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Abstract. Analysis of the impact of climate ris tructure
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infrastructure, analyzed using the metho peculiarities of
the functioning of the transport infrastru count regional
specifics. An analysis of climate risk fa of climate risk
factors, as well as the impact gffmailway infr: s carried out with
the aim of integrated managert tural hazards and the development
of adaptation measures to cli i
measures and strategie ) railway transport to a changing
;' systems: a system for preventing
stem for environmental parameters
b protect railway transport facilities;

mpossible to operate them in a given territory. Key
ansport infrastructure; adaptation; vulnerabilities;

ce life of most transport infrastructure facilities and its critical
functioning of the socio-economic system of a territory, region or

Adaptation of Russia's transport infrastructure to climate change is described in the
Climate Change Adaptation Plan in the field of transport in accordance with the National
Action Plan for the first stage of adaptation to climate change. The subjects of adaptation
related to the railway industry are the construction of railways, intercity and international
passenger transportation, and freight transportation [1].
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The objects and components of transport infrastructure are extremely diverse, they
include energy facilities (electric networks, power plants), a network of railways and access
roads, an information and communication network (data cables), artificial structures
(bridges, tunnels). There are many relationships between objects and components of the
transport infrastructure, and the failure of one object can lead to a cascade of failures and
disruption of the connectivity of the transport system. Hazardous natural phenomena can
affect the performance of or destroy several objects or components of tra
infrastructure simultaneously [2—6].

Climate change is already impacting transport infrastructure, either throug
indirect damage or by affecting the reliability of transport infrastructure co

direct or

which are increasing with climate change.

A number of objects and components of transport infrast
affected by climate risk factors, but may lose their functionali
manifestations of climate risk factors.

The need for investment in infrastructure may increa
addition to planned design, construction, operation
appear, and in some cases, conditions in the areas
transport infrastructure facilities will change [8].

Ensuring infrastructure resilience to climat
challenge. Changes towards investments in mor
following features:

— investments involve higher initi s to ensure sustainability and
profitability throughout the life of the in
— a higher risk of error in degisi expected due to the uncertainty associated

nt infrastructure have the

and destruction of the coastline), therefore,
investments in the development or adaptation

o improve existing technologies, as well as make wider
ntial due to the emergence of new engineering solutions or

orial point of view, the aspect of adaptation of transport infrastructure is
significant part of the interconnected infrastructure is concentrated

ems of functioning and development.

cture of all four modes of transport is subject to climatic pressure and is
propriate adaptation policies: rail (railways), road (roads and motorways in
general and specific cases of coastal and mountain roads), shipping (inland and maritime
avigation, ports) and aviation (airports).

The current trend towards rising temperatures and sea levels is accompanied by an
increase in the frequency and intensity of natural disasters (e.g. storms, heat waves, floods)
and has a significant impact on the safety of transport infrastructure. At the same time,
climate change affects the redistribution of transport flows, including as a result of changes
in tourist flows, which also leads to a change in the needs of transport infrastructure. In
addition, the vulnerability of the transport sector also depends on human behavior and
societal changes. Since different modes of transport are affected by climate change in
different ways, the type of mobility that people choose affects the vulnerability of the entire
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sector. Climate change is characterized by both negative and positive potential impacts on
transport infrastructure (rail, road, shipping, aviation), depending on the region of location.
Thus, the predicted increase in the frequency and intensity of natural disasters, such as
heavy rainfall, snowfall, extreme heat and cold, droughts, may lead to a negative impact on
transport infrastructure, lead to economic losses and disruptions in the transport industry.

2 Object and Methods

The object of the study is the transport infrastructure of Russia. Climate

regional differences in the change in the frequency and intensity of e
in the long-term and medium-term climate change forecast (inc
changes in precipitation, etc.). In this regard, measures to a
should be based on taking into account different trends and i
impact of climate risk factors on transport infrastructure f:

Russia is characterized by great territorial diversity; i ard, increasing the
sustainability of transport infrastructure should be b

Thus, urbanized areas have an increased sen:
due to the high concentration of population, m.
activities, one of the foundations of which is

er events, this is
types of socio-economic
functioning of transport

infrastructure.
Also, a number of climate changes i i ized areas, characterized by
microclimate characteristics (temperatu cipitation), with the implementation of

the urban heat island effect.
Challenges to operating i nging climates include the ability to operate
under higher operating temy mer (with increasing frequency and intensity
of heat waves), the need s from flooding, and ensuring energy supply
during demand pea ., heating in the “colder” winter).
Urban residents particularly susceptible to vulnerabilities in transport

infrastructure.

m to 0.58 m by 2100 [9]), coastal erosion (which will be
Is and increasing frequency of storms) . In addition, rising sea

ations, such as a decrease in snow cover, melting of permafrost and a change in
the nature of precipitation. It is predicted that climate change will lead to a later seasonal
aowfall, a decrease in snow cover, an earlier descent of wet avalanches and a shortening of
SNOW season.

