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Abstract

:

Railway infrastructure is vulnerable to extreme weather events such as elevated temperature, flooding, storms, intense winds, sea level rise, poor visibility, etc. These events have extreme consequences for the dependability of railway infrastructure and the acceptable level of services by infrastructure managers and other stakeholders. It is quite complex and difficult to quantify the consequences of climate change on railway infrastructure because of the inherent nature of the railway itself. Hence, the main aim of this work is to qualitatively identify and assess the impact of climate change on railway infrastructure with associated risks and consequences. A qualitative research methodology is employed in the study using a questionnaire as a tool for information gathering from experts from several municipalities in Sweden, Swedish transport infrastructure managers, maintenance organizations, and train operators. The outcome of this questionnaire revealed that there was a lower level of awareness about the impact of climate change on the various facets of railway infrastructure. Furthermore, the work identifies the challenges and barriers for climate adaptation of railway infrastructure and suggests recommended actions to improve the resilience towards climate change. It also provides recommendations, including adaptation options to ensure an effective and efficient railway transport service.
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1. Introduction


Railway infrastructure is the backbone for the growth and development of governments, businesses, and societies. Most of the existing railway infrastructure was designed and constructed several decades ago to fulfill society’s mobility demands, including freight transport. For instance, in Sweden, most of the infrastructure was built in the early 19th century. Due to an exponential increase in population and demand for transport network infrastructure, the current infrastructure is experiencing loads higher than that of the designed capacity limits [1]. Transport infrastructure is also exposed to extreme weather events and climate change evolution, creating more excessive deterioration [2]. Considering practical constraints related to capital investment, government policies, and sustainability issues of building new railway infrastructure [3], utilizing climate adaptation options on the operation and maintenance of existing railway infrastructure is inevitable [4,5]. Adaptation options are measures and actions that can be implemented to improve adaptation to climate change. Climate adaptation for railway networks refers to the process by which traffic administration, including infrastructure and rolling stock, should mitigate and control risks due to extreme weather events and gradual degradation of infrastructure [6,7].



In the past decades, it has been observed that railway infrastructure is vulnerable to extreme weather events related to temperature, rains, floods, rising sea levels, frozen soil, etc. [8,9,10]. Extreme winds and storms can damage coastal railways, cause snowdrift during winter on railway infrastructure, and interrupt rail operations. Heatwaves can lead to rail buckling and damage to railway infrastructure, thereby causing traffic interruption or catastrophic derailment failure in extreme cases. The hot and dry conditions also may lead to vegetation and forest fire due to ignition caused by rail and rolling stock wheel contacts. Furthermore, permafrost distribution and the freezing and thawing cycles can cause frost heaves at railway infrastructure in the Arctic region, damaging bridges and building foundations and their load-carrying capacity [11]. These events reduce the dependability performance of the infrastructure (reliability, availability, maintainability, and safety (RAMS)) [12,13,14,15].



Several past studies and research projects are making progress to assess the impact of climate change on railway infrastructure [16,17,18,19,20,21]. These studies recommend updating the national policies and regulations and integrating climate change and climate adaptation policies throughout railway infrastructure’s various life cycle stages. Accordingly, there is also a need to revise the required maintenance and renewal policies to deal with climate changes and climate adaptation for short- and long-term scenarios to ensure robust and resilient infrastructure [20,21].



However, the findings of these investigations are not being applied by the railway stakeholders because of numerous challenges and barriers, such as knowledge and awareness about climate change impacts, shortage of capital investment, the nonexistence of policies, shortage of resources and time, etc. [22,23]. Moreover, it is difficult to comprehend the impacts of climate change since it changes with geographical locations, and in many cases, there is a lack of studies of risk consequences and impact assessments for the region. Therefore, there is a need to design and develop an effective and efficient roadmap to control climate change impacts. This can be achieved through a holistic perspective considering local climate conditions, climate change impacts, stakeholders’ participation, policy changes, and infrastructure health during the operation and maintenance phase [24].



The main climate parameter that is responsible for climate change is temperature. It is reported that global temperature will rise by 1.2 °C and the current mitigation actions are not satisfactory for all nations to achieve net-zero emissions by 2050–2060 [25]. The feasible approach is to utilize the climate adaptation strategies to control climate change impacts. In the EU (European Union) region, disaster risk reduction utilizing climate adaptation options has been received as one of the top priority research areas in the transport network and urban built environments [3,26,27].



Climate adaptation is a complex and complicated approach that necessitates the understanding of various interdependencies between climate parameters and infrastructure assets using models for the prediction of the health of the asset [28]. Thaduri, Garmabaki [29] also provided a state-of-the-art review of these quantitative models on railway infrastructure. These studies identified the various vulnerable assets within railway infrastructure, such as tracks [2,30,31,32,33], turnouts [34,35], embankments [36,37,38], bridges [39,40], drainage systems [41], etc. These vulnerable assets are confined to their geographical location, and its potential consequence of failure depends on the asset’s criticality, usage profile, and design limitations. Due to the lack of quantitative data representing the above interdependencies, several researchers and projects have studied the impacts of climate change on railway infrastructure by applying various qualitative approaches [9,42,43,44].



Climate risk assessment is a prerequisite for planning a roadmap to mitigate climatic impacts and identify critical infrastructure assets and vulnerable geographical locations. Several studies highlighted that temperature [2,45,46,47] rainfall [39,48,49], humidity [49,50], snow [30,38], permafrost [38,51], storms [52], and sea-level rise [53] are the major climate parameters that could impact the railway infrastructure [29]. However, most of these climate parameters are indeed specific to geographical location and severity, and the occurrence of these events and changes may vary among countries and/or regions. The impact of these climate change parameters on vulnerable railway assets leads to several consequences such as track movement, track buckling, track washout, erosion of trackbed, overflooding, falling of trees, higher winds, visibility, drainage system clogging, landslips, disruption of bridge foundations, settlement of edifices, arcing of conductive components, wayside fires, vegetation, etc. [29,49,54,55]. Since climate change is also a major concern for governments, it is imperative to plan and implement policies and regulations so that the stakeholders can accordingly build their strategy to handle climate change impacts [56,57].



Finally, several methodologies have been implemented for climate adaptation of railway infrastructure in extreme weather events and climate change variation [22,43,58]. Hence, we also need to discuss and develop methods and methodologies to implement climate adaptation procedures for various stakeholders within the railway transport sector.



Conducting qualitative analysis is a rigorous and time-consuming process; for instance, see Canada [59], UK [23], USA [60,61,62,63], Germany [64], Tanzania [65], Malaysia [55], Baltica [66], and Sweden [56] that are not entirely focused on research gaps identified above from the operation and maintenance of the railway.



Our previous work has carried out an overview of climate change impacts from Canada, the U.K., USA, and Asia [29]. From these studies, it was found out that there is a varying degree of impact of climate change on transport infrastructure because of geographical location, CO2 emissions, and condition of the infrastructure. For example, countries such as the U.K., Sweden, and some parts of China are prone to extreme weather events from snow, low temperatures, and permafrost. Accordingly, there is also a need to implement climate adaptation measures for railway infrastructure. To understand the correlation between all the extreme weather events and their effects on railway infrastructure, it is necessary to conduct quantitative analysis. An alternative way is to conduct qualitative analysis, which can also serve as an input for conducting quantitative analysis [67].



Hence, this paper aims to investigate the impact of climate change and extreme climate on the operation and maintenance activities of the Swedish railway infrastructure. This study was carried out by conducting a comparative questionnaire study and interviews with relevant railway stakeholders.



