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Abstract

Climate hazards are increasingly disrupting the normal functioning of airports worldwide,
leading to damage, operational disruptions, safety concerns, economic loss and broader
business, environmental and social impacts. Climate extremes such as storms,
precipitation, and heat waves are increasing in occurrence and magnitude. As the Earth
warms, these threats are only set to grow, placing additional stress on airportinfrastructure
and current operating practices. While airports make efforts to mitigate risks, a critical gap
remains in understanding the scale and complexity of climate hazards, especially lower
frequency, high-impact events that typically have the highest potential for causing
disruption. Current risk analysis practices and tools often fail to account for these

complexities.

This research investigates the impact of climate hazards on airports and how current risk
management practices address these challenges. In doing so, it introduces a new
framework for analysing the risk of climate hazards to airport systems, the Airport Climate
Risk Index (ACRI). The ACRI is a composite indicator addressing climate hazards, including
flooding (coastal and inland), extreme temperatures, storms, wind, heavy snowfall, and
drought/water scarcity. The index, designed as a self-assessment tool, seeks to empower
airports to identify, analyse, and assess their risks related to climate hazards. The
validation of the tool was carried out at four regional airports in the UK, providing insights
into current practices and challenges in managing climate hazards within existing

frameworks.

The research findings reveal a need for a change in practices to improve regional airports'
preparedness for climate-resilient development. Existing mitigation measures must be
evaluated for their effectiveness in addressing the increasing intensity and variety of
climate hazards. A more proactive approach is essential for integrating climate-related
risks into long-term planning, infrastructure development, and investment decisions.
Building more adaptability within the airport elements appears necessary to enable the

regional airports to grow sustainably.
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1 Introduction

Climate hazards are a product of the Earth’s complex climatic system, and as natural
phenomena, they are part of the planet's history and evolution. While events such as
storms, floods, heatwaves, and droughts are not new, the magnitude of their impact on
human environments has recently become the focus of the discussion in the domain of
natural hazards. Exploring the key factors that shape this complex but dynamic relationship
is essential to better understand how these phenomena interact with human activity. This
thesis is about climate hazards and airports, and how climate risk can be analysed,

supporting decisions on measures to build more adaptability.

1.1 Background and context of the research

Climate change is a term used to describe widespread changes in the atmosphere, ocean,
cryosphere and biosphere, primarily driven by human activity through the emissions of
greenhouse gases, leading to global warming (IPCC, 2018a; Filonchyk et al., 2024). In the
6th Assessment Report (AR6), the Intergovernmental Panel on Climate Change (IPCC)
summarises the knowledge on the current status and trends of the global climate,
demonstrating that since the pre-industrial era, the global surface temperature has
increased by around 1.1°C (IPCC, 2023a). The increase in the global temperature leads to

shifts in weather patterns and intensifies extreme events worldwide.

Changes in the climate disrupt natural cycles, affecting both natural and human systems,
with the latter facing the most direct and severe consequences. While climate change
affects the entire planet, the most severe impacts are observed where human activity is
concentrated; urban development, including physical and social infrastructure, and
human, social, natural, and financial capital are the most affected. As the Earth warms, the
changes in the climate system are expected to become more significant and, to a greater
extent, unpredictable, leading to an increase in the intensity and/or frequency and a likely
change in the timing and/or geographic region of the climate hazard occurrences. As a
result, more adverse effects are expected, and it is highly likely that multiple and

concurrent climate hazards will intensify (IPCC, 2023a).

In the past decades, global temperature records have consistently been surpassed on an
annual basis. For example, the World Meteorological Organisation (WMO) confirmed that

in 2023, the annual average global temperature reached 1.45 +0.12 °C above pre-industrial



levels (WMO, 2024). In the United Kingdom (UK), the Met Office (Kendon et al., 2024) ranks
the past decade (2011-2020) as the warmest on record, with the year 2023 the second

warmest and the seventh wettest year on record.

In 2024, the National Aeronautics and Space Administration (NASA) reported that the global
annual mean surface temperature was 1.285°C higher than the 20th-century average
(1951-1980), surpassing the record set in 2023 (NASA, 2025). Figure 1-1 illustrates the
global mean surface temperature increase over the past five decades. It is noted that the
term anomaly (IPCC, 2018b) is used here to describe the deviation of the annual mean
global surface temperature from the average value over the reference period (in this case,

1951-1980).
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Figure 1-1 Annual mean global surface temperature anomalies vs. 1951-1980 (adapted from NASA
GISS Surface Temperature Analysis (GISTEMP v4) (NASA)

This warming of the atmosphere acts as a catalyst, leading to superstorms and extreme
rainfall, evidenced by the recent flood events in Spain and the hurricanes on the Eastern
coast of the Americas. In Spain, in October 2024, the Valencia region and the surrounding
areas experienced the most catastrophic floods in recent history that claimed over 200
lives, displaced thousands and caused extensive damage to infrastructure and livelihoods
(Chavda, 2024; Harrigan, 2024). The events revealed failures in preparedness, response
and recovery mechanisms and the growing risks of climate change, especially in regions
where urban development has occurred in river floodplains. In 2024, in Europe alone, flash

floods resulted in 20.3 billion USD in overall losses, leading to the loss of life of 266 people



(Munich Re, 2024). In the Americas, Hurricane Helene alone caused the loss of 227 people

and an overall loss of 56 billion USD (Munich Re, 2024).

Although adaptation planning has progressed in recent years, adaptation gaps exist and
will continue to grow as the climate changes. Scientific evidence confirms that the adverse
effects, already observed worldwide, will further intensify with an additional increase in
global temperature (IPCC, 2023a). This intensification of extremes will have implications
forurban systems, leadingto loss of life, displacement of population and extensive damage
to infrastructure, livelihoods and ecosystems (IPCC, 2021b). The demonstrated sensitivity
of the urban systems raises concerns about the current level of resilience and whether

measures in place are sufficient to address the intensity of the climate extremes.

Without a doubt, the need to take action to address climate change has long been
recognised (Stern, 2006). While discussions are ongoing regarding efforts to meet the Paris
Agreement targets (United Nations, 2015), the occurrence of climate extremes points out
the necessity to balance action and build more adaptability to climate hazards that have
the potential to result in severe multi-level consequences. It is evident that mitigation and
adaptation should be viewed as interconnected and mutually beneficial, both playing an

essential role in enabling sustainable development.

In the latest report (AR6), the IPCC underscored the urgency of undertaking accelerated
action, as the observed pace and scale of climate action are insufficient to tackle climate
change (IPCC, 2023b). This involves prioritising measures to build more climate resilience
in all systems and functions. This task will undoubtedly become more complex and costly
as global temperatures continue to rise, requiring more extensive interventions and
significant transformational changes. Therefore, decision-making on action planning will

be crucial in shaping the future.

However, determining the course of action when it comes to adaptation is a complex and
dynamic process. Predicting the scale, nature and location of climate extremes is a difficult
task, typically involving high levels of uncertainty. In addition, considering their unique
characteristics and interconnections, the relationship between climate hazards and urban
systems leads to a series of possible outcomes, with myriad interconnected and complex
feedbacks. Exploring the factors that shape these uncertainties and the relationships

between climate hazards and urban systems is essential. Effectively navigating the



components that shape the risk profiles is a dynamic process, starting with building an

understanding of the patterns of exposure and vulnerability to climate hazards.

1.2 Air transport, climate hazards, risk and adaptation

Like all infrastructure networks, air transport plays a vital role in the urban system,
facilitating mobility, economic growth and global connectivity (Air Transport Action Group,
2024). Airports, as hubs within this system, offer essential infrastructure that enables the
movement of people and goods while supporting sustainable development goals (Graham,
2014). However, as changes in the climate become more pronounced, the increasing
variability and intensity of extreme climate hazard events are likely to pose growing
challenges to airport operations and infrastructure resilience, affecting network efficiency

and potentially leading to other cascading consequences.

Airports around the world have demonstrated sensitivity to climate hazards like floods,
storms, and extreme temperatures, leading to the loss of airport infrastructure, impacts on
safety and performance and a series of business, environmental and socio-economic
impacts (Burbidge, Paling and Dunk, 2023; Voskaki, Budd and Mason, 2023). The
International Civil Aviation Organisation (ICAO) Committee on Aviation Environmental
Protection (CAEP) Climate Adaptation survey (ICAO, 2018) provided insights into the type
of climate hazards affecting aviation; higher average and extreme temperatures, changing
precipitation, increased intensity of storms, sea level rise, changing icing conditions and
changes in wind patterns are referenced as climate hazards of concern in terms of impact.

Table 1-1 provides examples of extreme climate events causing disruption.



Table 1-1 Selected examples of climate-related asset damage or service disruption in an airport

context (adapted/supplemented from the original from Voskaki, Budd and Mason, 2023)

Reference Location and Climate Short description
disruption driver hazard
(Makuyana, India (2018) Flood Cochin International Airport suspended
Nhamo and operations for 3 days, airside was inundated for
Dube, 2023) 4 days, damage to critical equipment
(De Vivo et al., Germany, extreme | Temperature | High temperature (above 36°C) damaged the
2021) heat (2018) north runway of Hanover Airport resulting in the
cancellation of 41 flights
(Lacoin, 2019) Japan, typhoon Flood Kansai International Airport closed for 3 days
Jebi (2018) and resumed full operations after 17 days
(IATA, 2017) US, Caribbean, Flood, wind Miami, and Orlando airports closed completely,
hurricanes Irma while Atlanta and small airports were affected,
and Maria (2017) airlines lost around USD 75-85m of revenue/day
(Borsky and US, extreme heat Temperature | Phoenix Sky Harbor International Airport
Unterberger, (2017) cancelled more than 40 flights due to extreme
2019) temperature (490C)
(Sebastian et al., | US, hurricane Flood, wind Houston George Bush and William P. Hobby
2017) Harvey (2017) Airports closed for 5 days cancelling more than
10,000 flights
(Chen and Wang, | China, snowstorm | Snow 42 flights between Beijing and Shanghai
2019) (2016) experienced a 42 min delay on average
(Makuyana, South Africa, Flood Inundation of OR Tambo International Airport,
Nhamo and rainfall (2018) flight diversions, surface access disruption
Dube, 2023)
(Commonwealth | Dominica, storm Flood Douglas-Charles Airport runway and ground-
of Dominica, Erika (2015) level kept electrical equipment were damaged
2015)
(National US, extreme low Temperature | Dallas/Fort Worth International Airport
Academies, temperature cancelled 750 flights due to ice and low
2016) (2013) temperature
(Mcmillan, 2014) | UK, rainfall (2013) Flood London Gatwick Airport cancelled 143 flights,
affecting more than 16,000 passengers
(IATA, 2012) US, hurricane Flood New York La Guardia Airport closed for 3 days
Sandy (2012)
(Begg et. al, UK, snowstorm Snow London Heathrow Airport cancelled 4000 flights,
2011; Merkert (2010) estimated cost of disruption around £20m
and Mangia,
2012)
(Zapata et al., Hurricane Ivan Wind Norman Manley and Donald Sangster airports
2004) (2004) closed for 3 days, damage to airport facilities

(Zapata et al., 2004; Begg et. al, 2011; Merkert and Mangia, 2012; Transportation Research Board, 2012; IATA, 2012; Mcmillan,
2014; Commonwealth of Dominica, 2015; Chatterton et al., 2016; National Academies, 2016; IATA, 2017; Sebastian et al.,
2017; Borsky and Unterberger, 2019; Chen and Wang, 2019; ICAO, 2019a; Lacoin, 2019; De Vivo et al., 2021; Makuyana,
Nhamo and Dube, 2023)

In Europe, an increasing trend in en-route delays due to the weather has been observed

during the past years (Eurocontrol, 2025); storms have been historically responsible for up



to 7.5% of total en-route delays (Eurocontrol, 2021b). While there is uncertainty about how
climate change will influence storminess in Europe, there is high confidence that it will lead
toariseinsealevels (IPCC, 2022), potentially putting approximately 178 coastal airports at
risk (Eurocontrol, 2021b). In addition, considering the projected increase in temperature
and heat extremes (IPCC, 2022), the European air transport system will likely have to deal
with infrastructure and performance challenges, as well as shifts in tourism trends in terms
of time or location (Eurocontrol, 2021b). In the UK, based on climate change projections
(Met Office, 2022b), airports will likely have to deal with flood and extreme heat events,

threatening infrastructure and operational capability.

Flooding (coastal or pluvial or fluvial) of critical airport infrastructure is identified as one of
the key concerns for many airports, leading to airport closure and asset damage while
raising concerns about local biodiversity and travel patterns if the occurrence becomes
frequent (Griggs, 2020; Eurocontrol, 2021b; Voskaki, Budd and Mason, 2023). Recent
examples demonstrating the scale of impact in the present day include the flash flooding
observed in Dubai, causing the closure of Dubai International Airport and the cancellation
of around 300 flights (Gritten, Gillett and Comerford, 2024) and the inundation of
Barcelona, Valencia (Boyd, 2024; Martin, 2024) and Exeter airports (Sharp, 2023). The
economic cost of an airport closure can vary depending on factors like the severity of the
flood, including asset damage and the extent of flight disruptions. The impact of the 2013
flood at London Gatwick Airport was estimated to be around £2.6 million to £3.9 million due
to flight disruptions, while around £50 million was invested in flood defence, power

resilience and recovery efforts (Chatterton et al., 2016).

Besides floods, climate hazards such as storms cause disruption and the cancellation of
hundreds of flights; for instance, Storm Eunice caused the cancellation of around 436
flights in the UK due to the extreme intensity of wind (Kendon, 2022a; Timmins, 2022). The
economic impact of such events is significant for the air transport sector, as illustrated by
recent events. IATA (IATA, 2017) estimated that hurricanes Irma and Maria caused airlines
a loss of around USD 75-85 million of revenue a day at the peak of the disruption; the
restoration of Puerto Rico airports after Hurricane Maria was estimated to be around USD

80 million (Yesudian and Dawson, 2021).

Extreme heat is also a climate hazard for consideration for airports located in specific

geographies, such as Phoenix in the United States; Phoenix Sky Harbour International



Airport often experiences disruptions due to temperatures reaching 49°C (Borsky and
Unterberger, 2019). High temperatures can limit the maximum take-off weight of an
aircraft, lead to pavement melting, an increased risk of fires, more frequent need for
maintenance, heat stress for employees and increased cooling demand (Coffel and
Horton, 2015; Arbuthnott and Hajat, 2017; Monioudi et al., 2018). Lately, extreme heat has
become a concern in regions that historically did not experience high temperatures
exceeding the specifications of pavement materials, such as the UK; a recent example is
the closure of London Luton Airport due to damage caused on the runway during the 2022

heatwave (Freed, 2022; Hughes, 2022).

The scale of impact from extreme events on large hub airports can be significant in terms
of disruption in air connectivity and the economy. For instance, the closure of Kansai
International Airport due to Typhoon Jebi led to losses surpassing USD 500 million for the
airport and the regional economy (Takabatake et al., 2018; ICAO, 2019a). However, extreme
climate events such as extreme precipitation or storms can also affect smaller airports
serving a region. The consequences can be significant, considering the role these airports
play. Regional airports play a critical role in facilitating mobility in remote regions (Adler,
Ulkii and Yazhemsky, 2013), serving as vital socio-economic drivers. They enhance
connectivity and regional integration (Olariaga, 2021), enable local and regional economic
activity and business growth, attract investments, create employment opportunities,
support tourism development and promote trade. Additionally, they bring people together,
provide access to better healthcare and education, and, in certain cases, facilitate
humanitarian and disaster response to crises and emergencies (Donehue and Baker, 2012;

Pauwels, Buyle and Dewulf, 2024).

Despite their importance, regional airports frequently face challenges related to
infrastructure, outdated facilities and insufficient financial capacity to invest in upgrading
assets or building more resilience. This can become a significant concern when their
location is exposed to climate hazards, such as sea level rise and storm surges, as in
airports in the Pacific Islands (Kumar and Taylor, 2015; The World Bank, 2024) or the
Caribbean (Monioudi et al., 2018; Burbidge, Paling and Dunk, 2025). For example, Douglas
Charles Airport in Dominica experienced significant damage from flash flooding and mud
deposits triggered by storm Erika in 2015; the cost for repairs was around USD 15 million

(Commonwealth of Dominica, 2015).



Numerous examples point out the susceptibility of regional airports to climate hazards. In
Spain, the June 2024 storm led to the flooding of Palma Airport’s runway, terminal building,
car park and access roads, affecting more than 100 flights (Palma Airport, 2024). In Greece,
Rhodes Airport was severely affected by the wildfires in 2023, while Skiathos Airport faced
disruption to air operations and surface access due to floods that same year (ECAC, 2024).
In Italy, Bologna Airport was affected by snowstorms during the winter of 2018, which led
to increased operating costs and loss of revenue (Aeroporto di Bologna, 2018). In France,
Nice Cote d'Azur Airport often has to deal with surface access disruption due to flooding
(French Civil Aviation Authority, 2016). While large airports like Singapore Changi (Dolman
and Vorage, 2019) or San Francisco International (Johnson et al., 2018) have initiated large-
scale infrastructure works to build climate resilience, financing similar-scale projects
remains a challenge for smaller airports, particularly those located in small islands or

developing countries.

The intensification of extreme precipitation, temperatures or storminess due to climate
change (IPCC, 2021b) will likely place additional stress on airport infrastructure,
threatening airports' ability to maintain their functions. Although many aviation
stakeholders acknowledge the likely implications of climate hazards (ICAO, 2018), the
observed sensitivity suggests a gap in how climate hazards have been addressed due to
limited resources, regulatory gaps and insufficient knowledge of how they manifest or their

impacts.

The above implies that there is a growing demand for enhanced climate risk assessments
and studies to determine how to build more adaptive capacity in the air transport system
to achieve long-term sustainable development goals. It also suggests that better protection
and preparedness strategies are critical to respond to climate hazard events; airports with

higher adaptive capacity are expected to address disruptive events more efficiently.

1.3 UK airports and climate risk

Air transport is crucial for the UK’s economic growth and prosperity as it enables the
movement of people and drives investments, facilitating international trade. As a sector, it
provides employment for 378,400 individuals and generates an economic output of USD
40.2 billion, around 1.2% of the country’s GDP. When considering the broader economic

impact, the sector contributes a total of USD 160.7 billion to the UK’s GDP and supports



1.6 million jobs (IATA, 2023). Besides the economic impact, air travel contributes to
connectivity with the rest of the world, enabling economic activity, cultural exchange and
leisure. In addition to international travel, domestic air travel plays an important role in
enhancing social mobility and regional development, with airports being vital nodes

connecting people and businesses throughout the UK.

The UK enjoys high connectivity with the rest of the world, with major airports such as
London Heathrow and London Gatwick serving as key global hubs. London Heathrow
Airportis the busiest airport in Europe and among the top 10 globally in terms of passenger
numbers. Besides the London area airports (Heathrow, Gatwick, London City, Stansted,
Luton and Southend) the UK aviation system includes over 50 large, medium and small
airports. In 2024, over 292.5 million passengers departed from the UK CAA’s reporting
airports; approximately 53.7% of the traffic served by the UK airport system travelled
through one of the main London airports (Heathrow, Gatwick, Stansted, Luton and London
City) (UK CAA, 2024c). Overall, a total number of 2,742,553 movements was recorded in
2024 (UK CAA, 2024a).

Looking at the top 25 airports in terms of passenger numbers (Figure 1-2) it is obvious that
many are still operating below the pre-pandemic levels. However, several airports,
including London Heathrow, Manchester, London Stansted, Edinburgh, and Belfast
International, appear to have surpassed the 2019 levels. Compared to that year, passenger
traffic in 2024 reflects a growth ranging from 0.6% at Liverpool Airport to a 35.5% increase

at Bournemouth Airport (UK CAA, 2024c).

In recent years, the UK has adopted a proactive approach towards expanding the sector,
putting emphasis on infrastructure investments and decisions to enhance global
connectivity. Key examples include the decision on a third runway at London Heathrow
Airport (DfT, 2025b), approval for the expansion of London Luton Airport to accommodate
up to 32 million passengers per annum (Planning Inspectorate, 2025), and London City
Airport’s plans to reach 9 million passengers per year by 2031 (DfT, 2025a). A forthcoming
decision on the development of the northern runway at London Gatwick Airport is also
anticipated (DfT, 2025c). Additional investments in airport upgrades at London Stansted
(DfT, 2024a), Leeds Bradford (Leeds Bradford Airport, 2025), Newcastle (Newcastle
International Airport, 2024), Cardiff International Airport (Welsh Government, 2024),

Southampton Airport (Southampton Airport, 2022), and Belfast International Airport



(Belfast International Airport, 2024b), illustrate the momentum in decision making and

planning across the sector.
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Figure 1-2 Top 25 UK airports in terms of passenger traffic (2024 and 2019) (data source UK CAA)

As aviation continues to recover from the effects of COVID-19, attention has primarily
focused on achieving sustainable growth. Thus, efforts have been directed at airspace
modernisation, innovations in aircraft technology, sustainable aviation fuels and meeting
the ambition of net-zero carbon emissions by 2040 for domestic aviation and by 2050 for all
aviation (Jet Zero Strategy). This strategy also calls on airport operators to achieve zero
emissions by 2040 while supporting further reductions within the system (DfT, 2022). At the
same time, the Climate Change Committee (CCC) (CCC, 2024) emphasises that without
adequate adaptation to the physical risks posed by climate change, efforts to deliver the
JetZero Strategy may become less effective or significantly more expensive. Addressing the
growing risk of climate hazards requires a scale of response that goes beyond what is

currently reflected in the latest National Adaptation Programme.

Despite ongoing progress toward meeting the goals of the Paris Agreement, the UK has
experienced an increase in the frequency and intensity of extreme climate events. The
latest UK Climate Projections (UKCP18) indicate that extreme events such as heatwaves
and intense rainfall will likely intensify (DfT, 2024c; Kendon et al., 2024). These climate

trends pose growing risks to airport infrastructure and operations, increasing the likelihood
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of disruption; these factors could ultimately become a challenge for further growth.
Climate hazards like extreme heat, storms and flooding have been identified as acute risks
in the government’s 2025 National Risk Register (HM Government, 2020), requiring an

emergency response, reflecting the overall concern.

