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Preface
There is strong consensus in the international scientific community that climate change is occurring and that
the impacts are already being felt in some regions (see, for example, the recent Third Assessment Report of the
Intergovernmental Panel on Climate Change). It is also widely accepted that, even after introducing significant
measures to reduce greenhouse gas emissions, some additional degree of climate change is inevitable, and this
will have economic, social and environmental impacts on Canada and Canadians.
It is possible to reduce our vulnerability to climate change. An effective response involves the reduction of
greenhouse gas emissions, as well as adaptation to the impacts resulting from a changing climate. Reducing
greenhouse gas emissions will decrease both the amount of climate change and the rate of change, so that
effective adaptation can occur more easily. Adaptation refers to activities that minimize the negative impacts
of climate change, and position us to take advantage of new opportunities that may be presented.
The report Climate Change Impacts and Adaptation: a Canadian Perspective presents a brief summary of
research in this field over the past five years, as it relates to Canada. Results of research supported by the
Government of Canada’s Climate Change Action Fund (CCAF) are highlighted in boxes within each chapter
of the report.
This chapter focuses on the impacts of climate change on transportation in Canada, and the role of adaptation
in reducing vulnerabilities and capitalizing on potential opportunities. At the same time, it must be recognized
that adaptation decisions taken with respect to transportation will have important implications for other sectors, including fisheries, the coastal zone, tourism and human health. A complete assessment of transportation
impacts and adaptation options should therefore take into consideration issues raised within other chapters
of this report.
Please direct inquiries to:
Climate Change Impacts and Adaptation Directorate
Natural Resources Canada
601 Booth Street
Ottawa, Ontario, K1A 0E8
or via e-mail to dlemmen@nrcan.gc.ca

Chapters are available online at:
www.adaptation.nrcan.gc.ca/perspective_e.asp

ransportation is essential to our well-being. Canadians

“T

need a reliable, safe and sustainable transportation
system to connect our communities, and to connect
us with our trading partners.”(1)

Transportation industries account for approximately
4% of Canada’s gross domestic product, and
employ more than 800 000 people.(2) However,
these statistics vastly understate the importance
of transportation in this country because of the fact
that private cars and trucks account for a large proportion of both passenger and freight movements.
When commercial and private transportation are
considered together, more than $150 billion a year,
or one in every seven dollars spent in Canada, goes

to pay for transportation.(2) Overall, it is difficult to
overestimate the importance of transportation to
Canadian life.
The scale and use of Canada’s road, rail, water and
air transportation systems are shown in Table 1.
It has been estimated that the road system alone
has an asset value approaching $100 billion.(5)
The dominant modes of transportation, as well
as the role of transportation in the economy, vary

TABLE 1: Canadian transportation system (data from references 2, 3, and 4)
Mode

Component

Activity (annual statistics based on most recent
year available)

Road

Length of roads1: 1.42 million km
Registered motor vehicles: 17.3 million (16.6 million
cars and other light vehicles; 575 000 heavier trucks)
Service stations: 16 000

Light vehicle movements2: 282 billion vehicle-km
Freight movement3 by Canadian-based carriers:
165 billion tonne-km
Trans-border crossings by truck: 13 million

Rail

Rail network: 50 000 km

Freight movements3 by Canadian railways:
321 billion tonne-km
Passenger movements4 on VIA Rail: 1.6 billion
passenger-km

Air

Airports: 1716, including the 26 airports in the
National Airports System (NAS)
Aircraft: 28 000

Domestic (within Canada) passenger traffic:
26 million passengers
International passenger traffic (including U.S.):
33 million passengers
Value of air-cargo trade: $82 billion

Water

Ports: 18 operating under Canada Port Authorities
plus hundreds of regional/local ports and
fishing/recreational harbours
Commercial marine vessels: 2170

Freight handled by Canada’s ports: 405
million tonnes
Ferry passengers: 40 million

Urban Transit

Urban transit fleet (buses and rail vehicles): 14 300

Number of passengers: 1.5 billion

1

two-lane equivalent (e.g., a four-lane highway that extends 100 km is counted as 200 km)
one vehicle-km represents one vehicle traveling one km
3 one tonne-km represents one tonne being transported one km
4 one passenger km represents one person being transported one km
2
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from one region to another. For example, more
than 60% of Canada’s trade with the United
States moves through Ontario, primarily by truck.
In contrast, trade with other countries is primarily
by ship, with rail lines providing vital links
between areas of production and coastal ports.(3)
For passenger movements, Canadians everywhere
rely on private automobiles for short and medium
trips, but air traffic dominates interprovincial
and international movements, and public transit
is primarily a large-city phenomenon. Assessing the
vulnerability of transportation in Canada to climate
change is an important step toward ensuring a safe,
efficient and resilient transportation system in the
decades ahead. Our present system is rated as one
of the best in the world.(6) Despite this, transportation in Canada remains sensitive to a number of
weather-related hazards, as illustrated by recent
examples (Table 2). Future climate change of the
magnitude projected for the present century by the
Intergovernmental Panel on Climate Change (IPCC),
specifically an increase in global mean annual
temperature of 1.4 to 5.8°C,(15) would have both
positive and negative impacts on Canada’s transportation infrastructure and operations. These

