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With the occurrence of more frequent and intense climate change events, transportation systems,
including their infrastructure and operations become increasingly vulnerable. However, the existing
research related to climate risks, adaptation and planning in the transport sector is still at an
embryonic stage. Understanding such, this paper presents a critical review on climate risks,
adaptation strategies and planning in the context of road and rail transportation systems. It aims to
conduct a rigorous survey, to highlight any significant research gaps not addressed in past studies
and to analyse current emerging topics to guide future directions. It critically dissects the selected
papers by categorising them into several dimensions to reveal the status quo and potential
challenges, including climate risk assessment, transport asset management, climate planning and
policy, and adaptation of transport infrastructure to climate change. It will provide valuable
references for future research and constructive insights and empirical guidance on climate

adaptation, risk analysis, transport planning and other important relevant topics.
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1. Introduction

Climate change has been an interdisciplinary frontier study. The transport infrastructure and
operations are seriously threatened and challenged by the existing variability in climate. Scholars
have proposed adaptation measures and strategies to tackle the climate risks on ports, railways and
roads, and applied them to different geographical locations and regions (e.g. Strauch et al., 2015;
Dobney et al., 2009; 2010; Ng et al., 2018; Wang et al., 2018a; 2018b; 2019b). It is the time to
conduct a rigorous survey on the studies to find the lessons learnt for cross-referencing among
different transport modes and explore prominent research challenges to shift the research focus to
the most relevant emerging topics. Therefore, this study conducts a comprehensive review on
climate adaptation of transportation systems based on relevant prestigious journal papers in the past
decade. It aims to elaborate important theories and practise with a new classification method to
present climate adaptation research in transportation areas with reference to diverse key topics.

Meanwhile, it contributes to reveal the research gaps and guide research directions in future through

statistics of the relevant studies and in-depth qualitative analysis.

According to the definition from the Fourth Assessment Report of IPCC (2007), adaptation to
climate change is “an adjustment in natural or human systems in response to actual or expected
climatic stimuli or their effects, which moderates harm or exploits beneficial opportunities .
Compared with the mitigation strategies, adaptation strategies accept the status quo of climate
change and strive to strengthen resilience of transport systems to protect infrastructure and
operations from severe damages (United Nations Environment Program (UNEP), 2010; Ng et al.,

2018).



Predominant interests in the early studies of climate change and transportation were on how to
reduce the effects of transportation systems on climate change, such as the reduction of GHGs from

the transport sector to the air (e.g., Kishimoto et al., 2017; Hendricks et al., 2018).

Given that climate change is an irreversible process, posing destructive threats to human well-being
(Keohane & Victor, 2010), the relevant strategies in response to climate change tend to combine
mitigation and adaptation rather than pure mitigation (Ng et al., 2016). Climate change studies in
the context of transportation are not exceptional from such a tendency. Hence, this paper undertakes
a systematic investigation by comprehensively analysing the state of art of research, with an
emphasis on the impacts of climate change to transportation systems (i.e. road and railway), risk
assessment as well as the corresponding adaptation and planning issues. This comprehensive
literature review concerning journal articles published over the past decade allowed researchers to
identify emerging issues and associated themes; how these concerns and themes have evolved over
time; and what are the challenges to be addressed in future. Also, a relatively new area of research,
semantics analysis based on the categorisation of five research themes, provides researchers with

an innovative thinking pattern in future climate adaptation research.

This novelty of this work is twofold. First, although a notable few of review studies regarding
climate adaptation in transportation sector has been conducted (e.g., Eisenack et al., 2012; Koetse
& Rietveld, 2012), the papers were written about 10 year ago and the information does not contain
the development of the relevant research in the past decade, which is the fastest development period
in terms of the total number of the published papers. More importantly, the existing work in the
literature fails to analyse the studies based on critical dimensions, such as climate risk assessment,
asset management and other issues during the implementation of adaptation planning. This paper

conducts a comprehensively review of the state-of-the-art data of climate adaptation in transport



sector. By systematically dissecting the trends of existing research and key research themes, it
reveals the research gaps and emerging topics to offer possible research directions and suggestion
in future. Second, some systematic reviews in recent years focused on seaport and airport
adaptation to climate change (Poo et al., 2018; Becker et al., 2018), there is no comprehensive
review on road and rail transport. This paper conducts critical review on climate risks, adaptation
strategies and planning in the context of road and railway systems, which will facilitate the
collaboration and engagement of diverse stakeholders in the inland and multi-mode transport

during the process of adaptation planning.

After this introduction section, Section 2 indicates the approach used to conduct this state-of-the-
art survey. Section 3 presents the survey results with respect to the overall trend of research by
published years and journals, geographic locations and co-authorship, research methods and themes.
Furthermore, in Section 4, we critically analyse the selected papers by categorising them into six
dimensions: climate impacts on rail/road transportation, climate risk assessment, climate change
and asset management, climate planning and policy, transportation adaptation to climate change
and others. The implications suggesting future research directions on climate risk and adaptation

planning are described in Sections 5. Finally, Section 6 concludes this paper.

2. Methodology and scope of the review

A systematic assessment on the research papers regarding climate change and adaptation of
transportation systems, in particular roads and railways, published in internationally recognised
scholarly journals from Web of Science and Emerald Management Plus databases was undertaken
in December 2018. Referring to the systematic literature network analysis (Colicchia & Strozzi,

2012; Lau et al., 2013), this review work is conducted inn two steps: the systematic literature review



approach (Rousseau et al., 2008) to select, screen and refine the representative articles, and the Co-
authorship Analysis (Newman, 2004) to identify how the knowledge is generated, transferred and

developed.

The systematic literature review consists of three phases, namely, “Question formulation”,
“Locating studies”, and “Study selection and evaluation” (Rousseau et al., 2008). Firstly, the
authors defined the scope of this research according to the objectives by applying the CIMO
(Context, Intervention, Mechanisms, and Outcome) logic (Denyer & Tranfield, 2009). Accordingly,
the main themes of interest in this research are defined as climate change, adaptation and
transportation. Initially, through a brainstorming process, the 12 keywords were identified,
including climate change, impacts, risks, adaptation, planning, policy, transportation, road, rail,
asset management, risk analysis and risk assessment. A team containing three scholars and two
practitioners in the transportation field refined these keywords to provide sound validity. To avoid
too generic and extensive results, the keywords were combined employing simple Boolean logic
operators so that intricate searches could be constructed through a simple list (Colicchia & Strozzi,
2012). During the selection and evaluation procedure, the authors identified the relevant papers by
utilising the database of Web of Science as one of the foremost comprehensive academic search
platforms (Clarivate Analytics, n.d.), and Emerald Management Plus database comprising the
world's best management and business journals (Emerald Group Publishing, n.d.). Search strings
such as ‘climate change’, ‘transportation’, ‘adaptation’, ‘planning’ ‘road’ and ‘rail’ (together with
their substrings) were chosen as ‘keywords'. Then, we combined all the searching results by an
‘OR’ function. The results revealed that there were only 17 most relevant articles found between
the years 1970 and 2004, and since then, the number of papers significantly increases. Hence, we
took year 2005 as a threshold and surveyed the published articles from 2005 to 2018. In total 192

articles were retrieved from 75 academic journals in subjects of business, management,



transportation, economics and engineering. Only papers written in English were collected and

reviewed.

