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Abstract: Modern societies have become more and more complex, interconnected, and heavily dependent on 
transport infrastructure. Moreover, most transport infrastructures were conceptualized, designed and built without 
anticipating the future variations of climate change. Climate changes have a negative impact on the railway system 
and related costs. Increased temperatures, precipitation, sea levels, and frequency of extremely adverse weather 
events such as floods, heatwaves, and heavy snowfall pose major risks and consequences for railway infrastructure 
assets, operations and maintenance. Approximately, 5 to 10% of total failures and 60% of delays of trains are due 
to various climate change impacts of railway infrastructure in northern Europe. In Sweden, weather-related failures 
were responsible for 50% of train delays in switches and crossings (S&C).
The paper explores a pathway toward climate resilience in transport networks and assess the climate change impacts 
on railway infrastructure by integrating transport infrastructure health information with meteorological, satellite, 
and expert knowledge. The paper provides recommendations considering adaptation options to ensure an effective 
and efficient railway transport operation and maintenance.
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1. Introduction
Railways are the backbone of the economy of any 
modern society. There is demand for the railway 
network to perform with higher capacity, 
availability, safety and robustness at the lowest 
possible cost.  Improving the railway capacity,
utilization and availibility is subjected to various 
dynamic loads, environmental parameters, 
inherent design issues, and other factors to meet 
the demands of society [1]. Due to these factors, 
failures occur more frequent and there is a need to 
maintain the railway infrastructure more effective 
to meet the requirements [2].

Existing unpredictability in climate change 
creates a major challenge for the operation and 
maintenance of railway infrastructure [3, 4]. In 
various countries, railways are susceptible to 
various extreme weather extremes, such as 

temperature changes, flooding, poor visibility, 
sea-level rise, etc [5, 6].

According to the literature, railways have 
been experiencing extreme winds and storms, and 
snows during winter that could damage the 
infrastructure and disrupt the operations [7]. Hot 
temperature and heatwaves also lead to failure 
modes on track such as rail buckling that could 
cause catastrophic derailment in some extreme 
cases [8]. Varying degrees of rain, hot, and dry 
could also lead to an increase in vegetation and 
forest fires from the ignition caused by rail and 
rolling stock wheel contacts [9]. Especially the 
locations near to arctic circle and extremely cold 
conditions, permafrost distribution and the 
frequent freezing and thawing cycles can cause 
frost heaves on railway infrastructure [10]. These 
events reduced the dependability performance of 
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the infrastructure (reliability, availability, 
maintainability, and safety (RAMS)) [11, 25]. 

Several researchers are studying the impact of 
climate change on railway infrastructure [6, 21] 
and conducted risk analysis on railway operation 
and maintenance [22]. Awareness of climate 
change's impact on railway infrastructure is 
increased in the past decade [12]. Several studies 
were conducted analysis on impact of hot and 
cold temperatures, rainfall and snow, and ice on 
both track and S&Cs [23-33]. the results shows
that there is a significant impact of climate change 
on railway track in various countries. 

While analysing its impact, there exist several 
challenges that need to be investigated for the 
impact assessment of climate change on railway 
track and its critical components [4, 8, 12, 16, 23]:

Due to less awareness of climate change, 
there is no specific cause code on many 
failure records on railway infrastructure. 
Hence, it was difficult to correlate the failure 
records associated with climate related 
failure. 
It is complex to create the causal 
relationships and correlations with failures of 
various assets and extreme weather events 
which needs a rigorous examination of the 
root cause of failures. 

Climate change is majorly geolocated.
Therefore, it needs appropriate analytics and 
visualization for better decision support for 
maintenance actions related to climate change. 

In this paper, as a part of the CliMaint project 
[20], the above challenges; information 
extraction, analysis, and visualization are being 
addressed as a case study for railway switches and 
crossing (S&C) in Sweden. The objective is to 
explore the potential impacts of climate change on 
Swedish railway infrastructure.

The structure of the paper is as follows; 
section 2 describes the overall methodology of the 
project. Section 3 describes the selected case 
study. Section 4 is discussin and the research 
conclusion is provided in section 5.