impacts would be caused by changes in temperature and precipitation, extreme climate events
(including severe storms), and water level changes
in oceans, lakes and rivers. The main sensitivities
of Canada’s transportation system to such changes
are summarized in Figure 1.
This chapter examines recent research on climate
change impacts and adaptation in the Canadian
transportation sector, recognizing that this represents a relatively new field of study, particularly
compared to sectors such as water resources, agriculture and fisheries (other chapters of this report).
An overview of potential impacts of climate change
on transportation infrastructure and operations is
followed by an examination of adaptation issues
related to design and construction, information
systems, and the need for a more resilient and
sustainable transportation system. Discussion is
largely restricted to Canada’s road, rail, air and
water systems, although the transportation sector,
in the broadest sense, includes such other infrastructure as pipelines, energy transmission and
communication networks.

TABLE 2: Examples of weather-related transportation sensitivities
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2001–2002

A mild winter with reduced snowfall in southern Ontario and Quebec saved the insurance industry millions of
dollars from road-accident claims.(7)

2000

On January 21, a storm surge caused extensive flooding in Charlottetown and other communities along the
Gulf of St. Lawrence coastline in Prince Edward Island, New Brunswick and Nova Scotia.(8)

1999

On September 3, a fog-related crash involving 87 vehicles on Highway 401 near Chatham, Ontario resulted
in 8 deaths and 45 injuries.(9)

1999

A dry spring in 1999 contributed to extensive forest fires and temporary road closures throughout northwestern
Ontario, beginning in May.(10)

1998

The January ice storm in southern Quebec, eastern Ontario and the Maritimes restricted mobility for up to several
weeks due to downed power lines, broken and uprooted trees, and slippery roads.(11)

1997–1998

Due to warmer temperatures, the Manitoba government spent $15–16 million flying in supplies to communities
normally served by winter roads.(12)

1997

The December 16 crash of Air Canada flight 646 in Fredericton was blamed on a mixture of regulatory and human
weaknesses, compounded by fog.(13)

1996–1997

A series of winter storms affected Vancouver Island, the Lower Mainland and the Fraser Valley from
December 22 to January 3. Extremely heavy snowfall, up to 85 cm in a single 24-hour period, paralyzed
road, rail and air infrastructure.(14)
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FIGURE 1: Possible implications of climate change for Canada’s transportation system (modified from reference 16)

Moderate High

Increase in storm frequency and severity
Increase in precipitation intensity

Increase in mean temperature
Sea level rise

Confidence Level 1

Change in temperature extremes (increase
in summer, decrease in winter)
Changes in mean precipitation

Low

EXPECTED CHANGES IN CLIMATIC VARIABLES

POTENTIAL IMPACTS ON TRANSPORTATION SYSTEMS

NATIONAL IMPACTS

NORTHERN CANADA

• Changes in fuel efficiencies and payloads 2
• Changes in length and quality of construction season 2
• Impacts on health and safety (e.g., accidents, access
to services) 2
• Changes in transportation demand and competition 2

• Increased Arctic shipping (Northwest Passage)
• Infrastructure damage from permafrost degradation
and increase in freeze-thaw cycles
• Changes to maintenance and design practices 2

SOUTHERN CANADA
•
•
•
•
•
•
•

Inundation and flooding of coastal infrastructure (Atlantic and Pacific)
Increased costs of shipping in Great Lakes-St. Lawrence
Increased landslide/avalanche activity (reduced mobility, increased maintenance costs)
Increased flooding of inland infrastructure
Changes in winter maintenance costs for surface and air transport 2
Decreased damage from fewer freeze-thaw cycles 2
Changes to maintenance and design practices 2

1

Refers to agreement among global climate models as per IPCC (15)

2

Refers to potential impacts with limited or no completed climate change studies on the topic
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service life. Although our current system is quite
robust, future weather conditions may reach or
exceed the limits of tolerance for some parts of
the system. In other cases, a warmer climate may
translate into savings for those who build, maintain
and use Canada’s transportation infrastructure.

Previous Work
“Nationally, the net effect of climate change
on transportation would likely be positive.…
Vulnerabilities and potential impacts vary
regionally, however.” (17)
Interest in the implications of climate change
for transportation infrastructure and operations
is growing internationally.(18, 19) The first general
assessment of climate change impacts on transportation in Canada was undertaken in the late
1980s,(20) and focused mainly on sensitivities
and expert opinion. In the late 1990s, Andrey and
Snow(17) conducted a more comprehensive review
of literature, as part of the Canada Country Study.
Andrey and Snow(17) concluded that it is difficult to
generalize the effects of climate change on Canada’s
transportation system, since impacts are certain to
vary by region and mode. Some northern settlements
and coastal regions would face serious challenges
associated with changes in temperature and sea
level, whereas milder winters would present some
benefits for transportation in the more populated
parts of Canada. All modes of transportation considered (automobile, truck, rail, air and coastal marine)
were expected to face new challenges, as well as
some reduced costs. Andrey and Snow(17) also
reported a growing awareness by public agencies
and private companies of the need to consider adaptive strategies related to design and/or operational
practices in response to changing conditions.

