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Climate change and cities

   6.1   Introduction  

 Cities are key hubs of the transportation sector. According 
to the C40 Cities Climate Leadership group     ( www.C40Cities.
org ), cities contribute 75 percent of greenhouse  gas    emissions. 
Based on the  IPCC    assessments, “petroleum... supplies 95% of 
the total energy used by world transport. In 2004, transport was 
responsible for 23% of world energy-related GHG emissions 
with about three quarters coming from road vehicles” (Kahn-
Ribeiro  et al. ,  2007 , p. 325). Conditions in developing countries 
pose additional challenges on  transportation    systems – demand 
far exceeds supply, particularly for the growing number of urban 
poor. For instance, the United  Nations    predicts: “by 2030, the 
towns and cities of the developing world will make up 80 per-
cent of urban humanity” (UNFPA,  2007 ) p. 1. And in these 
developing country cities, transportation systems are already 
severely undersupplied. In addition, geographical location poses 
additional challenges. Nicholls  et al.  ( 2008 ) p. 8 estimate that, 
by 2070, the “top 10 cities in terms of population exposure to 
climate change (including environmental and socio-economic 
factors)” will be located in developing countries of south and 
east  Asia   .  1   These cities have transportation systems that are cur-
rently navigating the challenges posed by mixed land use and a 
large proportion of the population living in poverty. In response 
to such diverse challenges posed by a changing climate to trans-
portation systems, this chapter focuses on the construction and 
maintenance of the physical assets that account for the bulk of 
urban transportation investment and climate associated risks.     
Since urban transportation systems are built and managed by 
both the public and private sectors, the chapter also considers 
institutions and organizational structure, regulation, governance, 
and economic issues that play a role in the development of urban 
transportation and their response to climate change.  

 The quality of transportation planning and management is 
critical for the functioning of a city, and thus issues of urban 
climate change adaptation and mitigation require attention. Yet, 
in practice, climate change impacts and associated responses 
signifi cantly vary by city characteristics and conditions. In addi-
tion to providing an overview of urban transport and climate 
interactions, this chapter has a three-fold purpose: (1) to defi ne 
climate  risk    as it pertains to this sector and what general consid-
erations create variations by city conditions; (2) to develop an 
understanding of pragmatic adaptation and mitigation strategies 
that cities can adopt and indeed are adopting; and (3) to derive 
policy lessons for the urban transport sector in the context of 
climate change in cities. The distinguishing attribute of this 
chapter is that it primarily focuses on urban transport. Further, 
a diverse range of country conditions – both developing and 
developed – are addressed. Finally, it presents a combination of 
adaptation as well as mitigation strategies allowing the articu-
lation of co-benefi ts, of addressing mitigation and adaptation 
together as well.     

   6.1.1   Description of urban transportation sector  

     Transportation can be categorized based on what is being 
transported, the mode of transportation, and by its regulation 
and other institutional dimensions. Regarding what is being 
transported, the three subsectors in transportation – moving pas-
sengers, freight, or information – make different demands on 
transportation systems. Impacts on greenhouse gas emissions as 
well as mitigation and adaptation measures to reduce those emis-
sions can vary widely depending on how passengers, freight, and 
information are transported. Further, transportation is expressed 
in terms of modes of travel, which are categorized broadly as 
occurring by land, air, and water. Within that broad categoriza-
tion, transportation modes may also be classifi ed in terms of the 
physical  infrastructure    that is used and include those that use 
rail, road, ships, and airplanes, each of which can be subdivided 
further. Land-based transportation systems are generally those 
with the highest usage in urban regions, and can be divided 
into rail- and road-based systems. According to Kahn-Ribeiro 
 et al.  ( 2007 , p. 328), “road  vehicles    account for more than 
three-quarters” of total transport energy use     and thus associated 
greenhouse gas emissions. This combination of what (or who) 
is being transported and the mode by which it is transported is 
signifi cant because it provides a measure of the amount of green-
house gas emissions by modes and types of uses. This measure 
of emissions in turn helps in devising adaptation and mitigation 
strategies. Finally, the nature of regulation and other forms of 
oversight and management of the transport sector have a critical 
effect on emissions.  

 This chapter primarily focuses on the movement of people or 
passengers, and where relevant, issues of freight or information 
are referenced. Many transportation systems, especially urban 
mass transit, particularly in developing countries, are predomi-
nantly publicly owned and operated, but other systems (such as 
air and water-based transport) are more often privately owned; 
as are cars,     vans, and trucks owned and operated by individuals. 
However, the ownership and management patterns for transpor-
tation systems vary by city and country and are an important 
factor in the design of institutional arrangements to formu-
late and implement mitigation and adaptation strategies. The 
ability to mitigate and adapt to climate change related scenarios 
depends on ownership. For instance, a publicly owned facility 
may have access to direct and indirect subsidies and large-scale 
public investments that are unavailable for private sector opera-
tors. This issue of public and private sectors is further discussed 
in Section 6.5.       

   6.1.2   Role of transportation in climate change  

         In general, the infl uence of transportation systems on global 
climate  change    has been well documented by the Intergovern-
mental Panel on Climate Change Working Group III (Kahn 
Ribeiro  et al. ,  2007 ), and the impacts of climate change on the 

   1     The only exception is Miami, which is located in the United States.   
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transportation sector as a whole have likewise been summarized 
by the IPCC Working Group  II    (IPCC,  2007a ). Bradley  et al.  
( 2007 ) p. 27 report that “transport accounts for about 14 per-
cent of global greenhouse gas emissions, of which road transport 
accounts for the largest share, at 72 percent of sector and 10 per-
cent of global greenhouse gas emissions”. Some of the relevant 
fi ndings are summarized below. 

   6.1.2.1    Contribution of transportation sector to greenhouse 
gas emissions  

 Greenhouse gas emissions vary according to types of trans-
portation systems, geographic location, scale, and time period. 
Based on IEA estimates for 2004, Kahn Ribeiro  et al.  ( 2007 , 
p. 328) fi nd, “the transport sector was responsible for about 23% 
of world energy-related greenhouse gas emissions” (as distinct 
from total greenhouse gas emissions) and in addition, “The 
1990–2002 growth rate of energy  consumption    in the transport 
sector was highest among all the end use sectors.” Bradley  et al.  
( 2007 , p. 27) note that in this period, although “transport-related 
emissions grew 20–25 percent in most industrialized countries, 
growth rates were higher in many developing countries”. Their 
calculations suggest that the “fastest growth was in South  Korea   , 
 Indonesia   , and  China   , where transport emissions doubled over 
the 12-year period” (Bradley et al., 2007, p. 27).  

 Different motorized  transportation    modes – automobile, 
transit, or two wheelers – have different carbon  footprints   , which 
are measured in tons of emitted carbon per passenger mile, or per 
ton-miles, respectively, depending on whether people or goods 
are transported.     In cities with concentrated and distinct urban 
employment centers, mass transit is generally the most effi -
cient urban transport system, with rail-based systems including 
 subway   s or elevated rail systems usually outperforming bus 
    systems, in terms of minimizing greenhouse gas  emissions    per 
passenger mile (also see Bertaud  et al .,  2009 ). The choice of 
dominant transport systems, and in particular of urban mass 
transit with its intended capture of a large fraction of the total 
passenger miles traveled in an urban setting, can be an important 
contributor to reducing greenhouse gas emissions. According to 
the IPCC ( 2007a , p. 329), “the world automobile fl eet has grown 
with exceptional rapidity – between 1950 and 1997, the fl eet 
increased from about 50 million  vehicle   s to 580 million vehicles, 
fi ve times faster than the growth in population.” It is noteworthy 
that “between 1999 and 2004,  China   ’s motor vehicle production 
increased more than 175 percent, approaching half of  Japanese    
levels by 2004” (Bradley  et al. ,  2007 , p. 27). The 2007 IPCC 
report also notes that “two-wheeled scooters and motorcycles 
have played an important role in the developing world”, with a 
current world fl eet of a few hundred million vehicles. The report 
further notes that  buses   , “though declining in importance against 
private  cars    in the industrialized world”, are increasing their role 
especially in developing country urban areas where they account 
for a substantial proportion of the modal share of trips. However, 
individual case studies suggest that transit mode share may be 
declining in some cities as incomes grow. For example, a study 
by Gakenheimer and Zegras (WBCSD,  2004 , p. 162) notes, for 

Chennai, which they identify as having a relatively low GDP per 
capita, “ Chennai’s    public transport mode share declined by 20 
percent in the 25 years preceding 1995, largely due to a rapid rise 
of the number of motorized two- wheelers   .”       

   6.1.2.2   Impacts of climate change on transportation sector  

     Transportation not only affects climate (Kahn Ribeiro  et al. , 
 2007 ), but it is also affected by climate change. The Trans-
portation Research Board     ( 2008 , p. 2) citing IPCC identifi ed 
“increases in hot days and heat waves,  arctic    temperatures, sea 
level, intense precipitation events and hurricane intensity” as 
the climate change characteristics having the most signifi cant 
adverse impacts for transportation. The list of impacts is exten-
sive, covering structural and material damages of many different 
types and associated disruption of transportation services for 
users depending on the type of transportation facility, its location 
relative to waterways, and the types of materials and design used 
(Hunt and Watkiss,  2007 ; Transportation Research Board,  2008 ). 
A number of local transportation inventories exist and have 
been identifi ed in climate change studies for particular types of 
impacts. For example, in New York City an extensive set of facil-
ities has been identifi ed in connection with sea level elevations 
(USACE,  1995 ; Zimmerman and Cusker,  2001; Zimmerman 
and Faris, 2010 ). Further, Rossetti ( 2002 ) investigates potential 
impacts of climate change on railroads for various timescales.         

   6.1.3   Urban transportation and land use  

 The relationship between  transportation    and the spread of 
urban  settlements    is interactive. The building of railroads and 
highways has infl uenced urban development, and conversely the 
growth of urban areas has infl uenced the development of road, 
air, and rail networks that facilitate travel within and across 
urban areas (Chomitz and Gray,  1996 ). As urban areas become 
vulnerable to climate change, addressing transportation issues 
in adaption and mitigation involves addressing the interactions 
between the sector and land use in cities.  

 Urban land use planning is based on functional designation 
of land for different human purposes including economic and 
leisure activities. Categories of land use typically include resi-
dential, commercial, industrial, recreational, natural protection, 
institutions, parking, vacant land, and transportation or utilities 
(for details see  Chapter 8  on land use). Wegener ( 2009, p. 4 ) 
suggests that “the distribution of infrastructure in the transport 
system creates opportunities for spatial interaction.” This “can 
be measured as accessibility”. Further, “the distribution of acces-
sibility in space co-determines location decisions” and results in 
changes in land use. And a combination of energy intensity as 
well as demand for transportation systems determines the degree 
of carbon  emissions   . Lower levels of fuel effi ciency and increase 
in demand for transportation result in greater greenhouse gas 
emissions.  

 Individual land uses within the urban fabric, including trans-
port infrastructure, in great measure determine the urban form. 
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Urban form can be measured through various density measures 
– for dimensions such as population or economic activity – and 
the spatial location of activities and households. Newman and 
Kenworthy ( 1989 ) fi nd that urban population  density    is closely 
related to  vehicle    miles traveled (VMT). VMT is a key indicator 
for greenhouse gas emissions, and conversely, the greenhouse 
gas emissions from transport vehicles are related to VMT. How-
ever, the relationship is far more complex and other measures 
including the price of fuel, employment levels, trip origins and 
destinations and the size of cities have much infl uence on vehicle 
miles traveled. A recent study in  Indonesia    (Permana  et al .,  2008 ) 
also suggests that residents of locations with mixed land  use   s 
consume less energy than those who live in suburban locations 
even after controlling for income.  

     Cities show considerable variation in terms of urban form 
depending on the planning and economic goals that they choose 
to implement in the long term. Geurs and van Wee ( 2006, p. 139 ) 
in “a broad evaluation of relevant land use, transport, accessi-
bility and related societal and ecological impacts” . . . “between 
1970 and 2000 note that without policies to encourage compact 
city development, urban  sprawl    in the  Netherlands    was likely to 
have been much greater”. Stone et al. (2007, p. 404) “found the 
densifi cation of urban zones to be more than twice as effective 
in reducing vehicle miles of travel emissions as the densifi cation 
of suburban zones, suggesting compact growth to be better for 
air quality” in the United States. The study fi nds densifi cation 
of urban zones to be more than twice as effective in reducing 
vehicle miles of travel and emissions as the densifi cation of 
suburban zones, suggesting compact  growth    to be better for air 
quality than historical patterns of growth in most cities of the 
United  States   .  

 The intensity of urban land use also results in urban heat islands 
    that modify the local climate (see  Chapter 3  for details on climate 
change process and projections). Thus, the relationships between 
urban land use, transportation infrastructure, and climate involve 
feedback loops that are signifi cant in multiple physical scales – 
local, regional, and global – and temporal terms – long and short 
term ( Figure 6.1 ). Just as accessibility is a goal for addressing the 
land use and transport feedback loop, the goal of  sustainability    
addresses the multiple feedbacks between urban form, trans-
portation infrastructure, air quality, health, and climate change. 
Research associating land use change with transportation and air 
quality in developed and developing countries suggests that sus-
tainable urban transportation and land use policies may be vital to 
achieving greenhouse gas mitigation (see, for example, Iacono and 
Levinson,  2008 ; Kinney,  2008 ; Rogers and Srinivasan,  2008 ).  