Disruptions to transport systems, supply chains and utility networks caused by climate
hazards could lead to broader social and economic implications; the potential for
compound or consecutive hazards may amplify the impact. In recent years, the UK has
experienced a series of severe storms causing nationwide air travel disruption, power
outages and fatalities. For instance, Storm Eunice in 2022 led to more than 430 flight
cancellations across London’s airports (Davis, 2022). Similarly, Storm Ciara in 2020
disrupted hundreds of flights across major and regional airportsin the UK, including London
Heathrow, London Gatwick, Manchester, Birmingham, Leeds Bradford and London City
(Calder, 2020). In early 2025, storm Eowyn caused widespread disruption across airports
in the north of the UK, especially in Edinburgh, Glasgow, Aberdeen, Prestwick, Inverness

and Dundee (Pollock, 2025).

In addition to storm-related disruption, UK airports also demonstrate sensitivity to flooding,
extreme heat and snow events. Exeter Airport was temporarily closed in 2023 due to the
inundation of its terminal (Exeter Airport, 2023; Sharp, 2023), while Leeds Bradford Airport
closed dueto a snowstorminearly 2025 (Grealish, 2025). Similarly, in 2018, the ‘Beast from
the East’ snowstorm led to extremely low temperatures, heavy snow, and strong winds,
causing airport closures across the UK (Vonberg, 2018). More recently, in 2022, London
Luton Airport suspended operations after extreme heat caused a runway surface defect
(Freed, 2022). Disruptive events also bring attention to the role of interdependencies.
Besides incidents of flooding causing disruption in airport surface access, as in the case of
London Luton Airport in 2024 (Raemason, 2024), the recent fire at London Heathrow
Airport, originating in an off-site substation (Department for Energy Security and Net Zero,
2025) underscores the need to examine dependencies and how they may influence climate

resilience within airport infrastructure and operations.

These incidents not only bring to the surface current challenges posed by climate hazards
but also raise questions about the adaptive capacity of the UK airports to cope and respond
to the climate hazard occurrences of the future. In the UK context, the focus of the

discussion has recently turned towards how the transport sector, including aviation, can
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proactively undertake action to adapt to the changing climate. Given the economic
implications of extreme climate events arising from damaged infrastructure, operational
disruptions, disruptions in supply and distribution networks, or the redirection of capital
away from more productive investments (DfT, 2024c), it is deemed necessary to put
together a proactive and comprehensive approach to climate risk and resilience. Without a
doubt, to prepare for the future, it is essential to consider the scale and complexity of

climate hazard-related risks.

The acknowledgement that ‘business as usual’ is not an option to support sustainable
development suggests that a more forward-looking, flexible and proactive view into climate
risk management should be incorporated. To enable a shift in the existing culture in how
climate risks are considered and accounted for in decision-making, there is a compelling
need to better understand the complex nature and underlying requirements for climate risk

analysis to contribute to policy and practice.

1.4 Structure of the thesis

The remainder of the thesis is structured into five distinct, interrelated chapters.

Chapter 2 - Literature review: climate hazards and the airport system

This chapter explores existing literature on the impacts of climate hazards and existing
adaptation strategies within the airport sector. It discusses topics around climate change,
climate hazards, climate extremes, climate risk, and adaptation while considering the
airport as a system. In addition, it delves into climate risk analysis perspectives and
methodologies. The chapter aims to provide an overview of the current knowledge, building
anunderstanding of the trends and priority areas while identifying gaps in the literature that

this thesis aims to address.

Chapter 3 - Methodology: the development of a framework for climate risk analysis

The third chapter outlines the methodological approach for creating aframework to analyse
climate hazard risk for airports; it provides details on the identification of the research
problem, the definition of the research aim and objectives, the steps and methods involved
and the overall development process. It discusses the conceptualisation of the research

problem, the process of developing the prototype version of the Airport Climate Risk Index
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(ACRI) tool, actions to validate the tool, and aspects relevant to data collection and

analysis.
Chapter 4 — Analysis of the case examples

The fourth chapter provides an analysis of the results of four case examples of regional
airports in the UK. Using the ACRI tool, the analysis provides information on the observed
levels of climate hazard, exposure, vulnerability and adaptability, pointing out areas for
consideration. Also, it highlights climate hazards requiring further attention considering

climate change influence.
Chapter 5 - Climate risk trends and recommendations

The fifth chapter discusses the main climate risk trends identified from analysing the output
of the tool and the main areas of focus forthe four regional airports. The discussion focuses
on identifying gaps in the applied risk mitigation and adaptation strategies and areas
requiring attention due to the level of exposure or vulnerability or the demonstrated
effectiveness of applied adaptation measures. The above provides the basis for
recommendations for measures to enhance climate hazard intelligence, improve asset
resilience, adapt operations, and develop formal adaptation plans to address both short-

and long-term risks.
Chapter 6 — Discussion and conclusions

The final chapter synthesises the research findings, identifying cross-cutting themes that
underpin the key concepts while discussing the climate hazard risk analysis process and
related implications. It presents the research’s contributions and limitations and suggests

directions for future research.

To develop a comprehensive understanding of the impacts of climate hazards on airport
systems and to identify prevailing trends in adaptation strategies, it is essential to review
existing literature. Chapter 2 will provide an overview of findings from studies looking at the
historical sensitivity of airports to climate hazards, offering insights into the broader climate

risk landscape.
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2 Literature review: Climate hazards and the airport system

As aresult of increasing globalwarming, many changes in the climate system have become
more significant, exhibiting an increase in the frequency and intensity of climate extremes
(Easterling et al., 2016; IPCC, 2021b), affecting natural and human-made systems. The
Global Risks Report (WEF, 2025) underscores the escalating threat of extreme weather,
identifying these events as the second most severe global risk for the year 2025. Floods,
hurricanes, heatwaves and wildfires leading to substantial socio-economic impact
highlight the urgency to act, as existing adaptation efforts seem inadequate to address the
scale and intensity of extremes. The increasing susceptibility of airports to climate hazards
in the past years and the scale of disruption caused by storms, extreme precipitation or
extreme temperatures raise concerns about the existing levels of resilience and how they
can maintain their ability to function efficiently in the future (Voskaki, Budd and Mason,

2023; Burbidge, Paling and Dunk, 2025).

This chapter examines the literature on climate hazard implications and adaptation in an
airport context. It delves into topics around climate change, climate extremes, climate
hazards, climate risk, adaptation, and airport systems. It sets out to build an understanding
of existing knowledge, trends, and priority areas and to identify gaps in the literature that

this thesis will address. The structure of the chapter is presented in Figure 2-1.

1 Approach

v

Review of the literature

2 3 4 5 6

Setting the Climate Climate hazards Analysing Paving the way to
context change trends and airports climate risk adaptation
and extremes sensitivity
v

; The need for a holistic framework

Figure 2-1 Structure of the literature review

14



Section 2.1 provides an overview of the adopted approach for the analysis of the reviewed
literature. This is followed by Section 2.2, which sets the context of the reviewed literature
and the topics this chapter will discuss. Section 2.3 offers an overview of the main points
for reflection and builds an understanding of the trends that should be considered. The
following section (Section 2.4) discusses extreme climate events that have historically
affected airports, revealing different implications. Section 2.5 delves into various concepts
and elements involved in risk analysis and how different approaches identified in the
literature address risk, while the following section (Section 2.6) looks at the current trends
on how to build adaptive capacity. The last section of the chapter (Section 2.7) discusses

the gap this research will seek to address.

2.1 Approach

The focus of the review of the literature is to provide an analysis of aspects around airport
systems and climate hazards and related risks under both current and future climate
change scenarios. An analysis of a broad body of peer-reviewed articles, contributions to
conferences, government or airport-commissioned studies, and technical reports is
conducted to address this goal. The scope of the research is restricted to literature
published in English. Initially, searches are performed using academic databases, primarily
Scopus and Science Direct. Keywords including combinations of “airport” and “climate
hazard”; “climate risk”; “extreme weather”; “climate extremes”; “climate adaptation” as
well as phrases including “impact of climate change on airport” or “impact of climate
hazards on airport” or “airport vulnerability to climate change” or “airport sensitivity to
natural or climate hazards” or “exposure to natural or climate hazards” or “airport climate

adaptation” are used to guide the search.

The identified articles are reviewed and refined to eliminate duplicates and ensure they are
relevant to the scope of the study. While the search focuses on airport infrastructure,
consideration is also given to the impact of climate change on air transport in general.
Therefore, “air transport” and “aviation” are also used as keywords to enrich the search
results. Also, aiming to have a more holistic perspective, the search included technical
reports issued by aviation organisations like ICAO, EASA, Eurocontrol, ECAC, the
Department for Transport and airport operators. Furthermore, post-event technical reports
are also considered to analyse examples of climate impact on airports and how airports

respond.
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Overall, the analysis includes 61 peer-reviewed articles and conference proceedings and
34 technical or industry or institution/government type of reports published between 2005
and 2025 (Figure 2-2). Approximately 43% of the reviewed literature has been published
since 2020, reflecting a growing emphasis on this research area. This trend shows a shift
from viewing disruptive events as isolated weather-related impacts on operational

resilience to recognising them as broader climate change-driven occurrences.

Distribution by publication year Distribution by research topic
8% 19%
15% .
Climate
hefore 2010 41% implications
2010-2015 = Climate
adaptation
= 2015-2020
m after 2020 u Cllmat‘e nsk
analysis
Distribution by study coverage Distribution by approach of study
13%
= Global Discussion or
synthesis study
m Regional
16% m Methodology
Country study

Single location 59%

m Quantitative

23% .
analysis

m General

35%

Figure 2-2 Categorisation of the reviewed literature

Regarding the coverage of the study, most reviewed literature (around 58%) refers to a
single location (a case study airport) or a specific country. Around 28% of the reviewed

studies have a global and/or regional focus.

While many of the reviewed studies cover multiple topics within the scope of this research,
the research topics can be categorised as climate implications (around 41%), climate
adaptation (around 40%) or climate risk analysis (around 19%). In terms of the approach of

the study, most of the reviewed literature (around 59%) refers to a discussion or synthesis
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study; the remaining studies revolve around methods to analyse or quantify climate hazard-

related risk or risk elements, such as exposure or vulnerability to climate hazards.

2.2 Setting the context

Climate change is considered one of the most significant challenges our world is facing
(WEF, 2025). Evidence shows that changing weather patterns and climate extremes will
become more pronounced as the Earth continues to warm (European Environment Agency
(EEA), 2021; IPCC, 2023a). Insurance and reinsurance records over the past decades
indicate arising trend in economic and insured losses attributed to natural hazards, around
5-7% annually (Swiss Re Institute, 2024). In 2024, the estimated insured losses exceeded
USD 135 billion, while economic loss was estimated at around USD 310 billion (Figure 2-3).
Significant eventsinclude the floods in Europe and the Middle East, leading to an estimated
USD 13 billion in insured losses. Furthermore, the aftermath of the hurricanes Helene and
Milton in the US resulted in around USD 50 billion in insured losses (Swiss Re Institute,

2024).
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Figure 2-3 Estimated loss due to natural hazards occurrences (adapted from Swiss Re, 2024)

In the case of human-made systems such as urban, transport or infrastructure systems,
one of the main concerns is that the extent of climate impacts and the related losses will
be amplified in the future as their design was based on different climate parameters
(Becker et al., 2018). Focusing on critical infrastructure, there is a general agreement that
the variability in climate influences the structural and operational performance, disrupting
the services (Dawson et al., 2018; Guest etal., 2019; Verschuur et al., 2024) with significant

adverse socio-economic impacts (Chang et al., 2007).
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Infrastructure systems provide a critical service to modern society, which has been widely
identified in the literature (McEvoy, Ahmed and Mullett, 2012; Dawson et al., 2018; Qiang,
2019). According to EU Directive 2008/114/EC, the term 'critical infrastructure' is used to
define assets or systems essential for maintaining vital societal functions, like health,
safety, security, transport, and economic and social well-being of people (European Union,

2008).

The word system is often used to describe a group of elements placed together and
organised in a specific way to achieve a purpose (Gass and Fu, 2013). The components of
a system may be interrelated with each other and the environment, or they may be
interdependent. Hence, a system can be conceptualised as a set of relationships between
the system's elements and the environment (Conger and Mason, 2013; Dekkers, 2017). In
this context, a transport system can be perceived as a set of relationships between
elements like hubs, nodes, links, or corridors and the environment (Rodrigue, 2020).
Therefore, the transport system analysis would need to look at the system's purpose,
elements, processes, and the internal and external environment (Conger and Mason, 2013;

Kieletal., 2016).

Like all transport systems, air transport is a vital element of modern society, enabling the
movement of people and goods from one location to another. As a key driver for global
economic prosperity, air transport supports worldwide connectivity essential for business,
tourism and trade. In 2023, more than 4.4 billion passengers travelled, and more than 61.4
million tonnes of cargo was transported, contributing around USD 4.1 trillion to the global
economy; this corresponds to around 3.9% of the GDP. Besides the contribution to the
global economy, air transport supports more than 86.5 million jobs across various sectors,
enhances social networks and provides critical services and humanitarian aid relief to
remote communities and areas affected by natural hazard events (Zanin and Lillo, 2013; Air

Transport Action Group, 2024).

Airports play a crucial role in the air transport system, providing the necessary
infrastructure to enable the movement of passengers and freight and supporting economic
and social interactions (Graham, 2014; Rodrigue, 2020). Large airports serve as global
hubs, handling high volumes of passenger traffic and facilitating international trade, while
smaller airports enhance regional connectivity, provide access to remote locations, and

support the local economy (Graham and Guyer, 2000). The airport as a system brings
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together different elements and activities to achieve its role, which is the movement of
people and/or freight and, as a result, can be studied in various ways. The ICAO uses the
term aerodrome to describe the area used for aircraft movement. This area can be located
on land or water and may include buildings, facilities, installations and equipment required

for the arrival, departure and surface movement of an aircraft (ICAO, 2009).

Airports are designed to comply with an extensive set of standards and recommended
practices set by national authorities and international aviation organisations (for example,
ICAO, EASA, FAA, UK CAA) to ensure required levels of safety (De Neufville et al., 2013). The
basic airport infrastructure includes runways for take-off and landing, taxiways to enable
connections between the runways and the apron areas and terminal gates; aprons serve as
the interface between airside and landside facilities, enabling the park of the aircraft and
the access of passengers to the aircraft through the gates and aircraft and airside

maintenance and fuelling areas (De Neufville et al., 2013; Edwards, 2005; Graham, 2014).

Besides the basic infrastructure, facilities that support the air and/or ground operations
include an air traffic control tower, rescue and firefighting and other emergency response
facilities (e.g. winter operation and aircraft de-icing), as well as security and ground
handling areas (Schmitt et al., 2016; Wittmer, Bieger, and Muller, 2011). The airport
terminals serve as the passenger buildings supporting processes like check-in, baggage
handling, security and customs activities, and various commercial activities (De Neufville
et al.,, 2013; National Academies of Sciences Engineering and Medicine, 2024).
Furthermore, airports commonly include ground transport interchanges, road

connections, and parking areas (Edwards, 2005; Graham, 2014; Schmitt et al., 2016).

As a system, airports do not operate in isolation, as they are part of one or more networks
connecting other airports (De Neufville et al., 2013). Also, like all transport systems,
airports are interconnected and interact with other systems, like utilities (electricity, water),
meteorological facilities, communication, supply chains or even urban, economic and
social systems or the environment (Urfer and Weinert, 2011; Rodrigue, 2020; National

Academies of Sciences Engineering and Medicine, 2024).

Bearing in mind the primary role of the airport system, which is to facilitate the movement
of people and/or freight, the following elements would need to interact to achieve its

purpose:

19



e Airside and landside infrastructure and buildings, like runways, taxiways, aprons,
terminal gates, terminals, air traffic control towers, maintenance and other support
buildings used by service providers to deliver air and ground operations.

e Airand ground operations and services.

e Passengers and freight and people working at the airport.

e Supply chain, distribution network and supporting systems, like main utility
networks (electricity, water), communication, meteorological facilities, logistics,
and ground access to/from the airport.

e The environmentin which the airport operates.

Figure 2-4 presents the main elements of the airport system, grouping components needed
to perform the main functions to deliver its purpose, along with core inputs (resources) and
outputs (Bubalo, 2012) that support the airport production process (air transport

movements, aeronautical and non-aeronautical revenues, environmental externalities).

Infrastructure
Critical infrastructure,
buildings, structures,

Operations
Air and ground
operations and related

equipment services
Movement of
Resources people and Output
freight
Interdependencies
People
Surface access, supply
Passengers, chain and distribution
employees

networks, utilities and
supporting systems

Environment

Figure 2-4 Analysis of the airport as a system

Considering that critical infrastructure systems, such as airports, are fundamental to
modern society and underpin the Sustainable Development Goals (SDGs), ensuring they
will remain resilient to future climate is essential (Verschuur et al., 2024). The above is also
highlighted in the latest report by the United Nations Office for Project Services (UNEP,
2021).

20



Although the impact of climate change indicates the need for investments to strengthen
critical infrastructure systems and make them more climate-proof, recent years' events
point out that there is still a long way to go to achieve the required level of adaptation
(Koetse and Rietveld, 2009; Christodoulou and Demirel, 2017). While the emphasis of
scholars has long been on the contribution of air transport to climate change (Lee et al.,
2009, 2021) and how the industry could reduce its carbon footprint (Wennberg, 2019;
Gossling and Lyle, 2021), recently there has been a growing acknowledgement that there is
a balance that the sector needs to meet between mitigating its impact and adapting to the

changes of the climate (Burbidge, 2016; Ryley, Baumeister and Coulter, 2020).

The need for maintaining this balance is becoming evident considering the disruptions
caused by events, such as the floods in Spain (Boyd, 2024; Martin, 2024), the Middle East
(Gambrell, 2024; Gritten, Gillett and Comerford, 2024) and the UK (Chatterton et al., 2016;
Sharp, 2023) causing the inundation of runways and terminal buildings. Also, the
occurrences of tropical storms like Milton, Helene, Sandy, Irma and Maria that led to the
cancellation of thousands of flights and the closure of airports on the eastern coast of the
United States and the Caribbean (IATA, 2012, 2017; Kunz et al., 2013; Salisbury, 2024;
Wong, 2024). Events such as the above indicate that despite ongoing progress to build
resilience, adaptation gaps still exist and will continue to grow (IPCC, 2023a). As a result,
further damage and alteration to the normal functioning of critical infrastructure, such as
airports, may be likely in the future, especially in cases of airports already demonstrating
sensitivity (De Vivo etal., 2021; Burbidge, Paling and Dunk, 2023; Voskaki, Budd and Mason,
2023).

2.3 Climate change trends and extremes

The warming of the Earth since the pre-industrial era is causing changes in the climate,
affecting natural and human systems. In 2011-2020, the global surface temperature
reached 1.1°C above 1850-1900, and there is clear evidence that global greenhouse gas
emissions will continue to rise due to unsustainable energy and land use, consumption

patterns and production methods (IPCC, 2023a).

The IPCC, the United Nations body for assessing the science related to climate change,
reviews in detail the leading science of global warming and trends in climate change.

Through its assessments, the IPCC verifies the extent to which relevant knowledge has
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been established. There are many definitions for climate change; the mostwidely accepted
definition is the one provided by the IPCC, according to which "climate change refers to a
change in the state of the climate that can be identified by changes in the mean and/or
variability of its properties and that persists for an extended period, typically decades or

longer" (IPCC, 2018a).

The observed changes, as analysed in the latest report (AR6) (IPCC, 2021b), mainly refer to
the warming of the atmosphere, ocean and land, changes in the temperature and
precipitation patterns, sea-levelrise, and the occurrence of weather and climate extremes,
such as heatwaves, severe precipitation, droughts, and tropical storms worldwide. For the
projection of future changes in the earth's climate, AR6 considers a set of five new
emissions scenarios’, called Shared Socio-economic Pathways (SSP), reflecting the
various socio-economic trends and land use, greenhouse gas emissions (GHG) and
atmospheric concentrations, solar activity, background forcing from volcanoes and air
pollutant emissions. The projected climate scenarios suggest that the global surface
temperature will continue to increase, and it is virtually certain that the global mean sea

level will continue to rise through 2100, as presented in Table 2-1.

Under the high emissions scenario (SSP5-8.5), the extent of increase for global mean
surface temperature and mean sea level is expected to be 3.3t0 5.7°C and 0.63t0 1.01 m,
respectively. With the continued global warming, changes are anticipated to occur, like a
reduction in Arctic Sea ice, snow cover, and permafrost, and changes in the global water
cycle in terms of variability, precipitation, and severity of wet and dry events. Precipitation
is expected to likely increase over high latitudes, the Equatorial Pacific, and parts of the
monsoon regions, but it will decline over parts of the subtropics and in limited areas of the

tropics (IPCC, 2021b).

1 sSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5
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Table 2-1 IPCC climate change scenarios, global surface temperature and sea level change
(adapted from IPCC, 2021)

Scenarios and modelled pathways Global surface Global sea-levelrise
temperature change up to 2100
over the long term relative to 1900
(2081-2100)

Very low / limit warming to 1.5°C 1.4°C (1.0-1.8°C) 0.28-0.55m
SSP1-1.9

Low / limit warming to 2°C 1.8°C (1.3-2.4°C) 0.32-0.62m
SSP1-2.6

Intermediate / limit warming to 3°C 2.7°C (2.1-3.5°C) 0.44-0.76 m
SSP2-4.5

High / limit warming to 4°C 3.6°C (2.8-4.6°C) 0.56-0.89 m
SSP3-7.0

Very high / exceed warming of 4°C 4.4°C (3.3-5.7°C) 0.63-1.01m
SSP5-8.5

As a result of the increasing global warming, many changes in the climate system have
become more significant, exhibiting an increase in the frequency and intensity of climate
extremes. The IPCC defines climate extremes as "the occurrence of a value of a weather or
climate variable above (or below) a threshold value near the upper (or lower) ends of the
range of observed values of the variable" (IPCC, 2012). These may include unexpected or
severe extreme weather or climate patterns, such as heatwaves, droughts, floods, tropical

storms, heavy precipitation, and wildfires (Easterling et al., 2000).