This paper is structured as follows. Section 2 deals with adaptation and maintenance development debt of transport infrastructure and its urgent action. The research methodology and design of the questionnaire are discussed in Section 3. Section 4 represents the survey analysis and impact assessments of climatic change on the railway in the past 10 years. Furthermore, questionnaire descriptions and related features are discussed in this chapter. Finally, Section 5 provides the conclusions and remarks.




2. Adaptation and Maintenance Development Debt of Transport Infrastructure


Increased intensity and frequency of extreme weather events caused by climate change have various adverse impacts on rail infrastructure service performance and related costs. Research has shown that adverse climate conditions are responsible for 5 to 10% of total failures and 60% of delays on the railway infrastructure in northern Europe. The transport infrastructure managers have been striving to keep up with the increasing maintenance rate required for transport networks following corrective actions. For instance, the Swedish government expects that the appropriation of operation and maintenance of existing railway infrastructure will increase by 47 percent in the forthcoming years [68]. The excessive cost and failure consequences necessitate infrastructure managers to consider climate change actions in their business plan; however, the speed of such activities is not promising.



The gap between the adaptation performed and the required adaptation for transport network is called “adaptation and maintenance development debt”. An explanatory model of the discrepancy between the required adaptation and maintenance activities and the actual status of transport adaptation and maintenance, in terms of resources, tools, and techniques is visualized in Figure 1, [69]. The gap between the status of “adaptation and maintenance” and the “adaptation and maintenance required” for transport infrastructure is simulated using a typical linear regression model.



Pearson’s r is nominally used to represent the correlation between two variables, namely, the impact of climate change on transport infrastructure and urban development and the required adaptation and maintenance. The association between the impact of climate change and adaptation required for transport infrastructure (black line) is assumed to be a total positive linear correlation (   r ˜  = 1  ). The association between the impact of climate change and the actual status of infrastructure is also positive, but with a lower rate: 0 < r < 1, [69,70].



The discrepancy between the required adaptation and maintenance and the actual status of adaption and maintenance of transport infrastructure created the current development debt (the red dashed area in Figure 1), which has increased with accumulated interest. Efforts are needed to close the adaptation and maintenance debt (the green dashed area in Figure 1) and reach a robust infrastructure where transport infrastructure’s required adaptation and maintenance are reconnected with the actual status of adaptation and maintenance, i.e., where    r ˜  = r = 1  . If the current adaptation policies continue in the same manner, the debt will continue to increase, leading to more climatic traffic disruption, loss of resources, unsafe transport, etc.




3. Research Methodology


The research methodology is presented in Figure 2. This study employs a questionnaire survey to gather appropriate information for describing the impact of climate change on railway transport infrastructure. This study seeks to assess the perception of climate change impacts on Swedish railway infrastructure and to better understand the causal relationships between climate parameters and infrastructure conditions. These assessments can help evaluate the impact of climate change on railway maintenance and propose relevant adaptation policies. The objectives of this questionnaire from the identified research gaps are:




	
To assess the level of awareness of climate impacts on the railway sector within society;



	
To identify the climate parameters that could impact the state and maintenance need of railway infrastructure; and



	
To identify diverse types of risk incidences connected to climate change and consequences.








The first four activities illustrated in Figure 2 are presented in the previous sections and the other remaining activities are described in the subsequent sections below.



3.1. Design of the Questionnaire and Identify Experts


For the present study, a questionnaire survey was designed, adopted from a UN questionnaire study [71] and consisting of 38 questions (see Supplementary Materials). This questionnaire was distributed to several experts at the Swedish Transport Administration (TRV) and the Swedish Transport Agency (Transportstyrelsen), Swedish municipalities, train operators, and other maintenance service providers, and 55 responses were received. The general description of the questionnaire and its structure is summarized in Table 1. The detailed description and analysis of these responses are presented in subsequent sections.




3.2. Identification of Experts


In this questionnaire study, several experts were asked to share their opinions and experiences concerning climate change impacts on the transport system, its associated failure modes, and failure consequences. The processes for expert selection and expert opinion elicitation are discussed in the following steps.



3.2.1. Step I: Expert Selection


This study utilizes expert judgment approaches to identify different impacts of climate change and performed a qualitative analysis of the consequences of climate-based failures on railway infrastructure. This assessment can be considered subjective due to its dependence on experts’ opinions, knowledge, experience, and selection process.



The selection of experts is a major step in the study as it can affect the veracity and reliability of the research outcome. The term “expert” used in this study is according to the definition provided by Naseri and Barabady [72], Otway and Winterfeldt [73]: “a person who has a background in the subject matter at the desired level of detail and who is recognized by his/her peers or those conducting the study as being qualified to solve the questions”. The experts who participated in this questionnaire are Swedish transport infrastructure managers, maintenance organizations, train operating companies, and municipalities (road and railway). Table 2 shows the job title of the respondents. The ratio of the gender of the respondent is 40 percent for women versus 60 percent for men.



Figure 3 depicts the active railway lines in Sweden, which is an important aspect in the selection of an expert. Figure 4 represents the geographical distribution of the respondents. In some regions, there was more than one respondent for the questionnaire. As given in Figure 4, the study was not restricted to any specific geographical location, and the respondents were distributed across the whole country. It is noteworthy that about 20% of experts have national responsibilities, and the rest are responsible for their region and municipalities.




3.2.2. Step II: Expert Opinion Elicitation


This process was the second step in the expert judgment analyses and is defined as “the process of obtaining the subjective opinions of experts through specifically designed methods of communication, such as surveys, interviews, group meetings and questionnaires” [74]. A qualitative approach in the form of a questionnaire was used here for expert opinion elicitation. In qualitative approaches, the experts are asked to express their opinions about a parameter in the form of, for instance, an absolute rating, distribution approximation, interval scaling, etc. [75]. In addition, to check the reliability of the questions, Cronbach’s alpha was calculated. This index was calculated for some questions by SPSS (Statistical Package for Social Sciences) software and the outcome is located between an acceptable and good consistency range, i.e., between 0.7 and 0.9.






4. Results and Discussion


The results and discussion are presented under five main categories in line with the objectives of the studies. Furthermore, to assess the responses, the outcome from the UN questionnaire [71] was considered as a comparison for questions with similar objectives.



4.1. Awareness of Climate Change and Its Impact on Railway Transportation Infrastructure


Based on our literature study, awareness has been identified as the key factor in the climate adaptation process. Figure 5 presents and compares how climate change can act as a problem in railway transport networks in the UN in 2013 and Sweden in 2020. Of the questionnaire respondents in Sweden, 40% believe that climate change can have a “High” impact on transport networks, while their perception of the “Very high” impact of climate is about 10%, which is half of that of the UN respondents [71]. The distribution respondents’ rank is left-skewed based on the statistics, and this means that only a few experts have the confidence of less impact of climate change (Q8).



The statistics show that the respondents tend to see climate change impacts in a brief period, whereas almost 80 percent of the UN survey respondents mentioned that climate change problems would persist over the next 30 years (Q9). Moreover, about 65% of the respondents considered that climate change’s impacts would be revealed in a time scale between 0 and 20 years (near future time scale), and 20 percent considered that the impacts would be a problem in less than 10 years. On the other hand, about 20% believed that the impacts could lead to problems in the next 20 years (see Figure 6).



Dedicated educational programs and training are essential aspects of global response required to raise awareness of climate change. It helps society recognize the effect of global warming and helps them deal with climate change impacts and implement adaptation policies [76]. To increase the level of awareness, it is important to identify the main target audience. The answers showed that the main target audience was government and local authorities, including the Swedish Transport Administration (TRV) and Swedish Transport Agency (Transportstyrelsen), state and regional politicians, etc., as given in Figure 7 as per respondents from Table 1. Excluding the categories mentioned above, other audiences such as manufacturers, public society, and contractors are recognized at a low level (15%) as the main target audience for raising awareness of climate change impacts. This aligns well with the UN study, as respondents also mentioned that the main responsible organizations are public and local authorities, ministries, and other government bodies (Q10).