Impacts on Transportation
Infrastructure
“All modes of transport are sensitive to weather

Surface Transportation Issues Related
to Changes in Temperature
There is strong evidence that both minimum
and maximum temperatures have been warming
in most of Canada over the past 50 years,(21)
and that changes in temperature distributions are
expected to continue throughout the present century. The associated impacts of these changes on
transportation infrastructure will vary regionally,
reflecting differences both in the magnitude of
climate changes, and in environmental conditions.
For example, infrastructure in northern regions of
Canada (discussed separately below) is particularly
sensitive to warming temperatures. In general,
there is expected to be an increase in the frequency
of extreme hot days in most regions of Canada,
and a decrease in the frequency of extreme cold
days.(15) Overall, the effects of changes in temperature will likely be more pronounced in winter,
when future warming is projected to be greater
than during the summer months.
An increase in the frequency and severity of hot
days raises concerns that Canada’s roads could
experience more problems related to pavement
softening and traffic-related rutting, as well as the
migration of liquid asphalt to pavement surfaces
(flushing and bleeding) from older or poorly constructed pavements. Asphalt rutting may become
a greater problem during extended periods of summer heat on roads with heavy truck traffic, whereas
some flushing could occur with older pavements
and/or those with excess asphalt content. These
problems should be avoidable with proper design
and construction, but at a cost.(22)

and climate to some extent” (17)
Roads, railways, airport runways, shipping
terminals, canals and bridges are examples of
the facilities and structures required to move
people and freight. Climate and weather affect
the planning, design, construction, maintenance
and performance of these facilities throughout their
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Cold temperatures in winter are currently a much
greater concern for transportation in Canada than
summer heat. Cracking of pavements related to
low-temperature frost action and freeze-thaw cycles
is a well-recognized problem in most of southern
Canada. The 1992 Royal Commission on National
Passenger Transportation concluded that environmental factors account for the greatest portion of
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pavement deterioration, up to 50% of deterioration
on high-volume roads and as much as 80% on
low-volume roads.(23) Premature deterioration of
road and runway pavements is related to high
frequencies of freeze-thaw cycles, primarily where
subgrades are composed of fine-grained, saturated
material.(24) Southern parts of Canada may experience fewer freeze-thaw cycles as a result of climate
change,(25) and thus experience less frost damage
to pavements. By contrast, in northern areas, pavement structures presently stay strong throughout the
winter because the subgrade remains frozen until
spring.(22) Milder winters, with more freeze-thaw
cycles, would accelerate road deterioration and
increase maintenance costs in northern areas.
On the other hand, an increase in winter thaws
in these areas could be at least partially offset
by fewer springtime thaws. At present, there is a
solid understanding of the physical processes at
work, but a detailed inventory and assessment
of the vulnerability of Canada’s road system
to changes in freeze-thaw cycles is required to
estimate the net effects and to begin developing
adaptive strategies for new or reconstructed roads.
Rail infrastructure is also susceptible to temperature extremes. Railway track may buckle under
extreme heat, and this has been suggested as a
possible contributing factor in the July 29, 2002
Amtrak rail incident in Maryland.(26) As with roads,
extreme cold conditions are currently more problematic for railways than severe heat, and result
in greater frequencies of broken railway lines and
frozen switches, and higher rates of wheel replacement. On balance, it is expected that warming will
provide a modest benefit for Canadian rail infrastructure, except in regions underlain by permafrost
(as discussed in the next section). It should be
emphasized, however, that there has been very
little research on climate change impacts on rail
infrastructure in Canada.

12 consecutive months) underlies almost half of
Canada(27) and provides important structural
stability for much of our northern transportation
infrastructure. This includes all-season roads,
airstrips and some short-line rail operations, such
as the OmniTRAX line to the Port of Churchill in
Manitoba. Degradation of permafrost as a result
of climate warming will result in increased depth
of the seasonal thaw layer, melting of any ice that
occurs in that seasonal thaw zone, and warming
of the frozen zone, which reduces its bearing
capacity. Paved runways are likely to be among the
structures most vulnerable to permafrost changes,
as they readily absorb solar energy, further contributing to surface warming.
Ice roads, which are constructed by clearing a
route across frozen ground, lakes or rivers, play
an important role in northern transportation, both
for community supply and for resource industries
(Figure 2). Although the operating window varies
from location to location and year to year, these
roads are typically used from November-December
to March-April. Milder winters, as projected under
climate change, would shorten the ice-road season
by several weeks(28) unless additional resources
were available to apply more intensive and
advanced construction and maintenance techniques. In 1998, higher than normal temperatures
led to the closure of the winter road to Fort
Chipewyan, and the Alberta government had
to help residents of the town obtain critical supplies.(29) A shorter ice-road season may be partially
offset by a longer open-water or ice-free season
in areas accessible by barge. However, given the
current limitations of monthly and seasonal climate
forecasts, planning for barge versus winter-road
transport is likely to be imperfect. Furthermore,
the port infrastructure and services in some regions
may be inadequate to handle increased use, and

FIGURE 2: Ice road in Yellowknife

Issues Related to Temperature
Change in Northern Regions
Climate warming raises a number of issues for
transportation infrastructure that are unique to
northern Canada, where the most significant warming is expected and where the physical landscape is
highly sensitive to temperature changes. Permafrost
(ground that remains below 0°C for more than

Photo courtesy of Diavik Diamond Mines Inc.
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many areas that currently rely on ice roads, such
as the diamond-mining region of the Northwest
Territories, are landlocked and cannot take
advantage of barge transport.
Thus, warmer temperatures associated with climate
change could create new challenges for economic
development in some northern regions.