 In  Figure 6.1 , the fl ow (or movement of goods, services, and 
people) pattern in the urban  transportation    system is determined by 
both the transportation system and the land use patterns. The cur-
rent fl ow pattern causes changes over time in land use through the 
type of transportation services provided and through the resources 

consumed in providing that service. The current fl ow pattern also 
causes changes over time in the transportation system in response 
to actual and anticipated fl ows, as entrepreneurs or governments 
develop new transportation services or modify existing ones. 
These interactive patterns in the transportation system and land 
use determine the degree of greenhouse gas emissions. Further-
more, transportation system facilities and land use also contribute 
to local climate change through urban heat islands. In sum, climate 
change will have impacts on both the urban transportation system 
and urban land use and vice versa.       

   6.1.4    Responding to climate change: adaptation 

and mitigation  2         

     Adaptation to climate change means minimizing the potential 
impacts on the transportation system from climatic changes such 
as rising average temperatures, increased intensity of storms, 
rising sea levels, and increases in overall climatic variability. 
Adaptation of transportation and land use to climate change may 
involve changes in individual travel behavior as well as mac-
ro-scale urban development policy. Mitigation, in the context 
of urban transport, implies reduction in greenhouse gas emis-
sions resulting from movement of goods, services, and people 
in cities. For instance, mitigation efforts may involve reducing 
VMT through a range of incentives and regulation.  

 Effective response to climate change requires that  transpor-
tation    plans consider both adaptation and mitigation to climate 
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  Figure 6.1:    Urban transportation, land use, and climate change interactions. 

 Source: H. Gercek, adapted from   Manheim  ( 1979 ).       

   2     Adaptation is “An adjustment in natural or human systems in response to actual or expected climatic stimuli or their effects, which moderates harm or exploits benefi cial 
opportunities” (IPCC,  2007b , p. 869). Mitigation is “An anthropogenic intervention to reduce the anthropogenic forcing of the climate system; it includes strategies to reduce 
greenhouse gas sources and emissions and enhancing greenhouse gas sinks” (IPCC,  2007b , p. 878).   
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change as well as establishing a process by which climate change 
can be integrated into long-term transportation planning proc-
esses that include land use planning as well as stakeholder out-
reach. A summary of the approach adopted by the United States 
Federal Highway  Administration    is summarized in  Figure 6.2 , 
where various processes and components of the transportation 
planning and management are outlined, each offering the oppor-
tunity to integrate aspects of climate change adaptation and miti-
gation. Details of such adaptation and mitigation strategies are 
presented below.         

   6.2   Risk management as a framework 
for adaptation and mitigation  

     Adaptation and mitigation of urban transportation systems to 
climate change can be defi ned as a form of risk management. 
Mitigation is a global mandate, while adaptation is a local neces-
sity. The goal of risk management is to minimize future damages 
at affordable costs. The social context is: What risks are man-
aged at whose cost and for the benefi t of whom? Besides consid-
ering potential material damages, urban transportation managers 
have a broad array of cultural, social, quality of life, and eco-
logical issues to consider in regard to climate change risks. The 
risk profi les of the transportation sectors in cities of developed 
countries are radically different from those in underdeveloped or 
rapidly developing countries. For instance, in several developing 
countries existing private and public urban transportation assets 
and systems are substantially undersupplied and less resilient to 

extreme  events   , and the vast majority of the passengers are poor 
people, many of whom live in informal settlements.  

 There are two fundamental options for risk management in 
the transportation sector. One is by mitigation measures in cities 
around the world that reduce  globally  the climate hazard factor by 
reducing greenhouse  gas    emissions. Mitigation measures imple-
mented by a single city are insuffi cient to reduce the hazard factor 
for that city and thereby reduce climate risk. However, the cumu-
lative effect of mitigation measures in cities around the world is 
likely to reduce total greenhouse gas emissions, and by exten-
sion climate  hazards    as a whole, including changes in extreme 
temperature, precipitation, sea level rise, and the like. The global 
hazard reduction can be achieved through the cumulative effects 
of local measures such as land use planning,  zoning   , and placing 
of assets. Mitigation affects the hazard factor only. The lower the 
hazard, regardless of the value of assets, the lower the vulner-
ability, and hence the lower is the risk for transportation systems. 
Hence, aggregate mitigation measure by cities around the world 
can reduce climate risk in cities. See Section 6.5 for mitigation 
strategies for urban transportation systems.  

 The second option in reducing risk is by adaptation. Zoning 
and land use planning can affect the spatial arrangement of assets 
and protective structures in an urban setting and hence modify 
their exposure to the spatially varying hazards. Risk is critically 
dependent on where assets are placed with respect to the spatial 
distribution of hazards.  Settlements    and transportation systems 
develop together, but often one precedes the other. Whichever 
comes fi rst tends to occupy the less hazardous areas, and the 
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latecomer ends up with the more hazardous areas. Commuter 
rails,  bus    routes, or tunnel entrances should not be located in 
high-hazard fl ood  zones   . If space is constrained, then the more 
valuable, essential, and critical assets should be placed in the 
safest areas, while the less valuable, ordinary, or non-essential 
assets may be placed in the more hazardous locations. In practice 
this rarely is the case in developed-country cities. Usually resi-
dences tend to occupy relatively safer areas in developed country 

cities. Some exceptions are along coasts where the ocean view 
and proximity are considered valuable assets, as is the proximity 
of forests that are prone to  wildfi res    – and transportation routes 
and facilities tend to occupy the higher-risk locations in which 
residential settlements were deemed too risky to build. The con-
verse tends to be true in developing countries (although there 
are exceptions), where the poor live in  slums    and tend to occupy 
the most vulnerable locations (see  Chapter 8  on land  use    and 

Klaus Jacob

Columbia University   

             Levees and barriers can radically change the character and 
functioning of a city and its transport system. Multiple adap-
tation paths may be pursued, where one path may be effec-

tive up to a certain climate threshold level, and then another 
adaptation path may have to be chosen, since the former 
may become gradually ineffective ( Box Figure 6.1 ). London’s 
 Thames    storm surge barriers are expected to become inef-
fective in a few decades due to rising sea level, and another 
new and larger barrier system is planned farther downstream, 
for later this century         ( Box Figure 6.2 )    .  

   [ADAPTATION] Box 6.1     London, UK, storm surge barriers

Risk

Time (decades)

Monitor & Reassess!

Status quo

Setting inflexible adaptation
Flexible Adaptation Pathway
Acceptable risk

  Box Figure 6.1:    Flexible adaptation pathways.        

  Box Figure 6.2:    The London Barriers are the centerpiece of today’s Thames Tidal Defenses that protect London and the Thames Estuary corridor where a signifi cant 
proportion of England’s wealth is produced (1.25 million people live and work in the fl ood risk area). The system provides at least a 1:1000 per year protection (to 2070). 
The system allows for a combination of risks (high tide/surge/freshwater fl oods). It comprises 9 tidal barriers (including the Thames Barrier), as well as, 35 major gates, 
400 minor gates and over 300 km of tidal walls and embankments.

 © Environment Agency copyright 2010. All rights reserved.
Source: Adapted from NPCC (2010)         
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 Chapter 9  on governance). Cumulatively, adaptation options 
related to residential and other forms of land use fall under the 
category of land use planning and zoning.  

 With respect to adaptation of transport systems in cities, 
Leonard,  et al . ( 2008 , pp. 5–21) have identifi ed and discussed 
in detail three types of objectives for adaptation strategies: 
 protect, accommodate, or retreat . Accordingly, one option is 
for climate  hazards    to be addressed by  protective  measures, 
some of which can be on a regional rather than local scales. For 
instance, as in the case of the  London    storm surge  barriers   , the 
fl ood hazards can be modifi ed by adjustable protective struc-
tures such as levees, dams, fl ood  barrier   s, and pumping sta-
tions, aimed at protecting large areas of cities, including the 
transportation systems (see  Box 6.1 ). However, the experience 
of Hurricane Katrina hitting New  Orleans    has shown that, when 
the hazard exceeds the design specifi cations of the protective 
structure, or if the structure cannot be upgraded to keep up with 
local subsidence and sea level rise, or if the protective struc-
ture is not well maintained, such conditions can cause severe 
damage, loss of life, and assets. Due to the mismatch between 
perceived and actual protection, the individual fi rms and house-
holds, and also transportation agencies, may tend to neglect 
additional localized protective or adaptive measures behind 
these regional protection structures. Such additional local pro-
tection provides some localized resilience when regional pro-
tection structures fail.    

 Another way to minimize risk via adaptation is by reducing 
the vulnerabilities of individual assets. This adaptation approach 
comprises setting and enforcing adequate  engineering  and  per-
formance standards , including preparing, disseminating, and 
implementing technical guidelines, providing updated design 
and construction codes, and setting common climate protection 
levels, as is presently under consideration in New York City. 
Enforcing these, developing protective operational procedures, 
and putting them into practice are important to achieve the risk 
management targets. When this is successfully done, transporta-
tion infrastructure vulnerabilities to a given hazard at a given 
place can be reduced by good engineering, construction quality 
control, code enforcement, retrofi tting (that could include ele-
vating assets in their current place in case of fl ood hazards), 
reinforcing protective walls, increasing pumping capacity, and 
increasing drainage capacity of culverts, to name a few.  

 As capital improvements are made over time, transporta-
tion infrastructure may be raised in place to higher elevations, 
although in plan they may continue to be located in fl ood  zones   . 
The Taipei  subway    in  Taiwan    has raised subway entrances to 
avoid fl ash-fl ood and tidal inundations, and its high-speed inter-
city trains, similar to the Shinkansen in  Japan   , run largely on 
elevated tracks to avoid river fl ooding during frequent  typhoons   . 
Vulnerability reduction may include disaster preparedness as 
well as increase resilience to future effects of climate change, 
comprising installation of warning systems and having proce-
dures in place that temporarily move the rolling stock out of 
harm’s way.       

       6.3   Assessing climate risks to urban 
transportation  

     This section describes methods for assessing climate risks to 
urban transportation systems and then highlights specifi c hazards 
to the systems posed by climate change. 

   6.3.1    Defining climate risks and methods 

of risk assessment  

 Risk in general is defi ned as “the product of the likelihood 
of an event occurring and the magnitude of consequence should 
that event occur. For the purposes of this document, likelihood 
is defi ned as the probability of occurrence of a climate hazard” 
(NPCC,  2009 , p. 62). In the context of urban transportation 
systems, the consequences are largely the direct damage to the 
transportation systems, the associated losses to the transpor-
tation systems’ operators or owners, but they also include the 
impact on, and losses to, society at large from hazardous climate 
conditions or events. For instance, even when there is no damage 
to the transportation system, as during a heat wave, heat stroke 
fatalities occur, say, in a  subway    or underground system because 
of inadequate ventilation or cooling, it constitutes a climate-re-
lated transportation risk. Risk refers to the probability of future 
impacts, damages, or losses.  

 In sum, there are different approaches to risk assessment. 
Some are narrowly defi ned in engineering terms, and others 
are much broader and address the complex social context. The 
former tend to be quantitative, the latter qualitative because of 
the inherent complexity of social systems. Several quantitative 
defi nitions of risk have been put forward, the most general being: 
Risk ( R ) is the probability ( P ) of hazardous events ( H ) times 
their cnsequence ( C ) and can be expressed in an equation ( R  = 
 P ( H ) ×  C  ). For an urban transportation system, climate risk can 
be defi ned more specifi cally as the spatially integrated sum of 
the local products of the following two, spatially varying fac-
tors: First, probability ( P ) that the local climate hazards ( H ) of 
various magnitudes will occur; and second, the magnitude of the 
consequences ( C ).  

 The consequences  C  are in turn the product of the  vulner-
ability  of the transportation assets times the  replacement value  
of the assets that are exposed to the climate hazards. In engi-
neering terms, vulnerability is often called  fragility  and is the 
 probability of failure  resulting in various  states of damage  such 
as light, modest, severe, or total damage; a measure of the out-
come of these damage states can be, for instance, the  fraction of 
the replacement value  of the transport system that was damaged 
by the hazard. Component or system fragility is a function of the 
hazard magnitude. Modest fl ooding, for instance, will do only 
light damage to transportation systems with minor consequences, 
while severe fl ooding could totally destroy a given transport 
system, resulting in total loss of the assets and of their function-
ality, causing in turn major economic damages to society.     
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 In Hyderabad, Andhra  Pradesh    in South  India   , we investigate 
the magnitude and the impacts of climatic changes, and we 
develop planned adaptation options. The work is part of the 
research network Climate and Energy in a Complex Transi-
tion Process towards Sustainable Hyderabad: Mitigation and 
Adaptation Strategies by Changing Institutions, Governance 
Structures, Lifestyles and Consumption Patterns.  3   The project 
addresses the challenges of climate change and resource 
depletion in the context of so-called “megacities”     by taking 
into account their complex social and economic characteris-
tics. The aim of the project is to develop a Perspective Action 
Plan in close cooperation with the state government that will 
establish Hyderabad as a Low Emission City in Asia within 
30 years.  

 Approaching  adaptation    in cities is a vital necessity to meet 
climate change and development goals, but it remains 
largely unnoticed by governmental as well as local climate 
policy, particularly in developing countries such as India. 
Hyderabad is one of the fastest growing cities in the country 
with a population increase of 27 percent from 1991 to 2001. 
With 5,530,000 million people (2001) it is the sixth largest 
city in India (Census of India). Population scenarios for the 
Hyderabad urban agglomeration (HUA) indicate a population 
of 7.7 million people in 2011 and 10.8 million in 2021 (GHMC, 
 2005 ). After  Bangalore   , Hyderabad is the second most impor-
tant economic center for the Indian IT industry. Another strand 
of the local economy lies in the biotechnology and pharma-
ceutical industries (GHMC,  2005 ).  

