regions; the 1960s drought
of record affected New York City’s entire water-
shed and had implications for water sharing with
other regional metropolises. Generally speaking,
changes in variability are considered very uncer-
tain, although there are exceptions. For example,
precipitation at daily timescales is likely to increase
in variability owing to the intensification of the hy-
drological cycle that is associated with a warming
climate.

Uncertainties, high-end scenarios, and
longer-term projections

Climate changes in New York City and the sur-
rounding region in the 21st century may extend
beyond the ranges projected by global climate mod-
els for several reasons. Actual greenhouse gas emis-
sions may exceed the range encompassed by the
scenarios used here. Indeed current emissions are
beyond the highest scenario used in these projec-
tions. Ultimately, greenhouse gas emissions directly
related to human activities could be either higher
or lower than the projected range. Changes in the
earth’s carbon and methane cycles brought on by a
changing climate could further modify greenhouse
gas concentrations and climate through feedback
effects (IPCC, 2007).

Additionally, the climate system’s sensitivity to
increasing greenhouse gases may fall outside the

range of the 16 climate models used to produce
the NPCC projections. Other possible types of cli-
mate changes that could have large impacts on the
region also cannot be ruled out. These could include
shifts in the average latitudes and tracks of moisture-
laden storms traversing eastern North America,
and/or changes in ocean circulation in the North
Atlantic.

High-end scenarios and rapid ice melt

The rapid ice-melt scenario was developed by the
NPCC to address the possibility of more rapid sea
level rise in the region than the IPCC model-based
approach projects (see Box 3.5 for more informa-
tion). The motivation to consider sea level rise ex-
ceeding IPCC-based estimates is due to several fac-
tors, including:

• Recent accelerated ice melt in Greenland and
West Antarctica, which may indicate the po-
tential for high sea level rise over multiple cen-
turies;12

• Paleoclimatic evidence of rapid sea level rise;
• Ice sheet dynamics not properly simulated by

global climate models; and
• Potentially large implications for a coastal city

of more rapid sea level rise.

Additionally, recent well-documented decreases
in summer and fall Arctic sea ice area and vol-
ume, although not a significant direct cause of sea
level rise, are also raising concern. Declines in sea
ice could indicate that polar climate sensitivity to
greenhouse gases, and increasing temperatures is
higher than predicted by global climate models.
The warming effect of decreasing sulfate aerosols,
along with atmospheric and ocean circulation pat-
terns may also be partially responsible for recent
accelerated melting. The sea ice declines could also
modify atmospheric and oceanic conditions over
the high latitudes, with implications for Greenland’s
ice sheet. For example, since air over water is warmer
than air over ice, sea ice melting would generally re-
sult in warmer air in polar regions. If this warmer
air were transported out of the Arctic to Green-
land, Greenland’s coastal and low-elevation glaciers
might receive more moisture in the form of rain,
and less as snow, leading to accelerating melting of
the land ice that does contribute directly to sea level
rise.

58 Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences.
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Box 3.5 Sea level rise—past, present,
and future

Starting around 20,000–21,000 years ago, global
sea level began to rise from a low of 394 feet (120
meters) below present-day sea level, when water on
the planet was locked up in ice, to close to present
levels by 7000–8000 years ago (Peltier and Fair-
banks, 2006; Fairbanks, 1989). Most of the rise was
accomplished in a 10,000- to 12,000-year period;
the average rate of sea level rise over this period
ranged between 3.9 and 4.7 inches (9.9–11.9 cm)
per decade depending on length of period used to
calculate the average rate of rise.

In the course of this long period of melting,
shorter periods of more rapid rise lasting several
centuries, known as meltwater pulses, occurred in
which maximum rates of sea level rise ranged be-
tween 16 and 24 inches (40–60 cm) per decade. It is
highly unlikely that such high meltwater pulse sea
level rise rates will be matched during the 21st cen-
tury, since they occurred after the ice sheets had
already been weakened and undermined by cen-
turies to millennia of prior warming. Furthermore,
the meltwater pulses often occurred as abrupt in-
tervals associated with catastrophic events (e.g., ice
dams breaking) at a time when total ice extent was
much greater than today. Vast ice sheets covered
much of North America, northern Europe and ad-
jacent Russia, the British Isles, and high mountain
ranges at the peak of the last Ice Age. The ice on
Antarctica was also much thicker than at present.

In the NPCC rapid ice-melt scenario, we as-
sume that glaciers and ice sheets melt at a rate
comparable to that of the average rate during the
last deglaciation (i.e., total ice melt rises linearly
at 3.9–4.7 inches (9.9–11.9 cm) per decade un-
til 2100). We use the average present-day ice rate
of 0.4 inches (1.1 cm) per decade 2000–04 as a
base period. This is the sum of observed mountain
glacier melt (IPCC, 2007) and ice sheet melt (Shep-
herd and Wingham, 2007) during this period. For
2100, the total rise in sea level attributed to ice
melt from all sources including mountain glaciers
is estimated to be 39–47 inches (99–119 cm). Since
the melting is likely to accelerate through time as
warming occurs, we then fit an exponential curve
to three points: 2000, 2002 (the mid-point of 2000–
04), and 2100. We then add the other three compo-
nents from the IPCC-based sea level rise projection
approach (thermal expansion, local ocean dynam-

ics, and subsidence) to this exponential meltwater
estimate for three time slices.