Infrastructure Issues Associated
with Changes in Precipitation
The impacts of climate change on future precipitation patterns are much less certain than those
on temperature, due in part to the highly variable
nature of precipitation and limited ability of current
climate models to resolve certain atmospheric
processes. It is thought, however, that annual
precipitation is likely to increase over much of
Canada, with an increase in the proportion of
precipitation falling as rain rather than snow in
southern regions. In the past, there have been
many examples of damage to transportation infrastructure due to rainfall-induced landslides and
floods. For example, a 1999 debris flow in the
Rocky Mountains, thought to have been caused
by a localized rainfall event, blocked traffic on the
Trans-Canada Highway for several days during the
tourist season.(30) In 1997, a mudslide in the Fraser
Canyon washed out a section of Canadian National
Rail track, derailing a freight train and killing two
crewmen (reference 31, see Figure 3).

Maintenance Costs Associated
with Snow and Ice

In Canada, provincial and local governments
together spend about $1.3 billion annually on
activities related to snow and ice control on public
roadways. These include the application of abrasives (sand) and approximately 5 million tonnes of
road salt, snowploughing and snow-bank grading,
and the construction of snow fences.(39, 40)
Empirical relationships between weather variables
and winter maintenance activities indicate that less
snowfall is associated with reduced winter maintenance requirements.(41, 42) Thus, if populated areas
were to receive less snowfall and/or experience

Photo courtesy of S. Evans
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Future increases in the intensity and frequency
of heavy rainfall events(35) would have implications
for the design of roads, highways, bridges and
culverts with respect to stormwater management,
especially in urban areas where roads make
up a large proportion of the land surface.(36)
Precipitation and moisture also affect the weathering of transportation infrastructure, such as bridges
and parking garages. Accelerated deterioration
of these structures may occur where precipitation
events and freeze-thaw cycles become more
frequent, particularly in areas that experience
acid rain.(37, 38)

Governments and industries spend large sums
of money responding to Canada’s harsh winter
climate. As such, there is general optimism that a
warmer climate would reduce costs related to snow
and ice control on surface transportation routes,
and de-icing of planes.

FIGURE 3: Derailed CN Railway train caused by
landslide in the Fraser Canyon

6

If the timing, frequency, form and/or intensity of
precipitation change in the future, then related natural processes, including debris flows, avalanches
and floods, would be affected. For example, there
are concerns that future changes in hydroclimatic
events, particularly extreme rainfall and snowmelt,
could result in more frequent disruptions of the
transportation corridors in the mountains of
western Canada as a result of increased landslide
frequency.(32) Similar concerns exist about the stability of areas underlain by clay-rich sediment in parts
of eastern Ontario and southern Quebec.(33) In addition to affecting roads and railroads, other critical
infrastructure (e.g., pipelines) is also vulnerable to
precipitation-triggered slope instability (see Box 1).
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BOX 1: Effect of slope instability on
linear infrastructure (34)
Changes in the duration, amount and intensity
of precipitation have the potential to increase ground
movement and slope instability. This soil movement
could, in turn, threaten the structural integrity of
linear infrastructure, including pipelines, roads and
railroads, by placing additional strain on these
structures. In this study, researchers examined the
integrity of pipelines in western Canada by using a
modelling approach to predict the effect of changes
in precipitation on slope movement rates. Results
allowed the identification of critical thresholds
that will help industry and government regulators
plan for potential impacts of climate change.

costs. For example, a series of winter storms,
associated heavy snowfalls and extremely cold
temperatures affected southern Ontario during the
month of January, 1999.(43) In terms of the number
of people affected, impaired mobility was the most
significant impact. Repeated snowfalls exceeded
the capacity of existing systems to maintain reliable
air, road, rail and subway transportation services.
Estimated economic losses, based on information
from several government agencies and businesses,
were more than $85 million. Organizations that
coped well during the event cited the benefits of
previous experience dealing with emergency
situations and the ability to implement contingencies that reduced their reliance on transportation.
Transportation authorities have generally responded
to the event by redesigning their systems to
withstand a higher threshold of winter hazard.
Rail companies also have winter operating plans
and procedures for dealing with winter weather
that cost millions of dollars each year. These
include such measures as snow removal, sanding
and salting, track and wheel inspections, temporary
slow orders and personnel training. While milder
or shorter winters are expected to benefit rail operations, this conclusion is based on limited research.
For air transport, “up to 50 million litres of chemicals are sprayed onto aircraft and runways around
the world each year to prevent the build-up of ice
on wings and to keep the runways ice-free.”(44)
The main chemicals used in Canada are glycols for
plane de-icing and urea for keeping airport facilities
clear of snow and ice. Experts are optimistic that
a warmer climate is likely to reduce the amount of
chemicals used, thus reducing costs for the airline
industry,(44) as well as environmental damage
(e.g., water pollution) caused by the chemicals.

