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Abstract

The UK’s national railway network has evaluated climate change impacts, risks and adaptation
solutions. This review establishes the case for greater attention to be given to the vulnerability
rail transport beyond the mainline network. By considering the resilience of high-speed rail,
mass rapid transit systems and light rail transit systems, the overall resilience of journeys can
be improved. To this end, this review establishes current knowledge, practice and policy
relating to rail beyond the mainline and outlines the next steps to achieve resilience. By
providing this overview of advances, challenges and opportunities, practitioners and academics

alike will be stimulated to pursue further resilience.
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1. Introduction

In 2010, Baker et al. provided the seminal review of climate change and the UK rail industry
(Baker et al., 2010). The review considered the role of the railway industry in reducing
greenhouse gas emissions, and the changes that would be required to enable this (climate
change mitigation). It also considered the impact of climate change on the railways, such as
more frequent extreme weather, and how they could become more resilient to current and
projected hazards (climate change adaptation).

Baker’s 2010 consideration of the impacts of climate change on railways formed the
beginning of the academic dialogue on resilience and adaptation to climate change within the
sector. Prior to this, the discussion had primarily revolved around the role of railways in the
mitigation of climate change through reducing emissions and creating a modal shift to rail.
Since 2010, there has been significant progress on climate adaptation and resilience thinking

within the transport sector, in part enabled through improved understanding of climate science.

1.1 Advancements in climate science

Since 2010 there has been increased scientific research on climate change leading to a more
detailed understanding of the meteorological and atmospheric processes, and improved future
climate projections, particularly at regional and local levels. Globally, the International Panel
on Climate Change (IPCC) collates scientific evidence in regular assessment reports under
three broad headings: physical science; impacts, adaptation and vulnerability; and mitigation.

The synthesis of the Sixth Assessment Report (AR6) has now been published. While there are
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many headline statements relating to the state of the climate, in this context it is particularly
concerning that the IPCC is warning that the window of opportunity for climate resilient
development is closing (Mukherji et al., 2023).

The UK Climate Projections Programme (UKCP) provides climate observations and
projections for the UK. Baker et al. (2010) utilised the climate data from UKCIP02 (Hulme,
2002) although acknowledged that the most recent development at the time of publishing,
UKCP09 (Murphy et al., 2009) provided greater in-depth data for analysis. Since then,
UKCP18 (Lowe et al., 2018) has further advanced the capability to investigate the scale of
climate change and its impacts.

Current products include 2.5 km resolution climate projections for the UK until 2100, for
different emission scenarios, or representative concentration pathways (RCP). The RCPs link
mitigation and adaptation agendas, enabling end-users to understand the scale of climate
impacts for different emissions reduction ambitions.

Building on experience gained during UKCP09 (Steynor et al., 2012), UKCP18 involved
significant stakeholder co-creation, and end-user testing and development to ensure the final
products were suitable for the decision-making requirements of a range of bodies, including

infrastructure operators, environmental organisations and local government.

1.2 Political landscape
In the past decade there has been increased political awareness and action to address climate
change. In 2015, the United Nations World Conference on Disaster Risk Reduction (Sendai)

and the United Nations Sustainable Development Summit (New York) led up to the Paris
5
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Agreement at COP 21 in Paris (Paris Agreement, 2015). The Sustainable Development Goals
(SDG) were adopted at the New York Summit (SDG Fund, 2015); of these, Climate Action
(SDG13) takes urgent action to combat climate change and its impacts, including building
resilience, adaptive capacity, implementing measures into policy, and raising awareness at all
levels of society.

The SDGs combined with the Sendai Framework for Disaster Risk Reduction (UNISDR
(United Nations International Strategy for Disaster Reduction), 2015) have provided coherent
frameworks for collaborative global action. In combination, these international agreements and
increased scientific understanding has enabled assessment of the role of infrastructure in both
mitigating and resisting climate change.

In the UK, infrastructure adaptation is mandated by the 2008 Climate Change Act.
Government must undertake a climate change risk assessment (CCRA) (HM Government UK,
2022), which feeds into a national adaptation programme (NAP) (Department for Environment,
Food and Rural Affairs, 2023) (for details of this legislative approach see (Jude et al., 2017)).

