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Introduction

The transportation sector, as defined in the context of
the ClimAID report, consists of the built assets,
operations, services, and institutions that serve public
and private needs for moving goods and people within,
to, and from the State of New York. The transportation
sector and the energy and communications sectors are
highly interdependent (see Chapter 8, “Energy,” and
Chapter 10, “Telecommunications”).

Transportation occurs by different modes: land, air, and
water. On land, it can be divided into road, rail, and
pipeline systems. Transported goods are people and
freight (the latter includes raw materials, supplies,
finished products, and waste). In urban areas, mass
transit systems serve commuting populations traveling
to and from daily work, school, shopping, etc. In
suburban and rural areas, largely private vehicular
transportation on roads and highways dominates, but
this also reaches the central business districts of cities.
Long-distance and interstate traffic on roads is
complemented by railway, water, and air transport.

The purposes of this chapter are 1) to provide a
comprehensive overview of the vulnerabilities of the
state’s transportation system to changing climate, and
2) to present the adaptation options that can turn the
challenges posed by the changing climate into
opportunities to revitalize and modernize the state’s
transportation systems while at the same time
improving their climate resilience. This chapter is
structured based on climate hazards and risks. This
means that regions with the highest concentration of
transportation assets located in the most vulnerable
places, and hence representing the largest risks for
potential losses from climate change, will be scrutinized
in much greater detail than those regions with fewer
assets at risk and with lesser climate change impacts on
the state’s economy.

9.1 Sector Description

Transportation is a lifeline fundamental to modern
developed societies. Provided in this section is an
overview of the transportation sector in New York
State. This section includes a description of the many
transportation systems in the state and discusses the
agencies that are responsible for managing them.

ClimAID

9.1.1 Economic Value

Nationally, transportation contributes on the order of
10 percent to the economy. Translated to New York
State’s annual gross state product (in excess of $1
trillion), this would correspond to a contribution of
about $100 billion per year to the state’s economy.!
Without an effective transportation infrastructure, the
economy of a state cannot function and grow.

9.1.2 Statewide Overview

Transportation in New York State is a complex system
in which the public and private sectors interface by
different transportation modes, including roads, rails,
aviation, and shipping? The New York State
Department of Transportation (NYSDOT) is the state’s
transportation lead agency and has the following
functions:’

* Developing and coordinating comprehensive
transportation policy for the State; assisting in and
coordinating the development and operation of
transportation facilities and services for highways,
railroads, mass transit systems, ports, waterways,
and aviation facilities; and formulating and keeping
current a long-range, comprehensive statewide
master plan for the balanced development of public
and private commuter and general transportation
facilities.

*  Administering a public safety program for railroads
and motor carriers engaged in intrastate commerce;

Source: National Atlas, modified

Figure 9.1 Interstate and major state highways in New York
State
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directing state regulation of such carriers in matters
of rates and service; and providing oversight for the
safe operation of bus lines, commuter railroads, and
subway systems that are publicly subsidized through
the Public Transportation Safety Board.

Highways and Bridges

New York State DOT designs, operates, and maintains
the majority of the Interstate and State Highway system
(Figure 9.1). It consists of about 113,000 miles of
highways and more than 16,000 bridges,* associated
ramps, underpasses, drainage systems, other related
structures, and signage and signal systems. The
combined state and local highway system annually
handles over 100 billion vehicle miles.

The New York State Thruway Authority operates the
toll-collecting Thruway and related bridges connecting
New York City via Albany and Rochester to Buffalo; it
also operates the state’s canals. The Thruway Authority
manages 2,818 lane miles of highway and more than
800 bridges. More than 246.7 million trips were taken
on the Thruway in 2009, representing more than 8.1
billion miles traveled.

The New York State Bridge Authority is responsible for
five toll bridges in the Mid-Hudson Valley:’ Bear
Mountain Bridge; I-84 Bridge near Newburgh/Beacon;
Franklin Delano Roosevelt Mid-Hudson Bridge near
Poughkeepsie; George Clinton Kingston-Rhinecliff
Bridge; and Rip van Winkle Bridge at Catskill, Hudson.
Not included is the Thruway Berkshire Spur Bridge
(about 10 miles south of Albany), which is overseen by
the New York State Thruway Authority.

County and Local Roads

County and local roads and bridges are a vital and
indispensable part of the state’s transportation
infrastructure. Local roads and bridges account for 87
percent of the roads, 52 percent of the bridges, and 48
percent of the vehicle mileage logged in New York State.®

Railways

The state is home to a 4,600-mile rail network over
which 42 million tons of freight are shipped each year,
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consisting of equipment, raw materials, manufactured
goods, and produce (for details see Section 9.1.6). Long-
distance intercity passenger rail is provided by Amtrak.
Commuter rail mass transit is provided by several
agencies largely in the New York City metropolitan
region, further discussed below.

Aviation

The state has over 500 public and private aviation
facilities through which more than 31 million people
travel each year.

Shipping

The state is home to 12 major public and private ports,
which handle more than 110 million tons of freight
annually. Of these, five major ports handle 50 million
tons of freight annually.