An example showing the extent of change in the occurrence of climate extremes is hot
temperature extremes over land. Table 2-2 depicts the increase in frequency and intensity
of extreme temperature events considering global warming levels. Extreme heat events that
used to occur once in 10 years, on average in a climate without any human influence,
nowadays, are likely to occur 2.8 times and are 1.2°C more intense; considering a 4°C
increase in global warming, the frequency of these events will likely increase to 9.4 times,

and the intensity will likely be 5.1°C.
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Table 2-2 Increase in frequency and intensity of extreme temperature events under different global
warming levels (adapted from IPCC, 2021)

Scenario Change in frequency Change in intensity
(per 10 years)

Pre-industrial (1850-1900) Once Baseline conditions

Present (1.1°C warming) 2.8 times +1.2°C hotter

Future global warming levels

1.5°C warming 4.1 times +1.9°C hotter
2.0°C warming 5.6 times +2.6°C hotter
4.0°C warming 9.4 times +5.1°C hotter

Another example is heavy precipitation over land. Table 2-3 presents the increase in the
frequency and intensity of a heavy 1-day precipitation event that occurred once in 10 years
on average; global warming leads to a likely increase in the frequency from 1.3 times at
presentto 2.7 times considering a 4°C increase in global surface temperature; the intensity

for the latter is projected to increase by 30.2%.

Table 2-3 Increase in frequency and intensity of extreme precipitation events under different global
warming levels (adapted from IPCC, 2021)

Scenario Change in frequency Change in intensity
(per 10 years)

Pre-industrial (1850-1900) Once Baseline conditions

Present (1.1°C warming) 1.3 times +6.7% wetter

Future global warming levels

1.5°C warming 1.5times +10.5% wetter
2.0°C warming 1.7 times +14.0% wetter
4.0°C warming 2.7 times +30.2% wetter

With every increment of global warming, changes will likely become more widespread and
pronounced, increasing the level of impact on natural and human systems worldwide
(IPCC, 2023a). For example, the intensification of precipitation will likely have implications
relating to flooding in many areas of the world, with consequences to exposed and
vulnerable assets, social systems, society, and the environment. However, the change may
not be the same for all areas of the world; for instance, there is high certainty that some
mid-latitude regions are expected to experience the maximum increase in the temperature

of the heat extremes (about 1.5 to 2 times the rate of global warming) (IPCC, 2021b).
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In the UK, in the past years, record-breaking extremes have been observed; instances of
flooding, water scarcity, temperature extremes and extensive storm damage (Dessai et al.,
2023). 2023 was recorded as the second warmest and relatively wet year, with 11% more
rainfall on average (Met Office, 2023a) and 2024 was provisionally recorded as the fourth
warmest year, with a 7% increase in rainfall on average (Met Office, 2025). It is noteworthy
that in 2022, for the first time on record, temperatures exceeded 40°C. In terms of
temperature from 1961-90 to 2008-17, there are notable changes in extreme heat events,
from increases in the average higher maximum temperatures (by 0.8°C) to increases in the
duration of warm spells; the average length of warm spells has more than doubled in the
recent decades, especially in the southeast England (Met Office, 2021a). Evidence
suggests thatthe chances of experiencing similar or more intense events in the future could
be 10 times more likely (Met Office, 2022a). Considering the UK Climate Projections
(UKCP18) (Bernie et al., 2018), there is a trend for warmer, wetter winters and hotter, drier

summers.

Specifically, by the 2070s, hot summer days could increase by 3.8 °C t0 6.8 °C under a high
emissions scenario (Met Office, 2022b); hot spells could become more common, with an
average increase in hot days and nights between 5 and 39 days per year under a 1.5°C to
4°C of warming, as shown in Table 2-4 (Hanlon et al., 2021; Met Office, 2021a).

Table 2-4 Average summer days with temperatures exceeding 25°C under different scenarios of
global warming (adapted from Hanlon et al., 2021, Met Office, 2021)

Present (2000-2017) 10 days per year

Future global warming levels

2.0°C warming 18 days per year
3.0°C warming 27 days per year
4.0°C warming 39 days per year

Rainfall is expected to decrease by up to 45% during summer and increase by up to 39%
during winter. The seasonality of extremes is likely to change from summer to autumn, with
increased intensity in heavy hourly rainfall (Met Office, 2022b). Precipitation extremes and
the risk of flooding are expected to increase, as presented in Table 2-5; an increase of 1 to
8 days per year of high impact rainfall is anticipated under a 1.5°C to 4°C of warming

(Hanlon et al., 2021; Met Office, 2021b).

25



Table 2-5 Average days of extreme precipitation for England and Wales under different scenarios of
global warming (adapted from Hanlon et al., 2021, Met Office, 2021)

Present (2000-2017) 7 days per year

Future global warming levels

2.0°C warming 9 days per year
3.0°C warming 10 days per year
4.0°C warming 11 days per year

Climate projections also suggest that winter windstorms are likely to increase slightly in
frequency and intensity, with a chance of more severe storms in the future. However,
considering the difference in the outputs of the climate models and the factors influencing
storms, the level of confidence in the above projection is medium (Met Office, 2021c,
2023b). Sea level rise presents variations, being more significant moving from north to
south; for London, a rise in the sea level of 0.53 to 1.15 m seems likely under the high
emissions scenario (Met Office, 2022b). As a result, coastal flooding due to storms and
rising sealevelsis anticipated to become a concern, amplifying the impacts of storm surges

(Met Office, 2021c; Perks, Howard and Palmer, 2023).

The projected changes in severity, frequency, and spatial patterns of extremes indicate that
climate hazards like flooding, extreme wind and temperature extremes will likely further

affect transport infrastructure in the following decades (Dessai et al., 2023).

2.4 Climate hazards and airports’ sensitivity

Infrastructure systems like airports tend to be impacted by climate hazards and extremes
(Verschuur et al., 2024). In the context of this thesis, the term climate hazard describes a
weather-, hydrological — or other climate-related phenomenon, such as flood, drought,
temperature extreme, storm, and many others that can affect people and the built
environment and, in this case, an airport (McBean and Rodgers, 2010; Mora et al., 2018).
The IPCC (IPCC, 2018a) uses the term impact to define 'the consequences of realised risks
on natural and human systems, where risks result from the interactions of climate-related

hazards (including extreme weather and climate events), exposure, and vulnerability’'.

ICAO (2021) and ACI (2018) identified key climate stressors affecting airport systems; these

can be broadly categorised as either slow onset events, like rising sea levels or
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desertification, or rapid onset extreme climate events, like storm surges, more intense
storms, temperature changes, changes in precipitation or wind patterns or in icing
conditions. Eurocontrol (2021) explored the risks posed by climate change on the European
aviation sector, focusing on the link between disruptive weather, changes in storm and
wind patterns and delays and the impact of sea level rise. Both slow and rapid onset events
can lead to physical risks, such as loss of airport infrastructure and asset damage or
operational risks, like service and supply disruptions and impact on safety or performance
(ICAO, 2022a). Also, climate hazards can lead to a series of business-related risks (ICAQO,
2020) that may also influence social and environmental aspects (Lopez, 2016; Burbidge,
Paling and Dunk, 2023; Voskaki, Budd and Mason, 2023). Considering the existing
literature, physical risks to airports include inundation or damage to critical infrastructure
and assets, while operational risks involve disruptions to air or ground operations or airport
surface access, critical supply chains and safety-related concerns (Voskaki, Budd and
Mason, 2023). Figure 2-5 depicts the most reported climate-related factors impacting

airports and the related impact and risk types identified in the reviewed literature.
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Figure 2-5 Key climate-related factors impacting airports and types of related impact (source author,
adapted from Voskaki, Budd and Mason, 2023)
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In addition to physical and operational aspects, which are the most obvious and will be
analysed in the following paragraphs, climate hazards can lead to business risks. Apart
from meeting obligations posed by legislation (for example, the Climate Change Act in the
UK) (Kollamthodi, Fordham and Stephens, 2011), and the financial burden due to the loss
of landing fees and compensation claims (Merkert and Mangia, 2012), more airports
nowadays are called to address climate hazards of concern proactively. In some cases,
addressing the business aspects of climate hazard-related implications is driven by
investors and other stakeholders who recently have become more interested in the
economic impact of climate change (transition and physical climate risk) and how airport

operators respond (Pek and Caldecott, 2020; ICAO, 2021; Verschuur et al., 2024).

Also, climate change can influence travel flows, as climate extremes may make some
destinations less appealing for travellers, or airlines may change the schedule of
operations to avoid disruption at vulnerable airports (Cools et al., 2010; Pek and Caldecott,
2020). Additionally, growing environmental concerns can influence travel demand
(Gossling, Humpe and Bausch, 2020) and may shape the choice of future generations
towards more sustainable transport modes, especially for short-haul travel (Higham and
Cohen, 2011; Grgnhgj and Hubert, 2021). This possible shift in social behaviours could put
pressure on policymakers to implement stricter carbon mitigation measures, such astaxes
or sustainable fuel mandates (Lu, 2018; Valdés et al., 2021). These additional costs will
likely be passed on to passengers via an increase in ticket price, potentially reducing air

travel demand (Tol, 2007).

Table 2-6 outlines a selection of studies discussing aspects of climate hazards and related
risks, providing details on the reference, description of the study, and climate
stressors/implications while characterising the type(s) of climate risk involved (physical,

operational or other business).
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Table 2-6 Selected examples of literature discussing aspects of climate risk and possible impact on airports (adapted/supplemented from the original from
Voskaki, Budd and Mason, 2023)

Reference Brief study description Climate stressor/climate implication Type of climate risk
Physical Operational Other business
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(Holmes et al., Identifies climate hazards affecting airports Sea level rise, increases in temperature, X X X X X
2024) and discusses their implications intensity of storms, lightning, changing

snow/icing conditions, wind and
precipitation patterns, fog, changes in

biodiversity
(Burbidge, Presents an overview of climate change Sea level rise, changes in storm and wind X X X X X X X X
Paling and impacts and adaptation in the aviation sector | patterns, changes in temperature,
Dunk, 2023) precipitation, turbulence, permafrost thaw
(Gratton et al., Discusses the characteristics of climate Increased storminess or changing wind X X X X X X
2022) change that can impact air transport conditions, reduced rainfall leading to

drought, changing in the local species
population distribution

(Eurocontrol, The study discusses the climate change Changes in storm patterns and intensity, X X X X X X
2021b) impacts on the European aviation mean sea-level rise and/or storm surge
leading to flooding, changes in wind
patterns, impact on tourism demand

(De Vivo etal., Presents a climate risk assessment Extreme temperature, extreme X X X X X
2021) framework for Mediterranean airports precipitation and sea-levelrise
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Reference

Brief study description

Climate stressor/climate implication
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Physical

Damage to assets

Service disruption

Type of climate risk

Operational Other business

Supply disruption
Impact on safety
Airport accessibility
Economic cost
Change in demand
Reputation/investments
Environmental impact

(Griggs, 2020) Climate implications for coastal airports Extreme flood events due to hurricanes, X X X X X
around the world due to rising sea-level and typhoons, large storms, high tides and sea-
stormsurge levelrise
(Pek and Discusses the main physical climate-related | Sea-levelrise, extreme temperature X X X X X X X
Caldecott, 2020) | risks facing large airports around the world
(ICAOQ, 2018, Discusses the impacts of climate change on Sea-levelrise, increased intensity of X X X X X X X X X X
2022a) aviation, addressing specific infrastructure storms, change in temperature,
and operational impacts and associated precipitation, icing conditions, wind, in the
business implications local species population distribution,
desertification, impact on business
(Fisk, 2017) Discusses the implications of climate Sea-level rise, extreme temperature, X X X X X X X
hazards to coastal infrastructure and storms, change to rainfall patterns
provides guidelines for adaptation planning
(Lopez, 2016) Presents a methodology to measure airports’ | Changes in temperature, precipitation, X X X X X
vulnerability to climate change and wind, the local species population
discusses climate changes and their impact distribution, sea-levelrise
on airports
(Pejovic etal., Climate impact on airport performance in the | Weather-related extremes (temperature, X X X
2009) UK wind, fog, snow, thunderstorms)

(Pejovic et al., 2009; Lopez, 2016; Fisk, 2017; ICAO, 2018; Griggs, 2020; Pek and Caldecott, 2020; De Vivo et al., 2021; Eurocontrol, 2021b; ICAO, 2022a; Gratton et al., 2022; Burbidge, Paling and
Dunk, 2023; Holmes et al., 2024)
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Considering the reviewed studies, coastal or inland flooding (fluvial/pluvial) is identified as
a key climate hazard of concern and one of the main implications of extreme precipitation
(De Vivo et al., 2021; Eurocontrol, 2021b; Yesudian and Dawson, 2021). Flooding can lead
to the inundation of the runway(s) or buildings (ICAO, 2018) and the closure of the airport,
the damage of critical assets, for instance, power generation, electrical equipment,
navigation and communications, or cause disruption to surface access (Burbidge, 2018;
Pek and Caldecott, 2020; Lindbergh, Ju, et al., 2022; De Vivo et al., 2023a). In addition,
flooding can result in changes in the local species population distribution, increasing the
risk of wildlife strikes (ACI, 2018; ICAQO, 2021). Where flooding occurs frequently, it may

affect route planning or even a destination's attractiveness (Pek and Caldecott, 2020).

Coastal airports are, without doubt, exposed to sea-level rise and storm surges (Dolman
and Vorage, 2019; Griggs, 2020). A study conducted by Yesudian and Dawson (2021)
suggests that sea-levelrise linked to a 2°C temperature rise would place 100 coastal or low-
lying airports below the mean sea level and 364 airports at risk of flooding. In the event of a
storm surge, two-thirds of coastal or low-lying airports in Europe are at risk of flooding
(Eurocontrol, 2021a). An example of the impact of compound coastal flooding from storm
surges (Zscheischler et al., 2020) is Hurricane Sandy in 2012. The storm generated a surge
of up to 9ft above normal tide levels, affecting the east coast of the US, including the
metropolitan area of New York. The storm flooded the runways at La Guardia and Kennedy
airports in New York, leading to the closure of these airports and disruption in Philadelphia
and Washington airports (Dulles and Reagan) (National Oceanic and Atmospheric
Administration (NOAA), 2013). The above resulted in the cancellation of over 5,000 flights
per day (IATA, 2012).

Multivariate events that arise from a mixture of different drivers and/or hazards, like storms
that combine extreme winds and precipitation and/or storm surges, depending on the
location of occurrence, can cause significant disruption and, as a result, have economic
implications. For instance, in 2004, Hurricane Ivan forced the closure of Norman Manley
and Donald Sangster airports in Jamaica for three days; the estimated impact due to
damage to roofs and lighting systems and loss of revenue was 47.0 and 13.1 million
Jamaican dollars, respectively (Zapata et al., 2004). Similarly, severe thunderstorms at
Frankfurt Airport in 1997-1998 led to approximately 1000 minutes of delays within four

hours (Sasse and Hauf, 2003). Beyond the direct economic consequences of infrastructure
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damage, flight delays and cancellation, storms can have wider regional economic
repercussions, especially when the airport serves as a key gateway for tourism or business.
For example, the closure of Kansai International Airport in Japan due to the flooding caused
by Typhoon Jebi that triggered a historic storm surge had an economic impact of more than
half a billion USD on the airport and the local economy (Takabatake et al., 2018; ICAOQ,
2019a).

In some cases, the manifestation of multi-hazards can have a catastrophic outcome. For
instance, in 2015, Storm Erika hit Dominica, triggering flash flooding, slope failure and
debris generation. Because of the event, both Canefield and Douglas-Charles International
airports were flooded. In addition, the flood caused damage to Douglas Charles
International due to extensive deposits of mud and debris from the nearby river. The overall
damage to the airport infrastructure was estimated at around USD 14.5 million

(Commonwealth of Dominica, 2015).

Flooding can also result from changes in the average values and/or rainfall intensity in
cases where stormwater infrastructure cannot handle the volume of water (Lopez, 2016;
ACI, 2018; Wu, Taniguchi and Tajima, 2021). A recent example is the case of Dubai
International Airport; within a day, the area received nearly double the average annual
rainfall, causing the inundation of the runways and the surface access to the airport
(Gambrell, 2024). Similarly, in 2013, at London Gatwick Airport, the combination of heavy
rain and strong winds disrupted travel for more than 16,000 passengers; the consequences
were amplified because the event occurred on Christmas Eve, typically one of the busiest
days of the year for the UK for air travel (Chatterton et al., 2016). Besides inundation,
extreme precipitation may cause pollution control systems to fail, raising pollution

concerns for local water resources and/or ecosystems (ICAO, 2018).

Shifts in rainfall patterns can reduce water availability, leading to water scarcity and/or
drought conditions and limiting water-intensive activities (Fisk, 2017). Although drought is
not often identified as a climate hazard posing risks for airports, there are examples of
airports located in water-scarce areas, like Dallas/Fort Worth International Airport in Texas;
restrictions on water usage for irrigation and pavement cleaning are imposed during

periods with limited water availability (Transportation Research Board, 2012).
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Other climate hazards for consideration are extreme temperature, heatwaves and cold and
icing conditions, which can cause asset damage and operational disruptions. Considering
that, in most cases, buildings and structures are designed for specific thermal conditions,
the rising temperatures will likely increase cooling demand and energy consumption
(Dolinaretal., 2010). Temperature extremes, especially extreme heat, can lead to cracking
and degradation of pavement surfaces, malfunctioning of equipment (e.g. navigation) or, in
the case of icing conditions, additional demand for anti-icing and de-icing. Another aspect
is that the demand for increased energy consumption (for cooling or heating) (Lopez, 2016;
ACI, 2018; ICAO, 2019b) can affect the airport's carbon footprint. De Vivo et al. (2021) refer
to the example of Hanover Airport in Germany, where the heatwave of July 2018 caused
damage to the runway. Also, Borsky and Unterberger (2019) discuss the 2017 extreme heat
in the United States, when the temperature reached 49°C, leading to the cancellation of

more than 40 flights at Phoenix Sky Harbor International Airport.

Many studies recognise increased temperature and heatwaves as one of the climate
hazards for consideration, especially in the case of airports in the Southern Europe (Milanés
et al.,, 2013; Gratton et al., 2020; De Vivo et al., 2021) or other geographies, like the
Caribbean, North America and China (Monioudi et al., 2018; Zhao and Sushama, 2020;
Yuan et al., 2021). High temperatures can restrict the aircraft's maximum take-off weights
because of the reduced lift generated in less dense air (Coffel, Thompson and Horton,
2017); this creates issues for airports with short runways located at higher altitudes (Coffel
and Horton, 2015; Monioudi etal., 2018;Y.Zhou etal., 2018; Zhou et al., 2018). Additionally,
extreme heat conditions pose health and safety risks for airport staff working outdoors, with
studies documenting the impact of extreme heat on human health (Arbuthnott and Hajat,

2017).

Monioudi et al. (2018) looked at the direct impacts of changing climate stressors, like
extreme heat and sea level, on airport operations in Jamaica airports. Based on the take-off
requirements of a Boeing 737-800 aircraft, the analysis concluded that Sangster
International Airport and Norman Manley International Airport would, on average, require
to address around 65 days of disruption per year due to heat extremes and aircraft weight
restrictions by the year 2030. The above implies concerns for the air operator around

aircraft performance and economic considerations due to increased fuel consumption

33



(Coffel, Thompson and Horton, 2017) or the need to change routes to avoid susceptible

airports (Pek and Caldecott, 2020).

Depending on the location, the design of airports may consider different thresholds as
regards climate extremes. For example, in the case of runway tarmac, the temperature
threshold is different in the UK compared to airports in the Middle East (Al-Abdul Wahhab,
Ramadhan and Asi, 1994; London Heathrow Airport, 2022). An overview of thresholds

considered in the design and operation of airports is provided in Table 2-7.

Table 2-7 Selected examples of operational thresholds for climate extremes for airports in the UK
(adapted from the original from Verschuur et al., 2024)

Climate driver ‘ Threshold

High temperature UK tarmac standards lose integrity when temperatures exceed 32°C (in the
shade). The threshold for maximum take-off weight restriction for London
airports, such as London Heathrow, is over 35°C, while in other countries
ranges from 29-54°C (Pek and Caldecott, 2020; London Luton Airport, 2021;
London Heathrow Airport, 2022; De Vivo et al., 2023a)

Low temperature The response threshold for de-icing is Tmean < 0°C, while - 7 °C suggests
that de-icers start becoming less effective (London Luton Airport, 2021;
London Heathrow Airport, 2022)

Flooding Although the inundation level depends on the stormwater infrastructure
capacity, a threshold of 25 mm/hr of precipitation has been recorded
(London Heathrow Airport, 2022). Water films >3mm can lead to reduced
safety standards (aquaplaning) during take-off and landing (Meyboom,
2022)

Extreme wind Wind speeds 15-20 knots or wind gusts = 28 knots may impact aircraft take-
off performance. Impacts on high structures may be possible when wind
speed exceeds 30-34 knots or wind gusts = 43 knots (London Luton Airport,
2021; London Heathrow Airport, 2022)

Extreme snowfall The threshold for lying snow in the UK London airports is = 20 mm for dry
snow, 10mm for wet snow and 3mm for slush, while accumulations of snow
of more than 1 cm trigger winter operations plan (London Luton Airport,
2021; London Heathrow Airport, 2022). In US airports, such as Seattle, a
threshold of 76.2mm of snow is used to trigger a snow alert (National
Academies, 2016)

(National Academies, 2016; Pek and Caldecott, 2020; London Luton Airport, 2021; London Heathrow Airport, 2022;
Meyboom, 2022; De Vivo et al., 2023a)

Another implication of climate change is the impact on wildlife populations in local
ecosystems or bird migratory patterns (for example, spring migration may occur earlier, or

species may expand their territory) (Burbidge, 2018; Gratton et al., 2022). While the above

34



impacts are highly localised and can be managed within a local biodiversity management
plan, a shift in bird distribution can pose safety risks or even lead to disruption to airport
operations (ICAO, 2022a). On certain occasions, changes in climate parameters may lead
to the introduction of new flora species that could change the balance in the local
ecosystem attracting new bird species; forinstance, in the Dallas/Fort Worth International
Airport area, the introduction of a species of pea plant attracted pigeons, leading to an
increase in bird strikes (ICAO, 2018). Accounting for shifts in local biodiversity has been
considered when analysing vulnerability, like in the case of Nice Cote d’Azur Airport (French

Civil Aviation Authority, 2016; Lopez, 2016).