Under the adaptation reporting power (ARP3), major infrastructure operators and owners
are required to report on climate risks and opportunities and the measures they are taking. Over
80 organisations submitted responses to the third round of adaptation reporting, 80% of the
organisations invited to report. While reviews of the previous rounds have found the process
increases awareness, transparency, and action to address climate change (Hayman et al., 2017),
20% of invited organisations did not submit a report and half of these are organisations that

have participated in ARP2 (Climate Change Committee, 2022).
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Furthermore, the National Infrastructure Commission (NIC), has assessed the impacts of
climate change on critical national infrastructure including transport infrastructure, focusing on
resilience of infrastructure in one of their latest reports (National Infrastructure Commission,
2020). An overview of the UK mainline railway climate change adaptation policy landscape is

shown in Figure 1.

1.3 Railway resilience research
Alongside national assessments conducted by government bodies, there has been an increase in
academic research interrogating the role of infrastructure and the impact of climate change on
these assets in the future (Figure 2), although this is only a small proportion of the overall
research (Clarivate Analytics, 2021). Moreover, resilience to weather and climate is only a
small proportion of transport resilience research (Figure 3).

Over the course of a decade, the research has matured and enabled work to be conducted
at the interface between academics and practitioners (for example Ferranti et al., 2016;
Greenham et al., 2023a, 2020; and Quinn et al., 2018). This has resulted in exploration of areas
such as interdependencies between different infrastructure networks and decision-centric
approaches to adaptation (Ranger et al., 2013), and the role of adaptation pathways to create
long-term resilience (Ferranti et al., 2021 and Haasnoot et al., 2013).

Although in development since the early 2000s, the urgency to address the issue was
accelerated in part due to number of extreme weather events including widespread snowfall in
the winter of 2009/10 (Department for Transport, 2010), summer storms in 2012 (Jaroszweski

et al., 2015) , storms over the winter of 2013/14 (Department for Transport, 2014) and extreme
7
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heat in the summer of 2015 (Ferranti et al., 2018). However, these incidents continue to happen,
such as washouts on the Conwy Valley Line (Figure 4) and notably, 40°C being exceeded in
the UK for the first time (Kendon, 2022).

The most comprehensive assessment of knowledge of the relationships to date forms part
of the Tomorrow’s Railways and Climate Change Adaptation (TRaCCA), which investigated
the resilience of the UK rail network to future climates, highlighting vulnerabilities and
consequently made recommendations for both the academic community and the rail industry
(Marteaux, 2016). TRaCCA identified knowledge gaps across four areas

e operational threshold analysis of railway systems

e knowledge about impacts on the rail network

e knowledge about procedures, risk mitigation and solutions

e design thresholds, standards and other research (RSSB, 2015).

The core of the research systematically explored and consolidated the knowledge
established with regards to each weather—rail-system relationship and the associated

operational thresholds, impacts, risks and design standards (RSSB, 2015).

1.4 Resilience beyond the mainline railway

There has been significant progress over the last decade relating to the resilience of the
mainline UK rail network. However, it is short-sighted to consider the railway network in
isolation as the resilience of passenger journeys is dependent on other types of rail-based
transport systems as well. To achieve whole journey resilience, the role of rail systems beyond

the mainline, such as high speed and urban rail transit systems is critical.
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It is particularly important when considering the need for modal shift to low-emissions
modes at both the inter- and intra- city scales to mitigate climate change. However, CCRA
approaches are siloed and focused on national networks leaving an adaptation gap at regional
levels. Although the climate emergency is a global problem, the impacts of future climates will
be felt internationally, nationally, regionally and even at a local level (Lowe et al., 2018).

The risks to the mainline network are considered at a national and route level, while
regional and local impacts to journeys is much less considered. There is an urgent need for a
step change in the approach to the resilience of rail systems beyond the mainline as the window
for adaptation closes (Mukherji et al., 2023) and as the likelihood of exceeding +1.5°C (even
temporarily) by 2027 increases (World Meteorological Organization, 2023).

Consequently, this review brings together the current state-of-the-art research, policy and
strategy focusing on the resilience of rail transit beyond the mainline railway in Britain. The
following sections outline the advances, challenges and opportunities for high-speed rail (HSR),

mass rapid transit systems (MRTS) and light rail transit systems (LRTS).

2. High-speed rail resilience

In the UK there is currently only one operational HSR known as High Speed One (HS1), which
connects the Channel Tunnel to St Pancras International Station. High Speed 2 (HS2) is now
under construction with a planned route between London and Birmingham. The HSR network
in Britain is limited compared to that of other countries such as China, France, Germany and
Japan (Nunno, 2018). Consequently, there has been limited research into the impacts of

weather and climate change on HSR in Britain, however, this section outlines the current
9
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approaches for HSR and climate change adaptation.