Photo courtesy of I. Konuk

Repaired pipeline

fewer days with snow, this could result in substantial savings for road authorities. There could also
be indirect benefits, such as less salt corrosion of
vehicles and reduced salt loadings in waterways,
due to reduced salt use. However, studies to date
on this topic do not represent all climatic regions
of Canada. Nor do they account for possible
changes in storm characteristics, such as icing.(43)
It is well recognized that individual storms can
account for a large percentage of total seasonal
costs.(43) A succession of storms, in which the
impacts are cumulative, can also result in substantial

Finally, for marine traffic, icebreaking services
constitute a major activity of the Canadian Coast
Guard, and include organizing convoys and escorting ships through ice-covered waters, providing
ice information and routing advice, freeing vessels
trapped in ice and breaking out harbours.(22) If ice
coverage and thickness are reduced in the future,
vessels working in the same regions may require
less ice-breaking capacity, which could save
millions of dollars in capital and operation
expenditures.(45) However, additional services of
the Canadian Coast Guard may be required in the
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Canadian Arctic due to the potential for increased
marine transport through the Arctic archipelago
(see ‘Coastal Zone’ chapter). Over the past 3 to 4
decades, decreases in sea-ice extent in the Arctic
(see ‘Fisheries’ chapter) have brought increased
attention to the potential use of the Northwest
Passage as an international shipping route.(46, 47)
In fact, many believe that continued warming will
lead to substantial increases in shipping through
Arctic waters (e.g., references 47, 48). However,
although ice cover would decrease, conditions may
become more dangerous because a reduction in
seasonal ice would allow more icebergs from
northern glaciers, and hazardous, thick, multiyear
ice from the central Arctic Basin, to drift into the
archipelago.(49) Overall, the potential opening of the
Northwest Passage would present a range of new
opportunities and challenges for northern Canada,
including new economic development, sovereignty
issues, and safety and environmental concerns.

Coastal Issues Related to Sea-Level Rise
Average global sea level is expected to rise by
between 9 and 88 cm by the year 2100, with considerable regional variation (reference 15; see also
‘Coastal Zone’ chapter). Higher mean sea levels,
coupled with high tides and storm surges, are
almost certain to cause problems for transportation
systems in some coastal areas of the Maritimes,
Quebec, southwestern British Columbia and the
Northwest Territories.(50) Various inventories of vulnerable sites and structures have been completed
for Atlantic Canada (e.g., reference 8). With
even a half metre (50 cm) rise in sea level, many
causeways and bridges, some marine facilities
(e.g., ports, harbours) and municipal infrastructure
buried beneath roads would be at risk of being
inundated or damaged. For some communities,
flooding could render inaccessible key evacuation
routes, emergency services and hospitals.(51) The
replacement value of the affected infrastructure
has been estimated to be in the hundreds of millions of dollars, unless appropriate adaptations
are made over the coming decades.
Some aviation infrastructure is also vulnerable
to sea-level rise. Of the nearly 1400 certified or
registered land-based airports and helipads in
Canada, 50 are situated at five metres above sea
level or less.(52) The largest of these is Vancouver
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International Airport, which is currently protected
by dykes due to its low elevation on the Fraser Delta.
Sea-level rise could necessitate expanded protection
or relocation of some of the affected facilities.

Impacts on Transportation
Operations
Climate change could also affect transportation
operations through impacts on mobility, efficiency,
safety and demand.

Mobility and Operational Efficiency
All modes of transportation currently experience
weather-related service disruptions. For example, up
to one-quarter of all roadway delays(53) and an even
higher proportion of air delays are weather related,
according to American studies. It is virtually impossible to predict with any certainty the number of
trip cancellations, diversions or delays that would
occur under a changed climate, and what the social
costs of these would be. There is a general sense,
however, that fewer winter storms would benefit
transport operators and the public at large.
In contrast, climate change is expected to have a
negative effect on the efficiency of some freight
operations, because of reduced payloads. The
greatest concern is over shipping in the Great
Lakes–St. Lawrence seaway system. Virtually all
scenarios of future climate change project reduced
Great Lakes water levels and connecting channel
flows, mainly because of increased evaporation
resulting from higher temperatures (references 54
and 55; see also ‘Water Resources’ chapter). Several
studies on implications of reduced water levels for
shipping activities in the Great Lakes(56, 57, 58) have
reached similar conclusions: that shipping costs
for the principal commodities (iron ore, grain, coal
and limestone) are likely to increase because of
the need to make more trips to transport the same
amount of cargo. Indeed, in recent years, lake vessels have frequently been forced into ‘light loading’
because of lower water levels. For example, in
2001, cargo volumes on the St. Lawrence Seaway
were down markedly when compared to the
previous five years, due in part to low water
levels.(59) While the prospect of an extended icefree navigation season is generally beneficial for
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Great Lakes shipping, it is unlikely to offset the
losses associated with lower water levels.
Climate change may also result in reduced payloads
for other modes of transportation, although these
effects are likely to be relatively minor. Higher temperatures and especially more extreme heat days
could reduce aircraft cargo-carrying capacities,
owing to the fact that aircraft achieve greater lift
when the air is colder (i.e., more dense). Heat is
also a consideration for rail transport, since operators are sometimes forced to issue ‘slow orders’
due to heat kink dangers.(60) Also, milder winters
or wetter springs could necessitate reduced loads
on both private logging roads and public highways.
The impacts of warming on the fuel efficiency of
motorized transport have also been considered,(61)
and are expected to lead to slight increases in fuel
consumption for both road vehicles and aircraft.(22)
For cars and trucks, this is due to an anticipated
increase in air conditioner use, which would more
than offset increased efficiencies resulting from
reduced usage of snow tires and defrosting systems.
For aircraft, increased fuel consumption is expected
because warmer temperatures translate into lower
engine efficiency.