Mass Transit

Over 130 public transit operators serve over 5.2 million
passengers each day. They include the Capital District
Transportation Authority (CTDA), serving the region
in and around Albany; the Central New York Regional
Transportation Authority (CNYRTA), serving the
region centered on Syracuse; the Rochester Genesee
Regional Transportation Authority (RGRTA); the
Niagara Frontier Transportation Authority (NFTA),
serving the greater Buffalo region; and many county-
based transit systems, plus private bus operators. In the
most transportation-intensive New York City
metropolitan area, several major authorities are charged
with operating multiple modes of travel. (For a
schematic plan of the combined passenger rail systems,
visit http://www.columbia.edu/~brennan/subway).

9.1.3 Metropolitan Transportation Authority

The Metropolitan Transportation Authority (MTA) is
the largest transit operator in the nation. It provides
about 8.5 million passenger trips per day at twice the
energy efficiency of advanced hybrid cars (MTA,
2008a). The approved MTA operating budget for 2009
was $11 billion. The actual capital project work
committed for 2009, as reported in January 2010 to the


http://www.columbia.edu/~brennan/subway
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MTA Board, was $4.688 billion. MTA includes a
number of operating agencies, which are described

below (MTA, 2008b):

New York City Transit

New York City Transit (NYCT) operates the subway,
which has 26 lines, 468 stations, and 6,241 cars; a bus
division with 4,538 buses on 208 local and 36 express
routes; and the Staten Island Railway (SIR) with 22
stations and 64 cars. NYCT’s subway comprises 228 route
miles in Manhattan, the Bronx, Queens, and Brooklyn,
of which about 62 percent is below grade in tunnels,
about 28 percent on elevated tracks, and 10 percent at
grade. NYCT also operates the (entirely at grade but
road-crossing-free) 14 mile-long Staten Island Railway
(SIR). Staten Island commuters to Manhattan may chose
from three public transit options: the Staten Island Ferry,
NYCT express buses, or the private Atlantic express
buses. The total replacement value of the NYCT tunnel,
elevated, and roadbed route structures (excluding
stations) is on the order of $190 billion (all values in 2007
dollars). The length of rail tracks is 628 miles, valued at
$11 billion. There are nearly 300 pump stations, 200 fan
plants, and more than 200 electric substations, with a
combined asset value of $22 billion. There are nearly 280
underground stations (valued at $11 billion) and about
200 elevated stations (valued at $5 billion), plus some 20
station complexes (e.g., Times Square, Grand Central
Terminal) that serve multiple subway or railway lines and
other connections. The rolling stock is worth nearly $11
billion. There are also rail yards and maintenance shops,
many at low elevations near the waterfront.

MTA Metro-North Railroad

The MTA Metro-North Railroad has total assets worth
on the order of $10 billion. They include 800 miles of
track and roadbed, terminals, stations, yards, bridges,
movable bridges, tunnels, stone and steel viaducts,
rolling stock, third rail and catenary power systems,
communications and signals, and other facilities.
Metro-North operates three passenger rail lines in New
York State, each of which originates at Grand Central
Terminal in New York City. The Hudson, Harlem, and
New Haven Lines are co-located underground from
Grand Central Terminal at 42nd Street to 98th Street,
where they continue northward aboveground until they
split in Mott Haven Yard, Bronx. The Hudson Line

ClimAID

north along the Hudson River to
Poughkeepsie. From Spuyten Duyvil to Poughkeepsie,
Metro-North maintains its track structure to support
the speed required for the Amtrak service, as well as the
loads imposed by the CSX freight traffic. The Harlem
Line continues northward to Wassaic. The Beacon Line
operates for freight and equipment traffic only, from
Beacon east to Danbury, Connecticut. The New Haven
Line splits off the Harlem Line in Woodlawn and
continues eastward to New Haven, Connecticut, along
the Long Island Sound. Along the New Haven Main
Line, Amtrak trains travel the northeast corridor. The
New Haven Line also supports loads imposed by local
freight traffic. Off the New Haven Main Line there are
three branch lines: the Danbury, the Waterbury, and the
New Canaan Lines. Metro-North owns a portion of the
Northeast Corridor (NEC) from New Rochelle to the
New York/Connecticut state line. The Connecticut
Department of Transportation owns the NEC from the
state line to New Haven. Each owner is responsible for
maintenance and operations of their respective
segments. For the West of Hudson Line, Metro-North
has contracted NJ] TRANSIT to operate the New York
portions of the two commuter lines, the Pascack Valley
and the Main & Bergen Lines (the Port Jervis Line).
Although Metro-North leases the West of Hudson Line,
Metro-North is also responsible for maintaining the
track, bridges, and stations for the Port Jervis Line. The
track and bridges are maintained for passenger cars as
well as the Norfolk Southern freight traffic. Metro-
North is also responsible for a number of unique
structures, such as historic Grand Central Terminal.
The Terminal’s train shed continues north to become
the Park Avenue Tunnel, which runs under Park
Avenue from 57th Street to 98th Street. The Park
Avenue Viaduct is a stone structure from 98th Street
to 110th Street and a steel structure from 110th Street
to 138th Street. Metro-North has six movable bridges
in its territory, including the Harlem River Lift Bridge in
New York City. There are four tunnels along the
Hudson Line. The Otisville Tunnel is one-mile long and
is located on the Port Jervis Line. Also unique to the
Port Jervis Line is the Moodna Viaduct. At 3,200 feet
long and 200 feet high, it is the highest and longest
railroad trestle east of the Mississippi River.