2.1 High Speed 1

HS1 is 109 km in length and the infrastructure is owned by Network Rail and managed by HS1
Limited (HS1 Limited, 2022). The railway is maintained and operated by Network Rail (High
Speed) (HS1 Limited, 2023). Due to its age, the HS1 route does not experience the same
challenges as the mainline network in Britain, however this does not make it immune to the
impacts of extreme weather (Arup, 2022; Kent County Council, 2020).

Climate change is a priority for HS1 according to their latest sustainability strategy,
outlining targets to reduce emissions and stating that they will produce a CCRA under the
ARP3 (HS1 Limited, 2021). While it is highlighted that this process will enable HS1 to create
adaptation plans, scheduled for delivery in 2024-25 (HS1 Limited, 2021), the HS1 ARP3
contribution has still not been delivered (Climate Change Committee, 2022).

However, there is now significant precedence in the UK rail industry for developing
dedicated rail weather resilience and climate change adaptation strategies and this gap should
be addressed as a priority to ensure the resilience of the railway network in the south-east of

England.

2.2 High Speed 2
Before the construction of High Speed 2 (HS2), assessment of climate change adaptation for
the proposed scheme is required by European directives (HS2 Limited, 2019). The assessment

considers climate hazards and the risk they pose to rail assets and identifies the measures

10
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outlined at the early stages of the design to create a resilient HSR.

For example, to reduce future flood risks the proposed scheme will incorporate a 1m
freeboard above the 1-in-1000 year annual probability of flooding, the capacity of drainage
systems will accommodate 1-in-100 year events and include an additional 30% capacity to
account for climate change. These measures will be extended as the design process proceeds
and the extreme weather risks during construction will be mitigated through the Code of
Construction Practice.

In the future, operation and management plans will be outlined to ensure the continued
resilience of the assets (HS2 Limited, 2013). This assessment has been conducted in greater
detail for the second phase of the route considering the specific impacts of different climate
variables on different types of assets, the associated risk, their mitigation and allowance for
future measures and monitoring (HS2 Limited, 2017).

Now that HS2 is under construction they have participated in the third round of the
adaptation reporting power. This outlines how their well-considered approach to addressing
climate change resilience at all stages of the delivery of HS2 will deliver a future proof HSR.
To achieve this, HS2 has established The Climate Change Design Impact Assessment, Climate
Change Resilience and Interdependencies Assessment and Climate Change Adaptation and
Resilience Reporting for contractors. In addition, its ARP3 contribution demonstrates
consideration of interdependencies which is a complex task in itself (HS2 Limited, 2021).

HS2’s approach has been developed through application of ISO 14,090:2019—Adapting

to climate change which outlines general principles and processes to be applied to achieve

11
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resilience. One of these principles is transparency (International Standards Organisation, 2019),
and whilst the process to achieving resilience is clear for HS2, this is in complete contrast to
HS1. While improvements to the HS1 process (or the transparency of their process) could be

made, the preparation to create a resilient high-speed route with HS2 is promising.

3. Rapid transit resilience
Rail-based rapid transit provides low emissions intra-urban public transport and can be found
in cities around the world. However, the most commonly known is, of course, the London
Underground (LU) which, along with MerseyRail in Liverpool, are the only MRTS in the UK
to date.

Due to increasing city populations and the need for sustainable transport for the last mile
of passenger journeys, there has been a rise in the number of LRTSs across the UK in recent
years. The number of systems currently stands at 11 (UK Tram, 2022), but the consideration

given to the climate change impacts on light rail operation and infrastructure is questionable.

3.1 Mass rapid transit systems

Unlike mainline railways, infrastructure for MRTSs is almost entirely within the confines of
urban areas. Consequently, metro systems are more exposed to the effects of urban heat islands
(UHIs) and high temperatures present a key risk, both to passengers and infrastructure. In
addition, due to pressures on space in urban areas, many MRTSs are partially or entirely

underground and therefore at significant risk of flooding.