2. Methodology
This study utilizes various types of data 

collection means, including railway databases, 
interviews, questionnaire surveys, and satellite
and metrological data to gather the most valuable 
information describing the impact of climate 
change on the railway transport network. 

Furthermore, there is a need to consider different 
key performance indicators (KPI) such as 
adaptation cost, urbanization, social demands, etc, 
dealing to assess climate adaptation options
alternatives.

The information about projected climate 
change is based on results from many Regional 
Climate change Model (RCM) simulations from 
EURO-CORDEX [14], performed on 12.5 x 12.5 
km horizontal grid spacing for the entire Europe. 
The RCMs are forced with data from various 
global climate models (GCMs) at resolutions of 
50-200 km. In total, the data is based on 66 RCM 
simulations (in various combinations with 
GCMs).  

In this study, we have used data from two 
emissions scenarios: RCP4.5 and RCP8.5 [15].
Instead of fixed periods, we look at the time when 
a certain level of global warming is reached, so-
called global warming levels (GWLs). GWLs are
a way to simplify the comparison of climate 
models and decrease uncertainty. 

Based on the output from the climate models,
different climate indicators are calculated. A 
climate indicator can be standard variables output 
by the models, such as temperature, precipitation, 
and humidity; it can also be indicators calculated 
from these variables, such as the number of dry 
days, length of the vegetation period or cooling 
degree days. In some instances, we have also 
calculated indicators that are combinations of
variables. 

Integration of climate prediction and asset 
health degradation is an important step toward 
assessing the climate impact on the transport 
network under different scenarios.

This study aims to assess the impact of climate 
change on Swedish railway infrastructure. The 
objectives of this study are:

Extract the climate associate failure from 
various databases from Swedish transport 
network.
Identify climatic-based failure trend, causal 
relationship, and trend projection of climate 
change for the S&C.
Visualize and interpret the outcome in the 
country, region, and types of climatic 
parameters
Visualize and interpret the outcome in the 
country, region, and types of climatic 
parameters.
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These results of the assessments can help to
evaluate the impact of climate change on railway 
maintenance and propose a relevant adaptation

options and policies. The research methodology is 
presented in Figure 1.

Figure 1: Research Methodology of CliMaint project[20]

3. Case Study
This research investigates the impact of 

climate change on railway 
switches and crossing 
(S&C) in Sweden. The 
mainline transport network
utilized in the study is 
depicted in Figure 2.

Figure 2: Swedish Railway 
Map. The colours represent the 
five maintenance areas south 
(yellow), west (red), east 
(blue), middle (cyan) and north 
(magenta).

For the reliability, risk and vulnerability 
analyses, the failure data of S&Cs for 2001 till 
2018 is collected from Swedish transport 
infrastructure databases namely Ofelia and BIS.
In addition, to estimate asset health at the time 
before failure and identify the main climatic 

factors leading to the failure, the satellite image 
and meteorological data prior to the failure events 
are also collected.

The first step of the analysis is identifying 
climate-related failure based on error code and 
text mining within different databases and 
localization of the errors. For the time duration, 
30000 climate-related failures have been 
identified. The failure modes, causes and their 
associated failures are tabulated in Table 1. Snow 
and ice, thunderstorm, and abnormal temperature 
are the dominant factors. Thereafter, at the time of 
the failures, the last 24 hours whether conditions
have been collected from nearst weather stations 
which are belong to Trafikverket ( VViS) and 
SMHI.

Table 1: Frequency of failure mode and causes related 
to climate

Failure mode and cause Frequency
Snow and ice 35866
Thunderstorm 13763
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Abnormal temperature 10993
Natural events 4038
Fire 3612
Heavy wind / Storm 3573
Slippery track 2934
External factors 1705
Storm / Snowstorm 1199
Drainage 1168
Buckling 726
Switch failure snowstorm 705
Storm 527
Flood 255
Accessibility in track due to 
weather

131

Landslide 119
Voltage transients / Lightning 
strikes

109

Cold 107
Platform weather 65
Avalanche 11
Delay due to snow and ice 6
Extreme natural events 1

The second step is to identify the main climate 
parameters that impact the transport network.
Swedish Metrological and Hydrological Institutes 
is performing climate prediction based on 50 
different climate factors. Therefore, Delphi 
approaches have been followed to identify and 
rank main climate parameters. In the study,
several experts from transport administration and 
maintenance entrepreneurs were interviewed in 
three rounds.   12 climatic parameters were 
selected based on the five critical failure modes 
which have the highest impacts on transport 
network disturbances and their related 
consequences, e.g., rail breakage, flooding, soil 
erosion, snow, and ice, buckling, vegetation fire 
in railway corridor.