 To assess the magnitude of potential climatic changes for 
Hyderabad (item (1)), we compare two AOGCM outputs 
(ECHAM5 and GFDL, more to follow) and their statistical 
downscaling to the region of Hyderabad. We focus on four 
climate variables, which are derived from expert interviews 
(with local authority offi cials, NGOs, community self-help 
groups) and which are candidates for infl icting damages in 
the city under present conditions: the frequency of extreme 
daily precipitation and the probability and duration of heat 
waves (indicators of extreme weather events), the total annual 
precipitation and the mean annual temperature (indicators of 
gradual climate changes).  

 Frequency of precipitation greater than 80 mm/day (medium 
to very high impact intensity and potential damages) is 
likely to double until 2100 (reference period 1980–2000) (B1 
in comparison to A2 will only buy some time with stronger 
rain events occurring later in the century), and very strong 
rain events will increase signifi cantly (160 mm/day events to 

potentially increase four-fold). With respect to heat  waves   , we 
looked at the number of days/year with night temperatures 
above 27°C. They will approximately triple until 2050, rela-
tively independent of the SRES scenario. In 2100, A2 will lead 
to +560(±50) percent and B1 to +240(±50) percent increases 
with respect to the reference period. The frequency of heat 
waves longer than one week will double to triple until 2050 
and increase further until 2100. Total annual precipitation is 
likely to change by −4 to +17 percent, whereby the difference 
between the AOGCMs is larger than between the SRES sce-
narios. The mean annual temperature is projected to increase 
monotonically up to 5 °C above present (A2 in 2100).  

 Accounting for an improvement in the city’s current perform-
ance to climate occurrences will help to prepare for future 
impacts related to these climate projections, contribute 
to reaching development goals, and constitutes one way 
of adaptation. With respect to the current climate  impacts    
(items (2) and (3)), we adopt a systems dynamics approach 
to urban development (Forrester,  1969 ) and draw so-called 
impact nets. We look at fi ve currently affected subsectors of 
the urban system:  food    security and health, water supply and 
energy security,     as well as transport.  

 After a literature review, interviews with local stakeholders, 
NGO representatives, and community self-help groups, as 
well as more than 200 newspaper articles published since 
April 2009, we drew impact nets (see  Box Figure 6.3 ).  

  Box Figure 6.3  illustrates how climate and certain climate 
events affect current subsystems of the city.  

 The key impacts in Hyderabad are generally situated in 
the area of supply and demand of a particular resource, 
be it water, energy, or goods and services for industry (van 
Rooijen,  2005 ). Extreme fl ood and drought events severely 
reduce the availability of quality water by either contami-
nating existing water resources or generating severe surface 
and groundwater scarcity.  Droughts    also lead to a reduction 
in hydropower generation, although the majority of  electricity    
in Andhra  Pradesh    is produced by thermal power plants. With 
a further rise in average temperatures, the demand for energy 
rises too, as do shortages during heat waves (Sivak,  2009 ).  

 Climate extremes adversely impact transport infrastructure 
in Hyderabad in a way that makes it either inaccessible 
or uncomfortable.  Floods    directly result in infrastructure 
damage, the breakdown of transport/communication net-
works, and the slowdown of services (Shukla  et al .,  2003 ). 
Heat waves cause direct damage to electronic/electric 
devices and make public transport a very uncomfortable 
service to use, whereas a gradual temperature increase 
works in a more concealed way, slowly damaging railway 
and road infrastructure.  

       [ADAPTATION] Box 6.2     Hyderabad, India, infrastructure adaptation planning   

   3     To this end, a consortium of Indian and German Research Institutes, partners from the public and private sectors, as well as NGOs has been formed. Lead partner and project 
coordinator is the Division of Resource Economics at the Humboldt University of Berlin. The project is funded by the German Ministry of Education and Research (BMBF) in the 
program “Research for Sustainable Development of the Megacities of Tomorrow” and will run over fi ve years until May 2013. See  www.sustainable-hyderabad.in .   
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 Impacts of climate change on health relate to the direct 
exposure to heat and fl ooding as well as to second-order 
impacts. A direct effect of fl ooding and droughts is the inter-
ruption of  food    supply in some areas. Secondary impacts 
include the long-term infl uence on water availability for irri-
gation and of heat-related crop diseases on food produc-
tion, malnutrition, and hunger. Hyderabad’s ability to provide 
suffi cient food to its inhabitants partly depends on the food 
availability in the surrounding areas (Smith  et al .,  2007 ). As 
a second-order impact, the contamination of fresh water 
with  bacteria   , chemicals, or other hazardous substances 
(Young  et al .,  2004 ) has to be identifi ed. Their consumption 
can result in diarrheal  diseases   ,  cholera   , and toxic effects. 

The situation is particularly severe in areas of Hyderabad 
where  sewage    fl ows in open ditches close to water distribu-
tion pipes (Vairavamoorthy,  2008 ) and where people live in 
industrial areas close to factories (Kovats and Akthar,  2008 ). 
Climate-sensitive diseases such as malaria,      dengue   , and 
 chikungunya    might increase due to favorable climatic and 
breeding conditions for insects (Bhattacharya  et al .,  2006 ). 
Intermittent rainfalls, such as in June and July in Hyderabad, 
provide perfect breeding grounds in stagnant urban water 
such as wells, car tires, bottles, and cans. In particular, 
dengue cases have reached alarming levels in Hyderabad; 
it is increasing in the city while its trend is going down in the 
state as a whole.  

  Box Figure 6.3:    Impact nets on different urban subsectors in Hyderabad. Key: Yellow – climate and climate related events; Gray – multi-layered (primary/secondary…) 
impacts; Blue – feedback on the climate system; Green – possible adaptation points and their ranges of infl uence.        
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 The diagrams serve various purposes: (1) communicating 
aspects of climate change and initiating discussion, (2) 
understanding the impacts of climate change and picturing 
them accordingly, (3) generating adaptation options and 
assisting in their ranking and evaluation, and in a later stage 
of the project (4) laying the basis for a quantitative, computer-
aided, assessment tool. Referring to (1) and (2), the diagrams 
will be further discussed with local and regional stakeholders, 
experts, and climate-related scientists, with other experts 
in the fi eld (e.g., our project partners in  Germany   , currently 
underway), and at a later stage of the project with offi cials 
from policy and plan making in Hyderabad. With respect to 

point (3), the green-colored dots and shapes in Box fi gure 
6.3 depict potential adaptation points and their range of infl u-
ence. These adaptation points are placed at different locations 
within the nets and therefore have a different “size” of impact 
(shown as light green shapes). We assume that such an illus-
tration can actively support decision-making for adaptation, 
particularly in developing countries where development goals 
and climate change adaptations have to be harmonized.

Source: Division of Resource Economics, Humboldt University, Berlin, and 
www.sustainable-hyderabad.in  

 These terms (risk, hazard, and fragility) have been used 
extensively for quantitative risk assessments in combination 
with Geographical Information Systems (GIS)     as an organizing 
and computational tool. In the USA, for instance, a GIS-based 
risk assessment tool is HAZUS-MH, where MH stands for mul-
ti-hazards, since it allows the quantifi cation of three different 
risk-producing natural hazards: fl oods, winds, and earthquakes 
(FEMA,  2009 ). The methodology used for these risk assess-
ment tools is discussed below in more detail. It should be noted, 
however, that these quantitative engineering approaches tend to 
neglect or inadequately capture the  social risks  to vulnerable 
societies, which are more complex and much harder to quan-
tify than the physical climate threats to the built  environment    
(Wisner  et al .,  2004 ; Birkmann,  2006 ).  

 In quantifying risks to transportation systems, maps of 
climate hazards, for instance fl ood-zone maps or wind speed 
maps, related to a specifi c annual exceedance probability, are 
often used as input. These hazard maps (e.g.,  Figure 6.3 ) typi-
cally express the hazard of interest at a pre-selected annual 
probability, for instance, the fl ood height for the annual fl ood 
probability of 1 percent per year. This implies an  average  
recurrence period of that fl ood height on the order of once 
every 100 years. Wind speeds are often mapped in km/h and 
associated with an annual probability of 2 percent per year, 
which in turn implies an average recurrence period for a par-
ticular wind speed on the order of once every 50 years. Alter-
natively, scenario events, such as a specifi c fl ood or storm 
scenario, with spatially distributed hazard amplitudes such as 

  Figure 6.3:    Mapping climate risks to urban transport. Shaded areas depict worst-track storm surge fl ood zones for Saffi r-Simpson Category-1 in red, SS2 in brown, SS3 in 
yellow, and SS4 in green. Shaded lines are subways, black lines are rail sytems. 

 Source: Lamont-Doherty Earth Observatory, Google Earth, and New York State Emergency Management Offi ce (NYSEMO), New York City Transit Authority subway lines.         
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fl ood depths or wind speeds, can be defi ned as input for the 
risk calculations.  

 Similarly on the asset side, the vulnerability and mon-
etary replacement values of the transportation systems can be 
mapped in their geographical locations relative to, or superim-
posed upon, the mapped hazards. In the case of transportation 
systems, their vulnerability is, for instance in case of fl ood 
hazards, a function of their location (and elevation) inside 
or outside of fl ood  zones   . This “mapping” and vulnerability 
assessment method can be applied to rail systems, stations, 
 bridges   , tunnels, roads and highways,  bus    terminals, or main-
tenance shops, etc. The mapped vulnerability is then used for 
the quantitative risk (loss) assessment, as an attribute of the 
indicated assets exposed to the mapped hazard conditions. The 
latter can be defi ned either for a given scenario event, or for 
a given exceedance probability of the hazard, for which the 
risk or expected losses are being determined. If such risk com-
putations are made for many different probability levels (or 
average recurrence periods), then these various contributions 
from rare large events to frequent small events can be annual-
ized (divided by their respective recurrence period) and added 
up to provide a total  annualized loss  to a city’s transportation 
(or any other) system. Without such quantitative assessment 
methods, decision- makers    are not aware of the impending 
climate risks and therefore may not be willing to invest in 
preventive measures. For a more comprehensive redefi nition 
of a framework for city climate risk assessment where risk 
is defi ned and quantifi ed as a function of climate hazards, 
physical and social vulnerabilities, and institutional adaptive 
capacity see  Chapter 2  on cities and climate risk framework 
and Mehrotra  et al . ( 2009 ).   

   6.3.2    Climate hazards to urban transportation 

systems  

     The climate hazards that may pose the greatest challenges to 
urban transportation systems are different for different kinds of 
physical hazards (see Table 6.1), cities in different geographical 
environments, and for different modes of transportation.  

 Physical hazards from global climate change that affect urban 
transportation systems can be expressed in terms of changes 
in average values and often higher variability of temperature, 
precipitation, storm frequency and severity, coastal  storm    inun-
dations especially in conjunction with sea level rise, and other 
climate processes. The vulnerability of transportation assets 
to these physical hazards, stemming from the existing spatial 
and economic organization of the city and its transport system, 
depends on a range of factors, including: (1) design and spa-
tial layout of transport infrastructure – fl ood hazards tend to be 
worse for underground infrastructure; storms affect land,  marine   , 
and air travel differently; (2) basic urban form – high-density 
settlements with mass transit systems, or mostly motorized 
transportation with low densities; (3) availability of resources 
to keep transportation systems functioning in both disaster and 
non-disaster conditions.       

   6.3.3    Examples of climate change risk assessment 

of urban transport systems  

 A number of nations and cities have undertaken risk-related 
analyses of the impact of climate change on their transportation 
infrastructure. Revi ( 2008 ) provides a comprehensive climate 
change risk survey combined with an adaptation and mitigation 
agenda for cities in  India   . As part of a sequence of general risk 
assessments from climate change for the New York metropol-
itan region and discussion of adaptation and response strategies 
(Rosenzweig and Solecki,  2001 ; NPCC,  2010 ) several assess-
ments were directly focused on its transportation systems (Jacob 
 et al .,  2000 ,  2008 ; MTA,  2009 ). However, preparedness and 
response remain a challenge. For instance, on August 8, 2007, 
a windstorm combined with an intense downpour caused urban 
fl ash  fl oods   , bringing large portions of the New York City mass 
transit systems to a near standstill (MTA,  2007 ).  

 Likewise, there are multiple analyses available on the impact 
of hurricanes     Katrina and Rita on the transportation systems of 
New  Orleans    and other communities (Transportation Research 
Board,  2008 ). For the Greater  London    area, climate adaptations 
reports contain individual chapters with a focus on transportation 
(Greater London Authority, 2005, 2008). National perspectives 
on challenges posed by climate change, and guidelines on how to 
adapt transportation systems to these changes in the context of the 
United States are offered by the Transportation Research  Board    

  Table 6.1:   Impacts of climate hazards on urban transportation systems. 

Physical hazard Vulnerability of transport systems

Water

Floods Inundation of surface and subsurface 
infrastructure

Undermining of support structures such as 
bridge footings

Corrosion from salt water, where applicable

Increased scour around bridge footings

Storms Physical damage to roads and rail 
networks and vehicles from high winds and 
wind-driven rain and debris

Sea level Similar to fl oods

Clearances of some bridges might be 
diminished

Other

Heat Destruction or deterioration of materials

Wind Physical damage to roads and rail 
networks and vehicles from high winds 
and wind-driven debris

Secondary hazards:
fi re from drought, 
landslides from 
rainstorms

Facility destruction and disruption of 
services

     Source: From Special Report 290: Potential Impacts of Climate Change on U.S. Transportation, Annex 3–1 
(table), pp. 117–123. Copyright, National Academy of Sciences, Washington, DC, USA, 2008. Reproduced 
with permission of the Transportation Research Board.       
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(Transportation Research Board,  2008 ) addressing a wide range 
of geographic conditions, from  Alaska    to  Florida   , and modes 
of transport. While equivalent studies in the context of devel-
oping countries are sparse (an example for  Jakarta   ,  Indonesia   , 
is given by Aerts  et al .,  2009; also see Box 6.3 for preliminary 
efforts ), the work of the Transportation Research  Board    offers a 
benchmark, with generic implications transferable to other cities 
threatened by climate change.             