3 Results

Climate change is already having a far-reaching impact on infrastructure and may partially
jeopardize its operation and reliability. This trend is likely to intensify in the coming
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decades. The main threats to transport infrastructure facilities are damage or destruction
caused by extreme weather events, which are intensified by climate change.

Climate change may also increase the need for investment in infrastructure facilities and
affect the choice of location, design decisions, and operational features. In addition, to
protect infrastructure facilities, it will be necessary to create additional structures designed
to adapt to and mitigate the effects of climate change.

Ensuring the sustainability of infrastructure facilities is an important compo
measures to adapt to climate change, while the implementation of these soluti
significantly increase the costs of designing, constructing, and operating facilitiq
advisable to change existing approaches to making decisions on the deve

risk factors.
Changes towards more climate resilient infrastructure investment:

infrastructure, due to the uncertainty surrounding the im
long run. Third, ecosystems provide some critical seryi

always profitable.
However, taking climate risks into account i
decisions may not only mean avoidingycosts at

operational/management
, but also opening up new
s of climate change opens up
ge and expertise is developed. This

ortion of important, often closely interconnected infrastructure is
adaptation must solve a large number of numerous problems in
of infrastructure.

ent of a set of measures to adapt to a changing climate should be based on
es. First, taking 1nt0 account predicted chmate change scenarlos

rge infrastructure, which usually has a service life of at least 20 years, and
decisions thus affect the well-being of future generations. Secondly, existing
mfrastructure can be made more resilient to climate change by upgrading and/or ensuring
hat maintenance regimes include resilience to the effects of climate change over the life of

The design thresholds that are embedded in infrastructure design solutions may be
violated more often in the future with climate change. Climate change may cause failure
thresholds that were once considered exceptional but acceptable to become common (i.e.
normal) and unacceptable. The infrastructure may have to operate within narrower limits
between "normal” operation and critical thresholds. This can manifest itself in reducing the
efficiency of the equipment and providing less margin for error before drastic management
measures (such as reducing operation or throughput) need to be implemented.
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Infrastructure is generally constructed in a manner that is resilient to the weather
conditions of the past. Climate change makes it increasingly important to enhance and
disseminate knowledge on the present and future climatic conditions.

Examples from the energy sector show that different types of infrastructure are built,
maintained and operated following well proven construction codes, regulations and good
practices in operating them. They take due account of siting characteristics, among which
weather extremes (e.g. temperature, rainfall, water supply or wind) and other j

engineering "safety" margin. New energy infrastructure projects integrate tho
their feasibility analysis, both from an economic and a safety point of vie
any of the above parameters due to climate change result in the need to
revisions of the construction (when project is progressing) or operati

required safety margins at all time.

To achieve sector- and location specific climate resilien i or a
thorough and coherent assessment of local climate impac
but also including projections on future climatic conditio
can provide greater confidence in understanding curr ate variability and
its impacts on installations. Subsequently, making
wide vulnerability checks for interconnect
(investment) strategies and incorporating clim:
procedures can not only ensure the timely adapt
negative externalities.

Climate change affects not only trafg8pOii ut also traffic distribution and
traffic flows, which can change infrastru i
affected by climate change in different

, developing long-term
anning and maintenance
ons but also avoid future

e delivery time of goods and passengers.
increase in precipitation, surface runoff and water content

a negative impact on transport infrastructure. In an analysis of disasters
T database from 2000 to 2019, almost half (3254) of all recorded

s the risk that increased water flows could damage existing or proposed
jon facilities. Thus, one of the measures to adapt transport infrastructure facilities
to climate change is to increase by 30% the capacity of the bridge crossing along the flow
water between Copenhagen and Ringsted, compared to current standards [12].
Investments in the construction of buildings and structures that are part of the transport
infrastructure require taking into account the changing climate and associated extreme
weather events. Also significant is the use of adaptation measures due to the long service
life of buildings and structures, economic and social value, taking into account the
consequences of climate change.
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Fig. 1. Change in the number of floods in the world from 1900 t

In addition, adaptation measures for buildin
constructed may differ significantly from existing

Threats to buildings and structures under desi ion include:

— extreme precipitation leading to floodin d structures, damage to
ood of landslides, floods,
etc.;