continues

Long Island Rail Road

MTA’s Long Island Rail Road (LIRR) owns and operates

structures, shops, and yards with an asset value on the
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order of $19 billion, and almost 600 miles of track,
stations, and power facilities whose value exceeds $20
billion. Rolling stock is valued in excess of $3 billion.
LIRR uses Penn Station in Manhattan as its western
anchor with transfers to/from Amtrak, NJ TRANSIT,
NYCT subways, and the nearby Port Authority Trans-
Hudson (PATH) system (see below). LIRR trains leave
Manhattan heading eastward via the East River Tunnels,
owned and co-used by Amtrak for its Washington-
Boston NE Corridor. The East Side Access project,
currently under construction, will use a tunnel below the
East River from Queens to Manhattan into Grand
Central Terminal. It will directly connect commuting
locations on Long Island with Manhattan’s mid-town
East Side. Beyond Queens, the LIRR operates, along the
North Shore of Long Island, the Port Washington,
Opyster Bay, and Port Jefferson Lines; beyond the Jamaica
Station, Queens, the central spine of Long Island is
served by lines that terminate easterly in the island’s
North Fork; Long Island’s southern shores are served by
the Long Beach Branch and the Babylon and Montauk
Lines that straddle the Great South Bay.

MTA Bridges and Tunnels

MTA Bridges and Tunnels (MTA B&T) owns nine
large toll-collecting facilities (two tunnels and seven
bridges, Figure 9.2). The value of total built assets
approaches $25 billion. Annual toll revenues from all
B&T facilities amount to about $1.2 billion (URS,
2008). The nine key assets are: Queens Midtown
Tunnel, Brooklyn Battery Tunnel, Verrazano Narrows
Bridge, Throgs Neck Bridge, Bronx-Whitestone Bridge,
the Robert E Kennedy (formerly Triboro) Bridge, the
Marine Parkway and Cross Bay Bridges in Queens, and
the Henry Hudson Bridge across the Harlem River in
northern Manhattan.

MTA Long Island Bus Service

The MTA Long Island Bus Service operates North
America’s largest compressed-natural-gas bus fleet with
316 buses on 56 routes, and several fixed structures, such
as depots and shops. It provides more than 100,000 trips
per day among nearly 100 Long Island communities,
including Nassau County, western Suffolk County, and
into eastern Queens with 53 routes, and serves 48 Long
Island Rail Road stations plus colleges, museums, parks,
theaters, and beaches throughout the service area.

ClimAID

MTA Bus Company

The MTA Bus Company was formed in 2006 by
merging seven private lines. It operates extensive bus
routes in New York City (except Staten Island), and has
eight fixed facilities in Brooklyn, Queens, the Bronx,
and Westchester County. Of the MTA bus routes, 46
are local routes in Brooklyn, Queens, and the Bronx,
and 35 are express bus routes between Manhattan and
the Bronx, Brooklyn, and Queens. It has a fleet of 1,336
buses serving a ridership of approximately 394,000 on
an average weekday (2009).

MTA Capital Construction

MTA Capital Construction was formed in 2003 to
centrally manage the largest capital construction
projects for the entire MTA family of agencies. Current
projects in planning or under construction are: the first
phase of the 2nd Avenue subway, the East Side Access
project bringing LIRR into Grand Central Terminal,
extension of the Number 7 (Flushing Line) subway to
the West Side of Manhattan, and the Fulton Street
Transit Center serving 12 lines in downtown
Manhattan.

9.1.4 Port Authority of New York and New
Jersey

The Port Authority of New York and New Jersey (Port
Authority) fulfills multiple bi-state functions. It owns
and operates international and domestic airports and
marine ports, as well as interstate ground transportation
facilities serving New York and New Jersey. With the
exception of Stewart Airport, all the facilities the Port
Authority operates are located within its originally

assigned 25-mile radius from the Statue of Liberty.
According to its 2008 annual report (PANYN], 2008):

On a day-to-day basis, the Port Authority operates
one of the most complex sets of transportation
services in the nation. The agency’s airports, bridges,
tunnels, bus terminals, its Port Authority Trans-
Hudson (PATH) rail system, AirTrain services, and
seaports help move people and cargo at a pace and
on a scale that life in the New York-New Jersey
region demands....Nearly 1 million people each day
rely on Port Authority transportation facilities to
help them get to where they are going.
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The Port Authority has four operating divisions: 1) *  George Washington Bridge Bus Station

Aviation; 2) Tunnels, Bridges, and Terminals; 3) Rail ¢ Mid-town Manhattan Port Authority Bus Terminal

Transit; and 4) Port Commerce. * Journal Square Transportation Center Bus Terminal

in Jersey City

Major ground transportation facilities include the

following Hudson River and other water crossings  These are used by private and public bus operators.

(Figure 9.3): Total combined passenger volume (in 2008) was nearly
72 million passengers per year. The total interstate

* PATH commuter rail (ridership about a quarter-  (NY/N]J) ground transportation network produced gross

million people per day) operational revenues (largely tolls and fares) of about
*  George Washington Bridge (GWB) $1.1 billion, of which the George Washington Bridge
* Lincoln and Holland Tunnels (GWB) contributed about 40 percent.
* Bayonne Bridge, Goethals Bridge, and Outerbridge-

Crossing The Port Authority operates three major international /

national airports (JFK, Newark, and LaGuardia), and
Total eastbound vehicle volume on these tunnels and ~ two smaller airports (Teterboro and Stewart). Combined
bridges in 2008 was about 124 million per year, with ~ total passenger volume at these airports fluctuates
GWB alone accounting for 53 million vehicles per year. ~ between 100 and 110 million passengers per year. Of

these, JFK (47 million passengers in 2008) and Newark
The Port Authority owns three regional bus terminals:  airport (35.4 million passengers in 2008) are important
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gateways for international flights to and from the U.S.
The combined air cargo for 2008 was 2.4 million tons.