Health and Safety
Weather contributes to a large number of transportation incidents in Canada each year, including
approximately 10 train derailments and aircraft
incidents, over 100 shipping accidents, and tens
of thousands of road collisions.(2,62,63) Some people
have speculated that milder winter conditions may
decrease the number of weather-related incidents,
especially on roads, since it is well documented
that collision rates increase during and after
snowfall events. However, many snowfall-related
collisions are relatively minor ‘fender benders’.
Human health and safety concerns relate principally to injury-producing incidents, which may tend to
be more frequent under warmer weather conditions
(see Box 2).
Recent research in several Canadian cities indicates
that injury risks from transportation accidents are
elevated by approximately 45% during precipitation
events relative to normal seasonal conditions, but
that increases are similar for snowfall and rainfall.(63)
Therefore, any future shift that involves a decrease

in snowfall events and an increase in rainfall, as
suggested by most projections of future climate,(15)
is likely to have minimal impact on casualty rates.
Where precipitation events become more frequent
or more intense, however, injury risk could increase.
With respect to shipping, changes in ice conditions,
water levels and severe weather could affect the
demand for emergency response. For example,
increased traffic in the Arctic due to reduced seaice cover would likely increase the occurrence of
accidents.(49) Similarly, lower water levels in the

BOX 2: How does weather affect automobile
accidents? (64)
Ouimet et al(64) investigated the correlation
between weather variables, such as temperature,
snow and rain, and automobile accidents in the
Greater Montreal area between 1995 and 1998.
Accident rates were found to peak in the summer
months (June, July and August); fatal and severe
accidents occurred almost twice as often as
during the winter and early spring. As summer
temperatures increased, accident rates also rose.
Suggested explanations for this trend included the
seasonal variations in traffic volume, and possibly
also the effect of heat on human behaviour and
alcohol consumption.
In the winter months, adverse weather conditions
increased the risk of minor traffic accidents in the
study region. The effects of winter storms, snowfall
and cold weather on accidents were especially
pronounced on roads with higher speed limits,
and roads in urban areas.

Image courtesy of Natural Resources Canada Photo Database
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Great Lakes–St. Lawrence seaway system could
increase the risk of ships being grounded, while
higher sea levels and more severe weather could
make marine shipping conditions more hazardous.
Indirect effects on human health may result from
changes in transportation associated with climate
change. For example, access to emergency health
care may be affected by transportation disruptions,
but there is little information on these types of
issues. Relationships between air pollutants, including tailpipe emissions from cars, and air quality
and human health are addressed in the ‘Human
Health and Well-Being’ chapter of this report.

Demand for Transportation
Economic and social factors are the main drivers of
transportation demand. Because climate change is
likely to affect local and regional economies, it will
likely also have an indirect effect on transportation
demand. While it is impossible to estimate the
consequences of climate change for transportation
demand with any certainty, it seems intuitive that
climate change could affect the location and timing
of demands for transportation of specific freight
commodities, particularly those that are weather
sensitive. For instance, should the spatial pattern
of agricultural production change in response to an
extended growing season or other climate-related
factors (see ‘Agriculture’ chapter), it is reasonable
to expect some new demands for transportation to
arise and some existing ones to wane. It is also reasonable to expect that climate change will impact
tourism, regional growth, energy production and
even immigration, with implications for geographic
patterns of movement and demands on the various
modes of transportation.
In addition to climate-triggered changes in
demand, it is also important to consider transportation trends and forecasts(4) and whether these are
likely to amplify or reduce weather-related disruptions and costs. Most projections for North America
forecast greater mobility in the decades ahead, both
in an absolute sense and per capita, with road and
air travel growing most rapidly.(4) At present, both
road and air travel have a number of weather sensitivities that are likely to continue into the future.
These need to be addressed appropriately in climate
change impacts and adaptation studies, as well as
in decision-making in the transportation sector.
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Adaptation in the
Transportation Sector
“Perhaps more than any other sector, adaptive
measures undertaken in transportation will
emphasize capitalizing upon the opportunities
afforded by climate change.” (22)
The Canadian transportation sector has invested in
a large number of adaptive measures to accommodate current climate and weather variability. Many
of these responses, intended to protect infrastructure, maintain mobility and ensure safety, involve
significant expenditures but result in a robust system that is able to accommodate a wide range of
conditions, as currently experienced. Transportation
systems, however, represent long-term investments
that cannot be easily relocated, redesigned or
reconstructed. Thus, there is a need to be forward
looking and to consider not just our recent past,
but also our near- and longer term future.
Under a changed climate, the nature and range
of adaptive measures would likely change, with
costs increasing in some areas and decreasing in
others. However, current literature suggests that the
risks will be manageable, with appropriate forward
planning. Nevertheless, at this time, there is little
evidence that climate change is being factored into
transportation decisions. The following discussion
provides examples of current practices, innovations
and potential adaptations that may reduce vulnerability related to climate change. The discussion focuses
mainly on planned, rather than reactive, responses.