12
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3.1.1 Heatrisks

High temperatures are a risk to the thermal comfort of passengers particularly on underground
metro networks such as LU. The extent of factors affecting the thermal environment of deep
tube tunnels are complex and the LU deep tube tunnel lining and surrounding ground has
substantially increased over a century (Botelle et al., 2010). Heat gains are primarily through
train braking in tunnels and passengers body heat, consequently increased ventilation is
necessary to lower tunnel heat (Ampofo et al., 2004). The effects of crowding also exacerbate
passenger thermal experience physiologically and psychologically (Kelly, 2011). This can be
particularly challenging when delays further exacerbate crowding.

There is also a relationship between the mean number of asset-related delays on the LU
and the mean daily temperature, increasing both underground and at surface level (though at
different rates) as the mean daily temperature increases (Greenham et al., 2020).
Near-complete passenger thermal discomfort has been estimated across some sections of the
deep tube part of the LU network under a high emissions climate change scenario by 2050,
thus more needs to be done to prevent future heat related infrastructure damage (Jenkins et al.,
2014).

In a significant development to simulate the current thermal properties of the LU network,
Greenham is undertaking further research to utilise models developed to calculate tunnel
temperatures (Kimura et al., 2018). The research adapted the developed methodology to LU
tunnels to improve the understanding of the relationship between ambient air temperatures and

tunnel temperatures for underground metro systems. In addition, it was extended to provide
13
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estimations of potential future tunnel temperatures under a range of projected climate scenarios

(Greenham, 2023; Greenham et al., 2023b).

3.1.2 Flooding risks

Whether above ground or underground, MRTS are vulnerable to flooding particularly where
the metropolitan area they serve is coastal or estuarial. The LU has a long history of navigating
the risks associated with co-location with the Thames estuary, and has the first tunnel built
under a body of water (The Thames Tunnel) within its network.

London benefits from the protection of the Thames Barrier, a tidal flood defence however,
the LU is still susceptible to surface water flooding. Surface water flooding causes significant
disruption to the LU such as the 28 station closures after thunderstorms in august 1994 (Parker
and Tapsell, 1995) through to the more recent closure of 30 stations in July 2021 (Transport for
London, 2023).

However, there is progress towards resilience, through the combined efforts of Transport
for London in its Climate Change Adaptation Plan (Transport for London, 2023) and the
Environment Agency’s Thames Estuary 2100 Plan (Department for Environment, Food &

Rural Affairs and Environment Agency, 2023) and the application of adaptation pathways.

3.2 Light rail transit systems
All LRTSs are uniquely designed to serve their metropolitan area, and there is currently no
overarching climate change adaptation strategy for LRTSs, nor a requirement for operators to

report under the ARP. In addition, academic literature is largely absent concerning the impact

14
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of climate change on LRTSs (Walsh and O’Mahony, 2022). As with MRTSs, LRTSs may be
susceptible to the effects of heat, with risks such as overhead line sag and track buckling likely
to affect LRTS infrastructure. However, this has yet to be documented in the UK context. In
addition, surface water flooding in urban areas also presents a risk to LRTS. Surface water
flooding affected the LRTS managed by Transport for London known as the Docklands Light
Railway (DLR) in July 2021, leading to station closure and service suspension (Transport for
London, 2021).

To address these risks Transport for London has developed a climate change adaptation
plan and has extensive experience from managing and operating rail networks, overground
LRTS, as well as underground and overground MRTS (Transport for London, 2023, 2021).
However, many other LRTSs in the UK do not have dedicated, or regional transport adaptation
plans and are instead presumably covered by their local climate change adaptation strategy
(Glasgow City Council, 2022).

Following the recent publication of guidance for LRTS operators relating to extreme
weather management (LRSSB, 2023) further work is needed to establish the risk of climate

change to LRTSs and mechanisms to increase their resilience and adaptation to climate change.

4. Next steps

It has been established that the level of preparedness for extreme weather events and climate
change varies across rail modes beyond the mainline railway network in the UK. A summary of
these findings can be seen in Figure 5. To address these gaps HSR, MRTS and LRTS owners,

managers and operators can learn from the progress already achieved in the journey to
15
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resilience for mainline railway networks. There are three key ways to do this: 1) develop
knowledge of risks; 2) develop adaptation frameworks; and 3) deliver robust climate change

resilience reporting to evaluate progress on the previous two mechanisms.

4.1 Rail system resilience knowledge

There is a large body of research relating to the impact of weather and climate change on
railway networks. As many of the assets and systems are common between mainline railways
LRTS, MRTS and HSR there are likely to be shared risks and consequently opportunities to
learn from current best practice. For example, many LRTSs are powered by overhead lines
which are known to be vulnerable to high temperatures, especially in urban areas (Ferranti et
al., 2016). Undertaking a review of identified risks to mainline railways and considering their
applicability to other rail systems could provide a valuable starting point to establish the needs
of different rail systems to increase their resilience to climate change.