Next, we thoroughly reviewed all the 192 articles including some cross referencing which could be
traced back to 1990s. To guarantee the quality and relevance of the reviewed papers, we carefully
screened them using two strict constraints: 1) only peer-reviewed academic journals as the peer-
review process is the most respected in the scientific community (Bergstrom et al., 2015); 2) only
relevant titles, abstracts and keywords were retained, improving the screening efficiency by ruling
out irrelevant papers. Conference proceedings, technical reports, book chapters and editorial
materials were deliberately excluded from the screening. Other articles where climate change or
adaptation was regarded only as a label or subtopics were eliminated. Furthermore, the papers
relating to air and water transportation were excluded. This is because they rely less on man-made
infrastructures than rail and road, and their critical mass is too small (12 water-related and 4 air-
related papers) to generate sensible conclusions at this stage. Consequently, the database for this

research has been refined to include 100 peer-reviewed journal papers.

At the second stage, we utilised a co-authorship analysis (Newman, 2004) approach to categorise
these journal papers regarding affiliation of the author(s), as well as years of publication, top
journals, and geographic location of researchers. The main themes and research methods are
discussed in Section 3.3. By examining the research papers by this systematic approach, we seek
to investigate the evolving pattern during the period of 1970-2018 to reveal the research gaps and

stimulate novel exploration.



3. Trends in Climate Change and Adaptation Research on Transportation Systems

3.1. Evolution of paper numbers and top journals

A critical review has been conducted with regards to the identified 100 papers, addressing a variety
of aspects such as climate risks, adaptation planning and policy, featured in 65 internationally
recognised academic journals in a timespan between January 2005 and December 2018. Analysis
of the publications over the past 14 years allows us to identify the changing pattern and themes,

and how the research themes have evolved over time in this subject.

The distribution of the reviewed papers based on the timeline is presented in Figure 2.1. Among
the 100 papers, 76 (76 %) were published during the latest 7-year (2012-2018) period, with 24%
were published during the period between 2005 and 2011. The generation rate of these paper was
about 3.4 each year before 2012 compared to 12.6 papers per year between 2012 and 2018. The
number of papers peaked in 2015 when 16 were published. This is a strong indication of the

growing interests in this research topic.
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Figure 1. Distribution of papers by published year (January 2005 - December 2018)



The top journals that published most articles in the literature review are listed in Table 1. Among
them, the pivotal source of articles is Transportation Research Record, accounting for 11 articles
alone. Transportation Research-Part D, Climatic Change, European Journal of Transport and
Infrastructure Research and Natural Hazards are the followers. Other related journals include the
Journal of Transport Geography and Transport Policy. All the aforementioned journals together
occupied approximately two-thirds of the papers reviewed. It is noticeable that the top journals are

multifaceted, involving the subjects of transportation, climate change, risks, policy and geography.

Table 1. Top five journals of climate adaptation research on transportation (January 2005 to

December 2018)
No. Journal Title No. of
Articles
1 Transportation Research Record 11
2 Transportation Research Part D 8
3 Climatic Change 6
4 European Journal of Transport and Infrastructure Research 5
4 Natural Hazards 5
5 Journal of Transport Geography 4
5 Transport Policy 4

3.2 Evolution of the geographic location and co-authorship

The popularity of climate change and adaptation research on transportation in a typical country can
be interpreted by the number of researchers (i.e. authors) from that country. In the reviewed articles,
the researchers were mainly from 13 countries according to the locations of their institutions. Figure

2 elaborates the regional distribution regarding the researcher numbers in each continent over the



past decade. Overall, the North American (27%) and European (25%) researchers were the main
forces on climate adaptation research in transportation. The unknown category implies some
international collaboration or work without geographic features. In particular, before 2012, the
relevant research was only conducted in a few countries within North America and Europe, and the
number of researchers was meagre. Since then, more papers were generated and geographically
extended to Australia, South America, Asia and Africa. It has been observed that European and
North American scholars dominated this research field during the period between January 2005
and December 2018. However, South American, African and Asian researchers have become

gradually involved in the global research team over the last 7 years.
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Figure 2. Distribution of articles by geographic location (January 2005 to December 2018)

Furthermore, the co-authorship analysis of scientific collaborations was applied in this paper. It
served to extract useful information related to the existence of communities (clusters) of various
types in a co-authorship network and investigate their emerging factors (e.g., linguistics, geography,
and/or disciplinary proximity)(Newman, 2004), and to reveal the general structure of the
collaboration pattern from fragmentation to cohesion (Newman, 2010). Indeed, we measured the
scientific collaborations of not only the individual authors but also the authors who write together,
ignoring the authors’ order or role (e.g., first author or corresponding author), in order to capture

the linkages among the researchers. By doing so, the results of co-authorship are illustrated by a



mapping graph, in which links (edges) are as the co-occurrence of multi-author in the same paper

and graph nodes (vertices) are as authors.
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Figure 3(a-e) Key network of the co-authorship in published articles (January 2005 to December

2018)

Figure 3 visualises the network of the co-authorship across the research of climate change and

adaptation in the transportation field. The data was manipulated by NetMiner 4.3 (Cyram, 2017),
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which is an efficient tool in social network analysis for visualising the data’s unique feature and
level of integration in large-size networks. In Figure 3(a), the size shown by the author’s name
indicates the total number of the papers he/she has published in the field. Figure 3(b) elaborates the
overview of the collaborative network of the co-authorship, while Figure 3 (c-e) enlarges the three

key networks to show more detailed relevant information.

Since 2005, it can be seen that there were two main communities including Chinowsky, P.,
Schweiker, A., Strzepek, N. and Strzepek, K. in one and Chapman, L. and Doll, C. in the other. In
particular, all these publications were generated since 2010, except the only one published by
Chapman, L. alone in 2007, implying that the co-authorship network had been formed since 2010
with the markedly increased number of research papers. Among the two communities, the
collaborative networks involved researchers from different geographical regions. Specifically, co-
authored papers led by Chinowsky, P., together with Schweiker, A., Strzepek, N. and Strzepek, K.
had background of North America, Africa and Asia, such as United States, South Africa, Vietham
and Korea. Meanwhile, the group represented by Chapman, L. and Doll, C. consisted of researchers
from European countries such as the United Kingdom. It therefore explains why the overall
geographic distribution of the publications is heavily weighted towards European and North

American countries and gradually extended to other regions.

3.3. Evaluation of primary research methods and themes

The primary research methods exerted in the selected studies fall into seven categories, including
review articles, conceptual work, survey, case studies, simulation, mathematical modelling and
others (e.g. Sachan & Datta, 2005). The category of ‘others’ encompassing descriptive research
and perspectives from industries, mainly refers to qualitative methods. Figure 4 illustrates the

published papers distributed against different research methods during this review period.
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In accordance with the result of categorisation, ‘case studies’ and ‘conceptual work’ were the two
pivotal methods, accounting, in combination, for 39% of the total publications. Together with the
review articles and others, the papers using the qualitative research methods made up 68% of the
total, while those using the quantitative research methods, including survey, simulation and
mathematical modelling, only accounted for 32% of the total publications. Among the 32%
guantitative studies, the majority used surveys such as the evaluation of adaptation measures in the
transport sector by surveying a group of experts (Stamos et al., 2015). The remained were
conducted based on simulation including the CLIMATE-C (Maoh et al., 2008) and mathematical

modelling including the general circulation models (Schweikert et al., 2014).