A consequence, often overlooked in many studies, relates to the interdependence and
interrelation of the different elements of the airport. Infrastructure systems are
interconnected by nature; therefore, disruptions or failures in one system may lead to
cascading failures in others (DEFRA, 2011; Wilbanks et al., 2020). For instance, in 1998, a
severe ice storm in northeastern Canada disrupted electricity networks, triggering failures
in the water and transport systems. Due to the failure of the electrical power grid, there was
widespread disruption at Montréal-Trudeau International Airport (Chang et al., 2007). Also,
in Melbourne, Australia, during the heatwave of 2009, failures in the power grid had ripple
effects, leading to multiple failures in communication systems and air, rail and road

transport systems (McEvoy, Ahmed and Mullett, 2012).

When climate extreme events occur during periods of high demand for air travel (for
example, during the summer holidays, Christmas or Easter period), the level of impact in
terms of disruption can be amplified, as in the example of the London Gatwick Airport flood
on Christmas Eve (Chatterton et al., 2016). The above suggests that in geographies where
winter or summer weather conditions can become extreme, the implications of such
events can be severe (Sheehan, 2019; Zhao and Sushama, 2020; De Vivo et al., 2021).
However, climate extremes do not always align with seasonal fluctuations in air travel

demand.

Despite efforts to mitigate climate change, it is widely acknowledged that a certain level of
change has become inevitable (IPCC, 2021b), suggesting that a further increase in global
warming will increase the frequency and intensity of the projected changes in extremes. It

seems almost certain that airports that have previously experienced climate-related
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impacts will likely continue to experience more significant consequences if they do not

undertake action to mitigate the risk.

2.5 Analysing climate risk

Identifying, analysing, understanding, and assessing risk is significant in any risk reduction
strategy. It provides the basis for setting priorities and establishing a tailored action plan to
mitigate risk (Burbidge, 2018; ICAO, 2019a; National Academies of Sciences Engineering
and Medicine, 2020). There are many definitions for risk; the ICAO (2013) definesrisk as ‘the
predicted probability and severity of the consequences oroutcomes of a hazard’. According
to the United Nations Office for Disaster Risk Reduction (UNISDR, 2015), risk is ‘the
combination of the probability of an event and its negative consequences’ while disaster
riskis defined as ‘a function of hazard, exposure and vulnerability that provides an estimate
of potential disaster losses in physical, social, or environmental assets’. Bearing in mind
the latter, risk includes a combination of the measurable characteristics of the climate
hazard that describe its expected impact, the number of assets and people exposed to the

hazard and their vulnerability to damage, as depicted in Figure 2-6.

Hazard
Characteristics of
the climate hazards
that describe the
expected impact on
the airport system

Vulnerability Exposure
Vulnerability of Assetsand
the airport people exposed
systemto loss to climate
and damage hazards

Figure 2-6 Risk definition (developed considering the terminology provided by UNISDR (2015))

By definition (UNISDR, 2015), the term hazard is associated with the probability of
experiencing a certain intensity of a harmful event, which in our case is a climate hazard, at
a specific location; therefore, the key measurable characteristics typically refer to the

following (United Nations, 2016):
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e Ageographic locationis a precondition for the occurrence of the hazard as it relates
to an area subject to the possibility of a climate hazard event (e.g. airports located

by the coastline are subject to flooding due to sea-level rise and/or storm surges).

e Frequency typically refers to the number of times a specific event has occurred

within a particular timeframe (Jackson, 2013).

e Intensity is a measurement of the consequence of the hazard in a specific location
(Jackson, 2013). Depending on the type of hazard, a wide range of scales and
indices are used for the measurement, including loss estimate, state of the

damage, and monetary value (Blong, 2003).
e The probability of occurrence shows the extent to which the climate hazard is likely.

In many studies, the hazard analysis and its characteristics use historical scenarios and
statistical analyses of observations or different probabilistic hazard assessment methods
(Apel et al., 2004; IPCC, 2012; UNISDR, 2015; Stephens and Bledsoe, 2020). Regarding
climate change and related hazards, besides the above characteristics, the IPCC (IPCC,
2018b) uses the term confidence to define the robustness of a finding by considering the

evidence and degree of agreement.

Exposure, as a term, defines the presence of assets and/or people in a hazard-prone area
(IPCC, 2012; UNISDR, 2015; United Nations, 2016) and includes all components that might
be exposed to and affected by specific climate hazards (Birkmann, 2013). As a term,
scholars often use exposure to describe the nature and extent to which a system is prone
to experience climate variability or environmental change (Rowan et al., 2014). Airports may
be exposed to climate hazards differently, depending on their geographic location; for
example, airports in close proximity to rivers or coastal areas can be exposed to flooding
(Dolman and Vorage, 2019). Consequently, the airport's location is one of the main factors
contributing to climate hazard exposure. Also, the exposure level may differ depending on
the climate change scenarios or the airport characteristics (e.g., parts of the infrastructure

exposed to the climate hazard, number of passengers).

Quite often and depending on the focus of the study, exposure has different dimensions,
addressing the physical (infrastructure, buildings, other assets), social (people) or

economic dimension (economic and business activity) (Peduzzi et al., 2009; Nguyen, Liou
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and Terry, 2019). These dimensions are often used as a metric in risk modelling studies; for
example, the number of people or buildings in a given area exposed to a specific hazard
(Peduzzi et al., 2009) or the value of assets or the service/product produced (Novelo-
Casanova and Sudarez, 2012). Insurance companies also use the dimensions mentioned
above to define how exposed an organisation can become in the event of a natural hazard

occurrence (Zurich Risk Engineering, 2022).

Vulnerability is arisk determinant with many definitions, and in general, many scholars use
this concept to define the outcome of a series of conditions and processes (Flssel and
Klein, 2006). As a term, vulnerability is used to describe the potential for harm or loss
(Cutter, 2013) and is often linked to the predisposition to ‘be adversely affected’ (IPCC,
2012). Usually, it addresses the expected degree of loss and reflects the hazard
consequences to assets or people (Fuchs, Heiss and Hubl, 2007). In transport system
studies, vulnerability often reflects the risk posed to society by service disruption (Mattsson
and Jenelius, 2015). In contrast to exposure, vulnerability tends to relate to the
characteristics of the systems and the specific hazard (IPCC, 2012). Forinstance, an airport
system may be exposed to multiple hazards such as storms, extreme precipitation, and

sea-level rise; however, it may be vulnerable to just one (e.g. pluvial flooding).

In many cases, vulnerability is associated with a system's ability to cope with a hazard's
impact from the physical, social and economic perspective, reflecting the resistance to
damage (Wu, Yarnal and Fisher, 2002; Proag, 2014). In climate change research,
vulnerability is often linked to adaptive capacity and sensitivity (Adger, 2006; Fussel and
Klein, 2006; Smit and Wandel, 2006). While sensitivity addresses the degree to which an
exposed system s affected (Flsseland Klein, 2006) and how it reacts to a change in climate
(Rowan et al., 2014), adaptive capacity mainly refers to the ability of a system to adapt

(Engle, 2011; Rowan et al., 2014).

The concept of adaptation has only recently been identified as one of the blocks to
strengthening the global response to climate change (United Nations, 2007, 2015). As a
term, it refers to ‘the process of adjustment to actual or expected climate and its effects, in
orderto moderate harm or exploit opportunities’ (Field et al., 2012). It, therefore, addresses
the ability of a system to prepare for or respond to stresses to reduce the negative impacts

of climate hazards (Nguyen, Liou and Terry, 2019).
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As a result, adaptive capacity influences the existing levels of vulnerability, moderates the
exposure and the sensitivity of the overall system (Engle, 2011) and consequently reduces
the overall levels of risk. In an airport context, it addresses the capacity of the airports to
adjust their functions and characteristics to increase their ability to cope with existing
climate variability, anticipate future change, reduce risk, and recover from the

consequences in a timely and orderly manner.

Looking at defining risk in a holistic way, the main risk determinants need to reflect the
characteristics of the climate hazards, the exposure of the airport system and how
vulnerable the exposed elements are to the occurrence of the specific climate hazard and
actions undertaken to increase the airport system’s capacity to adapt and reduce the risk

(Figure 2-7).

Hazard
Characteristics of
the climate hazards
that describe the
expected impact on
the airport system

Adaptive capacity
Abhility of the airport
systemto adapt and
reduce risk

Vulnerability
Vulnerability of the
airport systemto loss
and damage

Exposure
Assetsand people
exposed to climate
hazards

Figure 2-7 Determinants of risk (developed based on the work of Engle, 2011; IPCC, 2012; Nguyen,
Liou and Terry, 2019; Proag, 2014; Rowan et al., 2014; Smit and Wandel, 2006)

Analysing climate hazard-related risks in the context of airports has only recently gained
attention. This is surprising, considering that risk assessment is integral to aviation safety
management. Common applied practices and frameworks for risk assessment typically
refer to risk matrices that consider aspects of probability and severity (ICAO, 2013a) or the

‘bowtie’ methodology (de Ruijter and Guldenmund, 2015).

When it comes to climate risk, the conceptualisation and analysis appear to be influenced
by how risk is defined. For instance, Lopez (2016) describes a risk matrix developed by the

French Technical Centre for Civil Aviation to assess climate change risks to airport
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components; risk is conceptualised as a combination of the probability of climate change
occurring and its potentialimpact on airport operations. Similarly, Norway’s primary airport
operator employs a risk priority matrix to evaluate climate hazards based on the likelihood

of occurrence, severity and potential consequences (Larsen, 2015).

Lately, organisations such as ICAO or the UK Department for Transport (DfT) have provided
structured guidance on conducting climate change risk assessments (ICAO, 2022b; DfT,
2024b). ICAO’s methodology employs a risk matrix that evaluates risk based on the
likelihood of a climate hazard event occurring and its potential consequences, while also
factoring in the adaptive capacity to identify residual vulnerabilities. Similarly, the DfT
framework determines current risk levels to use as a baseline and compares these with
future risks under various climate change scenarios; risk is defined as a combination of

likelihood and consequence scores.

While the risk matrix approach addresses the probability of occurrence of a climate hazard
and the potential impact on the airport system, it could underestimate the overall climate
risk as it tends to prioritise high-probability events. This raises concerns about low-
probability events, which have not been given much attention but could have a significant
impact, especially considering that the past years have been marked by the occurrence of
a series of unprecedented events. For example, in 2022 in the UK, an extreme heatwave
was recorded when temperatures exceeded 40°C for the first time (Kendon, 2022b). Also,
in the same year, the Met Office issued rare red warnings for storm Eunice, one of the past
decade's most severe and damaging storms, with wind gusts exceeding 122mph (Kendon,
2022a). It also draws attention to how risk and its determinants are understood and
perceived, and how these shape risk mitigation strategies (Slovic, 1987; Raaijmakers,

Krywkow and van der Veen, 2008)

Besides the risk matrix approach, many scholars look at scenario-based approaches
(Dolman and Vorage, 2019) or use curves or indicators to quantify risk or vulnerability
(Papathoma-Kohle, 2016; De Ruiter et al., 2017). For instance, Li et al. (2016) use curves to
measure the vulnerability of a civil aviation network considering the hazard-prone area and
the overall direct and indirect impact. Lately, the overall risk assessment process has
started becoming more systemic, associating the different elements that drive risk aspects
(Poo et al., 2018; De Vivo et al., 2023b). The combination of risk elements like exposure,

sensitivity and adaptive capacity is often found in indicator-based frameworks developed
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to measure vulnerability in transport systems or an urban context (Novelo-Casanova and
Sudrez, 2012; Rowan et al., 2014; Eidsvig, Kristensen and Vangelsten, 2017; Havko, Titko

and Kovacova, 2017).

Building upon the concept found in the IPCC risk analysis (IPCC, 2014), De Vivo et al. (2021)
present a risk assessment framework for Mediterranean airports that considers a
combination of hazard, exposure, and vulnerability. A similar approach is introduced by
Debortoli et al. (2019) to assess the vulnerability of Arctic aviation. Although the concepts
mentioned above tend to offer a more holistic method of risk analysis compared to the
typical risk matrix, they tend to address mainly physical and socio-economic aspects
without incorporating business elements or considering interdependencies and
interactions with other systems that have the potential to influence the operational
capacity of the airport if impacted by a climate hazard occurrence. Furthermore, they
partially address the airport system’s ability to anticipate, prepare, adapt and respond to

the adverse effects of the climate hazard.

Valuable examples from the literature of airports conducting climate risk assessments as
part of the broader adaptation planning process are the cases of London Heathrow Airport
and Athens International Airport (London Heathrow Airport, 2011; Vogiatzis et al., 2021). In
2011, London Heathrow Airport conducted an extensive risk assessment to evaluate
climate-related risks affecting direct and indirect operations, aiming to inform climate
adaptation strategies. The adopted process revealed 34 short- and medium-term risks,
which were prioritised based on the timeline, likelihood, impact, existing control measures,
and the understanding of uncertainties and critical thresholds. In addition, a series of
adaptation measures were putforward addressing aspects such as action, preparation and
monitoring (London Heathrow Airport, 2011). Athens International Airport adopted a similar
approach; identifying and prioritising risks allowed quantification based on the likely direct
and indirect consequences of climate hazard occurrences to the airport operations. The
above allowed for a tailored approach to adaptation, considering the defined severity of the

risk (Vogiatzis et al., 2021).

2.6 Paving the way to adaptation

From the risk management perspective, airport operators are expected to undertake action

to mitigate climate hazard-related risks. Such action (Figure 2-8) may focus on
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strengthening airport critical infrastructure or adjusting operations to cope with the current
and future climate stressors. This could involve limiting the exposure of critical assets,
operations, and people to climate risks and/or reducing vulnerability to climate hazards in
airport locations. It may also involve action to enhance the airports’ ability to anticipate
future change and respond effectively or maintain its functions during an extreme climate
event, and if a climate-driven disruptive event occurs, actions that enhance the airport’s
ability to recover quickly. Finally, it may include transforming the existing business culture
to develop and sustain a mechanism to coordinate and deliver the different adaptation
actions to prepare for, respond to the changing climate and recover when the change
occurs (Berman, Quinn and Paavola, 2012; Brooks and Adger, 2005; Cutter, 2013; Masood
etal., 2016).

Prepare,
respond, Limit
. exposure
recover adaptation
Increase
resilience to
remaining SEIEE
: vulnerability
risks

Figure 2-8 Adaptation as part of the risk management approach (based on IPCC, 2012)

There are many drivers for undertaking action to minimise climate hazard-related risks

(Figure 2-9).

Reputation &

Reduce response to Policy or
economic loss changing user regulation
behaviour

Business

continuity

Figure 2-9 Main drivers for undertaking climate risk mitigation action (adapted from Voskaki, Budd
and Mason (2023)
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From an airport's perspective, reducing climate risk tends to be driven by ensuring business
continuity or reducing economic loss. The primary type of measures adopted by airports
aim to enhance the airport's ability to prepare for and respond effectively or maintain its
functioning during or after an extreme climate event (Burbidge, 2017; Debortoli etal., 2019;
ICAQ, 2021). In some cases, the undertaken actions aim to control potential loss, as failing
to implement climate-proofing can result in significant repair/restoration costs for

damaged assets (Taylor and Philp, 2010).

Other parameters that drive airports to undertake climate hazard-related risk mitigation
action include policy or regulation; without doubt, there is a need for airports to maintain
compliance as part of national adaptation planning activities (Transportation Research
Board, 2012); forinstance, the Climate Change Act in the UK sets out a set of requirements
for airport operators and the need to address climate risks (Kollamthodi, Fordham and
Stephens, 2011). Lately, there has been an emphasis on changing the ‘business as usual’
practices and proactively act to build more climate resilience into the system (DfT, 2024c).
The latter calls for a qualitative, semi-quantitative or quantitative climate change risk
assessment to identify climate hazards affecting airports, define future climate conditions,
identify potentialimpacts, assess the risk and develop an appropriate adaptation plan (DfT,
2024b). Also, lately, in countries like the UK, assessing and undertaking action is mandated
by financial institutions and investors to secure financing or insurance premiums (Taylor
and Philp, 2010; Pek and Caldecott, 2020). Furthermore, climate risk mitigation action can
respond to user behaviour, considering that climate change may shift trends regarding

travel flows (Adger, Arnell and Tompkins, 2005; Taylor and Philp, 2010; Burbidge, 2018).

Commonly, decision-making on the choice of risk mitigation measures is shaped by the
characteristics of the anticipated consequences, and many parameters shape the choice
and prioritisation of measures (Koetse and Rietveld, 2012). The process is iterative with
multiple feedbacks (IPCC, 2012). The mechanism of assessing, planning and deciding on
the measures typically starts with identifying, analysing and assessing risk, building an
understanding of the implications due to one or multiple climate hazard occurrences and
analysing areas presenting susceptibility, providing the basis for establishing goals and
prioritising action (Rattanachot et al., 2015; European Environment Agency (EEA), 2025).
The ultimate goal of the process is to deploy strategies, such as infrastructure upgrades,

protection measures, operational interventions, or changes in procedures and policies in
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place after evaluating current management, design and planning frameworks (Lindbergh,

Reed, etal., 2022).

From a climate risk perspective, adaptation can be seen as an integral part of the risk
management process with aforward-looking focus. Adaptation strategies and planning can
shape the airport system's vulnerable parts, increasing the capacity to respond to current
or future climate challenges (Yang and Ge, 2020). It can take many shapes depending on
the individual climate challenges and the airport characteristics, ranging from the initial
observation of the climatic stressors affecting airport systems to the planning of action to
adjust. For instance, adaptation may include increasing the infrastructure's resistance
through flood defences, setting up early warning systems, re-designing vulnerable parts of
the infrastructure, and re-adjusting affected operations to address new climatic
conditions. It can also involve strengthening technical capacity, developing policies,
facilitating financial support, raising awareness and learning to anticipate (Brooks and
Adger, 2005; Koetse and Rietveld, 2012; Masood et al., 2016; Orsato, Barakat and De
Campos, 2017).

Numerous examples of measures airports undertake to address climate hazard-related
risks are presented inthe literature. Table 2-8 provides selected examples grouped into four
main categories:

e Infrastructure improvement and protection measures

e Operationalresponse and preparedness

e Knowledge and awareness of the risk

e Governance and institutional capacity
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Table 2-8 Selected examples of literature covering climate risk mitigation types of measures (adapted/supplemented from the original from Voskaki, Budd
and Mason, 2023)

Reference | Brief study description Examples of measures Key category of action
Infrastructure Operational Knowledge @ Governance
improvement | response and and and
& protection | preparedness awareness institutional
measures of the risk capacity
(ECAC, Presents examples of Incorporation of a climate resilience study into the X X X X
2024) adaptation measures master plan, advanced climate modelling to determine
addressing different enhancements, knowledge sharing, upgrade drainage
approaches for multiple systems, regular inspection, maintenance, and cleaning
climate hazards of the drainage system, building water resistance and
flood protection, terrain adjustments, coastline
protection, green spaces, water recycling
(Burbidge, Presents examples of Reinforce infrastructure, update design standards, X X X X
Palingand | adaptation measures contingency plans and emergency procedures,
Dunk, addressing different climate | awareness raising, forecasting, and monitoring
2023) hazards
(ICAO, Presents examples of Protection measures, climate-proofing assets, climate X X X X
2021) airports taking action to risk embedded into organisational decision-making,
improve critical coordination with stakeholders, emergency
infrastructure and become communication systems
more climate-resilient
(Vogiatzis Presents Athens Critical infrastructure improvements, enhance X X X X
etal., International Airport’s emergency response mechanisms and disruption
2021) framework to assess climate | contingency plans, improve operational practices (e.g.
risk and provides a list of water management, energy efficiency, back-up for safety
existing control measures critical systems), coordination with stakeholders, training
and targeted actions to
increase resilience to
climate change
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Reference | Brief study description Examples of measures Key category of action
Infrastructure | Operational Knowledge Governance
improvement | response and and and
& protection | preparedness awareness institutional
measures of the risk capacity
(Dolman Presents the example of Flood protection for vulnerable assets, a holistic system X X
and Changi Airport and of protection around the airport perimeter, and water
Vorage, measures to build climate conservation measures
2019) resilience to heavier storms
and rising sea levels
(ACI, 2018) | Provides a list of climate Protection for vulnerable assets, critical infrastructure X X X
adaptation initiatives enhancements, design guidelines for climate resilience,
undertaken by airports in integration of climate change issues into strategic
different parts of the world planning and operational activities, forecasting and early
warning systems, coordination with stakeholders
(Fisk, Provides a sample of Upgrade electrical and lighting systems, drainage X X X
2017) resilience and adaptation systems, review emergency procedures, pest fauna
options for coastal airports controls to control bird strikes, alternative water
supplies, improve energy efficiency, relocation of assets,
consider the impact on supply chains
(Ferrulli, Discusses climate resilient Protection measures, infrastructure improvements (e.g. X X
2016) airport design and provides flood protection, critical infrastructure enhancements,
examples of the likely elevation/relocation of critical infrastructure and
climate change effects and equipment, climate-proofing assets), climate-resilient
design solutions infrastructure design, improve operational practices (e.g.
water management, vegetation, energy efficiency)
(Stewart, Discusses adaptation Infrastructure improvements, revisiting design standards, X X X
Klin and actions at US airports climate-proof ground access, improving operational
Vigilante, practices, communication and collaboration with
2011) stakeholders

(Stewart, Klin and Vigilante, 2011; Ferrulli, 2016; Burbidge, 2017; Fisk, 2017; ACI, 2018; Dolman and Vorage, 2019; ICAO, 202 1; Vogiatzis et al., 2021; Burbidge, Paling and Dunk, 2023; ECAC, 2024)
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The analysis of how airports respond to existing climate stressors provides a greater
understanding of current actions to adjust and mitigate changes in the climate. This can
help inform adaptation planning. Airports already facing the impacts of climate change
tend to prioritise action to strengthen critical infrastructure; for instance, airports located
in low-lying, flood-prone or coastal areas, like Amsterdam Airport Schiphol (Dolman, 2016;
Dolman and Vivekanandhan, 2022). While the design and specifications of infrastructure
and assets influence the vulnerability level, new developments can use new design
specifications, like elevating the runway, to protect against flooding. A notable example is
Brisbane International Airport, which is at risk from coastal flooding due to sea level rise
and storm surges (ACI, 2018). To build flood resilience, the new runway has been
constructed 1.5 meters above the minimum regulatory requirements; seawalls and
upgraded drainage systems with channels to address tidal flooding are also included in the
flood-proofing plans (National Climate Change Adaptation Research Facility, 2016).
Similarly, Changi International Airport has implemented measures to address coastal
erosion, rising sea levels and storm surges. The development of the Changi East site was
designed 5.5 meters above the mean sea level, incorporating upgraded drainage systems

to reduce flood risk within the airport area (ACI, 2018; Dolman and Vorage, 2019).