Combined airport gross operating revenues in 2008
were about $2 billion (with JFK accounting for $0.951
billion, Newark about $0.718 billion, and LaGuardia
about $0.307 billion).

The Port Authority operates major marine port facilities
and container terminals in the NY/N]J harbor. In 2008
the port facilities handled 5.27 million TEU (20-foot
Trailer Container Equivalent Units), or 33.6 million
metric tons, with a value of about $190 billion (about
$51 billion in exports and $139 billion in imports). The
ports’ gross operating revenues in 2008 were about

$0.21 billion.

The Port Authority owns the World Trade Center
(WTC) site in downtown Manhattan, and owns and
operates many other facilities (Figure 9.3).

The Port Authority had a $6.7 billion budget for 2009,
which provided for $3.3 billion in capital projects; this
was set at $3.1 billion for 2010.

9.1.5 Other Transportation Operators
Serving the New York Metropolitan Area

NJ TRANSIT brings commuters by rail from New Jersey
into Penn Station on Manhattan’s midtown West Side via
tunnels under the Hudson that are also used by Amtrak
for its Washington, D.C.-New York—Boston rail passenger
service. NJ] TRANSIT, with funding participation by the
Port Authority, is in the process of increasing trans-
Hudson transportation capacity by constructing a new rail
tunnel under the river between New Jersey and
Manhattan. This Access to the Region’s Core (ARC)
project also includes a new underground station that will
have a pedestrian connection to Penn Station, New York,
where there will be no interconnection at track level.

The ARC project will more than double commuter rail
capacity between New Jersey and New York. The
availability of more and improved train service is
expected to remove 22,000 cars from the region’s
highways. Additionally, N] TRANSIT and the private
bus carriers it supports transport 127,000 people every
weekday for a total of 254,000 passenger trips each
weekday into and out of New York City. The ARC

project was put temporarily on halt in 2010; alternatives
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to increase trans-Hudson commuter rail capacity at
reduced capital spending are being explored.

The City of New York operates the Staten Island Ferry
and all toll-free bridges between four of the five
boroughs of New York City, including the Brooklyn,
Manhattan, Williamsburg, and Queensboro bridges,
and several smaller bridges crossing the Harlem River
between Manhattan and the Bronx.

New York Waterway and other private ferry and water
taxi services provide growing passenger service between
points in and to the central business districts of New
York City and on routes connecting them to
communities along the lower Hudson River, Long Island
Sound, Great South Bay within New York State, and to
nearby Connecticut and New Jersey shore points.

9.1.6 Freight Railway Services in New York
State

Freight services by railroads are in resurgence (see
NYSDOT, 2009).” According to Railroads of New York
(RONY), a trade association of New York State freight
railroads, and data collected by NYSDOT, approximately
45 railroads operate in the state, although only four are
Class-1 freight railroads (CSX, CN, CB, NS), in addition
to the four commuter/intercity railroads (Amtrak, LIRR,
Metro-North, N] TRANSIT).

According to the American Association of Railroads
(AAR),% in 2005, total miles of track operated in New
York were about 3,600 miles, of which 65 percent is
Class-1° railroad mileage. Amtrak owns about 150 miles
of track in New York. In comparison, Metro-North and
LIRR operate nearly 800 and 600 miles of track,
respectively. According to the AAR, in 2005 carload
tons originating in New York totaled almost 10.5
million, transporting major products including
chemicals, waste and scrap, and nonmetallic minerals.
Tons terminated in New York totaled over 25.3 million,
including coal, chemicals, and food products.

Actual rail carloads originating and terminating within
the state totaled 196,000 and 375,000, respectively. A
map of all rail lines currently operating in the state is
depicted in Figure 9.4. Major freight rail facilities and
yards are located in Buffalo, Rochester, Albany,
Binghamton, and New York City. Smaller yards and
facilities are distributed throughout the rest of the state.
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Figure 9.4 Operating rail lines in New York State in 2008

9.2 Climate Hazards

The impacts of climate change (see Chapter 1, “Climate
Risks”) have significant consequences for the
transportation sector. Sea level rise, the intensity and
frequency of some extreme weather events, mean
precipitation, flooding, and coastal erosion are all
projected to increase, putting transportation
infrastructure and operations at risk. (For an assessment
by transportation mode, see Section 9.3.)

9.2.1 Temperature and Heat Waves

Increases in both the annual average temperature (see
Chapter 1, “Climate Risks,” Section 1.3) and the
number of days per year with extreme high
temperatures will affect transportation systems in

several ways. Materials such as asphalt pavements;
other road, bridge, and runway surfaces; and railroad
tracks, electrified third rail, and catenary wires will need
new performance specifications to cope with higher
extremes and more frequent high temperatures. Air
conditioning requirements for rolling stock and stations
and ventilation requirements for tunnels will increase.
Some runways of airports may need to be lengthened,
since hotter air provides less lift and hence requires
higher speeds for safe takeoff and landing.