Design and Construction Standards
and Practices
Weather sensitivities are reflected in design and
construction standards and protocols. No matter
what the form of infrastructure, new or existing,
the transportation planning process should consider
the probable effects of climate change, potentially
building in more resilience to weather and climate.
For coastal areas threatened by sea-level rise and
storm surges, adaptations may include relocation
of facilities and redesigning and/or retrofitting
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structures with appropriate protection (see ‘Coastal
Zone’ chapter). One example of where this has
occurred is Confederation Bridge, which links
Prince Edward Island to mainland New Brunswick.
In this case, a 1 m rise in sea level was incorporated into the design of the bridge to reduce the
potential effect of global warming over the
estimated 100-year life of the bridge.(65, 66)
For asphalt-surfaced facilities, such as roads and
airstrips, temperature variations are currently considered in the selection of asphalt cements (and
asphalt emulsions for surface-treated roads). The
intent is to minimize both thermal cracking under
cold temperatures and traffic-associated rutting
under hot temperatures. To accommodate warmer
summers in southern Canada, more expensive
asphalt cements may be required, because materials
used in roadways have a limited tolerance to heat,
and the stress is exacerbated by the length of time
temperatures are elevated.(22) Although there may
be associated costs, this could be accommodated at
the time of construction or reconstruction. Changing
patterns of freeze-thaw damage are more difficult
to plan for, but innovations related to design and
construction may reduce current and future vulnerability of Canada’s road network. For example,
research conducted by the National Research

Council is addressing ways to reduce heaving
and cracking of pavement around manholes.
For transportation and other structures built on
permafrost, a number of lessons have been learned
over the past century. For example, failure to
incorporate appropriate design techniques and
regularly maintain the rail line between The Pas
and Churchill, Manitoba in the early 20th century
resulted in significant damage, as subsidence
and frost heave twisted and displaced some rail
sections.(27) Today, although construction over
or through permafrost is based on careful route
selection, most decisions do not account for future
climate change, due in part to insufficient availability
of data and maps (see Box 3). There are, however,
several options that are used to improve the longevity
of infrastructure built on permafrost. For example,
polystyrene insulation was placed under one part
of the Dempster Highway near Inuvik,(27) and the
Norman Wells pipeline, in operation since 1985,
has many unique design features to minimize disturbance in the thaw-sensitive permafrost. Another
possibility is to construct temporary facilities, which
can be easily relocated (e.g., reference 67). Again,
these practices have associated costs, but they
illustrate that capacity exists to deal with variable
climate in a highly sensitive environment.

BOX 3: Route selection in permafrost regions (68)
Higher temperatures are expected to decrease both the extent and thickness of permafrost in the Mackenzie Valley,
as well as increase the temperature of the permafrost that is preserved. All of these factors could compromise the
reliability and stability of transportation routes and other engineered structures.
Most permafrost maps do not contain sufficient information to address the relationship between climate change and
permafrost. In this study, researchers used models to define the associations between changing climate and ground
temperatures. Work is now underway to
apply these modelling approaches to highresolution (<100 m) spatial data for the
Mackenzie Valley in support of transportation decision-making, including selecting
potential new road and pipeline routes.
Model results showing distribution of
permafrost in a portion of the Mackenzie
Valley under equilibrium conditions of
baseline climate (left) and a warming
of 2°C (right)
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There are also innovative approaches for dealing
with short or uncertain ice-road seasons. Possible
adaptations include increased reliance on barge
transport during the summer; more expensive construction and maintenance of ice roads that would
extend their seasonal life (e.g., construction of
permanent stream crossings); the construction of
all-season roads; and other innovations, such as
the recent decision to transport oilfield equipment
over ice roads in the Canadian Arctic and Alaska
with the assistance of balloons.(69)
In terms of inland shipping, it may be appropriate
to design wider or deeper locks than would be warranted under the present climate, since it is easier
to design for climate change than to do a retrofit.
Another alternative for the Great Lakes–St. Lawrence
seaway system would be to invest in vessels that
require less draft. Dredging is a common response
to low water levels (reference 70; see also ‘Coastal
Zone’ chapter) and was used extensively to manage
recent (2001) drought impacts, although some
researchers have identified concerns over the
disposal of contaminated sediment.(71)
Both the full effects of climate change and the
service life of many forms of transportation infrastructure will be realized over decades, rather
than years. It is therefore important that applied
scientific research be undertaken to help ensure
that infrastructure that is replaced or retrofitted
realizes its full service life.