In addition, a questionnaire is distributed to 
assess the perception of climate change impacts 
on Swedish railway infrastructure in order to 
understand the causal relationship between 
climate parameters and infrastructure conditions
[12]. In total 56 experts from different location of 
Sweden, Figure 3, participated in the stuy through 
questionnaire from various organizations such as 
Swedish transport infrastructure managers, 
maintenance entrepreneurs, rolling stock
operators, and urban and environmental planning 
specialists. municipalities were involved in the 
study, please see [12] for the details information.

Figure3: Participant distribution over the country.

In total 38 questions were designed to assess,
(i) the level of awareness, (ii) impacts of extreme 
events on transport networks, (iii) data 
availability and analytical tools, (iv) identification 
of risk and its consequences, (v) and climate 
adaptation measures and options with references 
to maintenance. For instance, Figure 4 illustrates
and compares the perception of Swedish experts 
on the impact of climate change on railway 
networks with the united nations (UN) study hold
in 2013.

Figure 4: Climate change perceived as a problem in 
railway transport in Sweden and a UN study.

As depicted in this figure, 40% of respondents 
in our study believe “High” level of impact, which 
is 5% more then UN’s respondents'. 9% believe 
“very high” impact which is half of the UN’s 
respondents' opinion level [12, 13]. Howevre, the 
time frame for this study is not the same with UN 
study (seven years differences) and the level of 
awareness is increased over the time.
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4. Discussion
Climate change poses various vulnerabilities 

to the railway infrastructure network. SMHI [35]
predicted the climate change impact under 
different RCPs and the following conclusions 
have been made for Sweden, see Figure 5,

I. Hot temperatures (above +25°C) will 
increase, especially in the south (Largest 
difference in the north, but still cold), 

II. Zero-Crossing will decrease in the south and 
will increase in the north in winter. The north 
will experience more rain and more snow at 
temperatures close to 0°C,

III. The amount of snow will decrease in general 
but will increase in the north,

IV. Rain will increase in the whole country,
V. The number of days with zero crossings 

(temperature max > 0, temperature min <0) 
in winter varies from around 20 in the south 
to just a few in the far north. 

Figure 5: Mean of the number of days with zero 
crossings in winter as simulated by an ensemble of 
RCMs. Absolute values for the reference period 1971-
2000 (left), and the difference at +1.5 °C (middle) and 
+2°C (right) degree warming compared to the reference 
period. Unit: days.

As the climate gets warmer days with 
temperatures below zero will be more unusual and 
the number of days with zero crossings will 
decrease. In the north, however, the climate is 
colder, which means that increasing temperatures 
lead to more days with zero crossings.

The number of warm days ranges between 0
and 40. In some regions along the coast of 
southern Sweden, the number of warm days 
exceeds 40 days. The number of warm days will 
increase by about 30 % to +1.5°C and almost 
double to +2°C. As depicted in Figure 6, the 
climate in the north is relatively cold also in the 
future, the number of warm days will in large 

regions be less than 20 days. In the south, the 
number of warm days will be as much as 50-60
days.

Figure. 6 Mean of the number of warm days per year as 
simulated by an ensemble of RCMs. Absolute values 
for the reference period 1971-2000 (left), and the 
difference at +1.5 °C (middle) and +2°C (right) degree 
warming compared to the reference period. Unit: days

In the next step, we aim to verify the projected
trend from SMHI and explore the impact of 
climate on railway infrastructure. Figure 7 
represents 30000 climate-related failures which 
are identified from 2001 to 2018 from the 
Swedish railway network. There is a large 
variation in the number of failures per year within 
the time interval. A 10-year moving average, 
which is also presented in the figure, indicates an 
increasing trend. However, a linear regression did 
not show a significant increase (the r-square level 
was quite low and needed further investigation)

Figure. 7: Number of climate-related failures for S&Cs 
per year, including ten-year moving average (dashed 
line) and linear least square fit (solid line).