A question was asked to evaluate the level of awareness of society of any extreme weather or climate impacts (rising temperatures, extreme events, droughts, floods, sea level rise, storm surges, melting permafrost, etc.) on railway infrastructure in the past 10 years. As given in Figure 8, about 50 percent of respondents were aware of a medium to the very high impact of climate change. It is noteworthy that 23 percent of respondents selected the “Don’t know” alternative, which confirms that there is a need to increase society’s awareness about climate change impacts on the rail transport system (Q11).



Furthermore, respondents were asked about previously conducted studies on the impact of climate change on the railway network at their regions/organizations (see Figure 9). One-third of the respondents mentioned that they had performed such studies, and about one-third replied either “Don’t know” or “Blank”, emphasizing that there is a need to increase the level of awareness. The outcome also reveals that 35% of the regions/organizations did not conduct any study, which may be related to lack of awareness, trust, or other barriers (Q12).




4.2. Impacts of Extreme Weather Events on Railway Services in the Past 10 Years


Comprehensive questions have been designed to identify the severity of the impact of climate change on railway operation and maintenance within the questionnaire. Extreme weather events such as temperature, flooding, extreme wind, lightning, frozen soil, and permafrost have been selected, which are relevant for Sweden. Furthermore, to assess the impact of climatic changes on the operation and maintenance of the railway network, the following five key indicators of railway operation and maintenance services have been considered.




	
Railway infrastructure robustness;



	
Railway operation;



	
Railway safety;



	
The economic impact for various stakeholders; and



	
Other vulnerability/impacts.








The outcome of the survey is categorized in the following subsections.



4.2.1. Temperature Impact


As shown in Figure 10, most respondents emphasized that temperature has a high impact on the different key indicators of railway operation and maintenance services, except for the category identified as “Other vulnerability” due to lack of information and awareness.



To summarize the statistics given in Figure 10, the medium, high, and very high impacts have been aggregated and interpreted as “significant impact”. Thus, the significant impact of temperature on “Railway infrastructure robustness and service life” is about 70%. In the same way, the significant impacts of temperature on “Railway operation”, “Railway safety”, and “Economy impacts to various stakeholders” are 68%, 64%, and 60%, respectively (Q13).




4.2.2. Heavy Rains/Flood Damage/Drainage Impact


Similarly, respondents considered that flooding has a significant impact (aggregation of moderate, high, and very high levels) on “Railway operation”. The significant impact of climate change on “Railway operation” is about 73%. The underlying reasoning for this high score is the fact that flooding can cause soil erosion underneath the rail track or submerge in the track superstructure due to an inadequate water drainage system. The additional impact of flooding of railway infrastructure is overhead contact lines that can cause short circuits of the signaling system. In some cases, if water levels rise above the rails, the train operator needs to reduce speed to prevent damage to the train and infrastructure, which in turn can cause delays.



The significant impacts of flooding on “Railway infrastructure robustness and service life”, “Railway safety”, and “Economy impacts to various stakeholders” are 67%, 68%, and 63%, respectively. The “Other vulnerabilities” alternative in the figure below received a high rank due to lack of information/awareness and broad perspective and the unclear nature of the question; see Figure 11 (Q14).




4.2.3. Storms/Extreme Wind Impact


Storms and extreme winds have a significant impact score of 50% on “Railway infrastructure robustness and service life”. However, this impact is lower when compared to the rated impact of temperature and flooding. The significant impacts of storms and extreme winds on “Railway operation”, “Railway safety”, and “Economy impacts to various stakeholders” are 71%, 58%, and 52%, respectively. About one-fourth of experts chose the “Don’t know” option related to railway operation and services, a confirmation of a lack of information, studies, and awareness among respondents; see Figure 12 (Q16).




4.2.4. Lightning Impact


Figure 13 shows the impact of lighting on selected key indicators of railway services. Signal systems, including onboard and trackside devices, are especially vulnerable to lightning and electromagnetic interference due to the sensitivities to radiation, electric and magnetic fields. Approximately 40% of the respondents selected “Don’t know” for all alternatives. This value is due to the low level of awareness and information related to lighting’s impact on railway services. The significant impact of lightning on “Railway operation” is about 44% and is considered as moderate. The significant impacts of lightning on “Railway infrastructure robustness and service life”, “Railway safety”, and “Economy impacts to various stakeholders” are 26%, 32%, and 36%, respectively (Q16).




4.2.5. Frozen Soil Impacts


Frozen soil impacts are critical and can cause lateral and vertical movements on the railway system, especially in Nordic countries. Most of the experts believed that “Railway infrastructure robustness and services” and “Railway operation” will be affected by frozen soil at a “High” weightage of 35% and 33% (Non aggregated rate), respectively, given in Figure 14.



The significant impacts of frozen soil on “Railway infrastructure robustness”, “Railway operation”, “Railway safety”, and “Economic impact” is 59%, 59%, 51%, and 49%, respectively. Most of the respondents rated frozen soil as “Moderate” or “High” as an impact on railway operation and maintenance services, due to the increase in air temperature and reduction in snow coverage on the ground during cold seasons in Nordic countries. In addition, several respondents selected the “Don’t know” alternative, highlighting the need to perform further study or improve awareness of such impacts within society (Q17).





4.3. Data Sources, Data Availability, and Analytical Tools


To control, measure, and assess the impact of climate change on railway infrastructure health, there is a need to collect data related to the occurrence of extreme weather events and the long-term evolution of climate change and their impacts. As presented in Figure 15, the respondents identified the Swedish Metrological and Hydrological Institute (SMHI), research institutes, and universities as the main sources of information (38 percent) to study climate change’s effects. Other public authorities and national agencies such as the Environmental Protection Agency and County Administrative boards of Sweden are identified as sources of relevant information for climate change and its impacts. Some of the respondents selected metrological information from national and international domains as a source of information. The statistic of the data source for the investigated stakeholders is presented in Figure 15; metrological data from other sources besides SMHI are classified as “Metrological info” (Q18).



It is noteworthy that all the above information sources mentioned by the respondents are related to the national agencies. Furthermore, companies’ roles in climate adaptation, including manufacturers, constructors, contractors, and operators, are not addressed by experts. Moreover, TRV, the main infrastructure manager in Sweden, is not highly ranked as the main information source, although it is perceived as an important player dealing with climate adaptation and related responsibilities in the previous questions.



In addition, a question related to the availability of climate change and climate impact data for transport infrastructure was asked. The distribution of opinion of the respondents is almost concentrated at a “Medium” level, and a few experts rated it as either “Low” or “Very good” (about 7 percent). Only 2 percent of experts selected “Excellent” data availability. As illustrated in Figure 16, a similar trend can be seen compared to the outcome of the UN survey, except for the “Don’t know” alternative for the Sweden case, which is due to a lack of information (Q19).



It is also interesting to know about the tools that the experts are using to detect, predict and assess critical weather-related infrastructure incidences. The result revealed that more than 60 percent of the respondents were unaware of operation models and software tools in use at their organization. This observation is not surprising, since interest in climate change and initiatives to mitigate its impacts in different fields such as research, finance, and infrastructure is new. However, this gap needs to be addressed urgently to increase the awareness and use of appropriate software tools. This action can be accelerated by further collaboration, cooperation, and broader dissemination of available information and best practices regarding relevant tools. Some experts utilize Global Information System (GIS) analyzers, and the tools provided by SMHI and the other tools mentioned by individual respondents are provided in Figure 17 (Q20).