Setting new standards for infrastructure design is often observed where airports have had
to deal with severe consequences after an event. Following the severe damage caused by
Typhoon Jebiin 2018, Kansai International Airport in Japan amended the design criteria and
expanded the overall flood protection to account for similar extreme storm surges and sea
level rise (ICAO, 2019a). Likewise, the design of Istanbul Grand Airport in Turkey
incorporated standards exceeding the national regulations to account for climate change;
examples include higher structural load factors for wind and snow and more conservative
assumptions for temperature variations (ICAO, 2019a). Other interventions for new
infrastructure revolve around water and energy efficiency. For example, new airport
developments in Spain are called to consider increasing energy demand for cooling in the
terminal design due to extreme temperatures. In addition, planning for longer runways will
allow airports to address potential aircraft weight restrictions during heatwaves (Milanés et
al., 2013). In terms of water efficiency, water conservation is often taken into account when
airports need to deal with water scarcity, including initiatives to control leaks and monitor

demand and uses; Carvalho et al. (2013) refer to Sydney Airport and the installation of a
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sophisticated real-time water demand monitoring system and the leak detection program
at Manchester Airport. Water reuse is also an applied practice; collecting rainwater at
Munich Airport allows it to return to the groundwater via a decentralised infiltration system

(ECAC, 2024).

Designing new infrastructure may not always be an option. In most cases, airports need to
look at different measures to mitigate climate risks, like safeguarding critical assets and
making targeted interventions. Strategies to protect the coastline are often seen when
coastal airports are threatened by sea level rise and storm surge. San Francisco
International Airport in the US is in a flood-prone coastal zone, facing the risk of flooding
due to rising sea levels and extreme tidal events, especially during the EL Nifio season. To
address the risk of coastal flooding, a USD 587 million shoreline protection program has
been implemented, including installing concrete-capped steel sheet pile walls and steel
king pile walls along the 8 miles of the airport's shoreline. This initiative aims to provide
flood protection for the airport, considering a 100-year storm surge and future sea levelrise
(San Francisco International Airport, 2020). Similarly, the risk of coastal flooding at the
Thessaloniki Airport in Greece will be addressed through the construction of rip rap walls
to stabilise the coastline and provide protection during storm surges and sea level rise
(ECAC, 2024). To build more flood resilience, Munich Airport conducted a hazard analysis
with flood modelling, considering different precipitation scenarios and identifying
vulnerable areas; these were addressed by deploying resilient drainage infrastructure and

greening surfaces (ECAC, 2024).

In addition to climate-proofing, measures to build more resilience to operations enhance
the airport’s preparedness. One of the most widely adopted approaches is having an
efficient emergency response mechanism in place, especially in the case of airports
frequently dealing with disruptions due to storminess or extreme winter conditions. Dallas-
Fort Worth International Airport in the US often faces several extreme winter events that
lead to severe disruption and the cancellation of hundreds of flights. In response to extreme
winter conditions, the airport has implemented a snow and ice control program, which
includes upgrading snow and ice management systems, acquiring snow removal
equipment, and ensuring that airport staff remain trained to respond to such events

(Sheehan, 2019).
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Besides measures that aim to enhance infrastructure and operations, a key focus in the
literature is the capacity of airports to adjust to changes driven by climate variability (Rowan
etal.,2014; Nguyen etal.,2016; Yangand Ge, 2020); for example, how efficiently the airport
can adjust its operations during a climate hazard occurrence and how swiftly it can resume
services following a disruption (Hellingrath et al., 2015; Zhou and Chen, 2020). The above
highlights the need for decision-making within the airport system that supports timely
planning, coordination, and collaboration with stakeholders to ensure an effective
response and recovery process. An example is the decision-making at Hong Kong
International Airport; the airport authority actively engages with relevant stakeholders to
prepare for emergency scenarios. In this context, during Typhoon Hato in 2017, early
coordination and thorough planning allowed airport operations to resume the following day

(ACI, 2018).

Also, the level of awareness and understanding of the implications of climate hazards and
how they manifest is a critical factor. A lack of awareness is widely recognised as a
bottleneck when it comes to adaptation (Burbidge, 2018). The sharing of knowledge and
best practice has beenidentified as essential to recognising emerging risks and developing
suitable and cost-effective risk mitigation strategies (Transportation Research Board, 2012;
ICAO, 2019a). For instance, London Heathrow Airport, following the 2010 snowfall event,
conducted a study to review best practices adopted at airports operating in extreme winter
weather to develop an approach tailored to the UK conditions (Begg et. al, 2011; London
Heathrow Airport, 2016). Building knowledge is also essential, and many airports, like
Athens International Airport, invest in training airport staff and creating awareness of
climate hazards and their implications. For example, to address rising temperatures and
heat waves, first aid training and ways to address safety risks were provided to staff working

outdoors (Vogiatzis et al., 2021).

Overall, depending on the airport's climate hazard challenges and the level of awareness,
climate risk mitigation can be proactive, reactive, or acombination of both. In many cases,
undertaken action is shaped by the findings of assessments, such as climate risk or
vulnerability assessments, identifying gaps and areas of susceptibility. However, certain
key considerations are noted despite the wide range of measures. Integrating climate
resilience into broader airport business planning allows for acomprehensive approach that

combines critical infrastructure enhancements, improvement in existing operational
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practices, and targeted changes in the governance and institutional capacity that further

improve the airport's ability to respond (Voskaki, Budd and Mason, 2023).

Looking at applied actions to address climate hazards, the literature indicates that they are
oftenimplemented in reaction to climate events that cause significant disruption. Although
this demonstrates the airports’ ability to react and learn from previous experiences (Brooks
and Adger, 2005), it can be a short-sighted approach as it is not part of broader medium or
long-term adaptation planning. In many cases, the undertaken measures are focused on
eitherreducing the exposure of the critical infrastructure through hard protection measures
(e.g. elevating the runway) or increasing the effectiveness of the emergency response
mechanism (e.g. conducting regular drills to prepare to respond quickly and efficiently in
the case of an event). In these cases, measures to address climate hazards do not always
include all aspects of related risk, compared to the cases of new airport development,
where the risk mitigation measures are more holistic and are embedded into the broader
planning and design of infrastructure. The above suggests a need to enhance the overall

capacity of airports to design and implement effective adaptation strategies.

This reveals one additional challenge for airports to resolve: using their existing capability
to cope with climate hazards to build further their adaptability over the long term (Berman,
Quinn and Paavola, 2012). This journey requires a holistic and comprehensive
understanding of the climate risk dimensions, their interrelation, and how they are

translated in terms of impact and broader sustainability implications.

2.7 The need for a holistic framework

In general, how risk is understood and analysed influences the prioritisation of actions and
the ability to facilitate targeted initiatives to build adaptability. Although climate hazards
suggest a unique type of risk that is dependent on the geographic location and the climate
scenario, it can be interpreted into a series of slow-onset or extreme events with varying
degrees of predictability that add a level of complexity to the risk analysis process (Shakou

etal., 2019).

Another aspect for consideration as regards the risk analysis concepts identified in the
literature is how the relationship between risk determinants is perceived. In the approach
introduced by Treby, Clark and Priest (2006) to analyse flood insurance, the risk is seen as

a triangle with sides the hazard, exposure and vulnerability; if one side of the triangle is
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eliminated, the risk can also be eliminated. This implies that even though an airport system
may be exposed to a specific climate hazard, the occurrence of an event with different
characteristics (for example, different level of intensity) or the implementation of measures
to mitigate or cope with the impact of the hazard may reduce the vulnerability, and as a

result will probably lead to a different level of risk.

Understanding climate risk is essential in developing a strategy and taking action to tackle
the climate change challenge. This requires a holistic climate risk analysis that does not
only focus on the characteristics of a climate hazard occurrence, often found in traditional
risk matrix approaches, as the magnitude and implications of the impact may not
necessarily be a function of the size of this single event only. Climate risk emerges when a
triggering climate event affects an exposed airport, whose elements are vulnerable to that
specific hazard. Considering the description provided by IPCC (2012) on climate risk
reduction, the overall risk can be reduced if measures are implemented to reduce the
airport’s exposure and/or vulnerability to the specific climate event or to increase the
airport’s ability to anticipate, prepare, adapt and respond to the adverse impacts.
Consequently, the level of climate risk depends on an airport’s decisions on planning and
operational matters to reduce vulnerability and exposure and build adaptive capacity,
assuming that climate events cannot be avoided. The above brings to the surface the
importance of having appropriate tools that analyse and bring the different dimensions of

climate risk together and support informed decision-making.

Evidence suggests that scholars have only recently started analysing the implications of
specific climate hazards to the airport system. Lately, more comprehensive climate risk
frameworks have been developed, incorporating indicators and considering regional
climate change projections. Still, they fail to address all related aspects, such as network
failures or interdependencies, resulting in disruption or any other business impact. Also,
although adaptation is an integral part of the risk management process and a requirement
for airports, many risk analysis frameworks mainly focus on quantifying specific risk
determinants like hazard, exposure, or vulnerability. Only in some instances, risk analysis
addresses factors reflecting the adaptive capacity of the airport system. When this
happens, the included factors primarily reflect a reduction in loss and potential disruption
without including attributes relating to anticipation, adjustment, learning, preparedness, or

recovery (Proag, 2014; Shakou et al., 2019). Furthermore, there is limited focus on the
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process needed to create the environment to facilitate action to respond to current climate
hazards while at the same time building capacity to adapt to the projected change (Masood
et al., 2016). Practically, while these dimensions of adaptability are acknowledged as
necessary by scholars or aviation organisations (Burbidge, 2018; Yang and Ge, 2020; ICAO,
2021), risk analysis only on certain occasions includes the dimension of adaptation in a

holistic way.

Taking into account how airport operators currently address the changing risk profile, the
availability of tools to support a more comprehensive way of looking at climate hazard
aspects will enable the design of more sophisticated risk management strategies to
address future climate challenges. This requirement is also reflected by changes in the
investment environment, demanding airport operators to present comprehensive climate
risk assessments and risk management strategies to address climate-related risks (Pek
and Caldecott, 2020). The need to address the changing risk profile is becoming more
apparent for regional airports as they frequently encounter distinct operational challenges
in contrast to larger ones, such as constrained resources and infrastructure limitations,

which can hinder their capacity to respond effectively to climate change.

Considering the underlying uncertainties relating to climate change, one significant but
often overlooked aspect is how climate risk is understood and analysed, as this will
influence the prioritisation of actions and the overall ability to facilitate targeted climate
resilience initiatives. Reliance on existing climate risk assessment approaches raises
concerns about the ability of available tools to account for the complexity and nature of
climate hazards, climate change influence, and adaptation planning. A holistic approach

would identify weaknesses in existing strategies and enable building adaptability further.

In summary, understanding and analysing climate risk is essential for prioritising
action to build adaptability. Acknowledging the aspects that influence how climate
hazards can be manifested and influenced by climate change adds a layer of complexity to
the risk analysis process, making the existing frameworks inadequate for
comprehensively addressing risk. With climate change intensifying climate extremes, the
demonstrated sensitivity is only set to grow, placing additional stress on airport
infrastructure and the current way of operating. This underlines a growing need for
comprehensive climate risk tools that consider the risk holistically, from risk

determinants and elements that reflect network failures and interdependencies to
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elements that reflect the airport’s ability to drive adaptation action. Addressing this gap
is the key focus of this thesis, which aims to advance methodological approaches for
analysing climate hazard-related risk within airport systems. The development of such
tools would enable the design of more sophisticated risk management strategies to
address future climate challenges and meet the demands of the changing investment
environment. The methodological approach for addressing this research gap will be the

focus of the next chapter (Methodology).
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3 Methodology: The development of a framework for
climate risk analysis

To address the research gap identified in Chapter 2, this research will introduce the
development of a framework to support airports in identifying, analysing, and assessing
potential risks resulting from climate-related hazards. This framework, hereafter referred
to as the Airport’s Climate Risk Index (ACRI), will aim to provide a holistic approach to
understanding and analysing climate hazard risks within airport systems. This chapter
outlines the methodology for developing ACRI; it describes the approach, detailing the

steps and the methods used. The development of the framework includes six main stages.

Stage 1 (Section 3.1) identifies the nature of the research problem. This is followed by Stage
2 (Section 3.2), which includes a definition of the research approach, aim and objectives.
The conceptualisation of the research problem is presented in Stage 3 (Section 3.3). The
adopted approach for developing the prototype version is described in detail in Stage 4
(Section 3.4). Stage 5 (Section 3.5) includes information on the test and validation of the
working prototype version of the tool, while the next stage (Section 3.6) describes the steps
taken to develop the final version of the tool. The final stage (Section 3.7) describes the next
level of validation, data collection and analysis process. Figure 3-1 graphically presents the

main stages of the research process.

Identifying Defining the Conceptualising Developing Testing and Developing Validating,
the research research the research the prototype validating the the final collecting
problem approach, aim problem versionof the  working prototype version of the and analysing
and objectives tool version of the tool tool data

Figure 3-1 Key stages of the research process

3.1 Stage 1 - Identifying the research problem

As described in Chapter 2 (Literature review), a literature review was undertaken to
investigate the research problem. The review focused on identifying the primary climate
hazards affecting the global airport system, their impact and the broader implications,
methodologies used to assess climate hazard-related risk and elements affecting climate

risk, including concepts such as exposure, sensitivity, vulnerability, and adaptive capacity
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in an airport or critical infrastructure context. The main topics used in the literature review
are presented in Figure 3-2. Three main topic areas are used in the search: (a) climate

factors impacting airports, (b) climate hazard implications and (c) elements affecting

climate risk.

Climate factors impacting airports

Extreme precipitation
Sea-level rise

Flooding

Storminess

Changing wind intensity
Changing wind patterns
Extreme snowfall

Cold waves

Heatwaves

Drought

Climate hazard implications

Airport infrastructure damage
Airport critical equipment damage
Service disruption

Performance implications
Economic impacts
Environmentalimpacts

Impact on safety margins

Health and safety considerations
Supply disruption

Reduced airport access

Impact on reputation, investments

Elements affecting climate risk

Climate hazards

Hazard exposure and analysis
Vulnerability analysis
Sensitivity assessment
Adaptive capacity

Coping capacity

Climate change adaptation
Protection measures

Risk management

Safety management
Meteorological forecasting

Contingency plans
Emergency response

Air travel demand change

Figure 3-2 Literature review concept mapping

The review of the literature included a broad body of peer-reviewed articles using academic
databases, including Scopus and Science Direct, contributions to conferences,
government or airport-commissioned studies, technical reports, and research studies
(Table 3-1). The articles and reports were reviewed and analysed to determine the work that
has already been conducted and identify gaps in the literature this research could address.
More information on the literature review process and outcomes are included in Section

2.1.

Table 3-1 Literature review sources

Literature category No of sources

Peer-reviewed articles 57
Conference proceedings 4
Aviation industry and other technical/scientific reports 34

The review of the literature (Chapter 2) revealed a notable research gap in the availability of
risktools that comprehensively address all dimensions of climate hazard-related risks. This
research seeks to bridge that gap by developing a framework that integrates critical yet
often overlooked aspects of climate hazard risk analysis for airports. The following sections

describe the roadmap for developing this framework.
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3.2 Stage 2 - Defining the research approach, aim and objectives

The overall aim of the thesis is to develop a framework to analyse the risk of climate hazards

to the airport system under current and future climate change projections.

A practical tool, the Airport Climate Risk Index (ACRI), will be developed to accomplish this
aim. ACRI will be a composite indicator tool airports can use to analyse the overall risk due
to climate-related hazard trends and variability changes. The tool will consider the
applicable climate hazards in the airport location, climate change influences, the airport's

exposure and sensitivity and the current adaptability level.
Four research objectives (RO) are used to deliver the research aim:

RO1 To identify the key climate hazards and theirimpact on the airport system and analyse

theirimplications.
RO2 To define the exposure and vulnerability of the airport system to climate hazards.

RO3 To assess the operational and compliance risk of climate hazards to the airport

system.
RO4 To recommend measures to increase airport climate resilience.

The research objectives will be addressed using four research questions that guide the
literature review and the overall approach to constructing the climate risk analysis

framework, as shown in the research design in Figure 3-3.
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rt system under current and future climate change projections

OBJECTIVE 1:

To identify the key climate
hazards and their impact on
the airport system and
analyse their implications

OBJECTIVE 2:

To define the exposure and
vulnerability of the airport

system to climate hazards

OBIJECTIVE 3:

To assess the operational
and compliance risk of
climate hazards to the airport
system

OBJECTIVE 4:

To recommend measures to
increase airport climate
resilience

Research questions

Literature

What are the key climate hazards
affecting airports, their impacts,
and how can we analyse the
climate implications in an airport
context?

Data source

Literature

Development of the tool and application to UK airports

How can we measure the
exposure and vulnerability of
airports to climate hazards, and
how can we measure climate risk
in an airport context?

What approach should be adopted
to climate risk in an airport
context, what indicators should be
included in a model, and how can
they be measured?

Recommendations

How can the airport system build
adaptability and resilience to
climate hazards?

Literature

Data from the UK airports
participating in the pilot
study

Data from the UK airports
participating in the data
collection phase

Literature
Qutput of the model

Method

Critical review of the
literature

Critical review of the
literature
Conceptualisation of the
research problem
Construction of the risk
analysis model

Test and validation of the
risk analysis model

Risk analysis model
application to UK airports
Data collection and analysis

Critical review of the results
of the data collection

Chapter

Chapter 2: Literature
review

Chapter 2: Literature
review

Chapter 3: Methodology
Chapter 4: Analysis

Chapter 3: Methodology
Chapter 4: Analysis

Chapter 4: Analysis
Chapter 5:
Recommendations

airpo

RESEARCH AIM:
to develop a framework to analyse the risk of climate hazards to the

Figure 3-3 Research design

57



To address RO1 and RO2, a systematic analysis was conducted to identify literature
discussing climate change and related implications for airports and best practices to
respond to airports' current challenges, as presented in Chapter 2. This analysis built an
understanding of the existing sensitivity to climate hazards and climate-related trends and
approaches to analyse risk-related concepts in this context. This process, in turn, will
support the conceptualisation of the research problem, using an approach combining
fundamental elements adopted in various frameworks supported by theoretical

perspectives in the fields of natural hazards, adaptive change, and risk perception.

RO3 addresses the development of the model, the composite indicator tool. The
development of the tool will combine a literature review and case studies. Its construction
will be hierarchical; each stage will be more complex than the one before it, bringing
together elements of the preceding stages. The reasoning behind this approach is the level
of complexity found in the main risk components requiring analysis at different levels of
detail for their measurement, at least on a relative scale. For instance, the analysis will
address concepts like the historical sensitivity to applicable climate hazards, prevention,
response, and preparedness aspects, as well as other elements valuable in measuring
airports' level of exposure to specific climate hazards, vulnerability, and ongoing efforts to
build adaptive capacity. The quantification of these concepts is essential to conclude on
existingweaknesses and qualities influencing the airport's ability to control climate hazard-
related impacts and ensure business continuity. However, the measurement of these
concepts is simultaneously a complicated task considering the complexity of the airport

system and the different aspects that need to be accounted for.

To address RO4, an analysis will be conducted to identify literature discussing best-applied
practices to mitigate climate-related implications and build climate resilience. The results
of the analysis will support the recommendation of measures to increase the airports'

adaptability to specific climate hazards.

More details on the conceptualisation, the methods used, the framework development and

the data collection and analysis process followed are provided in Sections 3.3t0 3.7:

e 3.3 Stage 3-Conceptualising the research problem
e 3.4 Stage 4 - Development of the prototype version of the tool

e 3.5Stage 5 -Test and validation of the working prototype version of the tool
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e 3.6 Stage 6 - Development of the final version of the tool

e 3.7 Stage 7 - Collecting and analysing data

3.3 Stage 3 - Conceptualising the research problem

While RO1 was addressed in the literature review (Chapter 2), addressing RO2 and RO3 and
responding to the research questions concerning defining and measuring concepts such
as exposure, vulnerability, and climate risk in an airport context requires conceptualising

the research problem.

As discussed in Chapter 2, various frameworks in the literature analyse climate or natural
hazard-related risk using various methodologies. Examples include the use of probabilistic
risk assessment approaches, such as risk priority matrices (Larsen, 2015; Becker et al.,
2018; Vogiatzis et al., 2021), indicator frameworks focused on specific climate hazards or
geography (De Vivo et al., 2021, 2025) and tools that measure the susceptibility of physical
assets to hazards (Lopez, 2016; Debortoli et al., 2019).

The conceptualisation of the ACRI tool is based on the theory used by the IPCC (IPCC,
2012), according to which exposure and vulnerability to climate events determine the
impacts and the likelihood of disasters. This concept has been adopted in many studiesin
the field of risk, vulnerability and climate change adaptation using different variations
depending on the context (Peduzzi et al., 2009; Welle and Birkmann, 2015; De Almeida,
Welle and Birkmann, 2016b; Weis et al., 2016).

Developing a climate hazard risk analysis tool appropriate for an airport requires the
combination of different elements. On the one hand, airports constitute complex systems
with many interdependent elements; on the other hand, climate risk can be influenced by
many factors, from the topography and how well-protected the airport's critical assets are
to the supply chain's resilience. Also, considering all the interconnected and
interdependent elements and factors, how climate risk is perceived and addressed can be
a complex concept on its own. Therefore, a tailored approach is required to address all
aspects that determine and influence climate risk, combining different building blocks
identified in the literature. This approach is guided by the theoretical perspectives adopted

in this research and how risk and its outcomes are perceived and analysed.
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The key concepts used for the conceptualisation process are presented and discussed

below (Figure 3-4).