A good example of the impact of heat waves on
transportation systems is given by the European heat
wave of 2003:1°

*  Britain’s transport system suffered during the heat
wave, particularly the railways. Widespread speed
restrictions were imposed because of rail buckling,
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which becomes a problem when rail temperatures
reach 36°C (97°F). Official figures show 137 cases
of rail buckling in 2003/4, compared with 36 the
year before and 42 the year after. However, the
authors caution that confounding factors such as
maintenance cannot be discounted.

* The resulting delays are estimated to have cost
passengers £2.2 million ($3.6 million) in lost time,
while the National Network Rail had to pay £6.5
million ($10.7 million) to the train companies in
compensation. The researchers also found that
disruptive fires at the side of the tracks jumped 42
percent in 2003 compared to the following year,
which also might be due to the hot weather.

*  Britain’s road network bore the brunt of the searing
heat. Sections of the M25 highway melted, and the
total costs of repairs across the country are
estimated at £40 million ($66 million), of which the
government contributed £23 million ($38 million).
The rest of the burden fell on local authorities.

e Temperatures on the London Underground passed
41°C (106°F) and passenger numbers dropped
1-1.5 percent during the hottest two weeks,
reducing revenue by £500,000 ($0.8 million).

9.2.2 Precipitation

The central and northern regions of New York (with
elevations that exceed 5,000 feet) currently are prone to
more frequent and severe ice and snowstorms than
near-coastal regions of the state. Air- and land-based
transportation systems and operations are susceptible
to freezing rain (icing) and snow. In fact, New York
State is the most vulnerable to icing of all of the lower
48 states (Figure 9.5) (NOAA, 2004).

Icing can affect transportation systems in many different
ways. It is a direct, serious hazard for aviation and for
vehicular traffic on the ground. Indirectly, icing can also
affect transportation by loss of electric power and/or, to
a lesser degree, communication systems.

Freezing rain, black-ice conditions, and severe snow
pose hazards to highway transportation and increase
accident rates under current climate conditions.
Climate change is likely to bring changes to these
hazards. For instance, increasing winter temperatures
are likely to shorten the duration of ice cover of the
Great Lakes and, therefore, potentially allow more
moisture to be drawn from the ice-free lakes, which
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Note: Icing hazards are particularly severe in New York State, with the highest
icing hazard in the central and western regions of the state. Note that warmer
colors in this map indicate a greater icing hazard. Source: NOAA 2004

Figure 9.5 Estimated rendering of the likelihood of icing
events across the United States

would then fall as snow in western New York during the
cold season (see Chapter 1, “Climate Risks”).

While the severity of such extreme snowfalls is likely
to increase, the number of days per year with snow on
the ground is likely to decrease. In the estuary and
coastal regions, nor’easter storms, which in the past
caused blizzards, may more often turn into severe
rainstorms rather than severe snowstorms. On the
benefit side, it is more likely than not that the need for
snow removal and salting of highways will gradually
decrease for low-elevation, southern, and coastal areas
of the state. The need for snow removal and salting
under future climate conditions may change little in
northern New York, though it may increase in western
New York in the next couple of decades in areas that
are subject to episodes of extreme winter lake effects
(see Chapter 1, “Climate Risks”).

9.2.3 Sea Level Rise and Storm-Surge
Hazards in Coastal Regions, Tidal
Estuaries, and Rivers

All transportation systems—roads, tunnels, railways,
subways, airports, and seaports—are at risk from coastal
storms and related coastal storm-surge flooding hazards.
In New York, a number of these systems are located
along the water at low elevations, and some subways,
railroads, and highways are located in tunnels below sea
level.

Storm-surge hazards along New York’s shores (and the
tidal Hudson River from New York Harbor to the
Federal Dam at Troy) arise from tropical cyclones—
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hurricanes, tropical storms, tropical depressions—
during the summer and fall, and from nor’easter storms
during winter and early spring. Coastal storm surges
have caused damage in the past, and based on their
historic frequency and severity of occurrence, these
hazards have been quantified for the historic record.!!

Climate change, especially its effect on sea level rise,
will significantly raise coastal storm-surge hazard levels,
as described in Chapter 1, “Climate Risks.” Many near-
shore transportation systems are at risk already (e.g., to
coastal storm surges that reach the 100-year base flood
elevations in coastal zones as currently mapped by
FEMA). Sea level rise will increase the probability of
flooding dramatically. Projections show!? that the storm
elevations now reached by the 100-year flood (i.e., a 1-
percent annual probability of occurrence) will be
reached before the end of the century by a flood with an
approximately 3 to 10 percent annual probability of
occurrence—about a three- to ten-fold increase. These
changes will require the flood maps in near-shore areas
to be updated to reflect new flood elevations that
account for sea level rise. The flood-risk zones will need
to be extended farther inland accordingly. These
updates will place many transportation facilities that are
currently safely located above and/or outside designated
flood zones and related flood elevations within the
newly assessed coastal flood zones. Additional details
are discussed in Case Study A.

Sea level rise will eventually inundate low-lying areas
permanently if no mitigation or adaptation measures are
taken, and it may also accelerate saltwater intrusion in
some areas. For most transportation facilities, the
increased coastal storm surge hazard, however, will
dominate over these permanent inundation hazards for
most of this century.

9.2.4 Other Climate Factors

Additional climate hazards that impact the
transportation sector are extreme storms events and
droughts. These hazards and how they are projected to
change in the future are described here.