It is also noted that some of the studies utilised mix-methods, for instance, the combination of
‘conceptual work’ and ‘case studies’ (Wilson & McDaniels, 2007; Espinet. et al., 2017), and the
hybrid of ‘modelling” and ‘case studies’ (e.g. Walker et al., 2011). Under such circumstance, we

counted twice each categorised method.

Others 20

Simulation 12 |

Mathmematical modelling 14 |

Case study 24

Survey 9

Conceptual work 19

Review article 11

Figure 4. A categorisation of papers based on research methods
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The semantics analysis was applied to categorise the selected work based on different themes, by
which scholars were searched for emerging ideas and tendency within large corpuses (Knuth, 1993;
Ferrer et al., 2001). In this paper, we started analysing the titles and abstracts of the selected papers,
as they can best summarise the main themes of the articles through elaborating readers the first
information before reaching the rest of the work (Lau et al., 2017). After that, we examined the
corpuses through a full-text review. Accordingly, the selected papers were categorised into six
dimensions based on diverse subjects of the research: climate risks on rail/road transportation,
climate risk assessment, climate change and asset management, climate planning and policy,
transportation climate adaptation on transportation, and others. Figure 5 depicts the number of
papers in each dimension. A summary of context analysis by research themes is shown in Table 2,

while its details are presented in Section 4.

25
20
15
10
| I
0
Impacts of climate change climate change climate planning climate Others
climate change risk assessment and asset and policy adaptations on
on road/rail management transportation

transportation

Figure 5. A categorisation of papers based on research themes (January 2005 to December 2018)
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Table 2. Critical analysis by research themes

Themes

Context

Gaps

Climate impacts on

rail/road transportation

Research has been maturely
developed at a national and multi-
regional scale (i.e., some

developing countries).

Little research appeared in the
public domain; the majority of
studies was primarily focusing on
the specific regions and transport

modes.

The US road system: climate
stressors, impacts and adaptation

cost analysis

Climate change has not been
taken into consideration in all the
phases of transportation decision
making; lacking in secondary
impacts and indirect economic
losses; requiring wider scope of
climate stressors and alternative

adaptation approaches.

The UK road and rail: predicted
climate change impacts on

transport infrastructure

Only recently, more attention has
been attracted; mainly focusing

on road freight.

Asia: threats posed by climate
change on road infrastructure and
building infrastructure in Asian

countries (e.g. Vietnam)

Research mainly focused on
railway infrastructure; how
climate would change in the
future, especially at a local level
remains uncertain; requiring
nationwide analysis and
quantifications of impacts and

diagnostic frameworks.

14



Climate change risk

assessment

Geographic Information System
(GIS); Climate Impact Assessment
(CIA); scenario-based
risks/vulnerabilities analysis;
environmental assessment index;
General Equilibrium Model
(GEM); Life-Cycle Cost (LCC)
analysis; multiple decision models;
resilience of transportation

systems in climate risk evaluation

A few uncertainties in decision
making (e.g., nature of climate
change itself and changing social
and institutional dimensions) have
not been well addressed;
insufficient attention on particular
types of climate change events

and/or transportation assets.

Climate change and asset

management

Risk-based methodology and
adaptation framework; asset
management system; a
sustainability framework with its
associated modelling and
visualisation techniques;
sensitivity matrix; Building

Information Modelling (BIM)

Data limitation; inadequate
treatment of risk; lack of
sufficient financial resources;
uncertain demands in future

system

Climate planning and

policy

Mitigation-related policies:
pricing, land use and tax-related
policy, the roles of policy capacity
and spatial planning in climate
change transitions. Planning:
structure decision-making and its

tools

The expected goals and capacity
of policy in response to climate
change have not been sufficiently
translated into actions; focusing
on the 'proofing' of infrastructure
whilst ignoring other important

factors in the short-medium terms.
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Transportation adaptation | Trade-offs between mitigation and | Existing literature is too vague or
to climate change adaptation; research is still at a focuses on general principles and
stage of infancy: primary focus on | overly detailed technical

physical infrastructure, roadways adaptation measures; much

and railways, a set of case studies | knowledge for adapting to climate
and top-down policy pattern change remains unclear; research
is relatively scattered, without
dominant theories, themes and
journals, current transportation
investment and planning could
not address climate change
impacts adequately; lacking of

access to financial resources.

4. Critical review results by research themes

4.1. The impacts of climate change on transportation

The transport-related activities are vulnerable to heterogeneous weather extremes, which include
but not limited to changes in temperature, winds, rainfalls, sea-level and other-water levels,
visibility and fog period, thunderstorms, thaw and frost (e.g., Schweikert et al., 2014; Wang et al.,
2019b). The climate change impacts could be further magnified because those posed at one location
could pass to all sorts of aspects of transportation networks in other regions directly or indirectly
especially in the cases of international trade and multimodal transport. Some significant weather
parameters which lead to the disruptions to transportation infrastructure and operations are

categorised in Table 3.
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Table 3. Summary of the impacts of climate change on transportation

Climate

parameters

Categories

Impacts

Precipitation

Flooding, freezing and liquid
precipitation, snow, liquid
precipitation, perceptible water
vapour, water body depths and

soil moisture

Delays and reduced speeds; loss of control and
traction; pressures on tyres and components of
vehicles; flooding induced road and highway
closures; re-routing; wet road surface; uneven
or break braking; roadbed scouring; railroad
beds softening; smoke or dust reduced
visibility due to drought barge shutdowns due

to lower water levels

Temperature | Surface and air temperature, heat | Stresses on infrastructure and vehicle
index, heating and cooling degree | components, perishable cargoes, and rail
periods and the first occurrence buckling; reduced rail speeds; new routes in
of season northern areas; cost reduction and safety
improvement due to the milder winter
Sea Level Unusual low and high tides, Road and railway closures; disruptions of whole

tropical cyclones, storm surge,
sea ice of open-water, sea state,
hurricane winds, sea and wind

wave height

supply chain; diverse damage to vehicles and
infrastructure; obstructions on blocked rails;
extreme water levels owing to sea level rise
(SLR); changing shipments; risk and damage to
infrastructure; opening of a possible

commercial pathway

17



Thunderstorm | Lightning, severe storm cell Infrastructure damage; railroads blocking; loss
tracks and hail of control induced fast changing conditions
with different threats of damage and collisions ;
visibility influences; rock slides induced threats

of collisions and delays

Winds Wind speed Vehicle instability, loss of control and re-

routing; blow-overs

Visibility Restrictions due to fog, dust, Risk of damage and collisions; reduced speed;
haze, sun glare and smog, and re-routing; schedule delays
upper atmosphere restrictions due

to desert dust and volcanic

Source: Adopted and processed from the analysis of multiple articles (e.g., Peterson et al., 2008;

McGuirk et al., 2009; Love et al., 2010)

Climate impacts have widespread implications for transport design, planning, operations, material
specifications, maintenance, network and vehicle function, with several studies in the public
domain (i.e., Taylor & Philp, 2010; Hooper, 2013; Meyer et al., 2014; Chinowsky et al., 2015a;
Olmsted et al., 2017). There has been relevant research conducted at a national and multi-regional
scale. Meanwhile, the majority of research papers about the climate impacts on transportation are
primarily focusing on the specific transport modes, typically on the road, rail and ports. In reality,
climate impacts on transport infrastructure vary on the different transportation modes, geographic

locations and conditions of event occurrence (Suarez et al. 2005).
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4.2. The risk assessment for climate change

A considerable number of methods and practices have been developed in recent years for
identifying the vulnerabilities of transportation systems when facing the risks of climate change.
These studies include not only the assessment of environmental impacts (i.e., Neumann et al., 2015;
Tonmoy & El-Zein, 2018; Matthews et al., 2017), but also economic analysis of climate risks and
the associated adaptation costs (i.e., Qiao et al., 2015; Schweikert et al., 2014; Twerefou et al.,

2015).