   6.4           Adaptation of urban transportation 
systems  

 Adaptation of urban transportation systems to the challenges 
of climate change implies making these systems optimally suited 
to operate safely; to experience minimal interruptions and losses 
from the immediate effects of extreme climate events; and to be 
designed and modifi ed in order to make these adaptations possible 
over the long term. Urban transport managers need to meet both 
types of climate challenges – changes in long-term mean trends 
and short-term extremes – while meeting all the normal challenges 
of providing transportation that is reliable, accessible, affordable, 
cost-effective, equitable, and environmentally sound. In addition, 
mainstreaming adaptation requires attention to existing transpor-
tation assets and planned  investment    (Trilling,  2002 ). 

   6.4.1   Adaptation planning  

  Managing  climate risks     of urban transportation systems 
requires more than quantitative risk assessment and risk  reduc-
tion   . They require an assessment of the basic mitigation and 
adaptation options available to the community, as well as their 
respective costs and benefi ts, both fi scal and social. When such 
adaptation measures are planned, the timing as mandated by 
the changes in hazard levels needs to be considered. So do the 
hazards’ changing spatial distributions as a function of time. 
These demands may best be met by developing a  climate 
change adaptation plan  that balances the technical adapta-
tion options and their costs against the benefi ts they provide 
to the community in terms of risk reduction. Several exam-
ples of such plans that address transportation were given in 
Section 6.3.3 and they are also covered in the NYC Panel on 
Climate Change study (NPCC,  2010 ), and include plans created 
for London, King County in  Washington    State, and the State 
of  Maryland   . The plan should also serve other objectives such 
as improving quality of life, infusing economic vitality, and 
ensuring long-term sustainability. Planning bodies typically set 
strategies on 20–30 year time frames, and operationalize these 
with shorter-term, 2–3 year implementation plans that are con-
sistent with long-term goals (Lindquist,  2007 ). A major chal-
lenge is devising clear plans to maintain the basic functionality 
of urban transport systems in the face of potentially increasing 

 Paulo Junior and Bridget Oballa

UN-HABITAT

        The city of Maputo ( Mozambique   ) is one of the four cities 
around the world where UN-HABITAT is providing capacity 
building and technical support to the implementation of the 
pilot phase of the Cities in Climate Change Initiative (CCCI). 
(The other three cities are Kampala (Uganda), Sorsogon (Phil-
ippines), and Esmeralda (Ecuador).) The main focus areas of 
the CCCI are: (i) awareness, advocacy, and policy dialogue; 
(ii) tool development and tool application; (iii) piloting climate 
change mitigation and adaptation measures; and (iv) knowl-
edge management and dissemination.  

 Maputo is the capital city of Mozambique, it is located at the 
extreme south of the country, along the coast ( Box Figure 6.4 ). 
The city is highly vulnerable to the impacts related to climate 
change since it is facing the Indian  Ocean    and is the most 
densely populated urban area in Mozambique. According to 
the 2007 census (INE,  2007 ) the city has about 1.1 million 
inhabitants; however, the metropolitan  area    Maputo–Matola–
Marracuene shows a fl uctuating population between 2.5 and 
3 million. Maputo, like other African cities, is experiencing 
rapid population growth causing an increasing demand for 
housing and infrastructure (UNFCCC,  2006 ), especially in 
the peri-urban slum areas. Consequently, the risk of severe 
impact on the urban poor will increase along with their ina-
bility to adapt or relocate to safer areas.  

 A preliminary  assessment    on climate change impacts in the 
urban areas of Maputo city was carried out, and key vulner-
able sectors and areas have been identifi ed: 
    •   Coastal zones and ecosystems   
  •   Human settlements and infrastructure   
  •   Health,  food    security, and waste management   
  •   Transportation system   
  •   Wetlands and urban   agriculture            

 The main climate-related  hazards    with destructive conse-
quences for these sectors are fl oods, droughts, rising sea 
levels, and storms (cyclones).  

 The predicted sea level rise related to global  warming    
may result in fl ooding of the lowest topographical areas 
of Maputo, which are the most populated and where slum 
dwellers are concentrated. This prediction is also supported 
by the Mozambique National Adaptation Plan of Action to 
Climate Change prepared in 2007. The National Institute for 
Disaster Management’s (INGC, 2009) study on the impacts of 
climate change in Mozambique shows that in the next three 
decades most of the coastal area of Maputo, including its 
harbor and other important infrastructure will be affected by 
sea level rise if no adaptation and mitigation measures are 
adopted, resulting in high economic and social costs (see 
Box Figure 6.5). 

The assessment identifi es the following for establishing a climate 
change adaptation strategy for Maputo city:   

   [ADAPTATION] Box 6.3     Cities in Climate Change Initiative: Maputo, Mozambique   
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  Box Figure 6.4:    Maputo City seen from satellite.        

  Box Figure 6.5:    Map showing areas that can be affected by predicted sea level rise at 5 meters.

 Source:   INGC  ( 2009 ).        
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    1.   Actively involving key stakeholders from the public sector, 
private sector, academia, civil society, and development 
partners in the process of raising awareness about the 
impacts of climate change at all levels.   

  2.   Establishing institutional arrangements between city and 
central governments through the Ministry of Coordination 
of Environmental Affairs (MICOA) and the National Insti-
tute for Disasters Management (INGC), to ensure effective 
management and implementation of the climate change 
risk reduction plans.   

  3.   Establishing communication mechanisms to ensure par-
ticipatory and inclusive processes in the identifi cation and 
implementation of sustainable solutions, including the cre-
ation of a Natural Disasters Risk Reduction and Climate 
Change Unit at local level.   

  4.   Preparing an in-depth assessment of the impacts of climate 
change in Maputo city, in order to determine the required 
adaptation and mitigation measures to be implemented.   

  5.   Developing methods and tools for the analysis of climate 
change effects in order to facilitate the fi nancial planning 

and decision-making and preparation of a Climate Change 
Adaptation and Mitigation Plan of Maputo city, which iden-
tifi es priority interventions to be implemented in the short, 
medium, and long term.   

  6.   Creating synergy and coordination mechanisms with 
new initiatives, and ongoing projects, to jointly identify 
potential sources of funding, and ensure continuity of 
operations.      

 A CCCI inception workshop was organized in Maputo in May 
2009 which was attended by stakeholders dealing with cli-
mate change impacts in Maputo: MICOA, INGC, National 
Institute of Meteorology (INAM), Maputo Municipal Council 
(MMC), representatives from academia, the private sector, 
civil society, NGOs, and development partners.

An outcome of the workshop was development of a stake-
holder communication mechanism, with the municipal 
authority taking on the lead role in coordinating projects (see 
Box Figure 6.6).  

  Box Figure 6.6:    Diagram showing the communication mechanism of the CCCI.        
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 The threatened mangroves surrounding the Costa do Sol 
neighborhood (Box Figure 6.7) were identifi ed as a pilot 
project site for initiating adaptation and mitigation responses. 
The aim of these immediate interventions is to map the 
mangrove area, and incorporate responses into the existing 

Master Plan, which includes special provisions for the protec-
tion of endangered species.      

Source: Cities in Climate Change Initiative (CCCI), UN-HABITAT, www.unhabitat.org.    

  Box Figure 6.7:    Threatened mangrove areas identifi ed for immediate demonstrative adaptation/mitigation actions under CCCI.        

frequency and strength of storms. Managers can plan in advance 
to have contingency plans to maintain movement of people and 
goods in the urban regions when major highways or rail lines 
become impassable due to climate-related  disasters   .       

   6.4.2   Specific adaptation measures  

 The adaptation of transportation systems to climate change 
is a critical challenge since many of these systems are already 
in place and are rigid. The exceptions are some of the very large 
transportation projects underway in the planning stages. Key 
factors affecting the choice of adaptation measures are whether 
or not the hazards and threats are intermittent or continuous and 
whether they are acute or long term. Rosenzweig and Solecki 
( 2001 ) consider short-term protective measures with local engi-
neering, regional mega-engineering, and long-term land use 
change. The 2001 study concludes that the most effective and 
sustainable measures are via land use changes. According to 
the New York City Panel on Climate Change (2009), adaptation 

measures may be grouped into three categories: operations and 
management; capital investment in infrastructure; and policy. 
Adaptation actions for operations and management of transpor-
tation include changing travel routes; altering (reducing) travel 
behavior to avoid the congestion brought about by altering travel 
routes; altering repair cycles to anticipate ongoing repairs to 
damaged infrastructure. Capital investment adaptation consists 
of measures such as retrofi tting existing infrastructure that is sus-
ceptible to climate changes – installing pumps to reduce fl ooding 
of vulnerable facilities; construction of permanent barriers in the 
case of water or wind to prevent exposure of transport systems 
to these forces.  Policy    oriented adaptation measures may include 
incorporating climate  projections    into the siting of transportation 
projects, e.g., avoiding the construction of roads and rails in areas 
vulnerable to climate change induced fl oods or storm surges; or 
adapting land use to store rain water and reduce wind speed in 
proximity to transport routes. While impacts vary by location 
and types of transportation systems, policy measures need to take 
into account national assessment of the consequences of climate 
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variability and change. For example, the United  States    assess-
ments incorporate three types of analysis: regional, sectoral, and 
national overviews (MacCracken,  2002 , p. 60).  Table 6.2  pro-
vides a brief summary of the impacts of climate change on urban 
transportation systems and their components and specifi c adapta-
tion measures. A comprehensive summary is presented in Annex 
6.1. The table contains adaptation measures that many different 
transport systems, modes, and components share in common. For 
heat resistance, being able to rapidly install structures and facili-
ties with materials to extend the temperature range of tolerance 
is critical. For water-related impacts from fl ooding, having bar-
riers, mobile pumps, and drainage facilities that can be deployed 
quickly to fl ooded areas will reduce the impacts.  

 Adaptation measures for urban transportation systems for 
specifi c climate hazards are discussed here.  

 Numerous technologies exist to protect transportation from 
fl ooding and have been used routinely. At the extreme, where 
some roads and rail lines are subject to continuous inunda-
tion, some options for operations and management adaptation 
are: providing alternative travel choices; modifying operational 
procedures such as reversing the direction of roads and being 
able to backup trains; avoiding the added congestion on a more 
limited number of routes due to a shift in travel patterns by 

encouraging and in some cases mandating other travel choices 
to reduce the number of trips altogether (which will have mitiga-
tion as well as adaptation benefi ts); and using continuous pumps 
and drainage technologies (including clearing existing drains) 
to reroute water. Capital investment adaptation may entail con-
struction of permanent barriers to keep water away from these 
routes. Policy measures include encouraging land use patterns 
that complement reduced travel (such as transit oriented devel-
opment) and modifying land uses to include those that entrain or 
trap water, relying on porous surfaces and water absorbing uses 
such as parks.  

 Potential adaptation actions for transport via rivers might 
include: additional dredging in shallow areas, limiting the number 
and weight of barges, releasing more water from upstream 
sources (recognizing that this can interfere with other water uses 
such as hydropower generation, ecological resources, agricul-
ture, municipal, industrial, and recreational) and fi nding alter-
nate navigation routes or modes of transportation (DuVair,  et al. , 
 2002 , p. 131). For detailed considerations of how transportation 
systems along the Great  Lakes    are adapting see Quinn ( 2002 ). 
Additionally, Quinn identifi es benefi ts from climate change to 
the transportation systems, such as the potential gains from year-
round vessel utilization due to decrease in ice cover may exceed 
the costs imposed by lower water levels in the lakes.  

  Table 6.2:   Climate change impacts on urban transport and adaptation mechanisms.  

Climate hazard Transport system component Impacts targeted Adaptation measure

Temperature Roads, rail, transit vehicles, private 
vehicles

Adverse effect on speed Milling out ruts; laying of more heat 
resistant materials such as asphalt for 
roads and more heat tolerant metals for 
rail and rail connections

Floods (sea, river, 
precipitation)

Drainage system; roads, rails, subways; 
transit vehicles, personal/private vehicles

Congestion, accidents, delays Use of remote sensing technology to 
detect damaging water levels and trends

Bring in dikes and barriers 

Better management of drainage system, 
detours

Storms Roads, bridges, rails, airports, and 
subways; transit vehicles, personal/
private vehicles

Accidents, delays, cancelled trips, 
limitations of routes

Ability to shelter vehicles by moving 
them into garages 

Improving emergency evacuation 
planning 

Building protective barriers 

Higher clearance bridges

Sea level Roads, rails, subways, and airports; 
transit vehicles, personal/private vehicles

Limits speeds and routes Bring in dikes and barriers 

Move vehicles to higher ground 

Heavier use of pumps 

Elevation of land and structures to 
minimize the impacts of fl ooding

Wind Surface structures and facilities, such 
as overhead transit electric lines and 
signaling systems and road support 
systems such as lighting and traffi c lights

Visibility, signaling system Weighting down of vulnerable structures 

Readiness in the form of repair 
equipment and maintaining a 
replacement inventory
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 Continuous episodes of high temperatures combined with 
stress from roadway usage by heavy  vehicles    can cause dete-
rioration of transportation materials such as steel,  concrete   , and 
 asphalt   . Although the physical and chemical properties of these 
materials may indicate considerable resilience, the environ-
mental conditions in which they operate, particularly the heat-
related effects of climate change, can reduce their resilience. 
Asphalt can lose its stability in persistent heat. Steel can buckle, 
and a number of heat-related instances of rail tracks buckling 
have been documented in the United  States    and worldwide. Con-
crete can also buckle above certain temperatures. The adverse 
impacts of rising temperatures on transportation materials pose 
operational risks: “Longer periods of extreme heat in summer 
can damage roads in several ways, including softening of asphalt 
that leads to rutting from heavy traffi c. Sustained air temperature 
over 90 °F is a signifi cant threshold for such problems. Extreme 
heat can cause deformities in rail tracks resulting in speed restric-
tions and, at worst, causing derailments” (Karl  et al .,  2009 , p. 
65). Adaptation measures require retrofi tting of existing assets 
and incorporation of higher tolerance to heat stress in ongoing 
and planned transportation investments.  