Increased Storm Intensities

While it is unclear whether the total number of storms
(hurricanes, nor’easters, thunderstorms, tornados,
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wind storms) will significantly change, it is more likely
than not that the most extreme hurricanes and
nor’easters will become more frequent. (see Chapter 1,
“Climate Risks,” and Chapter 5, “Coastal Zones”). The
increase in intensity will affect air transportation: More
storms (of any kind) may increase the number of
delayed or cancelled flights, cause the temporary
shutdown of airports, and/or result in flight detours to
alternate airports. High winds may result in more
frequent temporary closures or restricted use of larger
bridges.

Intense storms redistribute existing sediments in the
periodically dredged New York Harbor and Hudson
River shipping lanes and bring increased sediment loads
into them. These processes may increase the frequency
of needed dredging operations. On the other hand, sea
level rise tends to increase the available water depth.
However, sediment transport in the Hudson and New
York/New Jersey harbor is not sufficiently understood,
and the understanding of sediment transport for these
waterways under future climate conditions is even less
well understood. Thus, it is not known whether
sediment clogging or sea level rise will dominate over
time or over which spatial distribution.

Urban Flash Flooding and Inland River Flooding

ClimAID projections show that the number of days per
year with extreme precipitation (e.g., more than 2
inches per day) is likely to increase.” Projections for
annual average precipitation rates (inches per year),
however, show no clear trends in New York State for
some time. An increase in extreme precipitation events
will increase the hazards for urban and river flooding,
with associated risks for transportation in cities and in
rural areas along many rivers. This will necessitate
increases in street stormwater drainage and processing
peak capacity and/or result in environmentally
undesirable combined sewer overflow events in those
communities (including New York City) where street
runoff is channeled into the public sewage system. The
scouring potential for bridge foundations in some rivers
is also likely to increase.

Droughts and Great-Lakes Climate Effects

Droughts can affect New York State’s transportation
systems in several ways. Extended droughts may lower
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the water levels of the Great Lakes and canals, and
reduce the shipping capacity to the Atlantic coast via
the St. Lawrence River Seaway (Millerd, 2007). For the
Great Lakes, climate change is expected to result in
lower water levels, higher surface water temperatures,
and shorter duration of ice cover—all of which will
affect shipping.

To maintain sufficient water depth along shipping
routes (i.e., keel clearances), vessels may need to
reduce the total weight of cargo carried on each voyage
to mitigate the effects of reduced water levels. On
average, shipping between Lake Ontario and Montreal
(passing through the Welland Canal that connects
Lake Ontario and Lake Erie) amounts to about 2,700
transits, carrying about 31 million tons per year.
Transporting a given weight of a commodity with
reduced under-keel clearance will require additional
trips, thus increasing total shipping costs. Lake Erie’s
water level has been projected to decrease by 1.97 feet
by 2030 and 2.62 feet by 2050, using the Canadian
Centre for Climate Modelling and Analysis (CCCMA)
climate model, and by 4.59 feet assuming stabilization
of atmospheric carbon dioxide concentration after it
doubles (Millerd, 2007). The water level of Lake
Ontario has been projected to drop by 1.15 feet by
2030 and by 1.64 feet by 2050, and by 4.27 feet under
the same stabilization conditions (these lake level
changes are relative to the International Great Lakes
Datum of 1985.) The decrease in load capacity from
these reduced water levels in the navigable channels
may require an increase in the number of trips needed
to ship the same tonnage, resulting in increased
shipping costs. For example, the cost to ship grain
under these lower-water conditions is projected to
increase by 5 to 10 percent per ton of grain.

On the other hand, a warming climate may increase
the shipping season since the duration of ice cover in
the winter will be shortened. Ice breaking is currently
shared between two Canadian and one U.S. Coast
Guard ice breaker. Due to warmer temperatures, the
time at which winter ice is cleared at the beginning of
the shipping season may occur earlier, but no
quantitative estimates are currently available. The
closure of shipping in the winter has been used in past
decades for lock maintenance of the Welland Canal. If
year-round shipping becomes possible, then consistent
twinning (doubling up the number of locks in each
direction) may be needed to allow maintenance
without impeding shipping.

ClimAID

Droughts can also affect land transportation by leading
to fires along railroad tracks and interstate and state
highways. They can cause temporary closures, traffic
delays, and slowdowns, and can increase highway traffic
accidents because of reduced visibility (apart from

undesirable pulmonary health effects; see Chapter 11,
“Public Health”).

Extended droughts may affect the availability of water
for washing buses and mass transit rolling stock fleets—
a water-intensive operation. These activities may be
curtailed during extended droughts that lead to water
shortages. Measures to mitigate this consequence may
include recycling gray water.

9.3 Vulnerabilities and Opportunities

Earlier reports have addressed the vulnerabilities of
transportation systems to climate change on national,'*
regional,” and some New York City!® scales. The national
and regional reports provide an excellent background to
major vulnerabilities, but need to be modified for
statewide climate projections and transportation systems
across New York State. Lessons learned from extreme
weather events at other locations across the United
States (e.g., Hurricane Katrina and other major storms
along the Gulf Coast)!” and Canada (e.g., the ice storm
of 1998) 18 also provide useful information for New York,
if modified to meet the needs of the state. This section of
the CLHmAID analysis addresses climate change
vulnerabilities of transportation systems by mode of
transportation. In Section 9.4 the risks from climate
change are described from the perspective of the type of
climate hazards. For each transportation mode, it is
important to distinguish between the vulnerabilities of
operations and those of physical assets. Information on
generic vulnerabilities to climate change is largely based
on the Transportation Research Board’s report on the

potential impacts of climate change on the transportation
sector in the United States (TRB, 2008a).