— increased snow load on the struc

— extremely high temperatures lea
affecting the health of people ingamildings, ased energy consumption for cooling, etc.;

i r levels in rivers and rising sea levels, which
eformation of building structures.
f climate risks on the railway infrastructure

the impact of climate risks on railway infrastructure

Effect of climate factor I Impact on assets
ibution pattern, higher average and maximum temperature
overheating infrastructure
rolling stock
tension track buckling
overheating track buckling, fires, signal
problems
e of distribution patterns, more extreme events
erosion of soil, landsides, floods damage to embankments,
earthwork
slower drainage, erosion of soil infrastructure, operations
. surface  water, | landslides drainage system, tunnels, bridges
Droughts earthworks
Wind: change of distribution patterns, more extreme events
Storm (inland) high winds damage to installations, catenary
trees uprooting disruption of train operation
Coastal storms coastal flooding embankments, earthwork,
operation
Lightnings overvoltage catenary and signaling

Based on the results of the analysis of climate risk factors, the effects of climate risk
factors, as well as the impact on railway infrastructure, integrated management of natural
hazards and climate change adaptation measures can be based on:
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— analysis of information and forecast of adverse weather conditions;

— monitoring and documenting the condition of infrastructure facilities;

— assessment of the resource of infrastructure facilities;

— regional climate forecast and expected climate changes;

— mapping natural hazards and adjusting hazards taking into account climate change
forecasts.

Integrated management of natural hazards and the development of measures to ada
climate change can be based on:

— mapping of transport infrastructure vulnerabilities;

— risk assessment and risk management;

— implementation of adaptation measures at all stages of the life cycl
facilities;

— the development of alternative adaptation scenarios, taking int
assessing the consequences of maladjustment.

Improving measures and strategies for adapting rail transp i may
include the following systems: a system for reducing t i
incidents; a system for monitoring environmental para
based on recording quantitative and qualitative para

facilities
reduce damage to
; tion of transport
is no longer possible.
gy for adapting railway
es for the functioning and
s for the industry. Spatial
ing risks and vulnerabilities in
ocesses and employees [13-16].

eather events have distinct regional specifics.
not only exhibit regional and seasonal patterns (e.g. north/south,
ut also vary depending on territorial conditions (e.g. urban/rural/coastal

ds and impact patterns on site.

Adaptation of transport infrastructure to a changing climate involves two aspects. First,
en designing and building new infrastructure, resilience to climate change can be
ensured by designing, siting and operating facilities based on current and projected climate
changes. Second, existing infrastructure can be improved to increase its resilience to
projected climate parameters by adapting or incorporating into maintenance measures a
range of resilience-enhancing activities over the, typically long, life of the facility.

The design thresholds embedded in infrastructure projects can be exceeded in a
changing climate. Climate change lead to disruptions that were considered highly unlikely
and therefore acceptable. The infrastructure can operate within environmental parameters
close to critical, which can be considered as a new norm. The design of infrastructure
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facilities is carried out in conditions of resistance to past weather conditions, fixed in
building codes and operational requirements.

Thus, in order to achieve climate sustainability in the transport industry, depending on
the region where the infrastructure is located, it is necessary to assess the impact of the
local climate based on recorded extreme weather events, but taking into account forecasts
of future climatic conditions.

Spatial planning plays a significant role in the development of transport infrastruct;

decisions and their implementation, but is based on spatial planning, choice of
necessary compensatory measures. Assessing location options against t
climate change and developing a set of measures to adapt transport infra
are critical.

5 Conclusion

From a territorial point of view, the aspect of adaptati
significant, since a significant part of the interconnected “infras ¢ is concentrated in
cities, then the adaptation of the city and transport i ture can € NUMeErous Cross-
sectoral problems of functioning and developmen

Investments in the construction of buildings
infrastructure require consideration of the changi

caused by it. In addition, the development and i igh/of adaptation measures is
relevant, which is due, as a rule, to the i dings and structures related
to transport infrastructure facilities, thghr higigsaportance for the economic and social
functioning of the region, and the need t¢ onsequences of climate change. At

developed for both designed and constructed
ifferences from existing approaches to design

the same time, the adaptatio
infrastructure facilities ma
and construction.
Improving meas
may include the tems a system for preventing accidents and incidents;

antal parameters and infrastructure facilities; measures to

k assessment, can be the basis for both the development and
e strategy for adapting the railway industry to the conditions of a changing
isks and vulnerabilities of transport infrastructure facilities can make
spatial distribution of risks and their ranking, which can be the basis

adatabase of natural hazards, existing failure prevention systems, the availability
of models of natural processes, as well as a database of infrastructure facilities.

Thus, to achieve climate resilience in the transport industry, depending on the region
vitere infrastructure is located, it is necessary to assess the impact of local climate based on
recorded extreme weather events, but taking into account forecasts of future climate
conditions.
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