     If high wind speeds are intermittent, existing transportation 
systems can be retrofi tted to resist wind  damage   , and usage 
during high wind events, when foreseen, can be reduced or elim-
inated. If high winds are continuous, permanent weighting down 
of structures may be in order. For example, structural work was 
added to several  bridges    in the United  States    after the Tacoma 
Narrows bridge collapsed due to high winds that resonated with 
and amplifi ed the movement (Petroski, 1982 (1992 edition), pp. 
164–165). Furthermore, land use can be adapted in a manner to 
shield transportation systems from high winds, by creating both 
natural and artifi cial wind barriers.          

 Where damage is discrete in space and time, namely it does not 
extend over large areas, section repairs are possible as an adap-
tive measure and one that can be programmed institutionally into 
repair cycles. This approach has been adopted in previous events, 
such as earthquakes and accidental infrastructure network col-
lapses involving the destruction of bridge, road, and rail segments, 
providing analogies to what can happen with climate change. 
However, large-scale damage and complete collapse of structures 
requires the exploration of revision of design codes as well as, in 
some cases, relocation of assets. This has been the case in Cali-
fornia and  Japan    for earthquakes, where local authorities in both 
of those areas have incorporated earthquake resistant structural 
requirements into construction specifi cations. Similarly, in areas 
subject to climate change impacts, equivalent changes in codes 
and other transportation design standards may be relevant.   

   6.4.3     Policy    and economic considerations for adaptation  

 Adaptation includes modifi cations of both the transportation 
system and land use planning changes needed to reduce the vul-
nerability of urban mobility to climate-induced hazards. Transport 
 infrastructure    is capital intensive and has long gestation periods. 
Therefore, climate adaptation plans need to be coordinated with 

fi scal planning. Climate adaptation is different for different actors 
within the urban transportation system. For example, policymakers 
help adapt a city’s infrastructure and its management. While indi-
viduals may change their behavior, the role of local authorities is 
to regulate and coordinate land use and transport systems such that 
passengers are less vulnerable to the hazards of climate change and 
therefore do not need to rely solely on expensive personal adapta-
tion. Further, city-specifi c adaptation  assessment    of transport sys-
tems is essential as the adaptation response will vary. In the case of 
the  Boston    Metro Area, Suarez  et al . ( 2005 ) conducted a system-
wide analysis of the impacts of climate-induced stress such as riv-
erine and coastal  fl ooding    on transportation network performance. 
Through modeling projected land use changes and demographic 
shifts and their impacts on transport demand, the study identifi es 
future climate impacts that are likely to cause a “doubling in delays 
and lost trips.” However, the study concludes that system-wide 
adaptation is not cost effective; instead, adaptation efforts should 
be limited only to some critical transport segments.  

 According to the Federal Highway  Administration   , at present, 
similar adaptation needs  assessments    and strategies with regards 
to transport infrastructure are lacking in most countries. Further-
more, the overall institutional response to the expected impacts 
of climate change on urban transportation systems is absent, 
causing most Metropolitan Planning  Organizations    and Depart-
ments of Transportation to withhold adaptation planning until 
better assessments are conducted.  

 In the fi scal year 2006–2007, four of the fi fty State Depart-
ments of Transportation in the United  States    –  California   , 
 Oregon   ,  Washington   , and Connecticut – and some of the seventy 
Metropolitan Planning Organizations surveyed mentioned cli-
mate change as a consideration. The few departments that were 
considering climate change focused on mitigation. Counter-in-
tuitively, despite the long-term planning by Metropolitan Plan-
ning Organizations and Departments of Transportation, climate 
impacts on transportation and associated mechanisms for adap-
tation were neglected (Lindquist,  2007 ). However, increasingly 
some sub-national Departments of Transportation in the United 
States have stressed the need to fi ll this gap in adaptation  assess-
ments    and have begun conducting needs assessments of climate 
 impacts    and adaptation planning for the shipping industry, such 
as relocation or protection of ports due to sea level rise, or altera-
tions to transportation planning and management to incorporate 
climate risk assessments (Lindquist,  2007 ).  

 According to the Federal Highway  Administration    (FHWA, 
 2008 ), a growing number of Metropolitan Planning Organiza-
tions and Departments of Transportation are participating in or 
leading inter-agency initiatives on adaptation needs assessments 
and response planning. By 2008, the number of Departments of 
Transportation that were working to defi ne transportation policy 
with regards to adaptation at the state and regional level had 
more than doubled, from four to ten states of the total fi fty states 
surveyed. New  York   ,  Chicago   , and San  Francisco    have initiated 
research into the effects of sea level changes and storm surges 
on infrastructure, and thus are establishing partnerships with 
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regional agencies to facilitate coordination among local juris-
dictions and establishing protective measures. Despite the lack 
of analysis, the Federal Highway  Administration    is encouraging 
city transportation agencies to take the lead by incorporating 
adaptation mechanisms into long-range transportation planning 
(FHWA,  2008 ).  

 When it comes to adaptation of urban transport systems to 
climate-related  hazards   , mass-transit systems – such as railway 
tracks, highways, and  bridges    – face political and fi scal con-
straints that differ from privately owned individual vehicles. 
This adaptation handicap is because urban mass-transit systems 
require lumpy investments – for instance, a  subway    system or a 
bus rapid  transport    system and highways may require hundreds 
of millions of dollars to initiate adaptation through retrofi tting 
for interventions that have benefi ts long after the electoral cycle, 
making such decisions politically challenging, while individuals 
are free to make personal investments in their own  vehicle   s as 
each deems appropriate (within the boundaries of regulatory 
requirements for inspection and maintenance, for example). Fur-
thermore, because climate change impacts have implications in 
the long term, transport systems such as tunnels, bridges, rights 
of way, tracks, and roads, which all have long lifespans, are more 
susceptible to climate-induced risks and uncertainty. The same 
climate risks are considered to be less of a concern for personal 
vehicles such as  cars    and trucks due to the shorter lifespans of 
these vehicles. Large transit systems, especially low-carbon-
emitting rail-based systems, have a greater challenge to adapt 
to the climate demands over the long term, given the political 
context in which investments are made. Thus, incremental adap-
tations as opposed to one-off interventions deserve attention. 
For instance, when new  transportation    systems are planned with 
expected lifespans of up to a hundred years (as is the case for 
subway systems), adaptation measures may be diffi cult to intro-
duce quickly. In contrast,  cars    have a short lifespan of ten years. 
Therefore, car manufacturers adapt by improving technology with 
each new generation of cars, yet the design modifi cations have 
generally not been in a direction that prevents widespread damage 
to individual vehicles in  disasters    that are similar to those expected 
from climate change. Hence, adaptation in automobiles is occur-
ring in manageable increments at small costs, commensurate with 
increments in improved climate change projections. In sum, a dif-
ferentiated and complementary approach to adaptation of individ-
ually owned and more fl exible transportation systems versus those 
that are large and lumpy mass  transit    systems is required.         

   6.5   Mitigation of greenhouse gas 
emissions due to urban transportation  

 This section identifi es and categorizes mitigation strategies, 
discusses potential constraints on their effective implementation, 
and describes relevant policies and fi nancial mechanisms. 

   6.5.1   Mitigation strategies  

         The transport sector represents around 30 percent of global 
CO 2  emissions, with urban  transportation    comprising more than 
half of this amount. This is the type of greenhouse gas emis-
sions “that is expected to grow the fastest in business-as-usual 
scenarios, increasing at an annual rate of 2–3 percent” (Zegras, 
2007, p. 112). The largest part of this growth is expected to 
happen in developing countries. Price  et al.  ( 2006, p. 122 ) 
forecast a worldwide average annual growth rate between “2.2 
and 3.4 percent over the next 30 years.  4   During this 30 year 
period, the share of developing countries, in world transporta-
tion co2 emissions, is projected to grow substantially (Price  et 
al. ,  2006 ). However, developing countries account for about 
fi ve times the population of the developed countries. Thus, per 
capita urban transportation emissions in developing countries 
remain many folds lower than developed country cities. The 
aim of mitigation strategies is to reduce the transport carbon 
 footprint    of the city. Because of the complex interrelation-
ships between transport, land use and climate change, reducing 
greenhouse gas emissions requires a two-pronged approach to 
tackle urban energy  consumption   , combining both transporta-
tion policy and land use policy. Linkages with other sectoral 
policies also are critical. For instance, see  Chapter 4  on energy. 
For transportation, motorized vehicles can be made more effi -
cient, carbon content of fuels reduced, use of private vehicles 
discouraged, and effi cient non-motorized and public transport 
promoted. For land use, urban planning and land use regula-
tion, property taxes need to be adapted to facilitate the con-
centration of private investment in areas of high accessibility, 
generated by the implementation of mass transport systems. 
This will reduce the need for mobility due to higher density 
and diversity of urban functions. Non-motorized commuting 
can also be encouraged through appropriate urban  design    and 
the articulation of different types of transportation.  Table 6.3  

   4     In comparison, Price  et al . ( 2006 ) forecast an annual growth of 1.2–1.4 percent for OECD countries.   

  Table 6.3:   Mitigation strategies for urban transportation systems and related land use. 

Demand Supply

Transport Transport demand 
management; speed 
limits; congestion pricing; 
fuel tax; public transport 
subsidy; promotion 
of non-motorized 
transportation; road tolls; 
parking fees; provision of 
eco-driving schemes.

Investment in mass 
transit system.

Regulation and incentives 
for improvement of 
vehicle energy yields 
or low emission fuels. 
Facilitate inter-modal 
linkages application of 
information technology.

Land use Land use planning; 
provision of basic 
services; property tax 
regimes to discourage 
sprawl.

Zoning regulation; town 
planning schemes; 
incentives for high 
density urbanization, 
regulation to discourage 
sprawl.



163

 Climate change and urban transportation systems 

shows strategies for reducing greenhouse gas emissions in 
urban transportation systems, through a combination of demand 
and supply management policies in transportation systems and 
land use policies.  

 Regulatory instruments are applied in various forms; for 
instance, limiting the number of days a vehicle can be on the 
road, as is the case in  Beijing   ,  Bogota   , and  Mexico    City’s “hoy 
no circula” (one day a week, without a car) or quantitative 
restrictions on ownership, as in  Singapore   . However, unintended 
market distortions from such interventions require attention (for 
details see Bertaud  et al .,  2009 ). Effi cient fuels and technology 
choices are alternate mechanisms to reduce CO 2   emissions   . For 
instance, compressed natural  gas    (CNG)     operated automobiles 
emit between 20 and 30 percent less CO 2  than automobiles oper-
ating on a regular gasoline engine (Ministry of Environment, 
Government of  Japan   , 2008). In this regard, over the fi ve-year 
period from 1998 to 2002, in  Delhi    all public transport  buses    
were converted to CNG operated systems largely due to a ver-
dict by the Supreme Court of India     (Mehrotra  et al .,  2009 , p. 21, 
also see  Box 6.2 ). Moreover, the Delhi Metro Rail  Corpora-
tion    introduced measures to reduce greenhouse gas emissions 
through the use of regenerative braking to capture the energy 

during deceleration and feed it back into the electrical system. 
Delhi Metro Rail is considered the fi rst railroad company to 
obtain carbon  credits    through such an effort (Mehrotra  et al ., 
 2009 , p. 24).  

     Pricing instruments ( Table 6.4 ) modify consumer incentives; 
for instance, relative prices between private vehicles such as  cars    
and mass-transit modes such as commuter rails. Cities around 
the world deploy different types of pricing instruments – fi xed 
tolls and congestion pricing as in the case of  Singapore   ,  London   , 
and  Stockholm   ; fuel  tax    as in  Bogota   ,  Singapore   ,  Chicago   ; 
parking charges as in New York,  Sheffi eld   ,  Edinburgh    (Bertaud 
 et al. ,  2009 ). Some of these pricing efforts aim to reduce market 
distortions. Pricing congestion and parking, for instance, aims 
at adjusting the price of using a highway or of a parking space 
to refl ect its economic value, including externalities due to 
congestion.  

 Pricing instruments also include subsidies. Subsidies are 
often aimed at redistribution. For instance, many transit fares are 
subsidized, as in Los  Angeles   , San  Francisco   ,  Mumbai   , Delhi. 
Transit fare subsidies are aimed at increasing the mobility of 
low-income households, allowing them to fully participate in 

  Table 6.4:   Environmental benefi ts of congestion pricing. 

City

Environmental benefi ts, including decline in carbon dioxide 

emission (per year) Source

London
(2002–2003)

Within the congestion pricing zone: 19.5% carbon dioxide emission reduced; 
12% decline in oxides of nitrogen; 12% reduction of suspended particulate matter 
(PM10, particles <10 micrometers in diameter; 15% drop in vehicle kilometers 
travelled.