For further analysis, the failures were
categorized into each maintenance region: south, 
west,  east,  middle,  and north,  see Figure 8. To 
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relate to the climate scenarios of more warm days 
and an increased number of zero crossings, only 
failures related to these scenarios were studied.

A category labeled heat was created for warm 
days where failures related to 'Fire', 'Buckling', 
and 'Abnormal temperature during Summer' were 
included. The data for the category is presented in 
Figure 8. No trend for any region could be seen in 
our investigation for S&C.

Figure. 8: Number of S&Cs failures related to heat per 
year for the regions south, west, east, middle, and north.

Related to zero crossings, failures related to
snow and ice were included. No trend could be
seen for the southern regions (south, west, east),
see Figure 9. Instead, a lot of failures can be noted 
for specific years, e.g. 2010. The trend for the 
more northern parts (middle and north) of Sweden 
is presented in Figure 10 and the increasing trend 
can be discerned. The trend was statistically 
significant for the region north only (R2=0.622, F 
(1,16)=31.4, p<0.05).

Figure. 9 Number of S&Cs failures related to snow and 
ice per year for the regions south, west, east, middle, 
and north. 

Figure. 10: Number of S&Cs failures related to snow 
and ice per year for the regions north and middle,
including ten-year moving average (dashed line) and 
linear least square fit (solid line).

5. Conclusion
The UN's climate panel, IPCC 6, clearly 

highlighted the need to adapt transport networks
to climate changes [17]. In Sweden, there is no 
authority that has the overall responsibility for 
climate adaptation measures and options.
Therefore, all governmental authorities have a 
responsibility to assess the need for preventive 
measures, implement adaptation measures and 
manage the consequences of climate change 
within their area of responsibility[18,19].

An important part of the CliMaint research for 
adapting maintenance activities to changing 
climate is to adopt knowledge-raising initiatives 
to support public authorities, municipalities, and 
the maintenance stakeholders. The results of the 
questionnaire study shows that there is a need:

to increase the level of awareness of climate 
adaptation options.
to make planning for resources and 
implement decision support systems and 
standards that are easier to understand and 
can be used by related stakeholders.

The current decision support system is not 
designed to capture the climatic-based failures
and their associated impacts. Hence, there is a
need to assess and quantify new or estimated risks 
in society that are linked to climate change and 
multiple natural events. This assessment will help
to identify areas that are most exposed or have the 
greatest vulnerability to the climate change
conditions. Hence, there is a need to develop 
integrated risk management methods, which can 
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be used to identify, assess and manage risks that 
may arise as a result of climate change.

Furthermore, it was found that only a few risk 
assessment of several weather parameters and 
climate change impacts on railway infrastructure 
has been carried out. In the questionnaire study,
respondents highlighted S&C and rail buckling, 
bridge scouring, signalling system failure, and 
inadequate drainage capacity as five critical risks
imposed by climate change.

The general patterns of projected climate 
change in Sweden point to a warmer and wetter 
climate. The general implication on the railway 
where problems related to high temperature will 
increase; however, it was not found a significant 
failure trend of high temperature on S&C in the 
Swedish railway network. The significant trend of 
wetter climate and zero-crossing impacts is
discovered on S&C assets.

This study showed that effective climate 
adaptation approaches, e.g., increasing 
awareness, risk and vulnerability assessment, and 
emergency planning, are prerequisites to 
achieving successful climate adaptation action on 
the transport networks. Moreover utilizing new 
condition monitoring technologies and systems 
are necessary for climate adaptation and 
emergency response systems. Finally, it is 
required to introduce practical guidelines and 
regulations for railway infrastructure design,
construction and maintenance to achieve climate-
adapted infrastructure. Furthermore, 
implementing climate adaptation measures and 
options can be performed through multiple 
alternatives. Hence, there is a need to design/ 
identify related performance indicators to assess
the efficiency and effectiveness of adaptation 
measures and options. An example of such 
indicators could be an economic assessment of the 
proposed adaptation solution and identifying the
most cost-effective to assess the cost and benefit 
of the measures.
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