In recent years, some regional studies have been developed via the establishment of multiple
decision models. In the United States, Neumann et al. (2015) investigated the potential climate
threats on bridges, roads and coastal development as well as urban drainage infrastructure. Four
models were synthesised to assess vulnerabilities and the efficiency of corresponding measures. A
regional travel demand model was proposed by Kim et al (2018) to evaluate the risks of flooding
affecting an urban transportation system in America, by using travel demand data to forecast
potential evacuation and sheltering requirements. Tonmoy and El-Zein (2018) created an indicator-
based vulnerability assessment method to evaluate the impacts of SLR on the eight beaches in
Australia. Alirezaei et al. (2017) focused on road safety, using a system dynamics method to model
the economy nexus between climate change and road safety and investigated the interactions
amongst these essential areas. Five sub-models were then generated to test each dimension of the

nexus and their interactions to simulate the overall system effectively.

Two recent studies conducted by Mullan et al. (2016) and Matthews et al. (2017) respectively,
concerned on climate impacts on winter roads. Mullan et al. (2016) stated that there was a tendency
towards thinner lake ice and a less time window when lake ice was thick enough to support trucks

on the Tibbitt to Contwoyto Winter Road (TCWR). Assessed by three climate models, a clear trend
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towards winter warming effects on TCWR required decision-makers to consider future climate
conditions in annual haulage planning. A new method to create a Winter Severity Index (WSI)
model was developed and applied to central British Columbia, Canada (Matthews et al., 2017).
Supported by the data from the meteorological stations and maintenance records and the WSI
model, users can better interpret how winter weather is translated into inter-annual variations in

winter road maintenance activities and to assist a northern community in climate adaptation.

Regarding the economic consequences of climate change, a Life-Cycle Cost (LCC) analysis was
applied to assess its potential threats on road pavement performance (Qiao et al., 2015). The binary
non-linear programming was utilised to optimise intervention strategies to minimise the associated
costs (i.e. agency costs/total costs). Accordingly, the differences in road maintenance planning and
LCC under diverse climate scenarios were derived. A stressor-response methodology was proposed
to analyse the costs “with adapted” and “without adapted” strategies to climate change (Schweikert
et al., 2014; Twerefou et al., 2015). Combining over 50 potential climate futures by general
circulation models, Schweikert et al. (2014) assessed the cost caused by climate change in South
Africa. Similarly, Twerefou et al. (2015) estimated the economic impact of climate change on road
infrastructure in Ghana. Such analysis reveals that the question as to whether lowering decadal
costs in the future or increasing initial costs as a priority remains unanswered. Reasonable

adaptation investment and decision making are significant at an initial planning stage.

An apparent problem is that the existing models utilised in climate risk case studies could only
provide partial information to guide adaptation planning of specific infrastructure and sectors. It is
expected to adjust the sectoral model and climate scope when extending the research to rail, port
and other intermodal transport networks. Considering the interdependency of different climate

impacts on infrastructure, macroeconomic models are suggested to include the investigation of
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indirect effects, including business and transportation interruption, as well as the economic failure

of capital investments due to damaged infrastructure (Neumann et al., 2015).

4.3. Climate change planning and policy

The principles and practice of planning are essential factors in adapting to climate change impacts
complementary to the design, operations and maintenance of transport infrastructure (Taylor &
Philp, 2010). Climate change has been considered from the perspectives of national and regional
transportation planning and policy-making. However, the existing references are relatively
scattered and tend to only focus on GHG mitigation, such as on the pricing, land use and tax-related
policy (Boarnet, 2010; Solaymani et al., 2015), the roles of policy capacity and spatial planning in
climate change transitions (Newman et al., 2013; Hrelja et al, 2015), as well as structured decision
making tools to link adaptation, mitigation and sustainable development decisions in transport
infrastructure (Wilson & McDaniels., 2007). Some climate-related long-range planning documents,
literature and policies have been reviewed, while the results revealed the existence of institutional

barriers in several case studies (e.g., Taylor & Philp, 2010; Bache et al., 2015; Hrelja et al., 2015).

One of the key perspectives of transportation policy is the pressure to reduce GHG emissions in the
forthcoming decades, together with the consideration of a variety of measures to subsidise low
carbon fuels (Boarnet, 2010). Holland et al. (2015) simulated four polices for transportation sector,
namely, ethanol subsidies, cap and trade, as well as low-carbon and renewable fuel standards.
Boarnet (2010) stated that combining pricing and land use regulation could effectively minimise
the GHG emissions, with relationship between land use and travel behaviour or distance being
identified in the past decade (Ewing & Cervero, 2001; Handy, 2005).Tax policies are considered
as a valid measure for reducing GHG emissions. Solaymani et al. (2015) examined the impact of

tax policies, including a carbon tax and other energy tax, on the both economy and transport sector
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in Malaysia. Climate change also requires re-orientation of spatial planning, shifting attention to
potential pathways (Wilson & Piper, 2010). However, existing planning in climate policy seems to
play a limited role for transitions of climate change. In other words, the expected goals and capacity
of policy for climate change have not been sufficiently translated into actions (e.g., Biesbroek, et
al 2009; Preston et al., 2011; Romero-Lankao, 2012). For instance, Hrelja et al. (2015) analysed
the ability of spatial planning in supporting local transitions of climate change to realise sustainable
transportation by utilising two Swedish cases. Bache et al. (2015) examined how the UK
government’s headline on climate change targets were translated into action in the regional
transport sector. The symbolic meta-policy led to little action on the ground and only served

political goals with insufficient practical values.

Newman et al. (2013) stressed the concept of policy capacity, which reflected the officers’ ability
to provide and deliver practical advice to political decision-makers effectively. Policy capacity has
received a renewed interest in recent years, as a pivotal element in the policy cycle on transportation
sectors (e.g., Edwards, 2009). However, there are incompatible matches between the established
goals of transportation sector and current goals of climate action, leading to a particular
administrative constraint called policy layering (Kern & Howlett, 2009). To enhance the policy
capacity, they suggested to give politicians more institutional support to generate viable climate

strategies, and appropriate solutions to help counter these institutionalised constraints.

In the latest decade, market-based mechanism is increasingly attracting much attention in climate
adaptation planning and policy making. The market-based climate policies have been recognised
as efficient approaches for regarding GHG emissions (e.g., carbon taxes, emission-trading systems,
cap and trade, and standards of clean energy) in the case of the US (Aldy & Stavins, 2012).