Beevers and Carslaw (2005)

12% decrease in traffi c Transport for London (2004)

2.3–2.5 million pounds in savings from carbon dioxide emission reduction;
decline of 211–237 million vehicular miles travelled

Evans (2007)

Reduction of 35% in pollution; total environmental benefi ts: €4.9 million Prud’homme and Bocarejo (2005)

Stockholm 
(January–July 2006)

13% carbon dioxide emission reduced (or 36,000 tons in saved emissions); 8.5% 
decline in oxides of nitrogen; 14% drop in carbon monoxide levels;13% reduction 
of PM10; avoidance of 27 premature deaths; 22% reduction of vehicle passages 
in congestion pricing zone.

Johansson et al. (2008), 
Lundqvist (2008)

Singapore
(1998, 1992, 1975)

75% reduction of car traffi c during morning peak hours; in 1992 car volume was 
54% of the pre-1975 level; in modal split, share of cars dropped from 48% to 29% 
immediately congestion pricing was introduced.

Olszewski (2007)

1998: Elasticity of passenger cars −0.106 within congestion pricing zone (−0.21 in 
the short run, −0.30 in the long run); 15% drop in daily traffi c volumes.

Olszewski and Xie (2005), 
Olszewski (2007), Menon (2000)

1975: Traffi c volumes in morning peaks reduced by 45%; car entries decreased 
by 70%

Willoughby (2000)

Milan
(2008)

9% carbon dioxide emission reduction (or 150,000 tons per year reduced); 19% 
reduction of PM10-emissions; savings of €3.3 million; 37% decline in ammonia 
(NH3) emissions; 11% drop in oxides of nitrogen emissions; traffi c reduced by 
14.4%

Milan municipality (2009)

Durham Number of vehicles declined by 50–80% Santos and Fraser (2005)

     Source: Adapted from Lefèvre and Renard ( 2009 ).       
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a unifi ed metropolitan labor market. Transit fare subsidies are 
also an incentive for car commuters to opt for a modal switch to 
transit. Although, this is not a very effective manner to increase 
transit mode share in the long run (Bertaud  et al. ,  2009 ).  

 Pay-As-You- Drive    (PAYD) programs offer another mecha-
nism to reduce vehicular miles traveled. With encouragement 
from public authorities, insurance companies are charging insur-
ance premiums based on driving records and other traditional 
risk factors but are broken down into per-mile charges. Motorists 
have the opportunity to lower their insurance costs by driving 
less. When PAYD insurance is offered to a large percentage of 
California drivers, it may reduce  vehicle    miles traveled and asso-
ciated greenhouse gas emissions (Lefèvre and Renard,  2009 ). 
Such strategies have limited application in a developing country 
city context, where car ownership is limited to a small fraction 
of urban households and most trips are by walking, bicycling, 
and other two wheelers, complemented by severely constrained 
mass transit systems. Instead, Perera and Permana ( 2009 ) present 
alternate strategies appropriate for developing countries using 
the case of Bandung City, Indonesia.          

 Bicycling is also being encouraged in developed country cities 
with the aim of reducing automobile dependency and associated 
greenhouse gas emissions. Strategies take the form of  bicycle    
rental stations, being used in a number of European cities, and 
provision of  bike    lanes. On the other hand, while non-motorized 
transport accounts for a large proportion of commuter trips within 
the developing country city, the challenge with rising incomes is 
to facilitate the retention of such low emissions modes as well as 
complement with demand-responsive mass transit, as opposed 
to the present trend of low-cost motorized personal transport. 
 Curitiba    in  Brazil    has been a noteworthy example of the use of 
bus rapid transit in South  America   , though examples are now 
widespread throughout the world from  Mexico    City to recent 
efforts in  Delhi   . Shaping land use is also another way to improve 
accessibility while mitigating emissions; however, the degree of 
public control on land use varies signifi cantly by jurisdictions 
and its effi cacy remains debatable.  

     On categorizing energy  consumption    in urban transport in 
developing countries by the degree of land use planning: (1) 
controlled residential and commercial areas, (2) unplanned peri-
urban areas, (3) planned satellite towns, Permana  et al . ( 2008 ) 
fi nd that, in Bandung City,  Indonesia   , households in “controlled 
residential and commercial areas” use transport systems – 
including walking and bicycling – that consume less energy than 
households in unplanned or planned areas. However, there are 
several confounding covariates, such as income and type of 
employment, which correlate with the type of land use (a proxy 
for house prices) and modal choices, that need to be analyzed 
further for relevance in alternate geographies.      

 New  York    City’s mitigation efforts in transportation largely 
center on some key initiatives within PlaNYC ( 2007 ) and the 
Metropolitan Transport Authority’s ( MTA   ,  2009 ) Blue Ribbon 

Task Force. PlaNYC and subsequent regulatory and management 
initiatives to support the plan’s goals, including environmental 
ones, emphasize anti-idling laws and parking restrictions. The 
city’s congestion pricing initiative did not get the support of 
the New York  State    legislature. In the area of transit, the MTA, 
which is the primary provider of transit in the city, has incorpo-
rated a strategy of greening its stations and supporting facilities 
such as maintenance yards.           

   6.5.2   Assessments of mitigation potential and cost  

 There are some efforts to assess urban transportation sector 
mitigation potential and cost, but this is still an incipient trend, 
based on a city-by-city analysis. There is no worldwide urban 
transportation sector mitigation potential and cost assessment in 
the literature.  

 Until now, the issue of cost-effectiveness has been success-
fully applied to international negotiations, such as the European 
Emissions Trading Scheme (EU- ETS   ), and to national policies. 
Energy-economy or sectoral energy models have made it pos-
sible to simulate the economic  impact    of different policies and 
especially to build sets of marginal abatement cost curves. These 
mechanisms are effi cient tools for analyzing different aspects 
of climate policies, particularly seeking to reduce the global 
cost through a certain leveling of the marginal costs of sectoral 
initiatives (Lefèvre and Wemaere,  2009 ). The development of 
marginal abatement cost curves for urban transportation aims 
to inform methodological efforts to measure and prioritize the 
actions to inform policymakers’ choices.  

 For instance, the Siemens study of London’s transport system 
(Siemens,  2008 ) estimates a reduction in transport emissions 
“by about one-quarter, from 12.1 million tons of  CO 2     in 2005 
to 9 million tons in 2025”. The study identifi es better fuel effi -
ciency in  cars    as a cost-effective means of reducing carbon  emis-
sions    from transport. In addition,  hybrid    cars and some  biofuels    
hold abatement potential, albeit at higher costs, given present 
technology. London could save 0.3 million tons of CO 2  by 2025 
by switching to hybrid  buses    and optimizing road traffi c man-
agement. For similar calculations on how much  becaks  (human 
powered tricycle transport) and  ojeks  (motorcycle taxis) can 
contribute to reducing CO 2  in Bandung  City    see Permana  et al.  
( 2008 ). Increased use of biofuels could cut emissions by 0.5 mil-
lion tons – assuming biofuels with low greenhouse gas emissions 
are  used   .  

 As cities are complex, a project-based approach is insuffi -
cient to reduce urban transportation carbon  emissions   . Instead 
an incremental programmatic approach is more likely to be 
highly cost-effective such that local climate action plans apply 
a systemic approach to innovations in spatial organization and 
transportation planning in the broader context of city devel-
opment and management. For a case study of such an incre-
mental approach see the case of Bandung  City    (Perera and 
Permana,  2009 ).       
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   6.5.3    Constraints to mitigation in urban 

transportation systems: prospects for 

green technology diffusion  

 In the near future, “emergence and large deployment of viable 
green individual transport technologies is limited” (Pridmore, 
 2002 ; Cabal and Gatignol,  2004 ; Assmann and Sieber,  2005 ). 
A study by Heywood  et al.  in 2003, as cited by Zegras (2007), 
assesses the potential for advancements in passenger vehicle 
technology “in the United States     over a 30-year horizon and 
concludes that a combination of technological improvements 
and demand management will be required to reduce transporta-
tion energy consumption”. Furthermore, according to Assmann 
and Sieber ( 2005 ) the additional time needed for a well-estab-
lished technology in developed countries to penetrate the market 
in developing countries is around 10 years. Consequently, 
according to some estimates a new “green” car, launched today 
in the developed world, will take 40 to 45 years to reach a signifi -
cant share of the market in poor countries (Cabal and Gatignol, 
 2004 ). However, the pace and scope of global technological dif-
fusion remains a subject of great debate and these estimates need 
to be revisited as empirical data on technology transfer from 
developed to developing countries and vice versa becomes avail-
able for the urban transport sector.  

     Mitigation of urban transportation systems requires multilevel-
governance arrangements – city level, regional, national, and 
in some cases global. For instance, while a city can ensure that 
all vehicles used for city operations are fuel effi cient (including 
taxis), it requires federal legislature to set fuel economy stand-
ards and enforce compliance by automakers, as was the case in 
Santiago ( Chile   ) and  Bogota    (Colombia). At the national scale, 
the U.S. has instituted Corporate Average Fuel Economy (CAFE) 
standards for automobile manufacturers for each model year. 
(NHTSA 2010). Additionally, measuring carbon  emissions    at the 
 city    scale is challenging for several reasons – the city’s jurisdic-
tion does not necessarily overlap with the urban agglomeration, 
embedded carbon in goods consumed within the city but pro-
duced at long distances, or emissions due to transit passengers 
all pose accounting challenges. In the case of Bandung city, as 
in many other cities, land use, energy, and transportation policies 
lack horizontal interagency coordination and vertical intra-sector 
collaboration (Perera and Permana,      2009 ).  

 Public policies that accomplish greenhouse gas reduction in 
the urban transportation sector are challenging in part because 
climate change competes with other pressing priorities. Poli-
cymakers, especially those in developing countries, face the 
challenge of ensuring sustainable development of their transpor-
tation sector in order to meet the demands of rapid urbanization, 
economic growth, and global competition. The green agenda is 
limited to local environmental challenges, especially local air 
quality, a classic example being  Delhi   . However, co-benefi ts 
from these efforts offer positive externalities in emission reduc-
tion as well as capacity-building for institutional response to 
combat climate change (Mehrotra  et al .,  2009 ).  

 Non-point sources imply diffused emission, making it dif-
fi cult to collect baseline data for monitoring and evaluation of 
emissions and their reduction. Additionally, a life-cycle analysis 
is required if greenhouse gas emissions in the urban transport 
sector are to be fully accounted. Due to diffuse emission sources 
it is diffi cult to involve the key actors necessary to infl uence the 
level of greenhouse gas emissions for a given urban transporta-
tion system. Finally, due to lack of capacity and willingness of 
local institutions, enforcement is ineffective.   

   6.5.4   Mitigation policies  

      Policy    objectives for greenhouse gas emission reductions 
in the urban transportation sector may include both demand- 
and-supply-side initiatives (see Table 6.3 for example). 
Demand-side interventions include reducing the need for 
transportation through land use planning and incentives for 
decreasing vehicle miles traveled. Some instruments include 
congestion pricing, charging user fees for parking, and fuel 
 tax    to internalize the social cost of the transport sector into 
pricing to correct for market distortions that presently do not 
price environmental degradation due to carbon  emissions   ; 
incentivizing use of clean  fuel    vehicle technology, and the 
like. Supply-side interventions include enhancing the pro-
vision of energy-efficient mass- transit    systems; regulating 
land use to preserve and enhance carbon  sinks    (forests, 
wetlands) when considering locations of new infrastruc-
ture facilities as well reducing the need for transit through 
better land use management; and coordinating land use 
and transport policies to exploit  synergies    (Schipper  et al ., 
 2000 ).  

 The key  stakeholders    for mitigation response are various 
levels of government, fi rms, and households. While the state 
takes the lead on supply-side initiatives, including regulation 
and provision of transport systems and providing incentives for 
behavioral change, private and public vehicle producers respond 
by supplying various degrees of fuel effi ciency in transport 
modes –  cars   , rails, and  buses   . Consumers – both households 
and fi rms that consume transport services – lead demand-side 
initiatives, including consumer choice of transport modes and 
the like. However, the various levels of government, types of 
vehicle producers, and consumers of various transport services 
have a complex set of overlapping and confl icting interests. For 
instance, while transit-oriented local governments may create 
incentives for mass-transit systems, state governments with 
car manufacturing bases may oppose such initiatives. Likewise 
transit may be welcomed by non-car-dependent urban commu-
nities and resisted by car-dependent suburban communities and 
vice versa. The effectiveness of such mitigation instruments also 
varies between developed and developing countries. In many 
developing countries, as car ownership is limited and demand 
for transportation services is rapidly growing, creating incen-
tives for fuel-effi cient private and public transportation systems 
can yield substantial gains in reduction of the growth of green-
house gas emissions.   



166

Climate change and cities

   6.5.5   Financial tools and incentives  

 Two key incentive mechanisms for mitigation of greenhouse 
gas emissions from urban transport systems are intergovernmental 
transfers and carbon markets. Federal transfers for management 
of ecological goods and services, which are public goods with 
positive externalities beyond local jurisdictions, are in practice. 
For example, since 1996, the “German advisory council on the 
environment has called for the integration of ecological  indica-
tors    into intergovernmental fi scal transfers” and performance 
indicators. For instance, fi nancing is determined partially on the 
basis of improvements in rural land management and protec-
tion of nature reserves (Perner and Thöne,  2005 ). In  India   , the 
thirteenth fi nance commission advised that 7.5 percent of fi scal 
transfers to states and union territories be based on percentage of 
forest cover (Kumar and Managi,  2009 ). While these environ-
mental grants are performance-based the scope of the projects 
is limited, but such federal grant conditionals can potentially 
include broader concerns of climate change, including urban 
transport mitigation, as in the case of Klimp, a Swedish invest-
ment grants scheme targeted at sub-national level governments 
to address climate change.  