4.4. Identification and Assessment of Several Types of Risks and Consequences


Cost–benefit analysis is a crucial tool for climate change impact assessment and selecting suitable adaptation plans or strategies. About 40 percent of experts were unaware of the cost–benefit methodology for assessing potential damage due to climate change and selecting suitable adaptation plans in their region/organization. Moreover, 50 percent of respondents mentioned that such an analysis had not been conducted in their organization/region, and only 9% have experience using cost–benefit or similar approaches for selecting an appropriate strategy for climate adaptation. As illustrated in Figure 18, in comparison to the UN study, respondents from Sweden have conducted far fewer studies. Hence, there is a need to perform such analyses at a regional level to reduce the adaptation and maintenance development debt (Q21). In addition, about 80% of those who implement the cost–benefit analyses scale applying cost–benefit analysis at an elevated level (Q22).



There is a need to map the level of awareness of different vulnerabilities, risks, and associated consequences within the railway transport network due to extreme events. The survey shows that the awareness level in Sweden regarding current railway/transport infrastructure vulnerabilities to natural hazards is quite low, about 20 percent. Furthermore, about 20 percent of the respondents have an opinion other than railway infrastructures are not vulnerable to climate change. Moreover, 22 percent are well informed of the vulnerabilities of transport infrastructure to climate change. Among those who acknowledged the vulnerability of climate change, 60 percent performed risk-based approaches to identify the vulnerabilities. Figure 19 compared the rate of awareness between UN and Sweden studies. This result confirms an urgent need to disseminate information and knowledge about potential vulnerabilities within public administration/organizations and stakeholders in Sweden (Q25, Q26, Q27, Q28).



The results in Figure 20 were extracted from the experts’ opinions regarding their practice of vulnerability assessment of railway/transport infrastructure due to different extreme climatic factors. As reported in previous questions, the rate of stating the “No” alternative was higher than other alternatives except for flooding. The analyses showed that on average, about 25 percent of respondents implemented specific assessments for weather and/or climate change factors (Q23).



In connection with the previous question, respondents were asked about the approaches being implemented in their organization for assessing climate change impacts. The responses were provided as text, which was thereafter processed and categorized into five groups, as shown in Figure 21. The scores from the figure show that all the approaches have similar usage rates except for the GIS tool, which is not equally implemented to assess vulnerable areas in a transport network (Q24).



A detailed question was asked regarding whether a mechanism exists to assess current levels of risk for the identified vulnerabilities. Only 15% of respondents confirmed the existence of such a mechanism when performing their risk assessment. Figure 22 presents the comparative results between Sweden and UN. Like other questions, “Don’t know/Blank” received a higher rank in both studies, which can be reduced by awareness acceleration within society. It is noteworthy that 60% of the respondents utilized risk and vulnerability analyses as mechanisms used for vulnerability assessment. There is also a significant difference between the vulnerability assessments of the two studies.




4.5. Measures, Activities, and Policies for Climate Adaptation with References to Maintenance


The questions in this section evaluate the maturity level of climate adaption action among different stakeholders. In this regard, five distinct levels of adaptation measures have been defined (see y-axes in Figure 23). In connection to planning, 25 percent of the experts confirmed that their region has planned to undertake a general adaptation strategy to climate change impacts. Furthermore, 25 percent replied that they had “Already planned” and “Adopted and implemented” the strategy, and 50 percent replied, “Not applicable/Don’t” know or “Not at all”, as depicted in Figure 23 (Q29). Furthermore, this figure compares the penetration level of climate adaptation activity with a UN study.



Based on further investigation, different barriers to adaptation strategies (not specific to railway network) have been identified. Lack of resources, including skill, expertise, and time received a higher ranking, followed by political and prioritization issues and financial issues. Figure 24 represents the details of the barriers reported by experts (Q30).



In addition, the categorization of the above barriers in comparison with the UN study is illustrated in Figure 25.



The Swedish Transport Administration manages the railway infrastructure and is responsible for climate adaptation and mitigation actions. This survey also revealed that the Swedish Transport Administration and Trafikstyrelsen were perceived as responsible public organizations dealing with climate adaptation and climate change issues for railway infrastructure. To identify the climate adaption strategy and its progress (i.e., adopted or planning to adopt) on railway infrastructure, there is a need to distinguish the respondents who are collaborating with TRV for railway infrastructure in their region. Hence, we have created two scenarios: (i) entire population and (ii) customized population, including those in collaboration with TRV. In the first scenario, 50 percent of respondents selected “Not applicable/Don’t know” and only 20 percent reported a planned/adopted railway infrastructure-specific strategy for adapting to climate impacts (see Figure 26). In the second scenario, about 35 percent of respondents reported climate adaptation actions of railway infrastructure at various levels. In this scenario, 63 percent of respondents reported no climate adaptation actions for railway infrastructure in their region (see Figure 27).



When questioned about the climate adaptation barriers of railway infrastructure, only 40% of respondents wrote their experiences and opinions; such barriers are categorized into six different alternatives, as given in Figure 28. Organizational issues and time and resource restriction received a higher rate among other alternatives (Q32).



In the next steps, a question was asked about required actions that can be taken to improve the resilience of railway infrastructure to climate change impacts in their region. The outcome is summarized in Figure 29.



Among different alternatives, better stormwater management, better maintenance of drainage system, and education and skill developments had a higher rank in the analyses (Q33).



Related to the responses of the previous question, the inter-relationship of the above adaptation actions (given in Figure 29), including planning, investment, design, construction, operation, management, and maintenance, have been assessed. Planning, construction, operation, management, and maintenance were rated “High” and “Very high” by at least half of the respondents. The rate given by respondents for different railway infrastructure processes is illustrated in Figure 30.



Furthermore, to compare with the UN study, the scaling was normalized by reducing the scaling category from five to two categories, low and high impacts. The outcome of the comparison is given in Table 3. To understand whether the adaptation policies are triggered when railway infrastructure is being undertaken/planned or not, a question was asked to identify which climatic impacts have been considered. The outcome is depicted in Figure 31.



For this question, about 50 percent of respondents answered “Don’t know” from municipalities and other stakeholders who did not receive information on railway adaptation policies. Except for this group of experts, most of the respondents believed that different adaptation policies had been undertaken when developing a new railway line, and only a few believed that there were no adoption policies for such developments (Q35).



Climate change and its associated impacts will continue for many decades, and even centuries, regardless of the success of global initiatives to reduce greenhouse gas emissions [1]. Hence, there is a need for emergency response systems dealing with vulnerabilities affected by changes in climate conditions. Concerning the development and planning of emergency response systems for the railway sector, most of the respondents (about 50%) selected the “Don’t know” alternative and about 20 percent said they had “Planned” or “Already adopted, implemented” emergency response systems for the railway infrastructure and operation for disasters due to climate change. Figure 32 represents the assigned rate by experts for different alternatives (Q36).



Furthermore, respondents pointed out several alternatives to identify significant areas that need further attention to enable effective adaptation strategies in railway infrastructure tailored to local conditions. Maintenance of infrastructure was prioritized by 20 percent of respondents, followed by required adaptation activity for flooding and drainage systems. The other reported alternatives are plotted in Figure 33. Based on the identified significance areas, an important inference is a need for further research and study on the risks of climate change and their impacts on the maintenance of infrastructure and adaptation measures (Q37).



Despite the negative impacts and dimensions of climate change on our society, there is an opportunity that may arise from climate change. Hence, it is interesting to identify the potential opportunities for the railway sector based on the respondents. The tourism industry is expected to increase, followed by growth in mining and agricultural production. Moreover, a reduction in snow removal tasks and their related costs are considered as opportunities for railways that may arise in response to climate change. Some respondents identified other opportunities, such as the new demand for rail transport and the reduction of driving and transport by truck. The rate of other potential impacts is illustrated in Figure 34 (Q38).