Airport is a dynamic complex . Building adaptability to
system with interdependencies 5 climate hazards reflects
and interactions with other AC RI tool how Urganlsatlpns choose to
systems and the environment deal with specific stressors
How risk is perceived . Exposure and
influences the 2 4 vulnerability to climate
facilitation of risk hazards determine the
reduction and impacts and the
adaptation likelihood of disasters

The level of risk is perceived as a
combination of climate hazards
and decisions made by
organisations on planning and
operational matters

Figure 3-4 Key concepts used to address the research problem

1 The airport is considered a dynamic and complex system.

One of the main building blocks is considering the airport system as complex and dynamic
rather than simple and static. Besides being part of a broader air transport network, the
airport, as a system, consists of several sub-systems and interrelated components;
changes in one of them can trigger events affecting parts of the airport or even its capability
to maintain its functions. The conceptualisation of the airport as a system includes not only
the physical components, like the critical infrastructure and critical assets, but also
aspects relating to the airport capacity, interrelated elements that support the overall
airport function, like, for example, ground operations, ground access, energy supply, the

socio-economic aspect, and the physical environment in which the airport operates.

2 Risk perception influences risk reduction.

How risk is perceived influences the airport's adaptive behaviour as it drives action to
facilitate efficient and targeted risk reduction initiatives. Therefore, an essential building
block relates to the perceived level of risk and how the airport understands the severity of
climate hazard, the exposure and overall vulnerability, and the efficiency of measures and

costs related to climate risk.
3 Risk is a combination of climate hazards and decisions on matters.
Considering that a climate hazard occurrence cannot be eliminated, implementing

measures to reduce the airport's exposure and vulnerability or building adaptability to the
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specific climate hazard can support the overall risk reduction (IPCC, 2012). Consequently,
risk can be perceived as a combination of climate hazard, exposure, vulnerability, and
decisions made by the airport on various planning and operational matters that can shape

its adaptability and, subsequently, its level of resilience.
4 Exposure and vulnerability to climate hazards determine the impacts.

Animportant concept adopted inthe process considers that the character and the severity
of impacts caused by a climate hazard depend not only on the hazard characteristics but
also on aspects relating to exposure and vulnerability (IPCC, 2012). Therefore, climate risk
emerges when there is an overlap of the following: (a) a triggering climate event affecting
the airport system, (b) airport assets, operations and people being exposed to this climate
event, and (c) airport elements being vulnerable to the specific triggering event. This also
implies that the climate risk can be reduced or eliminated if one of the above parameters is

reduced or eliminated (Treby, Clark and Priest, 2006).
5 Adaptability reflects a response to climate stressors.

Elements that reflect qualities that lead to increased adaptability are considered an
essential risk reduction dimension. The airport's capacity to adjust to potential damage or
disruption involves reinforcing crucial structures and functions. In addition, it requires
taking advantage of opportunities to implement a comprehensive preparation and
response mechanism, which determines how the airport will respond to the applicable
climate stressors and their consequences. Another attribute that is considered necessary
is the airport's overall ability to transform to ensure business continuity, minimise loss, and
support quick recovery after a disruptive event. All of the above imply that the airport can

understand risk, learn, and accordingly shape its strategy.

Considering the above concepts, the development of the framework is composed of the

following key risk determinants (Figure 3-5):

e Climate hazard profile, including current and future climate hazard levels
considering climate change influence. Climate hazard is a risk-increasing factor; its

occurrence may impact an exposed and/or vulnerable airport.

e Exposure analysis. Exposure is arisk-increasing factor; it depicts a range of airport

elements that can be affected by a climate hazard occurrence.
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e Vulnerability analysis. Vulnerability is a risk-increasing factor; it reflects the
tendency of the exposed airport elements to experience negative consequences in

the event of a climate hazard occurrence.

e Adaptability analysis. Adaptability is a risk-reducing factor; it reflects the ability of
the airport to adjust and take advantage of opportunities to anticipate, prepare and

respond to a climate hazard occurrence.

Climate hazard profile

Looks at the climate hazard types
applicablein the airport location
and builds understanding of the
future evolution of climate hazard
levels due to climate change
effects

Adaptability analysis

Analyse existing protection
measures to the identified climate
hazards, the level of preparedness
and the institutional capacity of
the airport to drive adaptation

key
climate risk

Vulnerability analysis determinants

Analyse predisposition to impact
due the airport location and/or
characteristics and sensitivity to
and impact of past events
considering the identified climate
hazards and the exposed
elements

Exposure analysis

Overview of the exposure of
airport elements of concern
(infrastructure/assets, operations,
people, interdependencies) to the
identified climate hazards

Figure 3-5 Main climate risk determinants considered in the conceptualisation of the research
problem
The following section will detail the adopted process for developing the framework and how

the tool is constructed and validated.

3.4 Stage 4 - Developing the prototype version of the tool

The conceptualisation of the research problem supports the development of a framework
that constitutes the basis for the development of the ACRI tool, addressing RO3 and how to
assess the operational and compliance risk of climate hazards to the airport system. The
development follows a hierarchical top-down approach as it makes it easier to define the
distinct parts that influence climate risk and the main risk determinants. The analysis of the
elementsthat can contribute to determining the concepts and subsequently measuring the
risk determinants and the risk itself uses four levels (Figure 3-6), moving from level 1, the
index level, to level 4, the variable level, which constitutes the basis of the analysis and the

overall measurement process.
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The index level provides information on
the risk index and constitutes the higher
level of the analysis

Climate risk

INDEX LEVEL

The sub-index level provides information
on the measurement of the main risk
determinants

The indicator level provides information
on a set of indicators used forthe
measurement of each sub-index

The variable level constitutes the basis of
the analysis and provides information on
a set of variables used for the
measurement of each indicator

Figure 3-6 Hierarchy of the analysis for the development of the framework

ACRI represents a composite index, and its development follows an indicator-based
approach. Indicator-based approaches are used in the literature, especially in the fields of
sustainability and natural hazards (for instance, Eidsvig, Kristensen and Vangelsten, 2017;
Kappes, Papathoma-Kohle and Keiler, 2012; Rowan et al., 2014) to combine and simplify
information into measurable metrics, making the analysis of complex phenomena and the
communication of the outcome of the analysis easier, supporting decision-making. The
measurement of the index considers approaches in the literature, such as the approach of
Welle and Birkmann (2015) to develop a World Risk Index. As mentioned, and shown in
Figure 3-6, the measurement of ACRI uses a combination of sub-indices, indicators and
variables. The construction of these elements uses building blocks identified in the
literature and specifically in indicator-based approaches used to measure climate risk or
other types of natural hazard risk, vulnerability, climate resilience or adaptive capacity (for

example, Cutter et al., 2003; De Vivo et al., 2021; Eidsvig et al., 2017a; Weis et al., 2016).

The reasoning behind this approach is that the sub-indices (i.e. the main climate risk
determinants) are complex concepts on their own, and their measurement requires further
analysis. Thus, they are further analysed into sets of indicators and variables to allow
measurement, at least on a relative scale. Similar reasoningis followed by Weis et al. (2016)
to map exposure, sensitivity and adaptive capacity and by De Vivo et al. (2021) to assess
extreme temperature and precipitation risk. In many cases, the selected indicators and
variables are used without any modification; in other cases, the variables or their

measurement scale are tailored to address the scope of the research (for example,
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indicators that are initially developed for urban or other types of infrastructure are tailored

to be relevant to an airport context).

Figure 3-7 provides the graphical representation of the ACRI structure.

A set of
variables
per
indicator
and per
hazard

Index level Sub-index level Indicator level Variable level

Figure 3-7 ACRI structure

As a general rule, variables contribute equally to their indicator; an average of each set of
variables perindicatoris considered. Variables are scored basedona1to5or1to 3 scale;
the justification for the choice of the variables and their scoring is provided in the relevant
paragraphs below . The scores are standardised using min-max normalisation, scaling
them from 0 to 1 (OECD, 2008). This approach is found in composite index studies, like the
one adopted by Kotzee and Reyers (2016) to measure flood resilience. Similarly, each
indicator contributes equally to the relevant sub-index; an average of the set of indicators

per sub-index is considered.

The calculation of ACRI uses the formula below (Equation 1), where H represents climate

hazard, E exposure, V vulnerability, and A adaptability.

ACRI=H+E+V —-A (Equation 1)

The development of the formula (Equation 1) considers approaches found in the literature
to construct a comparative risk or vulnerability index (for example, Calil et al.,2017; De Vivo

etal., 2021; Debortoli et al., 2019; Welle & Birkmann, 2015).
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The value of the ACRI is defined with a 5-point scale (Table 3-2), ranging from 0 to 1, where
zero (0) refers to the insignificant risk and one (1) to catastrophic risk. A similar approach
has been adopted for many years to define the severity of risk in aviation safety (Transport

Canada, 2016; UK CAA, 2014).

Table 3-2 Climate risk rating scale

Climate risk rating “ Value
Catastrophic risk 0.76-1.00
Major risk 0.51-0.75
Moderate risk 0.26-0.50
Minor risk 0.01-0.25
Insignificant risk 0.00

Information on how the sub-indices and incorporated indicators and variables are
measured and the rationale for their selection is provided in the following paragraphs:

e Sub-index climate hazard

e Sub-index exposure

e Sub-index vulnerability

e Sub-index adaptability

3.4.1 Sub-index climate hazard

Climate hazard, as a term, is widely used in the literature to describe hydrometeorological
hazards of atmospheric, hydrological or oceanographic origin, such as storms, storm
surges, floods, temperature extremes, droughts and other weather- or climate-related
phenomena that impact people and the built environment (McBean and Rodgers, 2010;
Mora et al., 2018). As a sub-index and risk determinant, the role of climate hazard is to
describe the climate hazard profile of the airport, namely the climate hazards that could
occurin the airport location and changes in the frequency or intensity of occurrence due to

climate change influence.

Climate hazards are location-specific; they occur at different geographical scales. As a
result, depending on their location, airports experience different climate hazards or
hazards with different characteristics, like different intensities in terms of probability or
return period. Another consideration is climate change and how it affects ocean

circulation, weather patterns and climate extremes in different regions across the globe
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(IPCC, 2021b). Different geographies also imply different regulatory frameworks and,
therefore, different requirements for infrastructure development, operations, safety, and
environmental management. Developing a tool that addresses, from the climate hazard
perspective, all climate hazards occurring on all spatial scales and their evolution due to
the influence of climate change constitutes a significant challenge in terms of the size of
the research project. To address this challenge, the study focuses on explicit geography;
specifically, the UK is chosen as a basis for the study. The selection of the geography is

based on the following reasons:

e Due to the geographic location and diverse landscape, the UK experiences a wide
range of climate hazards, such as storms, flooding, snowfall, heatwaves, and
others, which provide the ideal spatial scale to investigate climate hazard-related
challenges for airports. For instance, according to the UK Met Office, the 2021/22
season included six named storms, a rare red warning for wind for coastal areas
east of Scotland and northeast of England and a milestone with 40°C being

recorded for the first time in the UK.

e Climate extremes in the UK pose significant risks to airports, as demonstrated by
eventsthatoccurred inthe past few years. Forexample, in 2013, at London Gatwick
Airport, heavy rain and strong winds combined to severely disrupt travel for more
than 16,000 passengers (Mcmillan, 2014). In 2010, London Heathrow Airport
cancelled 4,000 flights due to a snowstorm, with an estimated cost of disruption of
around £20 million (Begg et. al, 2011; Merkert and Mangia, 2012). Every year, due to
storminess (for example, Storm Eunice, Storm Ciara), hundreds of flights are

disrupted.

e The UK presents a robust regulatory framework for aviation risk management to
manage safety-related risks effectively. This suggests that airports have safety
management systems and contingency plans to identify and address extreme
climate hazard-related risks. Also, regulated airports, like London Heathrow and
London Gatwick, are required to develop operational resilience plans to comply
with the licence conditions (Dawson et. al, 2016). As a result, the UK provides
different case studies to investigate how airports use existing risk management to

address climate hazard challenges.
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Under the Climate Change Act 2008 (HM Government, 2008), organisations with
functions of a public nature and statutory undertakers are required to produce
reports on undertaken action to adapt to climate change. UK airports are therefore
invited to report in line with the strategy for climate adaptation reporting; the third
round of reporting includes 11 strategic airport operators in England, Scotland and
Wales (DEFRA, 2021). In addition, the UK Government made the Task Force on
Climate-related Financial Disclosures (TCFD) aligned disclosure mandatory across
the economy by 2025, with some requirements in place from 2023 (HM Treasury,

2024).

The airport infrastructure in the UK is widespread and therefore provides a plethora
of case studies to investigate how different climate hazards affect airports, but also
how the same type of climate hazard affects airports of varying sizes and
characteristics, and how the climate hazard-related implications are managed by

airports presenting differences in the management or institutional framework.

Considering that ACRl uses airports in the UK as a basis for the study, the sub-indexreflects

climate hazard types applicable in the chosen geographical area. The choice of climate

hazards considers the following conditions:

climate hazard types occurring in the UK;
climate hazard types that can impact an airport system;

climate hazard types that are influenced by climate change.

Taking into account the reviewed literature on climate hazards typically occurring in the UK,

climate hazards that meet the above conditions and are included in the sub-index are:

coastal flooding and storm surge
fluvial/pluvial flooding
storminess and extreme wind
extreme heat

cold and icing conditions
snowstorm and extreme snowfall

drought/water scarcity

The measurement of the sub-index considers the climate hazards applicable to the airport

location. The quantification considers current and future climate hazard levels and the
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confidence in the direction of change to account for the influence of climate change. The
variables used and the rationale for their choice and measurement are included in

Appendix B Table 1.

e Currentclimate hazard level: it reflects the level of the climate hazard as observed
today (for example, 30-year averages for the nearest climate station to the chosen
location). The measurement considers a set of climate variables produced by
organisations such as the Met Office, the Environment Agency, the National Tidal

and Sea Level Facility, the World Resources Institute and the Water Risk Atlas.

e Future climate hazard level: it reflects the level of climate hazard considering
climate change projections. The measurement considers a set of climate variables
derived from the climate change projections, considering organisations such as the
Met Office (UKCP18), the World Resources Institute and the World Bank. Climate
variables consider the intermediate scenario, with a very likely range of warming of
between 2.1°C-3.5°C (Representative Concentration Pathway (RCP4.5)) (IPCC,
2023a). This scenario, designated as SSP2-4.5 or RCP 4.5, is selected as it
represents the situation where countries apply ambitious emissions reduction
measures but still fall short of the 2°C upper limit defined by the Paris Agreement
(IPCC, 2021b). In addition, it aligns with the UK Jet Zero Strategy (DfT, 2022). The
year 2050 is chosen as the time horizon to align with the broader climate target plan
inthe UK. Itis noted that the toolincorporates the latest climate change projections
for the UK (UKCP18). Should the projections be updated, the information included
in the tool should also be updated to reflect the most updated information. This

update refers only to the variables used to define the future climate hazard level.

e Confidence in the direction of change: it reflects the confidence level for the
projected change per climate hazard for the specific geographic region. The
information is retrieved from the IPCC (IPCC Working Group | (WGI): Sixth
Assessment Report). The IPCC confidence levels are defined considering the
quality of evidence and scientific agreement and show the likelihood of the different
climate variables (Kause et al., 2022). It is noted that if the IPCC confidence levels
change an update in the relevant variables is required to reflect the most recent

information.
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The measurement of the climate hazard sub-index considers the indicators' average value.
The scoring of each indicator considers the average value of a set of climate variables

(Appendix B Table 1).

Acknowledging that each climate variable uses a different scale for its measurement (for
example, the temperature is measured in degrees Celsius, while precipitation is in
millimetres) to integrate the different hazards in the tool, their value is calibrated using a 5-
or a 3-point scale, adopted from the literature in the initial form (for example, flood hazard
measurement adopts the ratings used by the Environment Agency in England and the
equivalent agencies in Scotland, Wales and Northern Ireland) or modified to meet the
objectives of the study following a simplified rationale (forinstance, considering thresholds
based on increments). The 5-point scale uses a one (1) to five (5) measurement, with one
(1) representing the lowest point in the scale. The 3-point scale uses a one (1) to five (5)
measurement, with one (1) representing the lowest, three (3) the average and five (5) the
highest point in the scale. The reason for choosing 1, 3 and 5 as measurement points

(instead of 1, 2 and 3) is to maintain the same highest and lowest points in all variables.

Appendix B Table 1 provides information onthe indicators and variables that set up the sub-
index of climate hazards. It presents the variables used to measure each indicator, the
measurement scale, the rationale for their choice and information on the literature used for

their development.

3.4.2 Sub-index exposure

Exposure, as a term, defines the presence of infrastructure, assets or people in a hazard-
prone area (IPCC, 2012; UNISDR, 2015; United Nations, 2016). As a sub-index and risk
determinant, the role of exposure is to reflect the elements, activities and subjects of the
airport system that may be exposed to climate hazards occurring at the airport location

(Birkmann, 2013).

Considering the definition of the term, in the airport context, the exposure sub-index
considers the presence of critical assets, operations (air and ground) and other business-
related activity and social aspects (airport employees and passengers) that could be

exposed and subsequently affected by the climate hazard.

The quantification of these elements follows approaches used in the literature and

specifically in risk modelling studies; the most commonly used metrics reflect the different
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dimensions, namely physical (infrastructure, buildings, other assets), social (people) or
economic (economic and business activity) (Nguyen et al., 2019; Peduzzi et al., 2009). One
of the most typical metrics used in such studies is the number of buildings or the number
of people in a given area exposed to a specific hazard (Peduzzi et al., 2009; Weis et al.,

2016).

Four (4) indicators are used for the quantification of the exposure sub-index:

e Critical assets: addresses the extent to which critical assets, such as critical
infrastructure and equipment, are exposed to climate hazards. Quantifying the
extent of the exposure of critical assets within the airport system provides a proxy
for understanding the degree of potential damage. The exposure of assets to
climate hazards has been considered one of the risk-determining factors by the
IPCC (IPCC, 2012). Also, many studies in the literature in the field of climate change,
vulnerability and adaptation refer to the physical impact of a climate or natural
hazard on the built environment, critical assets and facilities (Hallegatte et al.,
2011; Balica, Wright and van der Meulen, 2012; Novelo-Casanova and Suarez,

2012; Weis et al., 2016; Paprotny et al., 2020).

e Operations: addresses the extent to which air and ground operations are exposed
to climate hazards. Quantifying the extent of the exposure of airport operations
provides a proxy for understanding the degree of the potential disruption and the
business-related consequences. Although many studies focus mainly on the
physical aspect of exposure, the business and economic aspectis also essential as
it links to the potential for economic loss or other business impacts (e.g.
reputational impact). For example, when assessing exposure, risk engineers look at
the total insured value or proportion of operations potentially affected by a climate
hazard (Zurich Resilience Solutions, 2022). Considering the IPCC definition (IPCC,
2012), the presence of services in places that could be negatively affected by
climate hazards is an integral part of the exposure. Also, many studies in the
literature include the exposure of services when discussing climate change impact,
vulnerability and disaster risk (Chang et al., 2018; Demertzidis et al., 2015; Nguyen
et al., 2016; Shah et al., 2020).
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e People: addresses the extent to which airport staff and passengers are exposed to
climate hazards. Quantifying the extent of people's exposure provides a proxy for
understanding the degree of the social-related consequences. The social aspect of
exposureisincluded in many studies in the field of climate change and disaster risk
reduction, reflecting the presence of people in places that could be negatively
affected by climatic change or natural hazards (Peduzzi et al., 2009; De Almeida,
Welle and Birkmann, 2016a; Weis et al., 2016; Shah et al., 2020). Also, natural
hazard risk assessment frameworks often look at the population (Hanson et al.,
2011; Welle and Birkmann, 2015) or, in the case of risk engineers assessing the
potential exposure of an organisation to climate hazard occurrences, the number

of employees (Zurich Resilience Solutions, 2022).

e Interdependencies: addresses the extent to which interdependent systems
critical for airport functions, such as utilities, fuel supply, and airport surface
access, are exposed to climate hazards. Quantifying the extent of exposure to
interdependent systems provides a proxy for understanding the degree of indirect
operational and business-related consequences. Although many approaches inthe
literature include only the airside and landside components (De Vivo etal., 2021) or
limit the analysis to the spatial coverage (Nguyen et al., 2019), some studies
address the necessity to integrate connected sectors or functions (Gallina et al.,
2016) and reflect the complexities of the interdependencies and the related

business impacts (Surminski et al., 2018).

The measurement of each indicator considers a set of variables (Appendix B Table 2). In
many cases, the selected variables were initially developed for other types of systems (e.g.,
urban systems) and were modified to address the airport context. In other cases, there was
a need to develop a new variable to address specific elements of the airport system. The
measurement of the sub-index of exposure considers the average value of the indicators

and the measurement of the indicators the average value of their variables.

The scoring of each variable uses a 1 to 5 scale, which is developed considering examples
in the literature. An example is the work of Novelo-Casanova and Suarez (2012) regarding
the measurement of the level of exposure of main critical facilities to natural hazards in
Grand Cayman; they used a 0 to 5 scale where zero (0) represents no exposure and five (5)

very high exposure considering specific thresholds relating to the hazards (e.g. the level of
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exposure is very high when facilities are located in a zone where there is coastal flooding or
wave action during a hurricane of categories 1 or 2 and above). Following a similar logic, the
scoring of Exposure variables (Appendix B Table 2) considers certain thresholds based on
25% increments; score one (1) corresponds to 0% exposure and score five (5) to >75%

exposure.

Appendix B Table 2 provides information on the indicators and variables that set up the sub-
index of exposure. It presents the variables used to measure each indicator, the
measurement scale, the rationale for their choice and information on the literature used for

their development.

3.4.3 Sub-index vulnerability

Vulnerability, as a term, addresses the potential for harm or loss due to climate hazards
(Cutter, 2013) and the tendency to 'be adversely affected' (IPCC, 2012). It also addresses
the expected degree of loss (Fuchs, Heiss and Hubl, 2007), including quantifiable
consequences of past climate hazard occurrences and the societal (Mattsson and

Jenelius, 2015) and environmental impact.