9.3.1 Ground Transportation

One specific area of the transportation sector that is
vulnerable to climate is ground transportation. This
section discusses the vulnerabilities of ground
transportation systems, which include roads, highways,
and railways.



Chapter 9 * Transportation

Roads and Highways (including bridges, tunnels,
drainage, and signal systems)

The physical assets and structures of the transportation
system are vulnerable to climate change amplified
precipitation and flooding and related erosion of road
embankments near inland rivers and streams. Gradually
increasing severe coastal storm surge flooding (because
of anticipated sea level rise) along coasts and estuaries,
including the tidal portions of the Hudson River, also
put transportation structures at risk. Heavy rains can
also cause mud and landslide hazards. High
temperatures require heat-resilient asphalt mixtures for
road and highway pavements.

There are also a number of other structure-related
vulnerabilities. Drainage systems may have insufficient
capacity to cope with the heavier precipitation events.
Bridge foundations in some streams will likely
experience increased scour potential. Clearances of
some bridges across waterways subject to sea level rise
may be diminished below the limits set by the U.S.
Coast Guard or other jurisdictions. Bridge access ramps,
tunnel entrances and ventilation shafts, and highway
beds may need to be raised in coastal zones to prevent
frequent coastal storm-surge flooding, amplified over
time by sea level rise. The same hazards may make
ineffective the collision fenders protecting bridge
foundations in navigable rivers from impacts of ships or
barges during high-water events; the fenders may have
to be vertically extended to accommodate sea level rise
(e.g., for the Tappan Zee Bridge!” main span, relying on
the buoyancy of caissons vulnerable to impact by out-of-
control ships or barges). Road surface materials and
bridge decks will need to be resilient to virtually certain
higher and more frequent peak temperatures. Roadbeds
and surfaces may experience winter temperatures nearer
the freeze and thaw cycle, rather than steady below-
freezing conditions (TRB, 2008a).

For highway operations and construction activities,
more extreme weather events will increase traffic
interruptions, may increase the number of extreme-
weather-related traffic accidents, and may slow down
or interrupt summer construction activities at
temperatures above 105°F largely because of worker
heat exhaustion. Heat-resistant pavements will need to
be used where they were not needed before as the
number of days per year with average temperatures
above certain thresholds increases substantially
(Chapter 1, “Climate Risks”). Power outages during
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summer heat waves may affect signals, and hence slow
traffic, especially in urban areas.

Freezing rains at higher elevations are more likely than
not to become more frequent, and so may snow hazards,
mostly in western New York. Both snow and freezing
rains, however, may diminish in the southern portions of
the state and along the coast, thereby reducing snow
removal and salting costs. Closures of roads due to
wildfires and related diminished visibility from smoke
during extreme and extended droughts are likely to
increase in frequency and geographic extent. High
winds are likely to require more frequent temporary
closures of major bridges, may cause more damage to
traffic signs, and may call for increased fallen-tree and
debris removal from roads and highways.

Coastal evacuation routes may have to be prepared to
accommodate reverse traffic flow to speed up
evacuations out of coastal flood zones by using all traffic
lanes to direct flow from coastal to safe inland or higher
locations. Road tunnels and sub-grade underpasses in
coastal areas and other flood-prone zones relying on
pumped drainage will very likely need increased pump
capacity and back-up power, especially if they serve as
designated evacuation routes and/or need to stay open
for first-responder emergency services.

Railways (subways and commuter, passenger, and
freight railroads)

Rail systems in coastal zones and tidal estuaries are
subject to storm surges, whether at grade or partially
elevated, or running in tunnels below grade and/or
below sea level when crossing bodies of coastal or
estuary waters. These vulnerabilities will become ever
more amplified by sea level rise. To reduce or remove
these vulnerabilities in the coastal and estuary zones will
require large long-term investments and, in some
instances, either vertical or even horizontal relocation.
For the latter option, this may require new rights-of-way
and related land-use decisions for communities served
by rail services.

Vulnerabilities to flooding, washouts and erosion, mud-
and landslides in steep terrain of some railroads running
along inland rivers and streams, and insufficient or
marginal drainage capacity of culverts and catch basins
will need attention. Increased river flooding is not
always due to more extreme climate events, but can be
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caused by changed land use, i.e., developments that
increase rapid runoff and reduce infiltration of rain into
natural ground cover and soils.

Extreme heat events also increase the vulnerability of
railroads. Extreme heat can cause rail buckling. Routes
along wooded areas may see increased wildfire hazards
during extended droughts and heat waves. Power and
related signal and/or communication failures during
heat waves, floods, or windstorms can contribute to
interruptions in rail and commuter services, with related
economic effects.

In the New York City metropolitan area, coastal
emergency evacuation plans partly rely on mass transit
to provide evacuation capacity in the hours before
severe coastal storms make landfall.

9.3.2 Aviation

Another area of the transportation sector that is
vulnerable to climate is aviation. Vulnerabilities to
aviation structures and facilities and operations are
discussed in this section.