4.6. Evaluation of Adaptation and Maintenance Debt of Transport Infrastructure


The last stage in Section 4.5 is to map the current level of actions and activities, including technical, political, administrative, etc., with references to adaptation and maintenance in the transport network.



The first step is to determine the time horizon to achieve robust infrastructure in advance, considering the financial and resource availability, criticality of assets, etc.



The second step is to identify the status of adaptation and maintenance activities in the area under study for the specific asset. The outcome of the questionnaire is to support the transport administration experts to identify the vulnerable areas and related adaptation barriers. In addition, it provides a better understanding of the status of action and its level of adaptation, whether the activity is “Already planned” or “Adopted and implemented”, or even if the respondent answered “Not applicable/Don’t know”. This approach helps infrastructure managers keep track of progress and update the status of adaptation and required maintenance to reduce the adaptation and maintenance development debt.





5. Conclusions and Remarks


Climate change will adversely affect the operation, safety, and maintenance of railway infrastructure if no remedial action in terms of climate mitigation as well as climate adaptation is implemented. The projected long-term rise in the mean air temperature will lead to an increase in frequency and intensity of extreme weather events which will, in turn, affect the susceptibility of railway infrastructure. For example, extreme rainfall will lead to damage of infrastructure and flooding of urban areas if remedial actions such as enhanced drainage systems with a higher capacity to drain water are not adopted. Using a questionnaire approach, the study assessed how the level of awareness of climate change impacts on the Swedish railway infrastructure is perceived. It also mapped the causal relationship between climate parameters and infrastructure conditions and identified the risk incidences connected to climate change.



The study reveals that the level of awareness of climate adaptation options needs to be raised. Thus, there is a need to define and formulate regional policies for climate change adaptation of railway and road networks, including awareness-raising and sharing best practices. It is recommended to share the outcome of studies from different countries with the various departments within governments and other stakeholders to plan for adaptation options.



Based on the questionnaire responses, we found that most of the respondents are aware of the impacts of temperature, heavy floods, winds, lightning, and permafrost on railway operation, safety, economic impacts, and robustness. However, it was agreed that additional work is required to quantify those effects and impacts on various railway assets for each critical location so that appropriate adaptation measures can be planned and implemented.



We found out that most respondents from Sweden are aware of the availability of climate data sources and models not only from SMHI but also other sources where they can glean more insights and understanding of climate change in both short-term and long-term periods. However, most of the respondents are not utilizing the full potential of data because of unawareness of existing tools, cost of tools, and knowledge of working on data.



Regarding railway infrastructure risk incidences associated with climate change, only a few assessments have been carried out to identify types of risks and their associated consequences. The predominant risk incidences identified in the study are rail buckling, bridge scouring, signaling system failure, and inadequate drainage capacity.



The maturity level of climate adaptation action differs within the organizations involved in this study. Fifty percent of the respondents confirmed that their organizations have planned or implemented a general adaptation strategy to climate change impacts. Among the strategic adaptation solutions mentioned by the respondents are better stormwater management, better maintenance of drainage system, education, and skill developments. Lack of knowledge and resources, lack of coordination between organizations, and large investment costs are some of the barriers to the implementation of climate adaptation strategies.



The results of this study show that effective climate adaptation approaches are required to reduce climate and maintenance debt, including awareness, risk mapping, vulnerability assessment, maintenance, and emergency planning. Finally, introducing effective guidelines and regulations for railway infrastructure design and construction considering climate change parameters and utilizing new condition monitoring technologies and systems are essential actions required for climate adaptation and emergency response systems.








Supplementary Materials


The questionnaire is available online at https://forms.office.com/Pages/ResponsePage.aspx?id=i0BTVM2mHkyLEBi1APtUTm4q2DwnvUxIksZQdrg7DHxUMk03WFI3TjU5OVY2OUhZTkJRNlVPUlNQNC4u (accessed on 18 November 2021).





Author Contributions


Conceptualization, A.H.S.G. and A.T.; methodology, A.H.S.G.; software, A.T.; validation, S.F. and U.K.; formal analysis, A.H.S.G.; investigation, S.F., A.H.S.G. and A.T.; resources, A.H.S.G., A.T. and S.F.; data curation, A.H.S.G. and A.T.; writing—original draft preparation A.H.S.G.; writing—review and editing, A.T., S.F. and U.K.; visualization, A.H.S.G.; project administration, A.H.S.G. All authors have read and agreed to the published version of the manuscript.




Funding


The authors gratefully acknowledge the funding provided by Sweden’s innovation agency, Vinnova, to the project titled “Robust infrastructure–Adapting railway maintenance to climate change (CliMaint)”. The funding was granted in a competitive application process that assessed replies to an open call for proposals concerning “Innovations for a sustainable society (IHS)—for a climate-neutral future” (grant no. 2019-03181).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


The authors gratefully acknowledge the technical support and collaboration (in-kind support) of the Markus Lundkvist from Trafikverket (Swedish Transport Administration), Lina Andersson from Trafikstyrelsen, and Veronica Jägare from Luleå Railway Research Center (JVTC), Gustav Sandberg from SMHI, Per Norrbin from Sweco Rail AB, Roland Bång from InfraNord, Patrik Ruumensaari from Luleå Municipality, and all other municipalities in Sweden.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



IEA. The Future of Rail: Opportunities for Energy and the Environment; IEA: Paris, France, 2019. [Google Scholar]

	



Nemry, F.; Demirel, H. Impacts of Climate Change on Transport: A Focus on Road and Rail Transport Infrastructures; European Commission, Joint Research Centre (JRC), Institute for Prospective Technological Studies (IPTS); Publications Office of the European Union: Luxembourg, 2012. [Google Scholar]

	



Ehlers, T. Understanding the Challenges for Infrastructure Finance; International Monetary Fund (IMF)—Monetary and Capital Markets Department; Bank for International Settlements (BIS): Basel, Switzerland, 2014. [Google Scholar]

	



Noble, I.R.; Huq, S.; Anokhin, Y.A.; Carmin, J.A.; Goudou, D.; Lansigan, F.P.; Osman-Elasha, B.; Villamizar, A.; Patt, A.; Takeuchi, K. Adaptation needs and options. In Climate Change 2014 Impacts, Adaptation and Vulnerability: Part A: Global and Sectoral Aspects; Cambridge University Press: Cambridge, UK, 2015; pp. 833–868. [Google Scholar]

	



Auld, H.; Maclver, D.; Klaassen, J. Adaptation options for infrastructure under changing climate conditions. In Proceedings of the 2006 IEEE EIC Climate Change Conference, Ottawa, ON, Canada, 10–12 May 2006; pp. 1–11. [Google Scholar]

	



Rail, N. Weather Resilience and Climate Change Adaptation Strategy 2017–2019; Network Rail: London, UK, 2017. [Google Scholar]

	



Gu, Y.; Fu, X.; Liu, Z.; Xu, X.; Chen, A. Performance of transportation network under perturbations: Reliability, vulnerability, and resilience. Transp. Res. Part E Logist. Transp. Rev. 2020, 133, 101809. [Google Scholar] [CrossRef]

	



Sarady, M. Ground Freeze-Thaw, Snow and Roads in Northern Sweden. Ph.D. Thesis, Uppsala University, Uppsala, Sweden, 2014. [Google Scholar]

	



Wang, T.; Qu, Z.; Nichol, T.; Yang, Z.; Dimitriu, D.; Clarke, G.; Bowden, D. Impacts of climate change on rail systems: A new climate risk analysis model. In Safety and Reliability–Safe Societies in a Changing World; CRC Press: Boca Raton, FL, USA, 2018; pp. 2771–2779. [Google Scholar]