Considering the definition of the term, the sub-index of vulnerability reflects the tendency
of the exposed airport elements, operations, subjects, or interdependencies to experience
negative consequences when a climate hazard event occurs. The quantification of
vulnerability focuses on the key elements that influence this tendency, identifying
interactions of different components and interdependent elements by looking at how the
airport system responded to previous hazard occurrences. The overall method adopted is
a mixture of approaches used in the literature to assess vulnerability in the field of climatic
change or natural hazards (Balica, Wright and van der Meulen, 2012; Lopez, 2016; Eidsvig,

Kristensen and Vangelsten, 2017)

As in exposure, the vulnerability sub-index uses metrics to reflect the different dimensions,
namely physical (infrastructure, buildings, other assets), social (people) or economic
(economic and business activity). The sub-index considers the airport's physical and
geographical characteristics that influence its predisposition to experience loss or
disruption. It also considers the historical sensitivity and maps the level of impact (physical

damage, business-related loss, social impact) based on significant past occurrences.

Three (3) indicators are used for the quantification of vulnerability sub-index:

72



e Predisposition: the airport's physical and geographic characteristics may
influence its sensitivity to experience loss or disruption due to a climate hazard
event. For example, an airport in the coastal zone, on a river floodplain or in low-
lying areas may be prone to flooding due to a storm/storm surge or extreme
precipitation. Quantifying the predisposition provides a greater understanding of
the airport's tendency to experience a negative impact. The predisposition of
elements at risk is acknowledged as a core element of vulnerability in the MOVE
Framework (Birkmann et al., 2013). Also, many studies discussing vulnerability
refer to the physical components relevant to predisposition and how these
influence the probability of being harmed when an event occurs (Balicaet al., 2012;

Kappes et al., 2012; Rowan et al., 2014).

e Sensitivity: quantifying the historical sensitivity of the airport to disruption or
damage dueto a climate hazard event canindicate the airport's robustness towards
climate hazard occurrences. The IPCC considers sensitivity a key vulnerability
component (IPCC, 2012). In the literature, the sensitivity of assets to climate
extremes or other natural hazard types is a core element of vulnerability (Weis et
al., 2016; Debortoli et al., 2019) and is often linked to the degree to which an
exposed system is affected (Fussel and Klein, 2006), capturing how it reacts to a

change in climate (Rowan et al., 2014).

e Impact: addresses the level of physical damage and business-related impact,
considering the airport's past performance to a significant climate hazard event.
While the sensitivity indicator addresses the overall level of disruption in the past
10 years, the impact indicator offers quantifiable consequences of the most
significant disruptive event, reflecting the potential expected degree of loss. The
IPCC points out that the severity of the impacts of climate hazard events depends
on the vulnerability (IPCC, 2012). Therefore, looking at how the airport system
responded to past events indicates how severe the impacts may be in the future. In
the literature, the level of impact is considered when analysing the vulnerability or
risk posed by climate change or natural hazards (Lopez, 2016; Eidsvig, Kristensen

and Vangelsten, 2017; Dawson et al., 2018).

The measurement of each indicator considers a set of variables (Appendix B Table 3). As

mentioned above, in many cases, the selected variables were initially developed for other
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types of systems and were modified to address the airport context. In other cases, there

was a need to develop a new variable to address specific elements of the airport system.

The measurement of the sub-index of vulnerability considers the average value of the

indicators and the measurement of the indicators the average value of their variables.

The measurement of each variable uses a 3- or 5-point scale. The 5-point scale usesa 1to
5 measurement, with one (1) representing the lowest point in the scale. The 3-point scale
uses a 1to 5 measurement, with one (1) representing the lowest, three (3) the average and
five (5) the highest point in the scale. The reason for choosing 1, 3 and 5 as measurement
points instead of 1, 2 and 3 is to maintain the same highest and lowest points in all
variables. Considering the broad and diverse focus of the variables, the scale is often
adopted from the literature, adapted to reflect the airport's environment and
characteristics regarding assets, operations, and interdependencies. Where a suitable
metric is not identified, the measurement scale is developed following common logic (for

example, thresholds based on 25% increments).

Appendix B Table 3 provides information onthe indicators and variables that set up the sub-
index of vulnerability. It presents the variables used to measure each indicator, the
measurement scale, the rationale for their choice and information on the literature used for

their development.

3.4.4 Sub-index adaptability

Adaptive capacity, or adaptability, refers to 'the ability of systems, institutions, humans and
other organisms to adjust to potential damage, to take advantage of opportunities or to
respond to consequences" (IPCC, 2018a). It addresses the ability of a systemto prepare for
or respond to stresses to reduce the negative impacts of climate hazards (Nguyen et al.,
2019). The definition of the term suggests that adaptability can influence the existing levels

of exposure or sensitivity (Engle, 2011), leading to reduced levels of risk.

For example, adaptability addresses the capacity of airports to adjust their functions and
characteristics to increase their ability to cope in the event of a climate hazard occurrence,
anticipate future change, reduce risk and recover from the consequences in a timely and
orderly manner (Yang and Ge, 2020). Accordingly, the sub-index of adaptability reflects the
actions of the airport to adjust, be better prepared, anticipate, and manage a climate

hazard occurrence, as well as the attributes the airport has that support an effective
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response and efficientrecovery. Thus, adaptability can take many shapes depending on the
climate hazard and the airport's characteristics. It can involve measures aiming to increase
the resistance of infrastructure, setting up early warning systems, re-designing vulnerable
parts, developing policies, raising awareness, and learning to anticipate impact (Brooks
and Adger, 2005; Koetse and Rietveld, 2012; Masood et al., 2016; Orsato, Barakat and De
Campos, 2017).

The quantification of adaptability focuses on the key elements; it addresses the ability of
the airport to understand climate hazard-related risks, prepare for an event, respond
effectively and efficiently, plan to control potential loss and prevent future disruption. The
overall method adopted is a mixture of approaches used in the literature to assess adaptive
capacity in the field of climatic change or natural hazards (Berkhout et al., 2004; De Vivo et
al., 2021; Koetse & Rietveld, 2012; Rowan et al., 2014). The most typical metrics used in
such studies include the level of protection to reduce infrastructure exposure, the
efficiency of emergency response and elements reflecting redundancy (Eidsvig et al.,

2017).

Three (3) indicators are used for the quantification of the adaptability sub-index:

e Protection: protection measures for critical infrastructure, assets, and equipment
are vital in reducing exposure to climate hazards. It, therefore, determines the
airport's ability to resist. For example, in the case of a coastal airport, a seawall can
protect againstrising sea levels and storm surges. The quantification of the level of
protection builds an understanding of the existing capacity to resist and anticipate
damage or disruption. In the literature, protection measures, such as flood barriers,
sea walls, vegetation, wind-resistant structures, and resilient pavements, are
considered essential to prevent loss and ensure business continuity (Dolman and

Vorage, 2019; Yesudian and Dawson, 2021; Burbidge, Paling and Dunk, 2023).

e Preparedness: Emergency response and preparedness mechanisms are
significant in reducing business impacts due to natural hazard event occurrences.
For example, having an early warning system in place allows for assessing the
potential impact and preparing contingency measures, like flight rescheduling. The
quantification of the level of preparedness reflects the airport's ability to control

potential disruption and loss and take action to maintain its functioning during or

75



right after the event occurrence. In the literature, preparedness focuses on
measures like forecasting, early warning systems, monitoring systems,
coordination and communication protocols (De Vivo et al., 2021; Burbidge, Paling

and Dunk, 2023; Voskaki, Budd and Mason, 2023).

e Institutional capacity: The ability of the airport to understand the climate hazard-
related implications and the existing capacity to plan for adaptation is essential to
reducing risk. Quantifying the institutional capability to drive adaptation supports
the organisation in building awareness, proactively planning and securing the

necessary resources to deliver action (Burbidge, 2018; Vogiatzis et al., 2021).

The measurement of the adaptability sub-index considers the indicators' average value.
Each indicator considers a set of variables (Appendix B Table 4); the measurement of the

indicators considers the average value of their variables.

The scoring of each variable uses a 1 to 5 scale, which is developed considering examples
in the literature, like the one used by Dymnicki et al. (2021); they use a 5-point rating scale
to address dimensions of capacity ranging from insufficient information to continuously
improving. Also, Pescaroli et al. (2020) use a 5-point scale to rate resilience levels, ranging
from no implemented measures to fully developed strategies in place and applying good

practices and established mechanisms of continual improvement.

Appendix B Table 4 provides information on the indicators and variables that set up the sub-
index of adaptability. It presents the variables used to measure each indicator, the
measurement scale, the rationale for their choice and information on the literature used for

their development.

The next section will provide details on the prototype version, its development and

structure and how it will be tested and validated.

3.5 Stage 5 - Testing and validating the working prototype version of
the tool

Following the process described in Section 3.4, a pilot version of the tool is developed in
MS Excel to address the RO3 and how to assess the operational and compliance risk of
climate hazards to the airport system. The tool is developed in a way that combines and

connects data collection (Part A) with data analysis and results (Part B) (Figure 3-8).
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Analysis

Scoring of the
variables and
calculation of
indicators, sub-
indices and index

Introduction
Provides research
context and
instructions

data

collection

Results
Presentation of the
results in tabular and
graphical format

Questionnaire
Requests information
in the form of closed-

ended questions

Figure 3-8 Structure of the prototype version of the ACRI tool

Part A is developed as a questionnaire to support data collection. The data collection is
conducted in sections; different tabs include questions the users are asked to respond to.
Each question corresponds to a variable. Almost all questions are closed-ended, offering
the user a fixed set of choices to select from through a drop-down menu. Each choice
corresponds to a score based on the variable measurement scale presented in Section 3.4.
Besides the questionnaire, Part A provides information on the research context and

instructions for the user.

Part B conducts the analysis of the data collected in Part A. This part includes tabs
connected with the tabs included in Part A to enable the scoring and standardisation of the
variables and the subsequent calculation of the indicators, sub-indices and index. Part B
also includes tabs for the presentation of the results in the form of tables and graphs,
providing different perspectives and allowing conclusions on climate hazards, exposure,

vulnerability, and adaptability levels to be drawn, identifying areas for consideration.

3.5.1 Test and validation of the prototype version

A pilot study is conducted to test and validate the prototype version of the ACRI tool. While
the tool is developed to apply to all UK airports, regardless of size or operational or
management model, a decision has been made to use regional airports for the test and

validation. The rationale for this choice is based on the following:

e Regional airports play an important role in the UK’s aviation system, facilitating

domestic and international connectivity and supporting local and regional
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economic development while at the same time serving as transport hubs for less

densely populated areas.

While regional airports play an important role in the UK air transport network, they
may operate with fewer financial and operational resources compared to larger hub
airports. As a result, they may be less able to invest in comprehensive climate risk
studies and tools or have dedicated in-house specialists to plan and lead such
efforts. These possible constraints could place regional airports in a relatively less
advantageous position, potentially limiting their ability to keep pace with building

more adaptability to address evolving climate hazard-related risks.

As regional airports may have fewer resources to invest in climate resilience, they
can be more receptive to using new tools and participating in pilot studies,
particularly when there is a benefit to their operation and planning. This suggests
they may offer more constructive, practical feedback, as they may likely seek to

shape a tool they can eventually use in day-to-day business/operations.

Regional airports may be likely to operate with limited resources, and therefore,
airport staff may have multiple responsibilities. As a result, a single airport
professional may often contribute to different roles and activities. This allows for
more efficient discussions around climate hazard implications and existing risk
mitigation measures. This arrangement enhances the overall process of testing and
validation as there is a need to engage with fewer people to gain a comprehensive
perspective. At the same time, the exchange of knowledge becomes more
meaningful, allowing airport personnel to gain insights into climate risk
perspectives they may not have previously considered. The above suggests a
motivated and engaged team willing to support the tool’s development and

validation.

Thus far, climate risk research in an airport context has focused on larger airports,
which tend to attract attention due to the scale of disruption and economic impact
climate extremes can have. However, regional airports are also susceptible to
climate hazard-related loss and disruption. Despite their exposure and vulnerability

to climate extremes, regional airports have received limited attention, suggesting a
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knowledge gap in how they conceptualise, assess, and respond to climate hazard

occurrences.

In this context, a pilot study is conducted with Regional and City Airports (RCA) to test and
validate the prototype version of the ACRI tool. Three (3) regional airports participate in the

study:

e ExeterAirport
e Norwich Airport

e Bournemouth Airport

The study's goal is to test practical aspects and collect feedback regarding the tool’s
applicability, usefulness, completeness, practicality, and ease of use. The objective of the
studyis not onlyto collect data and the views of participants but also to enable discussions
and explore in-depth aspects related to the tool development. Therefore, different
engagement methods, such as one-to-one interviews, questionnaires, focus groups,

workshops, and case study approaches, are initially considered.

While one-to-one interviews would allow meaningful discussions on climate hazard
implications and adaptation measures enabling obtaining valuable qualitative insights, to
collect the information required at an airport level, multiple interviews with different airport
professionals would need to be accommodated, making the process time-consuming,
especially considering the airport staff availability. Also, it is not easy to have
comprehensive responses for elements requiring input from more than one individual. The
use of questionnaires offers an efficient way to collect data and gather feedback, as airport
professionals can complete those independently. However, they may restrict the insights

as they are not interactive.

Conversely, focus groups allow for capturing diverse views, encouraging discussions on
climate hazards, existing practices and future planning, and exploring airport professionals'
opinions and how they address challenges. However, while they allow gaining the current
level of understanding of climate hazard aspects, they do not allow easy testing of the tool
as they are typically not structured, making it challenging to incorporate practical
applications. Workshops, on the other hand, are more interactive, allowing the practical
testing of the tool and enabling diverse discussions during the process. Nevertheless, they

can be time and resource-intensive and challenging to schedule and facilitate as they
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require several hours of participation. Finally, a case study approach is initially explored as
it allows for a more in-depth analysis of climate hazard implications at a single airport;
nevertheless, it will only provide outputs for the studied airport, and it will be difficult to

conclude the tool’s applicability across different settings.

Given the objective of the pilot study and the need to gain insights while obtaining practical
feedback, a combination of the above methods is decided. These include the use of
questionnaires and discussion groups in the form of workshops with embedded open-

ended interviews:

e Questionnaire: The use of questionnaires at different stages of the pilot study
allows for data collection and feedback. Questionnaires are used during the test
phase of the prototype version (Part A of the ACRI tool) and during the last phase of

the study to collect feedback in a structured way.

e Workshop/discussion group: Discussion groups in the form of workshops (face-
to-face and online) are used to allow the testing and validation of the tool and
enable discussion on aspects relevant to the tool’s applicability, usefulness,
completeness, practicality, and ease of use. The workshops are also used as a
mechanism to explore aspects relevant to the airports’ challenges regarding
climate hazards of concern, how they address those currently, and what tools they
use to capture the analysis of risk and their overall progress in building adaptability.
Furthermore, the workshops are utilised to collect insights and the views of the

participants.

Details on the type of interaction with each airport as part of the pilot study and the

composition of the airport teams are presented in Table 3-3.

The focus of the workshop is to collect insights on the current level of understanding,
challenges regarding climate hazards, and current practices to analyse climate hazard-
related risks. During the workshops, the prototype version of the tool is presented to the
airport teams. The composition of the teams included staff from airport operations,

business continuity, safety, engineering, and environment/sustainability departments.

The main topics for discussion revolve around the main elements of the tool, the type of

information required for the analysis, how information is captured and how results are
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presented. At the end of the workshop, the participants receive a copy of the tool and are
asked to complete the questionnaire, a necessary step to conduct the analysis. To ensure
that the airport teams understand the questions and what they need to consider
responding, time is spent reviewing each question for one or two climate hazard types with

the teams.

Table 3-3 Details on the pilot study with Regional and City Airports

Airport Details on the type of interaction Composition of the airport
team
Exeter Face-to-face workshop at Exeter airport Safety, Airfield & Compliance
(22/06/2023) - Duration: half a day (am) Manager, Fire Service
Online feedback session via Teams Mar?ager, Energy &
(31/08/2023) - Duration: 1 hour Environment Manager,

Estates & Facilities Manager,
Managing Director

Norwich Face-to-face workshop at Norwich airport Operations Director, Airside
(26/06/2023) - Duration: half a day (pm) Services Manager, Airfield
Online feedback session via Teams Mar?agerf Air Traffic o
(28/07/2023) - Duration: 1 hour Engineering Manager, Airfield

Manager, Fuel Services
Manager, Managing Director

Bournemouth | Online introductory call to determine Fire Service and Business
requirements and discuss the process Continuity Manager,
(16/06/2023) — Duration: 1 hour Environmental and
Face-to-face workshop at Bournemouth Sustainability Officer

airport (25/07/2023) — Duration: half a day (pm)

Online feedback session via Teams to collect
feedback (29/08/2023) - Duration: 1 hour

The next step is an online session to collect feedback on practical aspects, missing
elements, and the tool's usefulness, applicability, ease of use, clarity of the questions and
response options. Feedback is collected through discussion and supported by a
questionnaire developed for this purpose. The online sessions are attended by
representatives of the airport teams participating in the workshops. Although the
workshops are attended by 14 people, a representation of the teams participated in the
online sessions; in total, seven (7) responses are received, yet responses reflected the

views of the full airport teams.

Feedback discussions focused on key aspects, such as usability, completeness, clarity,
and the role of ACRIin decision-making regarding climate hazard risk management. The key

points of the feedback discussions are summarised in the following paragraphs.
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The participants generally recognise the tool as a valuable resource for developing their
adaptation plans and making long-term strategic decisions on climate risk mitigation. Most
of the respondents agree that the tool can support decision-making on climate hazard risk
mitigation and adaptation aspects; very few participants remained neutral in their

assessment (Figure 3-9).

Benefits decision-making on climate risk
mitigation & adaptation matters

@ o~

No of respondents
O = N W A WU

Strongly Disagree Neutral Agree  Strongly
disagree agree

Figure 3-9 Feedback on decision-making

Most participants found it helpful or relatively useful as a self-assessment tool (Figure
3-10), supporting discussions on climate hazards and decision-making. A small number
considered it only slightly helpful, with none rating it as not useful at all. The teams
acknowledged that the overall process facilitated meaningful discussions among cross-
functional airport teams. The overall activity allowed them to look at aspects previously
overlooked, contributingto a more comprehensive risk profile. Responding to the questions
introduced a new way of thinking about emerging climate hazards, climate hazard trends

and their potential implications on the airports' operations.

Usefulness as a self-assessment tool
to analyse climaterisk

@ o~

No of respondents
O = N W kA WU

Not at all Slightly Useful Fairly Very
useful useful useful useful

Figure 3-10 Feedback on usefulness as a self-assessment tool
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Therefore, the tool is seen as a support tool to their existing risk management framework,
allowing the team to expand current assessments and enrich their risk response
mechanisms. While some participants agreed or strongly agreed that the tool meets their
expectations, a small part remained neutral, offering their views on how the tool can be

enhanced and expanded.

Meets expectations as a climaterisk
analysis self-assessment tool

No of respondents
o =N Wk O o

Strongly Disagree Neutral Agree Strongly
disagree agree

Figure 3-11 Feedback on expectations as a self-assessment tool

When it comes to how complete the tool is, most of the respondents stated that most
elements are included (Figure 3-12). They pointed out that while the tool effectively
identifies climate hazard levels, it does not differentiate between current and future ones,
making it challenging to identify areas for consideration over the short and long term that
would increase its applicability. Additionally, some participants pointed out that the tool
couldinclude elements relevant to business loss due to disruption for the analysed climate

hazard occurrences.

How complete it is as atool

No of respondents
o = MW R 0@

Most Many Some Most All
elements elements elements elements elements
are not are not are not are are

included included included included included

Figure 3-12 Feedback on the completeness of the tool
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Furthermore, although the tool addresses climate hazards typically observed, providing
information on the hazard levels, it does not include weather events that could cause
disruption, such as low visibility due to fog. Expanding the scope by including other climate

hazards would make it more complete.

All participants found all the questions clear (Figure 3-13).

Clarity of questions

@~

No of respondents
O = N W B WU

All Only a Some Most All are
unclear few clear

Figure 3-13 Feedback on the clarity of the questions

Nevertheless, a few noted that some categories of response could be slightly reworded for

better understanding (Figure 3-14).

Clarity of categories of response

No of respondents
O = M W Ak OO ]

All Only a Some Most All are
unclear few clear

Figure 3-14 Feedback on the clarity of response categories

When it comes to user-friendliness, responses are mixed (Figure 3-15). Some participants
rated the tool as fairly user-friendly, while others found it useful but slightly difficult to

navigate. A small number found it not user-friendly at all.

The provided feedback highlights a need for structural improvements to enhance its user-

friendliness. Considering how the tool is structured, many elements are repeated, making
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it less user-friendly and requiring much time to complete. Suggestions include making the
tool more concise, grouping questions for different climate hazards, avoiding repetition,

and streamlining how the information is captured.

How user-friendly it is as a tool

o o~

No of respondents
o = N W kR WO

Not at all Slightly User Fairly Very
friendly

Figure 3-15 Feedback on the user-friendliness

Some participants also focused on the tool's intended use; if the tool is to be used as a
replacement of ongoing risk monitoring, it should incorporate aspects that will allow
tracking mitigation measures and controls for all types of risk (not only climate hazard-

related).

To summarise the key takeaways, the tool is generally considered useful and helpful for the
regional airport teams; however, some improvements are required to fulfil its aim better. In
this context, the tool will be refined to better address some concernsfromthe airport user's

perspective, improving user-friendliness.

The next stage will focus on the refinement and development of the final version of the tool.

3.6 Stage 6 - Development of the final version of the tool

After the workshops and feedback sessions, the collected information is further analysed
to identify the points that add value to determine the required changes to make the tool
more valuable and user-friendly. The changes mainly focus on the tool's structure, ways to
improve the clarity of the response categories, differentiation of the climate hazard levels,

and how the results are presented.

Inits final version, the ACRI tool includes 13 tabs; Part Aincludes seven and Part B consists

of six tabs (Figure 3-16):
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Home Indicators

Section 0 Dashboard

Section 1 .
data
section2 @ collection
Section 3 .
Section 4 .
Section 5 .

ACRI Gimenssinses
Figure 3-16 Final structure of the ACRI tool

e Home: the start page of the tool.

e Section 0: provides information on the research context, instructions for the user

on how to complete Sections 1 to 5 and terminology used.

e Section 1: includes questions on airport and airport location characteristics that

influence aspects of vulnerability considering the different climate hazards.

e Section 2: includes questions relevant to the airport exposure and sensitivity to

climate hazards. Figure 3-17 provides a snapshot of Section 2 of the tool.

e Section 3: includes questions on historical incidents that affected the airport.