Structures and Facilities

Airports and related technical aviation facilities located
in coastal areas at low elevations (e.g., La Guardia,
Newark, JFK) and serving the greater New York City
metropolitan region are all to some degree vulnerable
to coastal storm-surge flooding amplified over time by
sea level rise. Existing flood-protection levees (e.g., for
LaGuardia) may have to be raised or new ones installed,
to the extent that raised levee elevations are compatible
with the clearance height required for takeoffs and
landings. Over time, some runways and other airport
facilities located at low elevations above sea level, such
as fuel-storage farms, terminals, sewage treatment
plants, and maintenance sheds, may have to be raised or
protected in place to keep up with sea level rise and
increased coastal storm-surge hazards. Drainage of
runways is generally designed such that it is likely to
keep up with increased intense precipitation events.

More frequent weather-related power failures might
require improved back-up capacity at airports. Runway
materials will need to resist higher and more frequent
peak temperatures. Indoor airport facilities may need

ClimAID

additional air conditioning capacity to deal with more
extreme hot days. To determine effective adaptation
strategies, each facility will need to conduct its own
evaluation to assess its respective vulnerabilities (see

TRB, 2008a).

Operations

Aviation operations will more likely than not have to
cope with more severe weather conditions (high winds,
thunderstorms,  extreme  precipitation,  high
temperatures) that generally lead to flight delays,
cancellations, or detours to unscheduled landing
destinations. These outcomes have economic
implications for airlines, airports, and travelers alike.
Loaded planes waiting excessive times for takeoff under
extreme heat conditions can cause passenger discomfort
and health emergencies. Extreme high air temperatures
reduce the lift capacity of planes during takeoff and
landing (TRB, 2008a), thus requiring, in some locations,
longer runways, lower passenger or freight loads, or lower
fuel loads that reduce distance range and reserve safety
margins. In-flight icing conditions or deicing needs
before takeoff could become more acute for airports and
flight routes, especially in western and central New York.

9.3.3 Marine Transportation, Hudson River,
and Great Lakes/St. Lawrence River Seaway
Shipping

In coastal and estuary ports, including along the tidal
portions of the Hudson River, vulnerabilities to coastal
storm surges, amplified over time by sea level rise, will
need to be assessed and addressed. Sea level rise, tides,
and coastal storm surges propagate up the Hudson
River estuary to Albany and the Federal Dam in Troy.
The magnitude of the inland effects of sea level rise on
the estuary is the same as for the coast; the inland
effects of storm surge and tides decrease very little in
force and amplitude.?° This virtually certain increase in
hazard related to sea level rise may affect pier heights,
base elevation of loading cranes, power supply
substations, access roads and rail tracks, open air storage
(for containers or automobiles), and warehouse facilities
located at low elevations along all shores subject to
tides. In particular, the frequency of the 1-in-10-year
coastal flood may triple over the next century,
depending on sea level rise (see Chapter 1, “Climate

Risks”, and Chapter 5, “Coastal Zones”).
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On the other hand, for Great Lake ports (and related
St. Lawrence River Seaway shipping lanes), increased
lake evaporation under severe and prolonged drought
conditions and extended heat waves are likely to lower
the lake levels to such a degree that it may impede
shipping capacity to the Atlantic Ocean and, via out-of-
state routes, to the upper Great Lake states and
Canada.”! During extended droughts, the canal and
lock systems in central, western, and northern New
York, which currently serve largely recreational
purposes (Erie-Mohawk and St. Lawrence-Lake
Champlain-Hudson systems), may also not be able to
accommodate as much traffic in the future as a result of
periodic water scarcity needed to operate the locks. On
the benefit side, the expected climate warming is likely
to prolong the ice-free shipping season on the Great
Lakes and St. Lawrence Seaway and make the navigable
portions of the Hudson River less prone to the ice floes
or shore-to-shore freezes that occurred more commonly
in past centuries and on occasion interrupted the
transport of fuel and other supplies to Albany and mid-
Hudson terminals.

9.4 Adaptation Strategies

Adaptation to climate change involves a complex
multi-dimensional array of options (See Chapter 2,
“Vulnerability and Adaptation”). Typically adaptation
is specific to a particular mode of transportation and to
the specific climate hazards that pose the threats.
Options may differ across the geographical, land use,
and climatic zones within the state. They can differ in
scale and granularity, from statewide to regional to local
and site-specific solutions. Short-, medium-, and long-
term solutions must be balanced against each other.
Adaptation should be risk-based and consider benefits
versus costs. In this context, the questions of who pays
the costs and who gets the benefits raises social and
environmental (and intergenerational) justice issues
with fiscal, economic, and ecological consequences (see
Chapter 3, “Equity and Economics”). How and where
current investments in infrastructure are planned,
engineered, and constructed affects their future
vulnerabilities. If existing infrastructure is not upgraded
and adapted to the new demands posed by climate
change (just as infrastructure needs periodic upgrades to
demographic and economic demands) it will put the
neglected regions, their economies, and, in the worst
cases, lives in jeopardy.
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Transportation adaptation strategies are intertwined
with land-use issues. The question of whether land use
leads to transportation demands or transportation
capacities lead to land use must be approached
holistically (TRB, 2008a). Land use has implications for
both climate change mitigation (i.e., limiting greenhouse
gas emissions) and for climate change adaptation (e.g., of
transportation corridors along flood