	



Love, G.; Soares, A.; Püempel, H. Climate change, climate variability and transportation. Procedia Environ. Sci. 2010, 1, 130–145. [Google Scholar] [CrossRef]

	



Silvast, A.; Kongsager, R.; Lehtonen, T.-K.; Lundgren, M.; Virtanen, M. Critical infrastructure vulnerability: A research note on adaptation to climate change in the Nordic countries. Geogr. Tidsskr.-Dan. J. Geogr. 2021, 121, 79–90. [Google Scholar] [CrossRef]

	



Birkmann, J.; Wenzel, F.; Greiving, S.; Garschagen, M.; Vallée, D.; Nowak, W.; Welle, T.; Fina, S.; Goris, A.; Rilling, B. Extreme events, critical infrastructures, human vulnerability and strategic planning: Emerging research issues. J. Extrem. Events 2016, 3, 1650017. [Google Scholar] [CrossRef]

	



Calle-Cordón, A.; Jiménez-Redondo, N.; Morales-Gámiz, J.; García-Villena, F.; Peralta-Escalante, J.; Garmabaki, A.; Famurewa, S.M.; Duarte, E.; Morgado, J. Combined RAMS and LCC analysis in railway and road transport infrastructures. In Proceedings of the 7th Transport Research Arena TRA 2018, Vienna, Austria, 16–19 April 2018. [Google Scholar]

	



Calle-Cordón, Á.; Jiménez-Redondo, N.; Morales-Gámiz, F.; García-Villena, F.; Garmabaki, A.H.; Odelius, J. Integration of RAMS in LCC analysis for linear transport infrastructures. A case study for railways. IOP Conf. Ser. Mater. Sci. Eng. 2017, 236, 012106. [Google Scholar] [CrossRef]

	



Barabadi, A.; Garmabaki, A.; Zaki, R. Designing for performability: An icing risk index for Arctic offshore. Cold Reg. Sci. Technol. 2016, 124, 77–86. [Google Scholar] [CrossRef]

	



Baron, E.; Fernandes, S.; Matos, J.; Sousa, H. An overview of the project strengthening infrastructure risk management in the Atlantic area (SIRMA). In Life-Cycle Civil Engineering: Innovation, Theory and Practice; CRC Press: Boca Raton, FL, USA, 2021; pp. 1237–1241. [Google Scholar]

	



Nolte, R.; Berlin, I. ARISCC-Adaptation of Railway Infrastructure to Climate Change, Final Report, 6th draft version; IZT-Institute for Futures Studies and Technology Assessment: Berlin, Germany, 2011; Available online: http://ariscc.org/fileadmin/ARISCC_Final_Report_6th_Draft.pdf (accessed on 18 November 2021).

	



Baker, C.; Chapman, L.; Quinn, A.; Dobney, K. Climate change and the railway industry: A review. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2010, 224, 519–528. [Google Scholar] [CrossRef]

	



Kaewunruen, S.; Sussman, J.; Matsumoto, A. Grand challenges in transportation and transit systems. Front. Built Environ. 2016, 2, 4. [Google Scholar] [CrossRef]

	



Bowyer, P.; Hänsel, S.; Smalley, E.; Velegrakis, A.; Dagan, M.; Wyrowski, L. Climate Change Impacts and Adaptation for Transport Networks and Nodes; (No. ECE/TRANS/283); United Nations Publications: Geneva, Switzerland, 2020. [Google Scholar]

	



Armstrong, J.; Preston, J.; Ortega Hortelano, A. Enabling Resilient Railway Operations in the Context of Climate Change. Available online: https://eprints.soton.ac.uk/406371/ (accessed on 18 November 2021).

	



Palin, E.J.; Stipanovic Oslakovic, I.; Gavin, K.; Quinn, A. Implications of climate change for railway infrastructure. Wiley Interdiscip. Rev. Clim. Chang. 2021, 12, e728. [Google Scholar] [CrossRef]

	



Wang, T.; Qu, Z.; Yang, Z.; Nichol, T.; Dimitriu, D.; Clarke, G.; Bowden, D.; Lee, P.T. Impact analysis of climate change on rail systems for adaptation planning: A UK case. Transp. Res. Part D Transp. Environ. 2020, 83, 102324. [Google Scholar] [CrossRef]

	



Stamos, I.; Mitsakis, E.; Grau, J.M.S. Roadmaps for adaptation measures of transportation to climate change. Transp. Res. Rec. 2015, 2532, 1–12. [Google Scholar] [CrossRef]

	



IPCC. Draft Report of the Fifty-Third (BIS) Session of the IPCC Electronic, 22–26 March 2021; IPCC: Geneva, Switzerland, 2021; p. 49. [Google Scholar]

	



European Commission. Climate Change Adaptation–Research, Science and Innovation; European Commission: Brussels, Belgium, 2018. [Google Scholar]

	



Mulholland, E.; Feyen, L. Increased risk of extreme heat to European roads and railways with global warming. Clim. Risk Manag. 2021, 34, 100365. [Google Scholar] [CrossRef]

	



Davour, D. Present and Future Extreme Weather in Sweden According to the d4PDF. Master’s Thesis, Lund University, Lund, Sweden, 2019. [Google Scholar]

	



Thaduri, A.; Garmabaki, A.; Kumar, U. Impact of climate change on railway operation and maintenance in Sweden: A State-of-the-art review. In Maintenance, Reliability and Condition Monitoring (MRCM); JVE International: Vilnius, Lithuania, 2021. [Google Scholar]

	



Stenström, C.; Famurewa, S.M.; Parida, A.; Galar, D. Impact of cold climate on failures in railway infrastructure. In Proceedings of the International Conference on Maintenance Performance Measurement & Management, Coimbra, Portugal, 12–13 September 2012. [Google Scholar]

	



Girardi, L.; Boulanger, D.; Laurans, E.; Pouligny, P.; Xu, Y.; Colibri, J. Rail temperature forecasts over different time-ranges for track applications. In Proceedings of the 5th IET Conference on Railway Condition Monitoring and Non-Destructive Testing (RCM 2011), Derby, UK, 29–30 November 2011. [Google Scholar]

	



Dobney, K. Quantifying the Effects of an Increasingly Warmer Climate with a View to Improving the Resilience of Great Britain’s Railway Network: Is a New Stressing Regime the Answer? University of Birmingham: Birmingham, UK, 2010. [Google Scholar]

	



Ludvigsen, J.; Klæboe, R. Extreme weather impacts on freight railways in Europe. Nat. Hazards 2014, 70, 767–787. [Google Scholar] [CrossRef]

	



Hamarat, M.; Papaelias, M.; Kaewunruen, S. Vulnerability Of Railway Switches and Crossings Exposed to Flooding Conditions. In Lecture Notes in Civil Engineering; Springer Nature: Basingstoke, UK, 2021. [Google Scholar]

	



Juntti, U. Impact of climate on railway operation: A Swedish case study. In Proceedings of the International Heavy Haul Association Conference: 19–22 June 2011; Luleå University of Technology: Luleå, Sweden, 2012. [Google Scholar]

	



Scott, J.; Loveridge, F.; O’Brien, A. Influence of Climate and Vegetation on Railway Embankments. In Proceedings of the 14th European Conference on Soil Mechanics and Geotechnical Engineering; Cuéllar, V., Dapena, E., Alonso, E., Echave, J.M., Gens, A., de Justo, J.L., Oteo, C., Rodríguez-Ortiz, J.M., Sagaseta, C., Sola, P., et al., Eds.; IOS Press: Amsterdam, The Netherlands, 2007. [Google Scholar]

	