Information Systems
Transportation managers use three types of operational practices, advisory, control and treatment
strategies, to mitigate environmental impacts
on roadways. Each of these requires detailed
site-specific information, often in real time.
Information on atmospheric and other physical
conditions may be integrated with Intelligent
Transport Systems (ITS), such as automated trafficcontrol and traveller-advisory systems, to address
transportation challenges. Throughout the developed
world, governments are investing hundreds of
millions of dollars in ITS, with a view to improving
mobility and safety and also reducing maintenance
costs. One example of a weather-specific information
system is ARWIS (Advanced Road Weather
Information Systems), which is used primarily for
winter-maintenance decisions. For example, the
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Ontario Ministry of Transportation uses information
from 39 ARWIS monitoring stations to monitor and
predict road and weather conditions, and reduce the
use of salt on roads.(72) Another example is the use
of the Automated Identification System (AIS) for
navigation, which is used to transmit information
between ships and between the shore and ships.
This information can include data on water levels,
wind speed and ice conditions, as well as safetyrelated messages (e.g., reference 73).
From a climate change perspective, there is a need
to help steer the development and implementation
of information technologies so that mobility and
safety benefits will be maximized under future,
as well as current, conditions.

Shifts to More Resilient and
Sustainable Systems
There is increasing support for moving toward a
more sustainable transportation system in Canada,
one that would add environment and equity to
existing priorities of efficiency and safety.(74)
Fortunately, many initiatives that are consistent
with sustainability principles not only facilitate
the reduction of greenhouse gas emissions, but
also increase resilience to potential climate change
impacts. These may include the adoption of selected
new technologies and best-management practices,
as well as changes in travel patterns that reduce
exposure to risk. For personal mobility, promising
examples include encouraging information-sector
employees to work from home (telework); changing
land-use patterns to shorten commutes and increase
accessibility to goods and services; and providing
financial incentives to use transport modes that are
inherently safer and more reliable, even in the face
of a changing climate.

Knowledge Gaps and
Research Needs
Despite considerable work examining climate change
impacts and adaptation over the past two decades,
relatively little attention has been given to built
infrastructure and engineered systems, including
transportation. This is reflected in the recent Third
Assessment Report of the Intergovernmental Panel
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on Climate Change,(75) where less than one page
of the vulnerabilities, impacts and adaptations
report is devoted to transportation. Rather, much of
the work on transportation and climate change has
been directed toward mitigation issues. This is not
surprising, considering that transportation accounts
for a significant share of global greenhouse gas
emissions.(76, 77)
Therefore, it is to be expected that many gaps
exist in our understanding of potential climate
change impacts and adaptation strategies in the
transportation sector. Given the limited amount of
work that has been completed, virtually all impact
areas and adaptation strategies require further
investigation. Specific priorities identified within
papers cited in this report include:
• greater attention to impacts and adaptation issues
for road transportation in southern Canada;
• increased research on the vulnerability of
Canadian roads to changes in thermal conditions,
including freeze-thaw cycles and extreme
temperatures;
• studies that assess the significance of extreme
weather events and weather variability in the
design, cost, mobility and safety of Canadian
transportation systems;
• a more thorough evaluation of existing adaptive
measures and their relative ability to defer infrastructure upgrades, reduce operational costs,
and maintain or improve mobility and safety;
• comprehensive studies that focus on key issues
for shipping and navigation, including the opening of the Northwest Passage and lower water
levels in the Great Lakes–St. Lawrence seaway
system;
• an analysis of how changes in factors external
to climate, such as technology, land-use patterns
and economics, affect societal vulnerability to
climate and climate change; and
• studies that integrate mitigation (greenhouse gas
emissions reduction) and climate change–related
impacts and/or adaptation issues.
All of this research should be conducted in
close working relationships with stakeholders,
which in turn will provide the best opportunity for
weather- and/or climate-sensitive issues to become

acknowledged in legislation, standards and policies.
Consideration of the institutional arrangements
that would best foster appropriate adaptations
in all parts of Canada is also important.

Conclusion
The Canadian transportation system is massive, and
its planning, construction and use endure over many
decades. It is therefore necessary to consider how
future economic, social and physical conditions,
reflecting both future changes in climate and other
factors, are likely to impact transportation, and
what types of adaptation strategies would increase
resilience of the system. From a physical perspective,
climate change is likely to create both challenges
and new opportunities for transportation systems
in Canada.
Until the late 1980s, there had been virtually no
attempt to understand the implications of climate
change for transportation, either in Canada or
globally. Significant progress has since been made.
The research community has begun the tasks of
identifying and characterizing the potential impacts
on those components of the transport system that
are most vulnerable to a changed climate. These
include northern ice roads, Great Lakes shipping,
coastal infrastructure that is threatened by sea-level
rise, and infrastructure situated on permafrost. The
climatic sensitivity of northern landscapes has partly
contributed to relatively greater attention, to date,
being given to infrastructure and operations issues
in northern Canada. This has occurred despite the
fact that transportation in southern Canada accounts
for the vast majority of domestic and cross-border
movement of freight, and more than 90 percent of
domestic passenger trips. The limited work that
has been done suggests that milder and/or shorter
winters could translate into savings, but the state
of knowledge is not adequate to make quantitative
estimates. Furthermore, higher temperatures and/or
changes in precipitation, including changed frequencies of extreme climate events, may exacerbate other
weather hazards or inefficiencies. Nonetheless, it
appears at this time that the potential impacts of
climate change on transportation may be largely
manageable, providing that Canadians are prepared
to be proactive and include climate change considerations in investment and decision making.
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