Longer-term projections

Climate change projections for the 22nd century
are beyond most current infrastructure planning
horizons. However, planning for some long-lived
infrastructure, which hypothetically could include,
for example, new aqueducts and subway lines, would
justify consideration of climate in the 22nd century.
Furthermore, many types of infrastructure intended
only to have a useful lifespan within the 21st century
may remain operational beyond their planned life-
time. Future projects aimed specifically at climate
change adaptation might benefit during their plan-
ning stages from consideration of long-term climate
change.

Projections of 22nd century climate are highly
uncertain, largely because greenhouse gas emissions
and concentrations cannot be projected with any
confidence that far into the future. Additionally,
the possibility that geo-engineering techniques de-
signed to cool the planet may be employed at mul-
ticentury timescales cannot be ruled out. Despite
uncertainties, the large inertia of the climate system
suggests that the current directional trends in two
key climate variables, sea level rise and tempera-
ture, will probably continue into the 22nd century
(Solomon et al., 2009).

The biggest climate uncertainties surround the
issue of whether abrupt climate changes may oc-
cur as the system moves further from pre-industrial
conditions. Given the large inertia of the ice sheets
on Greenland and West Antarctica, continuing ev-
idence during the next decade of acceleration of
dynamically induced melting would greatly increase
the probability that these ice sheets would contribute
significantly to sea level rise in the 22nd century,
even if greenhouse gas concentrations, and perhaps
even global temperatures, were to stabilize in the
coming decades.

3.4 Conclusions and recommendations

State-of-the art global climate models now enable
climate change projections at scales relevant to de-
cision makers creating initial adaptation plans in
New York City. Climate change is extremely likely

Ann. N.Y. Acad. Sci. 1196 (2010) 41–62 c© 2010 New York Academy of Sciences. 59
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Climate change adaptation in New York City Ch 3. Climate observations and projections

to bring warmer temperatures to New York City
and the surrounding region. Heat waves are very
likely to become more frequent, intense, and longer
in duration. Total annual precipitation will more
likely than not increase, and brief, intense rain-
storms are likely to increase as well. Toward the
end of the 21st century, it is more likely than not
that droughts will become more severe. Addition-
ally, rising sea levels are extremely likely and are
very likely to lead to more frequent and damag-
ing flooding related to coastal storm events in the
future.

New York City has the good fortune to in-
clude within its boundaries some of the world’s
leading practitioners of climate science. This local
resource can be invaluable for city and state offi-
cials as they grapple with climate change adaptation.
Thus city and state officials should continue to work
with these scientists to maximize the value of this
local knowledge base. At the same time, scientists
can learn a great deal about climate change adapta-
tion on an empirical level by working closely with
New York City’s infrastructure workers, managers,
and other professionals.

There is a need for enhanced regional model-
ing capability to improve the skill and plausibility
of climate projections. The scientific community is
working on refining existing climate models, at both
global and regional scales, and this work should be
monitored for developments that can be applied
locally.

While improved model resolution will depend
in part on improvements in processing power, per-
haps no less important are improved and extended
local and regional observational datasets to pro-
vide indicators and monitoring (as discussed in
Chapter 7). Such data sets will help to improve un-
derstanding and simulation of key climate change
and impact processes in the complex urban envi-
ronment of New York City and its surrounding re-
gion. Such data sets will also facilitate one of the
major climate initiatives of the next decade: the
seamless integration of weather and climate predic-
tion by bridging the weekly, seasonal, and decadal
timescales.

A key recommendation is the need to update cli-
mate change projections on an ongoing and regular
basis. Updates are necessary because understanding
of the climate system and climate models improves
through time, and New York City needs to have

an ongoing set of science-based climate scenarios
to continue to develop effective Flexible Adaptation
Pathways.

Endnotes
1The cryosphere (which includes ice sheets,

glaciers, sea ice, seasonal snow cover, and per-
mafrost), in contrast, generally reflects far more ra-
diation than it absorbs.

2Climate sensitivity is defined by the IPCC as
the equilibrium or final increase in global temper-
ature associated with a doubling of CO2 from pre-
industrial levels. More generally sensitivity refers to
how much climate change is associated with a given
climate forcing agent, such as CO2.

3Records are available beginning in 1856; how-
ever, the 19th century values are not included here
because of large gaps in the record.

4Relative to NAVD88. The surge level may vary
from one location to another.

5Projections of extreme events are conditioned on
historical data (which has large spatial variation),
whereas projections of mean annual changes are
conditioned only on model changes through time
(which have less spatial variation).

6For sea level rise, the multidecadal approach
is not necessary owing to lower inter-annual vari-
ability; the 2050s time slice for sea level (for ex-
ample) therefore refers to the period from 2050–
2059.

7Regional climate models, similiar to GCMs but
run at a higher resolution over a limited area, are
increasingly being used to address issues of spatial
scale.

8For drought, the entire 20th century was used as
a baseline, and 2000 to 2004 data were used for sea
level rise.

9Because they are rare, the coastal storm projec-
tions were based on longer time periods. See CRI
for more information.

10ENSO and the AMO are coupled ocean-
atmosphere phenomena centered in the tropical Pa-
cific and Atlantic Oceans, respectively.

11Although some research does suggest that light-
ning may become more frequent with warmer tem-
peratures and more moisture in the atmosphere
(Price and Rind, 1994).

12Neither the Greenland nor West Antarctic ice
sheet has yet to significantly contribute to global
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Ch 3. Climate observations and projections Climate change adaptation in New York City

and regional sea level rise, but because potential
sea level rise would be large should current melt
patterns continue to accelerate, their statuses should
be monitored on a regular basis.
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