 Likewise,  carbon    markets are underutilized for energy-
effi cient urban transportation. Only two out of twelve hundred 
clean development mechanism (CDM)  projects    that have been 
registered by the UNFCC’s Executive Board address urban 
transportation projects. These two projects are  TransMilenio   , 
Bogotá’s bus rapid  transit   , and  Delhi     subway   ’s regenerative 
braking system (Mehrotra  et al. ,  2009 ). Together these two urban 
transport projects represent less than 0.13 percent of the total 
CDM project portfolio.  

 The underutilization of CDMs for urban transport projects 
is due to three key factors. First, there is a mismatch between 
the local expertise and global requirements. Local government 

priorities and associated skills are aimed at developing transport 
projects to ease severe mobility constraints in developing coun-
tries. In contrast, the global institutional requirements of CDMs 
and the associated standards and fees for screening applications 
and fulfi lling requirements are often beyond the scope and abili-
ties of local governments. Second, due to the diffused emissions 
in the transportation sector, the cost of aggregating data is high. 
Thus CDM’s “act and gain money” incentive has limited impact. 
Third, basic CDM project requirements are diffi cult to fulfi ll for 
urban transportation: project boundaries are diffi cult to defi ne 
due to up- and down-stream leakages, establishing credible base-
lines is diffi cult due to constraints in data collection, and data 
constraints render monitoring methodologies unreliable.  

 Enhancing the proportion of urban transport projects within 
the existing CDM framework may require focusing on short ges-
tation and high-return energy-effi cient technologies – technology 
switch to energy-effi cient engines and fuels switch; mass-transit 
systems; information technology for transport systems optimi-
zation, such as smart traffi c light systems bundled together for 
programmatic CDMs. Mehrotra  et al.  ( 2009 ) elaborate on the 
efforts of the city of  Delhi   , where additional opportunities for 
utilizing CDM related to urban forestry, street lighting, and  land-
fi ll    are illustrated. These have co-benefi ts for urban transporta-
tion sectors that are yet to be explored. Like the CDMs, the urban 
transport sector has yet to adequately utilize the Global Environ-
ment Facility ( GEF   ), established in 1991 to support developing 
countries in tackling climate change mitigation and adaptation 
(Colombier  et al .,  2007 ). Thus, project preparation and develop-
ment support remain a critical gap in linking urban transport to 
broader climate change and environmental initiatives. In addi-
tion to carbon markets, the Partnership on Sustainable Low 
Carbon Transport, among others, is exploring alternate strate-
gies for fi nancing low-emission urban transport systems through 
pooling of public and private resources as well as sector-wide 
approaches to low carbon transport.      

  Ken Doust 

Asset Management & Sustainability Assessment, Atkins Global 

John Black 

School of Civil and Environmental Engineering, University of 

New South Wales 

 CUSCCRR (Coalition of Urban Sustainability & Climate Change 
Response Research)     Urban transport system charac teristics 
and system vulnerability provide the basis for a climate 
change scenario in the context of a sustainability frame-
work as shown in  Box Figure 6.8 . Climate change impacts 
are drawn in from physical infrastructure characteristics, net-
work relationships, and behavioral changes, which can vary 
for different cities. The sustainability metrics incorporate the 

capability to mitigate and resilience for adapting to climate 
change impact.  

 Sydney, Australia, is used to illustrate and visualize the met-
rics and the environmental sustainability measure (Pillar 1), 
formulated from known fuel consumption of vehicles (see 
Cosgrove,  2003 , p. 342) with speed and used to calculate 
carbon dioxide equivalent (CO 2 -eq) footprints for motor vehi-
cles between each trip origin/destination pair.  

 Sydney’s transport system primarily consists of tolled 
motorways, arterial roads, and an extensive suburban heavy 
rail system with a heavy reliance on  cars    in the suburbs. 
Estimated annual transport greenhouse gas emissions for 
Sydney Metropolitan  area    rose from 9.8 million tons in 1990 
to 12.2 million tons in 2001, and emissions are forecast 
to rise to 16.8 million tons by 2020 on current trends. Car 

   [MITIGATION/ADAPTATION] Box 6.4     A sustainability framework tailored for transportation and 

applied to Sydney, Australia   
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  Box Figure 6.8:    A sustainability framework – tailored for transport infrastructure.        

usage contributes 67 percent of these emissions ( www.bitre.
gov.au/publications/93/Files/r107.pdf , Tables 3.13 and 3.14, 
accessed August 18, 2009).  

 A quantifi able measure of greenhouse gas mitigation effec-
tiveness was developed from detailed operational methods, 
using transport planning building block techniques (Doust, 
 2008 ,  Chapter 4 ). The scenario is based on the combina-
tion of two concepts, accessibility and environmental 
sustainability.  

 Accessibility has been identifi ed as a useful measure in social 
and economic aspects of sustainability (see Expert Group on 
the Urban Environment,  1996 ; Warren Centre for Advanced 
Engineering,  2003 ; Kachi  et al .,  2005 , 2007). In the Sydney 
Case Study, accessibility measures were derived (Doust, 
 2008 ,  Chapter 4 ) for each travel zone pair. Separate oper-
ational methods were developed to generate worker and 
employer focused accessibility measures. These are meas-
ures that are relatable to social equity (Pillar 2) and economic 
effi ciency (Pillar 3) respectively.  

 Environmental sustainability measure is defi ned as the 
inverse of CO 2  emissions from the total Journey to work trips 
between zone pairs, including an allocation of emissions 
from manufacture of vehicle and road infrastructure. This is 
calculated as a sum of the CO 2 -eq     per unit trip km at the 
average speed with the shortest path trip length and number 
of trips. The CO 2 -eq is calculated as the sum of the quantity 
of greenhouse gas and the Global Warming Potential Index 
(AGO,  2005 , Appendix 3).  

 These metrics can also be applied in a way that expresses 
sustainability performance in terms of sustainability risk. High 
risk, where sustainability performance is poor, is indicated by 
low metric values. Low risk, where sustainability performance 
is satisfactory, is indicated by a higher metric value, above 
a community accepted minimum target. The grid concept 
can be likened to a risk matrix allowing each zone pair to 
be assigned a sustainability risk rating ( Box Figure 6.9 ). The 
sustainability risk boundaries are specifi c to each city, and 
infl uenced by the population’s estimated resilience.  

 This sustainability risk rating can then be plotted onto geo-
graphic space using geographic information system     (GIS) 
thematic mapping.  Box Figure 6.10  illustrates such a visuali-
zation in geographic space.  

 Each of these visualizations provides insight into the posi-
tion, spread, and internal distribution trends for a city’s urban 
sustainability pillars of environmental stewardship, social 
equity, and economic effi ciency. For community and deci-
sion-makers these visual differences give a simple snapshot 
of overall sustainability performance for each scenario being 
considered. It is straightforward to change the scenario, use 
the building block techniques, and produce a new metric plot 
to see the sustainability effect of the policies embedded in the 
scenario. Stakeholders can see measurable change for their 
communities in relation to sustainability goals. The process 
provides another dimension to visioning and sustainability 
strategy development by adding the means by which a com-
munity can measure and judge one infrastructure and urban 
form scenario with another.  
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  Box Figure 6.9:    Sustainability performance risk overlay to Sydney Inner, Middle, and Outer Ring results in 2001.        

  Box Figure 6.10:    Sustainability risk rating plotted onto geographic space.        
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 A particular strength of using the sustainability framework, 
and the metrics demonstrated here, is that they are derived 
from data sets that have been commonly used by urban and 
regional planners for many years. Visualizations of this type 
can be used to inform decision- makers    (community and gov-
ernment agencies) in the process of choosing climate change 
policies and programs for a city.  

 Under climate change, scenario systems are also at risk of 
failure. The current process of determining the metrics under 
an operational system state is to be extended to also esti-
mate the metrics under failed system states due to trans-
port infrastructure system vulnerabilities to climate change 
impact. The methodology discussed in this case study pro-
vides a useful tool for each city beginning to understand 
how they should respond to climate change. Every city 
will have its own unique set of urban response scenarios 

to choose from in mitigating greenhouse gases, and each 
of these will need to occur in a future that does involve 
adaptation to climate change impacts of some degree. The 
more there is understanding of the effectiveness of each of 
these urban response scenarios, inclusive of the adaptive 
capability, in balance with other sustainability pillars, the 
greater the likelihood of real outcomes being realized for 
each of our cities.   

This Case Study is based on the original research titled “Met-
rics of Environmental Sustainability, Social Equity, and Eco-
nomic Effi ciency in Cities” Doust, K. (2008). Papers from this 
research have been published in the following peer reviewed 
journals and conference proceedings: Black and Doust (2008); 
Black  et al . (2010); Doust (2010); Doust and Black (2008); 
Doust and Black (2009); Doust and Parolin (2008); Doust and 
Parolin (2009); Nakanishi  et al . (2009).  

   6.6   Key uncertainties, research needs, 
and information gaps  

 Many levels of uncertainties drive research needs and defi ne 
information gaps, these range from the identifi cation and degree 
of certainty of climatic factors and consequences specifi c to 
transportation to the performance of transportation technologies 
for both mitigation and adaptation and their relationship to other 
infrastructure.  

 The IPCC ( 2007a ) has identifi ed three macro-scale uncertain-
ties in assessing transportation adaptation and mitigation poten-
tials for any city. The fi rst uncertainty relates to the international 
price of oil and associated demand for alternate fossil fuels. The 
second uncertainty relates to the pace of innovation in alternate 
energy  sources    such as  biofuels   , externalities associated with their 
large-scale consumption: food     prices, water shortages, and the 
like, and batteries. The third uncertainty is the timeline on which 
policies on greenhouse gas emissions reduction will be adopted 
and implemented by developed and developing countries.  

 Other critical issues pertain to the availability of, and access 
to, information at the international level. First is the lack of data 
on transport energy  consumption    in developing countries now 
and projected for the future, and thus uncertainties in the mag-
nitude of emissions that will occur as a result of energy con-
sumption overall and the use of alternatives to oil. With a few 
exceptions, the geographical focus in the present research is on 
developed country transport systems, especially in the United 
 States    and  Europe   . There is a gap in the literature on the implica-
tions of climate change on urban transport policy and planning 
in developing counties.  

 Second is the absence of a broad framework to assess global 
opportunities and costs of reducing greenhouse gas emissions 
in the transportation sector. Consistency and coordination is 

needed among international agencies in their support of climate-
friendly transportation projects and longer-term goal setting. The 
availability and distribution of information about adaptation and 
mitigation vary from local to global levels in both developed and 
developing countries, and this variability contributes to prob-
lems of coordination and consistency.  

 Potter and Savonis ( 2003 ) and Hyman  et al.  ( 2008 ) outline 
some of the important research needs and challenges to pre-
pare transportation system for the impacts of climate change. 
Regional and local-scale climate  projection    models that incor-
porate unique attributes of the urban transportation systems are 
lacking. But downscaled assessments are a prerequisite for trans-
portation planners to identify facilities and locations that are vul-
nerable to the impacts of climate-related events. Further, impacts 
need to be disaggregated into implications for operations, main-
tenance, and safety of transportation systems for the short- and 
long-term effects.  

 City managers require new tools to evaluate the benefi ts 
and costs of a range of response options that incorporate future 
uncertainties into modal choices, siting infrastructure, design 
and engineering standards, and the like. For example, “[it] is 
unlikely that infrastructure improvements such as realignment 
of roadways, many of which run through river valleys, can be 
justifi ed on a cost-benefi t basis” in the  Boston    area (Tufts Uni-
versity,  2004, p.155 ). Additionally, there is a need for improved 
techniques for assessing risk and integrating climate information 
into transportation planning and management within the broader 
context of city planning and management.  

 On top of these uncertainties and gaps in knowledge are those 
within climate science itself, discussed extensively in other 
chapters. One example is the extent of ice  melt   ing and its impact 
on sea level rise at specifi c geographic locations. Another is the 
intensity and frequency of storms in light of the diffi culty of 
predicting cloud formation and, more recently, the infl uence of 
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changes in monitoring protocols of storm frequency and intensity. 
These climate uncertainties combine with uncertainties associ-
ated with the consequences of climate conditions specifi cally for 
transportation at any given place and time. Finally, the perform-
ance of technologies in reducing the adverse consequences adds 
another layer of uncertainties which refl ects gaps in knowledge. 
For example, construction standards and the designs of trans-
portation infrastructure will adapt to climate change impacts 
depending on environmental factors that affect the strength of 
the new systems.  

 Research gaps for adaptation include the need for knowl-
edge on how climate hazards will affect transport infrastructure, 
including the engineering design and performance standards 
for urban transport systems and associated infrastructure assets. 
Furthermore, research on relationships between climate hazards 
and social and economic  impacts    related to urban transport sys-
tems is much needed. For instance, research on quantifying the 
expected impacts of climate change on types of transport systems 
and their users is lacking. Further, there is need for research ana-
lyzing climate  impacts    on planned investments in the transport 
sector, as most research focuses on climate impacts on existing 
transportation systems. Finally, intra-and-inter sectoral co-bene-
fi ts of adaptation and mitigation need attention (Lindquist,  2007 ). 
For example, transportation is dependent on electric power and 
telecommunications as well as water and environmental serv-
ices and will be affected by adaptation and mitigation efforts in 
these sectors. Likewise, changes in the the delivery of goods and 
services for transportation industry supply chains will affect the 
transportation systems as well.  