Chen, L.; Yu, W.; Yi, X.; Hu, D.; Liu, W. Numerical simulation of heat transfer of the crushed-rock interlayer embankment of Qinghai-Tibet Railway affected by aeolian sand clogging and climate change. Cold Reg. Sci. Technol. 2018, 155, 1–10. [Google Scholar] [CrossRef]

	



Tang, C.-x.; Zhu, Z.-y.; Luo, F.; He, Z.-h.; Zou, Z.-y.; Guo, Z.-h. Deformation behaviour and influence mechanism of thaw consolidation of embankments on the Qinghai-Tibet Railway in permafrost regions. Transp. Geotech. 2021, 28, 100513. [Google Scholar] [CrossRef]

	



Dikanski, H.; Hagen-Zanker, A.; Imam, B.; Avery, K. Climate change impacts on railway structures: Bridge scour. In Proceedings of the Institution of Civil Engineers-Engineering Sustainability; Thomas Telford Ltd.: London, UK, 2016; pp. 237–248. [Google Scholar]

	



Nasr, A.; Björnsson, I.; Honfi, D.; Larsson Ivanov, O.; Johansson, J.; Kjellström, E. A review of the potential impacts of climate change on the safety and performance of bridges. Sustain. Resilient Infrastruct. 2021, 6, 192–212. [Google Scholar] [CrossRef]

	



Kellermann, P.; Bubeck, P.; Kundela, G.; Dosio, A.; Thieken, A.H. Frequency analysis of critical meteorological conditions in a changing climate—Assessing future implications for railway transportation in Austria. Climate 2016, 4, 25. [Google Scholar] [CrossRef]

	



Kalantari, Z.; Folkeson, L. Road drainage in Sweden: Current practice and suggestions for adaptation to climate change. J. Infrastruct. Syst. 2013, 19, 147–156. [Google Scholar] [CrossRef]

	



Wang, T.; Qu, Z.; Yang, Z.; Nichol, T.; Dimitriu, D.; Clarke, G.; Bowden, D. How can the UK road system be adapted to the impacts posed by climate change? By creating a climate adaptation framework. Transp. Res. Part D Transp. Environ. 2019, 77, 403–424. [Google Scholar] [CrossRef]

	



Bešinović, N. Resilience in railway transport systems: A literature review and research agenda. Transp. Rev. 2020, 40, 457–478. [Google Scholar] [CrossRef]

	



Palin, E.J.; Thornton, H.E.; Mathison, C.T.; McCarthy, R.E.; Clark, R.T.; Dora, J. Future projections of temperature-related climate change impacts on the railway network of Great Britain. Clim. Chang. 2013, 120, 71–93. [Google Scholar] [CrossRef]

	



Mirković, N.B.; Popović, Z.J.; Pustovgar, A.P.; Lazarević, L.M.; Zhuravlev, A.V. Management of stresses in the rails on railway bridges. FME Trans. 2018, 46, 636–643. [Google Scholar] [CrossRef]

	



Wang, N.; Satola, D.; Houlihan Wiberg, A.; Liu, C.; Gustavsen, A. Reduction strategies for greenhouse gas emissions from high-speed railway station buildings in a cold climate zone of China. Sustainability 2020, 12, 1704. [Google Scholar] [CrossRef]

	



Kaewunruen, S.; Lopes, L.C.; Papaelias, M. Georisks in railway systems under climate uncertainties by different types of sleeper/crosstie materials. Lowl. Technol. Int. 2018, 20, 77–86. [Google Scholar]

	



Forero-Ortiz, E.; Martínez-Gomariz, E.; Cañas Porcuna, M.; Locatelli, L.; Russo, B. Flood Risk Assessment in an Underground Railway System under the Impact of Climate Change—A Case Study of the Barcelona Metro. Sustainability 2020, 12, 5291. [Google Scholar] [CrossRef]

	



Li, D.; Kaewunruen, S. Effect of extreme climate on topology of railway prestressed concrete sleepers. Climate 2019, 7, 17. [Google Scholar] [CrossRef]

	



Roghani, A. Quantifying the effect of freeze-thaw cycles on track surface deformation and degradation of railway track geometry; Case study. Transp. Geotech. 2021, 30, 100601. [Google Scholar] [CrossRef]

	



Thaduri, A.; Galar, D.; Kumar, U. Space weather climate impacts on railway infrastructure. Int. J. Syst. Assur. Eng. Manag. 2020, 11, 267–281. [Google Scholar] [CrossRef]

	



Dawson, D.A.; Hunt, A.; Shaw, J.; Gehrels, W.R. The economic value of climate information in adaptation decisions: Learning in the sea-level rise and coastal infrastructure context. Ecol. Econ. 2018, 150, 1–10. [Google Scholar] [CrossRef]

	



Sanchis, I.V.; Franco, R.I.; Fernández, P.M.; Zuriaga, P.S.; Torres, J.B.F. Risk of increasing temperature due to climate change on high-speed rail network in Spain. Transp. Res. Part D Transp. Environ. 2020, 82, 102312. [Google Scholar] [CrossRef]

	



Binti Sa’adin, S.L.; Kaewunruen, S.; Jaroszweski, D. Risks of Climate Change with Respect to the Singapore-Malaysia High Speed Rail System. Climate 2016, 4, 65. [Google Scholar] [CrossRef]

	



Lindgren, J.; Jonsson, D.K.; Carlsson-Kanyama, A. Climate adaptation of railways: Lessons from Sweden. Eur. J. Transp. Infrastruct. Res. 2009, 9, 164–181. [Google Scholar]

	



Kostianaia, E.A.; Kostianoy, A.G.; Scheglov, M.A.; Karelov, A.I.; Vasileisky, A.S. Impact of Regional Climate Change on the Infrastructure and Operability of Railway Transport. Transp. Telecommun. 2021, 22, 183–195. [Google Scholar] [CrossRef]

	



Dépoues, V. Organisational uptake of scientific information about climate change by infrastructure managers: The case of adaptation of the French railway company. Clim. Chang. 2017, 143, 473–486. [Google Scholar] [CrossRef]

	



Mills, B.; Andrey, J. Climate change and transportation: Potential interactions and impacts. Potential Impacts Clim. Chang. Transp. 2002, 77. [Google Scholar]

	



Chinowsky, P.; Helman, J.; Gulati, S.; Neumann, J.; Martinich, J. Impacts of climate change on operation of the US rail network. Transp. Policy 2019, 75, 183–191. [Google Scholar] [CrossRef]

	



Asam, S.; Bhat, C.; Dix, B.; Bauer, J.; Gopalakrishna, D. Climate Change Adaptation Guide for Transportation Systems Management, Operations, and Maintenance; Federal Highway Administration: Washington, DC, USA, 2015.

	



Blue, J.; Hiremath, N.; Gillette, C.; Julius, S. Evaluating Urban Resilience to Climate Change: A Multi-Sector Approach; US Environmental Protection Agency: Washington, DC, USA, 2017.

	



Koetse, M.J.; Rietveld, P. The impact of climate change and weather on transport: An overview of empirical findings. Transp. Res. Part D Transp. Environ. 2009, 14, 205–221. [Google Scholar] [CrossRef]

	



Rotter, M.; Hoffmann, E.; Pechan, A.; Stecker, R. Competing priorities: How actors and institutions influence adaptation of the German railway system. Clim. Chang. 2016, 137, 609–623. [Google Scholar] [CrossRef]

	



Rweyendela, A.G.; Mwegoha, W.J. The treatment of climate change impacts and adaptation in the environmental impact assessment of the standard Gauge railway project in Tanzania. Clim. Dev. 2021, 1–11. [Google Scholar] [CrossRef]

	



Baltica, R. Study on Climate Change Impact Assessment for the Design, Construction, Maintenance and Operation of Rail Baltica Railway; Rail Baltica: Salaspils, Latvia, 2019. [Google Scholar]

	



Bryman, A. Integrating quantitative and qualitative research: How is it done? Qual. Res. 2006, 6, 97–113. [Google Scholar] [CrossRef]

	



The Government’s Plan for Infrastructure—How We Build Sweden Strong and Sustainable. Available online: https://www.government.se/press-releases/2018/06/the-governments-plan-for-infrastructure--how-we-build-sweden-strong-and-sustainable/ (accessed on 18 November 2021).