Nevertheless, this circumstance may not fit other markets (e.g., small countries) as argued by Ergas
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(2012). This is because that the successful implementation of the market-based mechanism is on
the basis of a series of premises, including long-term commitments on technological innovation,
legal updating and international agreement. In the absence of these premises, the profits of
investment of these instruments cannot be guaranteed. Meckling & Jenner (2016) discussed the two
types of market-based environmental policies, where price and quantity instruments were usually
utilised by European and American governors respectively. A hybrid policy mixes, however, is the
mainstream in policy making of climate change, blending the two varieties as a consequence of
global diffusion driven by changing national government alliances. Furthermore, Shrivastava &
Bhaduri (2019) linked the market-based mechanisms (e.g., promoted by the Paris Agreement on
climate change) to climate justice which has multi-institutional dimensions, and argued that the
former could archive some aspects of the latter. Effectively combining the market-based and non-
market mechanisms would greatly contribute to the realisation of the goal of climate change

planning.

Planning of transportation infrastructure for climate change is always complicated, involving
uncertainty and demand for balancing costs and benefits. During the examination of land-based
transport in relation to climate change in Australia, Taylor & Philp (2010) emphasised the necessity
of local rural networks for emergency evacuation planning as a future research direction. However,
the existing policies tend to look at the 'proofing' of transportation infrastructure whilst ignoring
other important dimensions (Hearn, 2015). Some management agencies barely integrate climate
change into the process of decision making, which partially explains why there are insufficient
tools for climate forecasting and planning (Espinet et al., 2016). Vulnerability assessment could be
a crucial step in adaptation planning as vulnerability can significantly weaken the efficiency and
ability of the transport operation. Hence, the next section reviews the management of transportation

infrastructure and assets for climate change.
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4.4. Asset management for climate change

Transport infrastructure presents significant components in transportation systems. The damage
and economic losses on transport infrastructure posed by climate change could be catastrophic
(Huibregtse et al., 2016). The direct costs include those relating to repair, maintenance and
replacement of infrastructure. The indirect costs may stem from a loss of infrastructure service and
activity disruption (Sawyer, 2014). Asset management has been put forward to offer a structured
method to support decision making and maintain property effectively in the transportation sector.
A significant amount of works has been undertaken in the past decade, especially in developed
countries (e.g., the US, and Australia), including risk-based methodology and adaptation
framework (Wall & Meyer, 2013; Huibregtse et al., 2016; The Federal Highway Administration,

2012), economic analysis and asset planning (Chinowsky et al., 2013; Sawyer, 2014).

In the US, risk-based transportation asset management has become a mandatory approach in
assisting agencies to understand how risk management could benefit decision making (The Federal
Highway Administration (FHWA), 2012). The second report published by FHWA of the US
transportation agencies examined risk-based approaches in asset management at multiple levels of
the transportation sector. The recommended asset risk management method can be embedded in
relevant institutions, involving policy innovation, assigning responsibilities, documenting
processes and training at each risk level (FHWA, 2012). Wall & Meyer (2013) proposed a risk-
based climate adaptation framework for transportation through reviewing two types of adaptation
planning: on physical infrastructure and assets, and on operations and maintenance. More recently,
Huibregtse et al. (2016) applied a risk-based approach to quantify climate impacts on a road
network in the Netherlands. Based on the philosophy of identifying the system’s resilience, this
method indicated the remaining time before unexpected situations came out, can be employed in

climate adaptation planning.
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Meyer et al. (2010) utilised an asset management system as a decision-making framework in
climate transportation planning. It is evident that the asset management system offered the most
robust approach to develop transportation asset planning for climate change, and the system had
been widely applied to sizeable local transportation agencies to some extent. Nevertheless, there
were few resources helping decision makers to identify critical thresholds and sensitivity indicators
to extreme weather events in an asset system (Rowan et al., 2013). To deal with the resource
limitation, Rowan et al. (2013) introduced the sensitivity matrix to an adaptation pilot project in
the US. Thus, the matrix allowed transportation planners to screen assets that were particularly
sensitive to climate change by setting up critical thresholds in which damage could be observed.
Further studies were recommended to investigate sensitivity indicators and important thresholds
for specific projects. The matrix synthesised the information from empirical studies of damage,
historical climate data and engineering analyses to link physical assets to climate variables under

projected climate scenarios.

Doust (2010) proposed a sustainability framework, together with its associated modelling and
visualisation techniques, providing planners with an approach to balance the trade-offs among
governments, businesses and their communities, and to address the challenges in climate adaptation.
These techniques have been extensively applied in the construction of infrastructure in cities and
also offered valuable sources in developing a useful sustainability framework in transportation asset
management. Afterwards, Sanchez et al. (2014) applied BIM into asset management of a
transportation system in Australia. BIM enabled the integration of information from different
disciplines and measured sustainability performance of asset management projects. It assisted
transport agencies to be more cost-effective through analysis of alternative designs, as well as
monitoring and optimising essential performance for the asset (Sanchez et al., 2014). More recently,

The Tennessee Department of Transportation in the US conducted an assessment of critical
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transportation to respond to potential threats posed by extreme weather by 2040 (Abkowitz et al.,
2017). A framework of extreme weather vulnerability assessment was formed which included the
establishment of an asset inventory, recognition of the disaster types, and conduction of quantitative

evaluations for potential asset damage.

The analysis of economic losses due to climate change is a critical component in asset management
as well. The International Institute for Sustainable Development developed a guide to help
transportation practitioners to interpret the economic implications of not only the infrastructure
damages but also the investment benefits by strengthening infrastructure resiliency (Sawyer, 2014).
This guidance provided a general framework to conceptualise economic effects posed by climate

change, and link asset vulnerability, economic outcomes with climate change together.

Minimising the uncertainty in climate adaptation is a critical issue waived to be addressed for both
risk analysis and asset investment. The primary difficulty attributes to the uncertain natural of
climate change itself. As it is challenging to collect precise data by an objective approach, a group
of researchers (e.g., Yang et al., 2018; Wang et al., 2019b; 2020) have conducted a series of climate
risk studies by using uncertainty methods, which combines fuzzy set (e.g. Lavasani et al., 2012),
Bayesian networks (e.g. Zhang et al., 2014; Wang et al., 2019) with evidential reasoning (e.g. Wang
et al., 2019) approaches, to model subjective input data (Baksh et al., 2018). Such methods allow
modelling subjective linguistic variables extracting from the stakeholders’ opinions by surveys.
Accordingly, climate risks were assessed based on their timeframes of climate threats, occurrence
frequencies, the severity of consequences, and resilience of infrastructure to climate change with

minimum uncertainty and loss of objective information (Wang et al., 2020).
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Meanwhile, the uncertainty issues on climate change had been addressed by another group of
scholars (e.g., Wang & Zhang, 2018; Randrianarisoa & Zhang, 2019; Wang et al, 2020), in recent
years, by studying the scale and timing of investment and relevant issues in climate adaptation in a
competitive port market. Through establishing a two-period real options game model, it was found
that the probability of climate threat occurrence, and the level of competition the information
obtained could influence the timing of investment (Randrianarisoa & Zhang, 2019). Considering
the inter-and intra-port coopetition in the market of terminal operator companies (TOCs), Wang &
Zhang (2018) found that inter-port competition encouraged adaptation investments while the free-
riding effect existed among terminal operator and port authority within a port. Furthermore, Wang
et al. (2019a) investigated that the TOC market structure could moderate the effect of climate threat

uncertainty on port adaptation.