 Research needs and information gaps for mitigation include 
the evaluation of specifi c mitigation policies for effectiveness 
in reducing greenhouse gas emissions from transport in a city; 
and economic  costs    of mitigation in the urban transport sector 
with careful consideration of areas in which mitigation meas-
ures for transport might confl ict with others and actually con-
tribute to greenhouse gas rather than reducing it. For instance, 
there is a need for comparative studies on the cost of producing 
and switching to clean  fuels    and new vehicle technology so 
as to allow urban transport planners and stakeholders to make 
informed choices on new technology options for low-emission 
transportation systems. Finally, as with adaptation, the feasi-
bility for mitigation of various options in light of the extent 
and role of the interdependencies within various transporta-
tion sectors (Lindquist,  2007 ) and between the transportation 
sectors and other sectors and activities with which transpor-
tation interacts or affects must be studied. For instance, there 
is a need for further research on methodologies for standard-
izing inventories from transportation emissions and criteria for 
including emissions from national, regional, and local transport 
systems that extend beyond the jurisdiction of cities and are 
interconnected with other sectors such as telecommunications, 
energy, and water. There is also a need to explore the interac-
tion between the energy intensity resulting from modal choices 
and their interaction with types of land uses and other urban 
infrastructure systems.  

 Thus, large uncertainties will continue to exist and new ones 
will continue to emerge as summarized above in the science and 
technology that justify and support moving forward on both 
adaptation and mitigation. In light of this, some have argued that 
the key strategy is to move forward on reasonably robust meas-
ures and to evaluate the performance of those measures over 
time, rather than to await the resolution of uncertainties before 
acting (Dessai  et al .,  2009 ). For transportation, adopting such a 
policy with its accompanying strategy suggests moving ahead 
with a multi-pronged approach that emphasizes the availability 
and use of multiple modes of travel that avoid greenhouse gas 
emissions and at the same time are fl exible and resilient to the 
impacts of climate change, that is, made of more resistant mate-
rials and able to withstand potentially prolonged fl ooding and the 
intensity of storms.   

   6.7   Conclusions  

 Generally, public actions aim to anticipate and frame market-
based urban development toward a more energy-effi cient city. 
That can involve analyzing market dynamics – transport mar-
kets, real-estate markets, and housing markets – and integrating 
them in local urban  planning   . A challenge is to adopt a plan-
ning model that works to create dynamic middle- and long-term 
urban development trajectories, rather than static or “one-off” 
systems.  

 The combination of adaptation and mitigation policy  instru-
ments    to be implemented for the urban transportation system is 
a city-specifi c issue combined with overarching global policies 
as a guide. Transport policies are easier to implement, but their 
potential to reduce greenhouse gases may be lower than for other 
activities. Land use policies can be stronger levers of action to 
reduce greenhouse gas emissions due to urban transportation, 
but they may be harder to implement.  

 For cities in developing countries, the challenge is more to 
keep their mixed land use and high-density settlements, and 
transport systems in which low-emission modes are still domi-
nant, without compromising efforts for future economic devel-
opment and urban poverty reduction, both of which rely on 
expanding effective and effi cient transportation systems and 
associated modal choices.  

 Public education and effective communication on policies that 
aim to reduce greenhouse gas emissions are important aspects for 
successful promulgation of adaptation and mitigation policies in 
urban transportation systems. These efforts can emphasize local 
co-benefi ts in and seek to gain – and secure over the long-term – 
public support for these measures.  

 Finally, several elements have emerged for climate change 
adaptation and mitigation policies to be successful for urban 
transport planning and management. These include strong lead-
ership and even championing climate change mitigation; an 
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  Annex Table 6.1:   Impacts of climate change on transportation. 

Climate change Infrastructure impact Operations impact Adaptation measures Sources

Temperature-related

Temperature increase Pavement damage; 
asphalt rutting

Traffi c speed Frequent maintenance; 
milling out ruts; laying 
of more heat-resistant 
asphalt

Andrey and Mills., 2003 
(Canada); Wooler, 2004 
(United Kingdom); Soo 
Hoo, 2005 (Seattle)

Deformation and 
“deterioration of road and 
rail infrastructure from 
buckling and expansion” 
(CRI, p. 59)

Potential for derailment of 
trains; decreased travel 
speed

Improved monitoring 
of rail temperatures 
and more frequent 
maintenance track; speed 
restrictions

OFCM, 2002 (Mid-
Atlantic, U.S. Amtrak 
derailment incidence 
2002, pp.1–7); Caldwell 
et al., 2002 (p. 11); 
Wooler, 2004 (United 
Kingdom)

Heating of underground 
cars  and lack of 
ventilation.

Wooler, 2004 (London)

Extended period of 
growing season for trees 
and vegetation

Obscuring signs; 
slipperiness (by fallen 
leaves) on roads

Potential for derailment of 
trains; decreased travel 
speed

Better management 
of foliage; better 
management of trees 
that grow alongside the 
transportation corridors; 
planting slower growing 
plants to reduce leaf fall

Wooler, 2004

Temperature increase in 
winter

New passages for marine 
transportation (Northwest 
Passage)

Less spending on winter 
maintenance for snow 
and ice control; less 
pavement damage from 
frost

Andrey and Mills, 2003 
(Canada); Kinsella and 
McGuire, 2005 (New 
Zealand); Infrastructure 
Canada, 2006

Freeze–thaw cycle 
frequency increase

Premature damage 
of pavement, roads, 
runways, railroads and 
pipelines.

Caldwell et al., 2002 
(p.11); Mills and Andrey, 
2002 (p. 79)

Thawing of permafrost Damage to roads, rail lines, 
pipelines, and bridges; 
affect northern latitude 
(Alaska) more severely 
because it depends more 
heavily on frozen roads for 
freight movements

Road capacity to sustain 
transportation is reduced

Need for different 
construction methods, 
such as installment of 
cooling machineries

Caldwell et al., 2002 
(Alaska region, p. 10); 
Infrastructure Canada, 
2006 (Manitoba region, 
p. 13)

Other Reduction in ice loads on 
structures (bridges and 
piers)

Extended transport-
related construction 
season due to warmer 
temperature

Andrey and Mills, 2003 
(p. 246); Lockwood, 2006.

   Annex                                                   

effective outreach and public education campaign; risk assess-
ment, benefi t-cost analysis, and management – particularly for 
adaptation; mainstreaming of climate concerns in transport 
planning and policymaking; higher-level government or inter-
national community provision of incentives to mainstream 
climate – not only through funding, but through international 

recognition as well; technology transfer; regional–local govern-
ance coordination; assessment of the capacity to act among all 
actors – all levels of government, private sector and individ-
uals; and overall, attention to reduction in vehicle miles traveled 
through land use and other strategies that may accomplish this. 
Science-based policy is crucial.   
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Climate change Infrastructure impact Operations impact Adaptation measures Sources

Water-related

Increase in precipitation 
amount and frequency

Erosion and decay of the 
physical structure in the 
track subgrade.

Instability of the tracks 
for the transit of heavy 
engines. 

Improvement of remote 
sensing technology that 
allows detection of water 
bodies and air pockets

Wooler, 2004 (London, 
Liverpool); Kinsella and 
McGuire, 2005 (Western 
half of New Zealand, p. 6); 
Kafalenos, 2008 (pp. 4–20) 
(Gulf coast region); CRI, 
2009 (New York City)

Flooding of roads, 
basement and sewer 
will overload drainage 
systems more frequently, 
resulting in more wear 
and tear on equipment 
and infrastructure

Increased congestion, 
accidents, and delays

Better management of 
drainage system, detours

Snow accumulation on 
roadways

Disrupts traction control, 
visibility, and increases 
crash risks

Improve advisory system 
and perform pretreatments 
on roadways

Decrease in precipitation 
amount and frequency

Likelihood of drought 
which affects growth of 
roadside vegetation. 

Less disruption to 
construction and 
maintenance activities; 
mobility benefi t

Mills and Andrey, 2002; 
Kinsella and McGuire, 
2005 (Eastern half of New 
Zealand, p. 6)

Sea level rise Progressive damage 
caused by fl ooding to the 
infrastructure that lacks 
a fouling-resistant design 
against salt water.

Limits speeds and routes Frequent maintenance, 
relocation, construction 
of fl ood-defense 
mechanisms, such 
as dikes; elevation of 
land and structures to 
minimize the impacts of 
fl ooding; heavier use of 
pumps;

Titus, 2002; Wooler, 2004 
(London, Liverpool); 
Kinsella and McGuire, 
2005 (New Zealand coastal 
highway); Infrastructure 
Canada, 2006; Kafalenos, 
2008 (Gulf coast, New 
Orleans buses and 
streetcar, pp. 4–17); CRI, 
2009 (New York City)

Increase in the frequency 
or intensity of extreme 
weather events

Storm surge (and/or 
wave crests) – damaging 
roadways, bridges, rails, 
airports, and subways; 
structural damage to 
street, basement and 
sewer infrastructure 
due to wave action; 
degradation of road 
platform

The reduction in routes 
caused by the power 
outage increases the need 
for the implementation 
of emergency plans, to 
reduce traffi c delays and 
travel rescheduling. 

Preventive design of 
emergency systems 
(as well as evacuation 
plans) include protective 
barriers, relocation of 
physical supplies, ability 
to generate alternative 
road routes and higher 
bridgesover water surface. 

Mills and Andrey, 2002; 
Tufts, 2004 (Boston); 
Kinsella and McGuire, 
2005 (New Zealand); Jacob 
et al., 2007 (New York City); 
Kafalenos, 2008 (pp. 4–15, 
Gulf coast); Meyer, 2008 
(p.6, Gulf coast, bridges); 
CRI, 2009; Zimmerman 
and Faris, 2009

High winds and lightning 
could damage overhead 
cables, vehicles, trees, 
signs, etc.

Debris blown onto the 
roadway impacts visibility; 
produces power outage, 
fi res, and disrupts 
signaling system

Adapt transportation 
systems to defy wind 
damage (as was done by 
appliying a second layer 
to several bridges after the 
Tacoma Narrows bridge 
collapse)

Decrease in storm 
frequency or intensity 
during winter

Facilities of transportation 
for operators and users

Mills and Andrey, 2002 
(p.77)

Other

Humidity increase (fog) Reduces visibility and 
increases crash risks

Signs, speed control, 
monitor

Lockwood, 2006 
(Annex A)

      Source:  Mehrotra and Kang ( 2009 ) with inputs from Hyman  et al.  ( 2008 ) and Lockwood ( 2006 ).       

Annex Table 6.1: (continued )
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  Annex Table 6.2:   Indirect impacts of climate change as a result of direct impacts outlined in  Annex Table 6.1.  

Economic impacts

Increased temperature “Increase energy demand, resulting in more frequent power outages and requiring energy 
restrictions on use of HVAC and other systems.” CRI, 2009 (New York City); “Increase 
the number of passengers overheating while waiting for trains” CRI, 2009 (New York 
City); “This is a public health concern, but this could also lead to decreased demand for 
trains, sales of all the railway-related goods and services. Possible adaptation measures 
include installing air conditioners” (Wooler, 2004)

Increasing temperatures in northern regions Northern ice roads may thaw earlier than usual and trucks may have to reduce their 
loads

Decreasing inland waterway levels “Milder winters could lengthen the ice-free shipping season by several weeks, increasing 
vessel utilization and reducing the costs of icebreaking” (Caldwell, 2002, p.10); “Falling 
water levels on the lakes will decrease water depths, necessitating shallower draft 
vessels, and therefore less tonnage capacity per trip. … Past instances of low water 
levels on the Great Lakes hint at the seriousness of the problem. Most recently, in 2000, 
low water levels forced carriers into ‘light loading,’ reducing their cargo tonnage by fi ve 
to eight percent” (Caldwell, 2002, p.10); Similar study by Quinn (2002, p. 120) was cited 
in Hyman et al. (2008); St. Lawrence Seaway and the Great Lakes are good examples

All adverse weather impacts on roadways that lead 
to traffi c delays

As of 2002, congestion costs Americans $78 billion a year in wasted fuel and lost time – 
up 39 percent since 1990. In Houston, traffi c jams cost commuters on the Southwest 
Freeway and West Loop 610 an average of $954 a year in wasted fuel and time. In New 
Jersey’s Somerset County, congestion costs the average licensed driver $2,110 a year 
(US News and World Report, 2001); The Federal Highway Administration projects that, 
over the next 10 years, the number of vehicle-miles traveled is estimated to increase by 
24 percent. In 20 years, it is expected to increase by 53 percent (FHWA, 2002a)*; 

Environmental impacts

Reduced winter maintenance Reduced use of road salt (and other de-icing chemicals) will lead to less salt corrosion 
of vehicles and salt loadings in waterways, which in turn will positively impact the 
environment (Warren et al., 2004, p. 139)

Air condition “Transportation-related activities are major sources of NOx, VOCs, CO, and particulate 
matter. The surface and upper air conditions (warm temperatures; stagnant anticyclonic 
air masses) that promote the occurrence of high concentrations of these pollutants may 
become more frequent and of longer duration under certain climate change scenarios” 
(Mills and Andrey, 2002, p. 82)

Increased marine transportation in the Arctic region Increase the probability of hazardous spills (Mills and Andrey, 2002, p. 82)

Dredging “Dredging of waterways – in response to falling water levels – could have unintended, 
harmful environmental impacts.” (Hyman et al., 2008, p. 16) – Great lakes study 
Sousounis (2000) was cited

Demographic impacts

UK Climate Impacts Programme Report on the West Midlands noted, “higher temperatures and reduced summer cloud cover could increase the 
number of leisure journeys by road.” (Entec UK Ltd, 2004)

Security impacts

Increased shipping activities will raise security, ownership, maintenance, and safety concerns

      Source:  Mehrotra and Kang ( 2009 ) with inputs from  Hyman  et al. ( 2008)  and Lockwood ( 2006 ).       
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