While extensive risk assessments have been undertaken for mainline railway networks,
LRTS, MRTS and HSR infrastructure managers and operators can begin by evaluating the
impact of extreme weather impacts on their systems. Analysis of discrete extreme weather
impacts can provide valuable insights to understand system vulnerability.

A recent comparison of approaches used to explore the impacts of weather has suggested
that when investigating the relationships between weather and railway infrastructure faults,
discrete extreme weather events still dominate the investigation and results (Fisher, 2021).
Therefore, investigating discrete weather events is a useful approach to further improve

understanding of extreme and complex weather events on rail transport of all types.
16
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4.2 Rail system adaptation frameworks

To facilitate the process of understanding risks and identifying adaptation actions, HSR, MRTS
and LRTS infrastructure managers should engage with an adaptation framework to guide this
process. An adaptation framework for railways has been established through the Rail Adapt
project, shown in Figure 6.

The flexible framework was developed by bringing together rail stakeholders from across
the world to support decision-making activities to inform adaptation of railways and the
implementation of adaptation strategies. It is the current state of the art for adaptation
approaches. It was developed by considering both technical processes as well as the role of
asset management decision making to develop and inform the consequent adaptation
framework through consultation with stakeholders and critically reviewing existing procedures.
It offers the rail industry a practical iterative process to support decision makers in their
activities while also encouraging evaluation of progress and the incorporation of arising
information and data.

Overall the framework provides the means for the rail industry to be prepared for the
impacts of climate change and implement strategies and adaptations to improve the resilience
of rail transport systems ensuring that ‘climate adaptation actions become part of business as
usual’. However, for this to be successful it is critical that climate adaptation actions are
integrated within best-practice asset management procedures rather than being siloed or
managed by a separate team (Quinn et al., 2018). In other words, adaptation of the rail industry

to climate change is everyone’s responsibility, not just a part-time role for a select few.
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4.3 Adaptation reporting for rail systems

To systematically improve the process of embedding climate change resilience across all types
of rail transport, it would be beneficial to implement evaluation and reporting mechanisms
across the industry. This could be achieved by utilising the application of an adaptation
framework in combination with a consistent reporting mechanism such as that undertaken
through the ARP process.

While participation in the ARP process was initially mandatory under the 2008 Climate
Change Act, it is now voluntary for the present participants (Climate Change Committee, 2022).
This risks a lack of engagement, however as this is a process that organisations are invited to
participate in, there may be willingness from MRTS, LRTS and HSR organisations to
participate. Primarily the invitation should be extended to LRTS managers to extend the
governments understanding of the resilience of transport networks to regional rail transport.

This expansion is critical to achieving resilient and sustainable journeys.

5. Conclusion
This review establishes the need for rail transport systems beyond the mainline to evaluate
their resilience to extreme weather events and climate change. To improve overall journey
resilience, LRTS, MRTS and HSR systems need to increase their knowledge of weather and
climate change impacts on their networks to inform adaptation action for resilience.

The current progress of system operators and infrastructure managers in the UK are

outlined. Crucially, next steps are identified which will advance current knowledge and

18
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practice to accelerate adaptation and progression towards resilient systems. These next steps
are improving knowledge of risks, application of adaptation frameworks and the role of policy
in the form of ARP participation.

By pursuing the above activities, vulnerability of rail transport modes beyond the
mainline can be addressed, supporting the delivery of resilient and sustainable mobility for the

future.
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Figure 1. The UK mainline railway climate change adaptation policy landscape highlighting

legislation, policy, guidance and Network Rail’s own strategic documents and guidance

relating to weather resilience and climate change adaptation (source: WRCCA)
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Figure 2. Trends for instances of climate change and associated terms in academic literature

(source: Clarivate Analytics, 2021)
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Figure 3. Trends for instances of Resilience and associated terms in academic literature (source:

Clarivate Analytics, 2021)
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Figure 4. Washouts in 2020 leading to suspended track on the Conwy Valley Line (source:
Network Rail)
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Figure 5. Climate change resilience strategic documents present for UK mainline rail

Comparison of climate change resilience
strategic documents across rail modes
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Figure 6. Rail Adapt Framework (source: Quinn et al, 2018 with permission)
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