However, it is only very recently that climate change has been integrated into the management of
infrastructure (Huibregtse et al., 2016), and only a limited number of agencies have considered
adaptations in their organisational management practices (Wall & Meyer, 2013). Some common
barriers have been revealed in Wall and Meyer’s research (2013), including data limitation,
inadequate financial resources and treatment of risk, and uncertainty in future system demand.
Hence, more professional and resilient asset management methods are called to quantitatively
analyse the effects of climate change on transportation infrastructure. They could be supported by
investigating multiple parameters, reviewing models and adding extra functionality (Huibregtse et
al.,, 2016). To better implement asset planning in future climate adaptation, it suggested
transportation agencies utilise common, consistent and directive approaches, widely accepted risk
standards and in-depth user guides. Broad communicating and information sharing among agencies
and climate researchers will allow them to figure out the most effective solution to each case and

to enlarge benefits for the entire transportation sector (Wall & Meyer, 2013; Sawyer, 2014).
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4.5. Climate adaptation in transportation systems

4.5.1. Climate change strategies

To effectively address the threats posed by climate change on transportation, climate strategies
must be adopted. From the mitigation perspective, there have been numerous research works
concerning measuring, managing and minimising carbon dioxide and GHG emissions (Patterson et
al., 2008), and the de-carbonisation of the transportation sector (Geels, 2012; Schwanen et al., 2012;
Hendricks et al., 2018). These mitigation measures include reducing the speed of transport vehicles
and introducing novel technologies into engine design for more efficient operations (Love et al.,
2010). Compared to the mainstream of carbon emission studies in climate change, unfortunately, it
is quite recently that climate adaptation on transportation sector has started to be developed (Hooper
& Chapman, 2012). It has been recognised that adaptation is more cost-effective compared to
mitigation strategies (e.g., Pielke, 2007). There have been a growing number of countries starting
to recognise the importance of adaptation and incorporating it to their political and scientific agenda;
however, the majority of contributions are at an initial stage of climate risks determination (Arnell,

2010).

Klein & Hug (2007) and Koetse & Rietveld (2012) explained the trade-off between adaptation and
mitigation. The optimal investment levels of the two strategies mainly depend upon cost-benefit
analysis. The high efficiency of a mix of both measures can be achieved in the case of maximum
damage reduction and minimal marginal social costs (Koetse & Rietveld., 2012). Likewise,
neglecting or delaying adaptations in decision-making can not only exacerbate consequences due
to climate change but also degrade the welfares of mitigation (Oswald, 2011). Considering the high

interdependence of optimal mitigation and adaptation, a potential question needing to be solved is
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how to balance the two strategies in policy making as mitigation is usually considered at a global

scale, while adaptation often takes place at regional and local levels (Koetse & Rietveld, 2012).

4.5.2. Adaptation strategies in transportation systems

The current research in adapting to climate change impacts mainly focuses on physical
infrastructure (e.g., pavements, bridges and drainage systems) (e.g., De Bruin et al., 2009). Dobney
et al. (2009; 2010) quantified the impacts of increasing summer temperatures on the British
railways, and suggested two effective adaptation measures, namely, ensuring raising the stress-free
rail temperature and maintaining track and track bed appropriately. More adaptation tools and
frameworks that can be utilised in transportation are elaborated in Table 4. The framework of
climate change usually indicates the process of adaptation planning with specific context of each
stage, it is could be either a standardised method (e.g., Blueprinting (Niemeier et al., 2015)) or a

project-based solution (e.g., New York City Panel on Climate Change (Rosenzweig et al., 2011)).

Table 4. Climate adaptation tools and frameworks in transportation

Name Context References

Blueprinting A collaborative process that residents can Niemeier et al. (2015)
involve in an interactive dialogue regarding the

future city development of their urban area

Dynamic Adaptive Used to overcome the disadvantages of existing | Wall et al. (2015)

Planning methods by dealing with the deep uncertainty

Roadmaps for Adaptation | Review adaptation measures and policies for the | Stamos et al. (2015)
Measures of transport sector and evaluate them through a
Transportation to Climate | series of performance indicators

Change
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Three-Pillar (Policy-
Management-Technology)

model

Sensitivity and risk analysis used to identify the
key threshold and quantify the risks in response
to the requirements in the level of management,

policy and physical infrastructure

Mutombo (2014)

New York City Panel on
Climate Change -
adaptation framework for

SLR and storm surge

Map the crucial targeted infrastructure, making
efficient climate forecasts and develop a regional

risk management approach to adaptation

Rosenzweig et al.
(2011); Major &
O’Grady (2010);

NPCC (2010)

Climate Change
Adaptation Tool for
Transportation in the Mid-
Atlantic areas of the

United States

Utilise a decision-theoretic approach to identify
uncertainty and appraise climate change
scenarios in the long-term transportation

planning

Oswald et al. (2013)

Adaptive Systems

Management

Include projecting the potential climate change,
identifying vulnerabilities, analysing climate
change strategies from the perspective of

transportation engineering

Meyer & Weigel

(2010)

Spatial Planning

Map the coastal inundation in Indonesia via a
GIS model, and analyse changes of land use

and estimate damage exposure

Suroso & Firman

(2018)

Despite all these pioneering attempts, systematic reviews of literature show that existing research
regarding climate adaptation in the transportation sector is still scare (Eisenack et al., 2012; Wang
et al., 2019b). Lack of access to financial resources could pose a massive challenge for the
implementation of an adaptation plan (Miao et al., 2018). Deficiency of implementation of

adaptation plans may also be caused by the fact that they have a stakeholder-oriented focus,
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involving multiple participants (public, private and households), actions and agencies (Nelson et

al., 2007). It is challenging to develop strategies supported by all participants (Eisenack et al., 2007).

The factors such as infrastructure age, location, design, maintenance and limited redundancy, could
affect the sensitivities of transportation systems and the implementation of adaptation planning
(Strauch et al., 2015). Nevertheless, existing research has barely taken into account how to figure
out the factors constricting or promoting the implementation of adaptation. It requires more detailed
knowledge about the related actions and stakeholders for adaptation strategies at an advanced stage
(Eisenack et al., 2012). It is also noticeable that the literature concerning adaptation possibilities
mainly focuses on the global North (i.e., the US and Europe) rather than the global South where
might be more vulnerable to climate change regarding geographical scale and affected population,
and has inadequate infrastructure networks to support the implementation of adaptation planning

(Koetse & Rietveld, 2012).

Although almost all transportation modes have been addressed in the current literature, the primary
research emphasis is put on roads (e.g. Strauch et al., 2015) and waterways (e.g. Osthorst & Manz,
2012) compared to railway and air transport (Eisenack et al., 2012). Doll et al. (2014) revealed that
the butterfly effects of climate change has influenced not only one mode but also connected modes
of its main line or feeder traffic, such as the delay and closure of the channel or transhipment
process on account of extreme climate events. Furthermore, even if all transport modes are involved
in the climate adaptation, their level of adaptation could be diverse due to the different degree of

disruption and adaptation capacity across all modes.

Instead of long-term strategies, most of the adaptation policies in Europe, for example, strive to

reinforce short-term resilience (Aparicio Mourelo, 2017). As a result, current transportation
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investment and planning do not address climate change impacts adequately. Firstly, the relatively
irreversible investments in infrastructure might fail to reach their expected effects and profits under
the new climate parameters with the accelerating pace of climate change and severe climate events
(Reilly & Schimmelpfennig, 2000). Secondly, relatively short planning cycles (typically 5-10 years)
do not match infrastructure lifespans (typically more than 50 years), which leads to malfunctioning

of transport networks (ICF International, 2008; Kintisch, 2008).