	



Garmabaki, A.; Marklund, S.; Thaduri, A.; Hedström, A.; Kumar, U. Underground pipelines and railway infrastructure–failure consequences and restrictions. Struct. Infrastruct. Eng. 2020, 16, 412–430. [Google Scholar] [CrossRef]

	



Bokrantz, J. On the Transformation of Maintenance Organisations in Digitalised Manufacturing; Chalmers University of Technology: Gothenburg, Sweden, 2017. [Google Scholar]

	



United Nations. Climate Change Impacts and Adaptation for International Transport Networks; United Nations Economic Commission for Europe: Geneva, Switzerland, 2018. [Google Scholar]

	



Naseri, M.; Barabady, J. An expert-based approach to production performance analysis of oil and gas facilities considering time-independent Arctic operating conditions. Int. J. Syst. Assur. Eng. Manag. 2016, 7, 99–113. [Google Scholar] [CrossRef]

	



Otway, H.; Winterfeldt, D. Expert judgment in risk analysis and management: Process, context, and pitfalls. Risk Anal. 1992, 12, 83–93. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, M.; Booker, J. Eliciting and Analyzing Expert Judgement: A Practical Tour; Academic Press: London, UK, 1991. [Google Scholar]

	



Cooke, R.M.; Shrader-Frechette, K. Experts in Uncertainty: Opinion and Subjective Probability in Science; Oxford University Press: Oxford, UK, 1991. [Google Scholar]

	



Halbac-Cotoara-Zamfir, R.; Hadjichambis, A.; Paraskeva-Hadjichambi, D. Education for Environmental Citizenship—Potential Key Tool for Enhancing the Implementation of NbSs. Multidiscip. Digit. Publ. Inst. Proc. 2019, 30, 37. [Google Scholar] [CrossRef]








[image: Sustainability 13 13856 g001 550] 





Figure 1. Adaptation and maintenance development debt. 
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Figure 2. Illustration of the proposed research methodology. 
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Figure 3. Swedish railway network. 
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Figure 4. Geographical distribution of the respondents. 
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Figure 5. Climate change identified as a problem in railway transport networks among Swedish and UN survey respondents. 






Figure 5. Climate change identified as a problem in railway transport networks among Swedish and UN survey respondents.



[image: Sustainability 13 13856 g005]







[image: Sustainability 13 13856 g006 550] 





Figure 6. Time scale for the presence of transport problems due to climate change. 
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Figure 7. The main target audience for raising awareness about climate change impacts on railway infrastructure. 
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Figure 8. Extreme weather or climate factors (rising temperatures, extreme events, droughts, floods, sea level rise, and storm surges, melting permafrost, etc.) impacts in the past 10 years. 
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Figure 9. Conducted studies evaluating the implications of climate impacts on railway/transport infrastructure. 
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Figure 10. Impact of temperature on the different railway operation and maintenance services. 
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Figure 11. Impact of flooding on the different railway operations and maintenance services. 
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Figure 12. Impact of storms/extreme wind on the railway operation and maintenance services. 
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Figure 13. Impact of lightning on the different railway operations and maintenance services. 
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Figure 14. Impact of frozen soil on the different railway operation and maintenance services. 
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Figure 15. Main information sources used to study the effects of climate change. 
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Figure 16. Availability of relevant data/information. 
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Figure 17. Operational models/software tools that region/organization used for the prediction of weather-related risks to critical infrastructure. 
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Figure 18. Comparison rate of conducted studies to estimate the costs of actual or potential damage due to climate change, e.g., utilizing cost–benefit analysis. 
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Figure 19. Level of awareness among public administrations/organizations in Sweden and UN survey respondents regarding current vulnerabilities of railway/transport infrastructure to natural hazards. 
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Figure 20. Performing specific assessment of weather and/or climate change factors in region/organization. 
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Figure 21. Implemented approaches for assessment of climate change impacts. 
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Figure 22. Following a mechanism to assess current levels of risk for the identified vulnerabilities. 
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Figure 23. Ratio of adopted or planning to adopt a general adaptation strategy to climate change impacts (in general context). 
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Figure 24. Reported barriers for general adaptation strategy. 
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Figure 25. Comparison of the barrier between the two studies. 
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Figure 26. Adopted or is planning to adopt a railway infrastructure-specific strategy for adapting to climate impacts (scenario (i)). 
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Figure 27. Adopted or is planning to adopt a railway infrastructure specific strategy for adapting to climate impacts (scenario (ii)). 
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Figure 28. Reported barriers to adaptation of a specific strategy. 
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Figure 29. Required actions to improve the resilience of railway infrastructure to climate change impacts. 
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Figure 30. Inter-relationship ratio of the above-mentioned action to the railway infrastructure, planning, investment, design, construction, operation, management, and maintenance. 






Figure 30. Inter-relationship ratio of the above-mentioned action to the railway infrastructure, planning, investment, design, construction, operation, management, and maintenance.



[image: Sustainability 13 13856 g030]







[image: Sustainability 13 13856 g031 550] 





Figure 31. Consideration of climate change impacts for developing new railway infrastructure. 
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Figure 32. Plan for developing emergency response systems of railway due to climate change disasters. 
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Figure 33. Priority areas that require further attention to enable effective adaptation strategies in railways. 
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Figure 34. Opportunities that may arise for the railway sector in your region in connection with climate change. 
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Table 1. Description of the questionnaire and its structure.
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	No.
	Questions
	Description





	1
	Q1–Q7
	General description of the experts and their domain of expertise



	2
	Q8–Q11
	Awareness of climate change on railway transportation infrastructure



	3
	Q12–Q17
	Impacts of extreme events caused by climatic change on railway in the past 10 years



	4
	Q18–Q20
	Data collection and information strategy



	5
	Q21–Q28
	Identification and assessment of several types of risks, consequences (cost)



	6
	Q29–Q38
	Measures, activities, and policies for climate adaptation with references to maintenance
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Table 2. Area of expertise of participants.






Table 2. Area of expertise of participants.





	Project Leader
	Energy, Environmental, Sustainability Strategist
	Climate Adaptation Expert
	Community Planning, Planning Strategist
	Voice Director, Manager
	Infrastructure Engineer, Railway Specialist
	Operations Manager, Technical Manager





	2
	12
	5
	5
	7
	20
	4
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Table 3. Comparison of studies for action to improve the railway infrastructure, planning, investment, design, construction, operation, management, and maintenance.






Table 3. Comparison of studies for action to improve the railway infrastructure, planning, investment, design, construction, operation, management, and maintenance.





	

	
Impact Level

	
Planning

	
Investment

	
Design

	
Construction

	
Operation

	
Management

	
Maintenance






	
UN case

	
Low Impact

	
0.35

	
0.5

	
0.4

	
0.55

	
0.6

	
0.5

	
0.55




	
High Impact

	
0.65

	
0.5

	
0.6

	
0.45

	
0.4

	
0.5

	
0.45




	
Sweden case

	
Low Impact

	
0.45

	
0.55

	
0.62

	
0.55

	
0.45

	
0.41

	
0.38




	
High Impact

	
0.55

	
0.45

	
0.38

	
0.45

	
0.55

	
0.59

	
0.62
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