The first issue is relatively easy to handle by factoring climate change into daily monitoring and
maintenance, supported by stricter design parameters in response to various extreme climate events
(e.g., TRB, 2008). This strategy is also called proactive or ex-ante adaptation, which applies to
significant and long-term investments. It well responds to the fact that major factors among
transport infrastructure are expensive, while the mistakes on investments could cause irreversible
negative consequences if the infrastructure lifespan exceed the climate thresholds (Koetse &
Rietveld, 2012). Embedding adaptation in broader investment or adaptation programmes has been
exemplified by the adaptive infrastructure design to SLR and coastal zone management in North

America and Europe (Adger et al., 2007).

However, the second issue requires more consideration due to its complexity. In port planning, for
example, Becker et al. (2012) noticed that a majority of the surveyed ports planned for a historic
100-year storm period. However, the accelerated rate of climate change would make this
preparation inadequate if the return period becomes 30 years instead of 100 years. As a common
port infrastructure is designed with a 50-year lifespan, new infrastructure put in place nowadays
should fit a new climate regime. Hence, balancing the investments in infrastructure with the
planning cycle, especially under financial constraints, should be considered in adaptation planning

(Wang, 2015). Regarding the climate change predictions in a shorter time horizon where higher
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uncertainty exists, there is a likelihood that appropriate and profitable adaptation investments
become inappropriate, unprofitable, and insufficient ex-post (Dixit & Pindyck, 1994). For
irreversible investments, Koetse & Rietveld (2012) suggested to address the issue by postponing
the decision-making and infrastructure updating until key parameters of climate change are given
with a relatively confident certainty, in particular in the case when updating design is a long-lasting
procedure and wrong decisions are costly. Also, adaptation measures can be implemented in
scheduled updating, and investment or maintenance can be followed with little additional cost, in
which case the costs of overinvestment are relatively low while damages are relatively insignificant
(e.g. The Advisory Council for Transport, Public Works and Water Management (RVW), 2009).
The postponement strategy in adaptation investment has been applied to diverse policy-related

planning (Koetse & Rietveld, 2012).

5. Implications and future research agenda

Research surveying the impacts of climate change on the transport sectors has been conducted at a
national and multi-regional scale in several developed countries (Pant et al., 2016; Wang et al.,
2016; NRCNA, 2008). A considerable number of studies identifying the risks of climate change on
the transportation system have been conducted to quantify the economic consequences of the
environmental impacts based on the diverse transport modes via multiple decision models.
However, the literature on Asian studies is relatively underdeveloped, calling for nationwide
analyses and strengthening the infrastructure resilience by quantifications of climate impacts and
adaptation costs (Chinowsky et al., 2015b). Understanding that planning for climate change
remains abstract and usually fails to identify the specific vulnerabilities in risk assessment (Walker

et al., 2011), it is imperative to consider associated planning and policy in climate risk assessment.
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Transport resilience (Wan et al., 2018) has become an important concept in risk assessment for
climate change in recent studies. It has been applied into multiple transport projects, such as the
risk evaluation of the impacts of sea level rise and flooding in New York (Beheshtian et al, 2018)
and climate change impacts on the road and rail systems in the UK (Wang et al., 2019b, 2020).
Hence, future studies calls for more comprehensive and in-depth investigation on how to enhance

transport resilience could contribute to the adaptation of climate change impacts.

Multiple vulnerability studies on climate adaptation are still at a relatively embryonic stage with
inadequate attention on specific transport adaptation planning and nationwide adaptation strategies
(Eisenack et al., 2012). A vacuum yet to be bridged in the existing literature is between too vague
or general principles and too detailed technical adaptation measures. It is suggested to make the
adaptation instruments to be more generic for facilitating the requirement of adopting concrete

organisational or technical measures (e.g., Koetse & Rietveld, 2012).

In this process, a significant challenge for transportation planners is the shortage of data both in
precise climate prediction and the cost-benefit analysis owing to the high uncertainty of climate
change (De Bruin et al., 2009). The knowledge gaps regarding direction, magnitude and severity
also lead to the failure of adaptation strategies (Koetse & Rietveld, 2012). Accordingly, quantitative
analysis and cost-effectiveness evaluation for potential climate change is fundamental for making
a specific adaptation plan for transport systems (i.e., Adger et al., 2007). Owing to the high-level
uncertainty towards the future climate change, adaptation planning is encouraged to be robust.
Among the literature reviewed, Espinet et al. (2017) proposed a robust prioritisation framework for
adaptation investments of transport infrastructure under such uncertainty, which offered a new
decision-making process and practical guidance on how to realise low-regret adaptation solutions

for flexible design of road infrastructure. More practical and robust adaptation frameworks on
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climate change are desired to assist in more accurate climate projections, transparent information
and innovative applications to minimise the vulnerability of the transport systems for expected

shifts in extreme weather patterns (Pilli-Sihvola et al., 2016).

From the perspective of adaptation planning, it is noted that many adaptation plans (e.g. those in
the UK) are not explicitly constructed to address the climate threats but for the co-benefits of other
activities such as demands of infrastructure investment and cost savings (Tompkins et al., 2010).
Hence, identifying clear drivers would be the first step in climate adaptation planning regarding
entities without plans. In general, a proper infrastructure planning should be based on a systematic
procedure. It includes identification of climate threats, categorisation of the most vulnerable
infrastructure and opportunities for adaptation measures, examination of the existing institutional
mechanism, as well as identification of regulatory and network constraints related to disruptions or
degradation (Espinet et al., 2016). Additionally, as adaptation strategies are significant and could
be costly, infrastructure sectors should be embedded to the future planning optimisation in advance
(e.g., Neumann & Price, 2009). In Europe, the cost analysis based on WEATHER and EVENT
projects implies a high uncertainty together with the financial burden on the transportation systems,
as well as discrepancy cost rates among the transport modes. These uncertainties could be relieved
through vertical and horizontal collaboration between the company and government: the company
may consider updating cost estimation schemes and making business adaptation plans for climate
change; the government should establish better risk and disaster management mechanisms and lead

suitable adaptation strategies for climate change (Doll et al., 2014).

Generally speaking, most adaptation initiatives have an organisational or planning nature that refers

to a top-down policy pattern (Eisenack et al., 2012; Koetse & Rietveld, 2012). It was explained that

public stakeholders were responsible for obliging or enabling transport providers to adapt to climate
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risks for transport users (Koetse & Rietveld, 2012). In transportation adaptation practice,
governmental organisations, as an operator, often play the role of commissioners through setting a
regulatory framework and offering adaptation guidance, and meanwhile leaving space for receptors
to develop their own concrete adaptation measures. However, as private transport could be strictly
regulated by the public sector, the top-down pattern has been doubted by researchers and argued
that most of the adaptations could be led by the private sector. To better understand the different
sectors and their functions in adaptation planning, bottom-up adaptation strategies should be

considered in future research.

Another pressing issue is the inadequacy of current transportation investment and planning for
climate change. The pro-active or ex-ante strategy and postponement strategy in adaptation
investment might address this issue according to the scale and lifetime of the investment (Koetse
& Rietveld, 2012; RVW, 2009). The choice among ex-ante disaster prevention, insurance and ex-
post aid was discussed in recent years. The investigating results via experiment in floodplain areas
of the Netherlands, for example, proved the efficiency of premium discounts to facilitate investment
for both private and public stakeholders (Mol et al., 2018). The public sector (e.g., government) in
general has stronger ability to initiate insurances and raise funds for post-disaster issues, while the
motivations vary in different countries due to unstable financial and other factors (McAneney et
al., 2016). McAneney et al (2016) argued that insurance cannot be taken as a social political
instrument, and meanwhile, the incentives of insurance relies on transparency and accuracy in

pricing risks.

The decision-making processes of investment are complex, related to diverse elements (e.g.,
probability of disaster occurrence, effect of information accumulation, mode capacity and
coordination of government) and can vary at different stages of adaptation planning (Xiao et al.,

2015; Gong et al., 2020). The investment also relies on smart policies in climate change adaptation
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that contain three elements: robustness of transport networks in adapting to current climate
conditions, strong linkage of transportation policy with other climate-related policies, and low-cost
adaptation measures in supporting massive investment (Koetse & Rietveld, 2012). Some adaptation
practices in transportation design have revealed that not all communities are incapable of
incorporating climate impacts into infrastructure planning and management. Some questions are
therefore deferred for future consideration, such as how academics can cooperate with local
practitioners to implement adaptation, how to balance the roles of central and local governments,
and how to tackle the barriers faced by communities in responding to climate change vulnerabilities
(Picketts et al., 2016). Hence, as echoed by Jude et al. (2017), further research requires a more
comprehensive analysis on adaptation planning in terms of identifying the feasibility, deficiency
and resilience in key stakeholder organisations as well as motivation and challenges faced by other
organisations. Furthermore, more systemic economic modelling studies on investment by
integrating multiple factors will continually help planners making decisions on each phase of

adaptation planning with minimum uncertainties and costs.

In summary, the issues on developing appropriate adaptation tools for climate change remain.
Firstly, many adaptation methodologies and tools are not explicitly designed for the transportation
sector. Secondly, adaptation measures are either conceptual or lack of specific models for climate
change, they could not provide a one-for-all solution for decision makers. Therefore, a
comprehensive climate adaptation framework with systematic risk analysis on the transportation
sector could provide significant contributions in the future. Typically, the establishment and
development of such a framework are motivated by three factors: 1) government acts and/or
legislation as adaptation planning requirements; 2) increasing frequency of extreme weather events;
3) self-motivated internal agency initiatives (Wall & Meyer, 2013). These adaptation drivers have
also been confirmed by Aguiar et al. (2018) through reviewing over 140 European local adaptation

strategies. Nevertheless, it calls for more integrated methods in managing transport systems
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containing the systemic planning guidance at different stages, such as vulnerability assessment,
cost-benefit analysis, and investigation of policy measures, strategies and operational decisions
(Levidkangas & Michaelides, 2014). Additionally, the butterfly effects of climate change implies
that an extreme event could trigger substantial potential disaster and directly or indirectly pass to
all the stakeholders of its closely knitted transport systems. These all indicate the needs for better
cooperation among multiple organisations and information sharing in intermodal transportation

systems.

6. Conclusion

This paper presents a state-of-the-art survey on climate adaptation of transportation systems based
on 100 relevant journal papers featured in 65 internationally recognised journals in a period
between 2005 and 2018. The investigation results indicated an increased publication rate during
the most recent 7-year period with an increased rate of 12.6 papers per year. Represented by
Transportation Research Record, Transportation Research-Part D, and Climatic Change, the top
journals involve multiple disciplines including transportation, climate change, risks and geography.
North American and European researchers were the main forces, while South American, African
and Asian researchers have gradually become involved in the global research team in recent years.
Qualitative research methods made up over 68% of the total, in which case study and conceptual
work were the dominant ones. Though the existing research was relatively scattered, lacking in
dominant journals, researchers and theories (Eisenack et al., 2012), the co-authorship analysis
showed that networking between researchers from many backgrounds had created two main
research communities since 2010 with markedly increased numbers of research papers being

published..
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By semantics analysis, we categorised the corpuses based on different research themes and
analysed them with respect to the climate change impacts on road/rail transportation, climate
change risk assessment and asset management, climate planning and policy and climate adaptations
on transportation. Despite much effort on investigating climate risks and developing appropriate

adaptation tools for climate change, a few gaps were still revealed:

1) Current studies mainly focus on short-term impacts and climate adaptation for the transport

sector are relatively presented in piecemeal;

2) Many adaptation tools or frameworks are not explicitly designed for the transportation sector;

3) Existing models could not provide a standardised solution for decision-makers; and

4) The high uncertainty in adaptation for climate change risks poses a significant challenge for

planners.

From the perspective of adaptation planning, existing research is still at an embryonic stage with
inadequate attention to specific transport adaptation planning and nationwide adaptation strategies

in most countries. A few dilemmas include:

1) Many adaptation plans (e.g., in the UK) are not explicitly designed for responding to impacts of
climate change but for the co-benefits of other activities such as demands of infrastructure

investment and cost savings.

2) The relatively irreversible investments in infrastructure might fail to reach their expected effects
and profits under the new climate parameters, where predicted short lifetimes of transportation

infrastructure might be problematic with the accelerating pace of climate change.

3) Relatively short planning cycles (typically 5-10 years) do not match infrastructure lifespans

(typically more than 50 years), which leads to malfunctioning of transport networks.
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Overcoming these gaps firstly requires a comprehensive analysis which can be tailored to use in
diverse transportation modes (e.g., rail and road) to quantify the trade-offs between preliminary
costs and long-term benefits. A systematic analysis for developing long-term climate change
adaptation planning in transportation systems can be further optimised by both quantitative and
gualitative methods, such as a developed Fuzzy Bayesian Reasoning model, real surveys, and in-
depth interviews with associated transport stakeholders. Future studies in climate adaptation
planning calls for profound investigation on emerging topics, including but not limited to, the
improvement of transport resilience, reducing climate uncertainties in adaptation investment, and

the rational selection of adaptation strategies in planning and policy making.

Through in-depth analysis and discussion, this research pioneers the review work on climate change
risk assessment, adaptation planning and other relevant topics in transportation studies,
contributing to yield an archive of the associated publications on the researched themes and present
the state quo of climate adaptation studies to strike the new exploration in a right track. By doing
S0, it sets a future research agenda by indicating directions on how the research community should
move forward to and providing transport planners and decision-makers with valuable insights and
guidance on understanding the status quo and potential challenges in for climate risk analysis and
implementation of adaptation planning in transportation. Moreover, the revealed gaps in current
literature and potential suggestions discussed in this study will enlighten researchers and

practitioners cause a paradigm shift regarding existing adaptation planning and management.

Although it aims to be a comprehensive review to dissect all significant research gaps and
current emerging topics in the context of climate adaptation on transportation systems,

unexceptionally, this work has its limitations. First, transport systems in this work mainly
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refer to road and rail transport, wider implications on other modes should be conducted in
future for cross-referencing purposes. Second, to ensure the quality and relevance of the
reviewed papers, we screened them using two strict constraints. Inevitably, some non-
journal articles (e.g. government reports) that might contain useful implications are not
included in the current work. Accordingly, we encourage continuous investigation to widen

the research scope with latest data in the future study.
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