Figure 3-18 provides a snapshot of Section 3 of the tool.

e Section4:includes questions relevant to the implemented measures to reduce the

level of exposure or vulnerability to the applicable climate hazards.

e« Section 5: includes questions on the climate hazards and is used to generate the
climate hazard profile of the airport. The section is automated, eliminating the need
for the user to identify the climate hazards that apply to the airport location, the
climate variables, and their values. To this end, the UK was split into 21 regions
considering the geography and the largest airports in terms of passenger traffic. For
each location category, climate variables are used to measure the current and
future hazard levels. Each variable is assigned a score considering the region and
the representative airport. To complete this section, the user chooses the region
that best represents the airport location, and the hazard level is assigned

automatically.
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e Indicators: presents the indicators, sub-indices, and index results.

e Dashboard: presents the results in a series of graphs, allowing different views of
the level of risk determinants and supporting a greater understanding of the

outcome. A snapshot of the Dashboard is presented in Figure 3-19.

e Calculations: links the responses (Part A) to the scoring and standardisation of the
variables and the subsequent calculation of the indicators, sub-indices, and index

(Part B).

e Hazard calculations: includes the climate hazard variables values for the 21 UK

regions.

e Graph generation: includes calculations used to generate the graphs in the

Dashboard.

e Sources:includes links with information on climate hazard variables for the user to

access.

The development of the final version of the tool allows moving to the next stage of the
validation process, which involves presenting the tool to airport professionals and
specialists for collecting insights and further evaluating its usefulness and effectiveness.
The validation process will alsoinclude using thetoolin case studiesto see how it performs

in practice, ensuring it fulfils its intended purpose.
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Airport exposure and sensitivity to climate hazards

ACRI Simenisnder

SECTION 2
Questions/variables Airportresponse Rationale for giving thisresponse
(notmandatory)
1 Considering the design standards/ Coastal flooding/storm  Fluvial/pluvial flooding Extreme heat Cold and icing conditions Storminess and extreme Snowstorm and extreme Drought/water scarcity
technical specifications, is the surge wind snowfall

integrity of airport critical
infrastructrure (e.g. runway, taxiway,
apron, pavement material etc.)
potentially affected by the mentioned
climate hazards?

Drop-down menus

offering options

2 What proportion of critical Coastal flooding/storm
infrastructure/assets (e.g. runway, surge
taxiway, apron etc.) is potentially
affected by the mentioned climate

Fluvial/pluvial flooding

!xtreme hsar wyruaTa e wenons StOFMINess and extreme  Snowstorm and extreme
wind snowfall

Drought/water scarcity

comms etc.) is potentially affected by
the mentioned climate hazards?

hazards?
>T5% '
3 Considering the design standards/ Coastal flooding/storm  Fluvial/pluvial flooding | 50-75% Cold and icing conditions Storminess and extreme Snowstorm and extreme Drought/water scarcity
technical specifications, is the surge 25-50% wind snowfall
integrity of airport critical equipment 0-25%
(e.g. Navigational Aids, IT, comms o
etc.) potentially affected by the
mentioned climate hazards?
4 What proportion of airport critical Coastal flooding/storm  Fluvial/pluvial flooding Extreme heat Cold and icing conditions Storminess and extreme Snowstorm and extreme Drought/water scarcity
equipment (e.g. Navigational Aids, IT, surge wind snowfall

Figure 3-17 Snapshot of Section 2 of the ACRI tool (the tool can be made available upon request)
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Historical incidents affecting the airport

SECTION 3

Questions/variables

Airportresponse

ACRI Camosenaes

Rationale for giving this response
(not mandatory)

What was the most significant event
affecting the airport in the past 20
years?

Please provide information on the event in the
yellow-shaded cell (e.g.name of the stormor
year of occurrence)

Coastal flooding/storm
surge

Fluvial/pluvial flooding

Extreme heat

Cold and icing conditions

Storminess and extreme Snowstorm and extreme
wind snowfall

Drop-down menus

Was the above mentioned eventina
peak day?

Coastal flooding/storm
surge

Fluvial/pluvial flooding

Extreme heat

Cold and icing conditions

offering options

smrmines;yﬂf
d

Drought/water scarcity

rought/water scarcity

If the event caused the airport
closure, what best describes the time
the airport was out of service?

Coastal flooding/storm
surge

FluvialU/pluvial flooding

Extreme heat

Cold and icing conditions

Snowstorm and extreme
snowfall

Storminess and extrem,

Drought/water scarcity

What best describes the number of
ATMs disrupted (cancelled, diverted
or delayed) due to the event?

Coastal flooding/storm
surge

FluvialU/pluvial flooding

Extreme heat

Cold and icing conditions!

The airpart was out of service for the whale durstion of the event and sfter the event

The sirpart was out of senvice for the whole dursticn of the event
The irport was out of service for 2 period of fime 25-50% of the overall durstion of the event
The zirpont was out of senvice for

The sirpont remained operationsl during the event

hort period of time - duration of the disuption <253 of the overall duration of the event

What best describes the financial
impact/business loss due to the
disruption caused by the event?

Coastal flooding/storm
surge

Fluvial/pluvial flooding

Extreme heat

Cold and icing conditions

Storminess and extreme Snowstorm and extreme
wind snowfall

Drought/water scarcity

What best describes the cost for
restoration or repairs or replacement
due to the event considering the
annual maintenance cost?

Coastal flooding/storm
surge

Fluvial/pluvial flooding

Extreme heat

Cold and icing conditions

Storminess and extreme Snowstorm and extreme
wind snowfall

Drought/water scarcity
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Figure 3-18 Snapshot of Section 3 of the ACRI tool (the tool can be made available upon request)
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Figure 3-19 Snapshot of the Dashboard of the ACRI tool (the tool can be made available upon request)

90

04

0.6

Exposure

0.4 05 o
Vulnerability

0.4
Adapt:

08

ability

08

0.8

L]
e

0.8

10

1.0

#Constal
#Flocd
aHeat
Cold
Storm
*Snow
Drought

# Canstal
®Flood
®Hea
Cold
Storm
® Snow

Drought

#Coaszal
®Fiaad
o Hex
cold
Starm
#Snaw
Draught

Climate risk

Adaptability

0.8

0.6

0.4

0.z

0.0

Hazard

Exposure

Vulnerability

Climate hazard levels

X X
X

X
X

Coastal Flood Heat Cold Storm Snow Drought

Cument level
* Future level (hazard....



3.7 Stage 7 -Validating, collecting and analysing data

The last stage of the methodology includes a two-phase validation process.

Phase one focuses on engaging with aviation and sustainability specialists to gather their
views on the index’s usefulness and applicability and to discuss key considerations that

will shape the selection of the case examples.

As afirst step, a dedicated call is held with Airports UK, offering an opportunity to present
the tool to their Airport Regulation, Safety and Operations Manager and Senior Policy
Manager. Airports UK is atrade association representing the interests of UK airports. During
the discussion, Airports UK offered positive feedback regarding the value of the index,
especially for regional airports. They pointed out that while larger airports tend to outsource
comprehensive climate risk assessments, regional airports often lack the resources to do
so. Therefore, using the tool can have a more significant impact on those airports. The
above feedback and insights support the initial rationale for focusing the pilot study on

regional airports.

As a second step, the research and the tool are presented to the UK Civil Aviation Authority
(CAA) during a seminar for the Airspace, Aerodromes and Air Traffic Management teams
within the Safety and Regulation Group. The CAA is the UK's aviation regulatory body. The
presentation enabled discussion with regulators on how the tool can support
(complement) existing risk management mechanisms. It is acknowledged that a tool like

this is needed to assist airports in identifying gaps in their current risk management plans.

In the third step, a meeting with Eurocontrol offered the opportunity to present the tool to
the Aviation Sustainability Unit and discuss its applicability and how it can be expanded to
address airports within the wider Eurocontrol’s remit. Eurocontrol is a pan-European, civil-
military organisation supporting European aviation by coordinating and managing air traffic
control across member states. Eurocontrol provided positive feedback on the tool's
usability and suggested further discussions about the possibility of inclusion as a tool for

airports under the Flying Green Platform.

Phase two involves selecting case example airports and conducting the data collection

and analysis.
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Following the specialist discussions and the pilot study outcomes, a decision is made to
continue focusing on UK regional airports. Since the pilot study had already involved
regional airports, including them as case examples is a logical next step. Therefore, their
input will be used to respond to the Part A questionnaire of the ACRI tool; additional
information will be requested as necessary (for instance, to address newly added

questions).

Besides the three regional airports, further efforts are undertaken to recruit more airports

for the validation study. In this context, an outreach campaign is planned, including:

e Direct outreach via email to several regional airports across the UK, inviting them
to participate in the study and test the tool.

e A blog post on Cranfield University’s website? describing the research, its
objectives, and the benefits to participating airports, while including an invitation
to participate in the study.

e Engagementthrough Airports UK; a summary of the tool, including its intended use

and benefits, is shared with their member airports to encourage participation.

As a result of this campaign, one additional regional airport; Belfast International Airport,
has joined the study. With four regional airports representing varied sizes, characteristics,
and geographies within the UK, the number of case examples is considered sufficient for

the validation process.

Overall, these four case examples, Belfast International, Bournemouth, Exeter and
Norwich, enable the practical validation of the ACRI tool within the context of UK regional

airports.

A separate copy of the tool is used for each airport to collect data, with airport input added
into Part A. This allows the generation of the results in Part B automatically, as described in
earlier sections of this chapter. The analysis of the results (Chapter 4) will focus on
interpreting the tool's output. It will look at the variables and indicators and their
combinations to identify gaps, analyse the risk and propose recommendations on how to
build more adaptability (Chapter 5). The above process uses simple calculations, enabling

the graph generation.

2 |s your airport ready for climate change? - Cranfield University Blogs
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3.8 Conclusions

This chapter outlined the steps and the adopted methodology to conceptualise the
framework and develop the ACRI tool. It included information on the selection and
development of variables, their measurement and how they are combined into indicators
and sub-indices. In addition, it described the pilot study, the overall validation process, and

the rationale behind the selection of airports.

Four regional airports have been selected as case examples for the validation of the tool.
The next chapter will focus on these examples. It will present an overview of the results
produced by the ACRI tool and discuss how these outputs can be interpreted to identify

issues for further consideration regarding climate hazard risk mitigation.
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4 Analysis of the case examples

This chapter analyses the results of case examples of airports in the UK, addressing RO3 -
'To assess the operational and compliance risk of climate hazards to the airport system'.
The analysis uses the ACRI tool described in the Methodology chapter; it seeks to build an
understanding of the existing practices that will allow the identification of gaps in existing
risk mitigation and the climate hazard types for which additional action is needed to reduce

exposure or vulnerability levels and build further adaptive capacity to increase resilience.

Four (4) UK regional airports are used as case examples (Figure 4-1). These are selected to

represent a diverse geographic sample and a range of size and traffic mix.

SCOTLAND

irling &

Glasgow-o © Edinburgh
/s Uni&ed ) Newcastle
pon Tyn
NORTHERN Kingdom
IRELAND
Belfast International Airport Isle of Man
ndalk
| e Great Britain o'|_eeds
} ® Dublin Liverpool o ©Manchester
Ireland —
o/Limerick ¢ Kilkenny o
© Birmingham
WALES ENGLAND
ardiff &1 ' Brist @ London
%

Figure 4-1 Location of case study airports (source: Google Maps)

Key information for the selected airports is provided in Table 4-1, and a short description of
each is provided below. Considering the annual passenger numbers and ACI Europe
categorisation of regional airports (ACl Europe, 2022), the case study examples include
Group 3 (between 5 and 10 million passengers per year) and Group 4 (less than 5 million

passengers per year) airports.
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Table 4-1 Airport case examples

Airports Location Airport management Annual pax
(2024)®
Belfast International Airport (BFS) Belfast, N. Ireland Vinci Airports 6,750,440
Bournemouth Airport (BIA) Dorset, England Regional & City Airports (RCA) 1,088,370
Exeter Airport (EXT) East Devon, England  Regional & City Airports (RCA) 449,722
Norwich Airport (NWI) Norfolk, England Regional & City Airports (RCA) 415,099

Belfast International Airport (BFS) is an international airport in Northern Ireland, 12 miles
northwest of Belfast. The airport has two runways, one terminal, and cargo facilities, and it
serves approximately 7 million passengers annually (2023) (UK CAA, 2024b). Besides
providing air links to domestic and international destinations, the airport also serves as a
regional air freight centre in the UK (Belfast International Airport, 2024a). Belfast
International Airport is the largest airport in the sample in terms of annual passenger

numbers.

Bournemouth Airport (BIA) is an international airport in Dorset, 4 miles north of
Bournemouth. The airport has one runway and one terminal building and serves more than
1 million passengers annually (2023) (UK CAA, 2024b). In addition to providing connectivity
to domestic and European destinations, the airport also serves air freight operations

(Regional & City Airports, 2024).

Exeter Airport (EXT) is an international airport in East Devon, 4 miles east of Exeter. The
airport has one runway and one terminal building and serves approximately 500,000
passengers annually (2023) (UK CAA, 2024b). Besides providing air links to domestic and
international destinations, it also serves as a Royal Mail hub (Regional & City Airports,

2024).

Norwich Airport (NWI) is an international airportin Norfolk, 2.5 miles north of Norwich. The
airport has one runway and one terminal building and serves more than 400,000 people
annually (2023) (UK CAA, 2024b). Apart from providing connectivity to domestic and
European destinations, the airport is a transport hub for the Southern North Sea offshore
industry in the oil and gas and windfarm technology sectors (Norwich Airport, 2019).

Norwich Airportis the smallest airportin the sample interms of annual passenger numbers.

3 UK CAA Annual airport data 2024
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The structure of this chapter is as follows: first, an analysis of the climate hazard risk is
provided in Section 4.1, with details on the climate hazard levels and trends. This is
followed by the analysis of the levels of exposure (Section 4.2), vulnerability (Section 4.3)
and adaptability (Section 4.4). The last section (Section 4.5) provides the main conclusions

of the analysis.

4.1 Climate hazards and airports

To analyse climate risk, it is important to understand the climate hazard challenges each of
the airports faces, considering its geographic location. Therefore, an analysis of the climate
hazard profile of the airport is essential. The climate profile will include information on the
applicable climate hazards for each airport location and how these are influenced by

climate change. Therefore, the climate profile considers:

e theclimate hazards in the present day, reflecting the hazards observed today;

e thefuture climate hazards, considering the impact of the SSP2-4.5 scenario, based
on UKCP18 and IPCC’s climate change scenarios, and the mid-term horizon (up to
2050);

e the confidence in the direction of change, showing the likelihood of change of the

different climate variables (Kause et al., 2022).

These three elements provide a holistic view of the climate hazard levels, from their current
manifestation to their projected future characteristics. This approach allows for a more
comprehensive, forward-looking analysis that integrates observations, climate change
projections and associated uncertainties. Detailed information on the variables used for
establishing the indicators and sub-index of climate hazard is included in Section 3.4.1 and

Appendix B Table 1.

The ACRI output for the sub-index of climate hazard is presented in figures and tables. It is
noted that the term ‘hazard level’ is used here to define the tool's output, considering the
climate metrics that are used as variables. Hazard level is defined as the average value of

the selected variables, using a 5-point scale, moving from very low to very high (Table 4-2).
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Table 4-2 Rating scale used for climate hazard metrics

Hazard levels Value in ACRI

Very high 0.76 -1.00
High 0.51-0.75
Moderate 0.26 -0.50
Low 0.01-0.25
Very low 0.00

An example is provided below to aid in understanding the analysis of the tool’s output.

Inthe case of Exeter, the current climate hazard level (Table 4-3) is determined considering

the values of the following variables/climate metrics:

e Flood hazard rating — river, as defined in Appendix B Table 1. Based on the
Environment Agency's flood risk maps, the location of Exeter Airport is within the
30-yearflood zone. Considering the definition of the ACRI variable, this corresponds
to a value of 4 and a score of 0.75 in the tool, suggesting a 'High' level of climate

hazard.

e Flood hazard rating — surface, as defined in Appendix B Table 1. Similarly, the
airport's location is within the 30-year flood zone, which suggests a 'High' level of

climate hazard.

To assign the overall rating for flood—current level, the maximum of the two ratings (i.e. for
either river or surface) is adopted. In this case, the overall hazard level for Exeter Airport is

determined as 'High'.

The results for the hazard indicators are provided in the following paragraphs.

4.1.1 Current climate hazard level

Storm, cold and flood are the most significant hazards in the present day for the airport
sample. Out of the four airports, Norwich and Bournemouth present the highest scores,
with average scores of 0.54 and 0.50, respectively, as illustrated in Table 4-3. The main

climate hazards of concern for both airports are storm, cold and flood.
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Table 4-3 Scores for the indicator ‘Current climate hazard’

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.50 0.00 0.75 0.50 0.25 0.00 0.33
Bournemouth 0.75 0.25 0.75 0.75 0.00 0.50 0.50
Exeter 0.75 0.00 0.50 0.50 0.00 0.00 0.29
Norwich 0.75 0.25 0.75 1.00 0.25 0.25 0.54

Belfast International demonstrates higher scores for cold and then storm and flood. Exeter

shows the lower scores, with flood as the main climate hazard for consideration.

4.1.2 Future climate hazard level

When it comes to the future climate hazard level, heat emerges as the most significant
concern across all airports, with snow and drought presenting the lowest scores. Flood is

also noted as a significant hazard for almost all airports (Table 4-4).

Table 4-4 Scores for the indicator ‘Future climate hazard’

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.75 1.00 0.50 0.50 0.00 0.00 0.46
Bournemouth 0.75 1.00 0.50 0.50 0.00 0.25 0.50
Exeter 0.75 1.00 0.50 0.50 0.00 0.00 0.46
Norwich 0.50 1.00 0.50 0.50 0.00 0.25 0.46

Bournemouth presents the highest score of the airport sample; the airport location
demonstrates high scores for heat and flood. Flood appearsto be also aconcern for Belfast

International and Exeter, while heat a concern for all airports .

4.1.3 Confidence in the direction of change

The confidence in the direction of change for the hazards included in ACRI is presented in

Table 4-5.

Table 4-5 Scores for the indicator 'Confidence in the direction of change'

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 1.00 1.00 1.00 0.50 0.00 0.00 0.58
Bournemouth 1.00 1.00 1.00 0.50 0.00 0.00 0.58
Exeter 1.00 1.00 1.00 0.50 0.00 0.00 0.58
Norwich 1.00 1.00 1.00 0.50 0.00 0.00 0.58
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The values for this indicator are the same for all airports. This is due to the level of detail
expressed in the IPCC ARG, covering all the Northern Europe region (IPCC, 2021a). Overall,
flood and heat are the hazards with the most substantial projected change - high

confidence of an increase. Cold shows a high confidence of a decrease.

Storm shows a medium confidence of an increase. In the case of snow and drought, there

is low confidence in the direction of change.

4.1.4 Climate hazard trends

From the change point of view, there are some notable trends. While in some airport
locations, there are clear trends regarding the direction of change of climate hazard levels
(for example, moving from low to high), in other cases, there is no apparent change. This
suggests that airport locations are not necessarily expected to experience a rapid change
in the future (considering the incorporated time horizon), especially when there is a low or

medium level of confidence in the direction of change.

To illustrate the observed change, based on the output of ACRI, three types of arrows are
used. An upward arrow illustrates an increasing trend in the level of climate hazard (output
of the tool); for example, if the current level is low and the future level is high. A downward
arrow shows a decreasing trend, for instance, moving from a high to a low level. A flat arrow
demonstrates no change in the climate hazard level or uncertainty in the direction of
change. Table 4-6 illustrates the combinations and decision-making on the choice of the

arrows.

Table 4-6 Illustration of climate hazard trends

Climate hazard levels Trend

The future climate hazard levelis higher than the current level (e.g., the current level is 2
low, and the future is high), or there is high confidence in the increase if the current
levelis very high.

The future climate hazard level is lower than the current level (e.g., the current levelis N
high, and the future is moderate), or there is high confidence in a decrease if the
current levelis very low.

The current and the future climate hazard levels are the same (e.g. moderate to >
moderate), or there is low confidence in the direction of change.

The observed trends are depicted in Figure 4-2.
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Figure 4-2 Climate hazard trends

Considering the analysis of climate hazards, the main identified trends are given below.

Coastal flooding/storm surge: The hazard type is notincluded in the analysis, considering
the location of the case study airports and distance from the coastal zone (more than

25km).

Inland (fluvial/pluvial) flooding: This climate hazard is rated as high for all airports except
for Belfast International, where a moderate hazard level is observed, although showing an
increasing trend. In most cases, observed trends indicate an increase in the hazard level or
no significant trend. Considering the confidence in the direction of change, as expressed in
the IPCC AR6 and the Interactive Atlas (IPCC, 2021a), there is a high confidence level
regarding fluvial/pluvial flooding in the UK.

Extreme heat: Extreme heat is rated low and very low for all airports. In all airports, trends
indicate a high level of confidence in anincrease, as future climate hazard levelsin all cases

are rated as very high.

Cold andicing conditions: The level of the climate hazard ranges from moderate for Exeter
to high for all other airports. In most cases, trends indicate a moderate decrease or no

change in the hazard level.

Storminess and wind: The level of the climate hazard ranges from moderate in the case of
Belfast International and Exeter to high for Bournemouth and very high for Norwich. For
most airports, trends reflect uncertainty regarding the direction of change. Based on the
IPCC ARG6 (Seneviratne et al., 2023), climate models consistently project environmental

changes that would support an increase in the frequency and intensity of severe

100



thunderstorms and windstorms in the UK by the middle of the century and beyond and for
global warming levels of 2°C or more; however, there is not a high level of confidence in the

details of the projected increase.

Snowstorm and extreme snowfall: The level of snowstorm is rated as low and very low for
all airports, showing a moderate decline in the hazard level, depending on the location.

However, there is low confidence in the observed trend.

Drought and water scarcity: The level of water scarcity is rated as moderate for
Bournemouth, while all other airports present low and very low levels. In most cases, trends

indicate uncertainty and low confidence in the direction of change.

It is important to note that the climate hazard level presented Figure 4-2 strictly refers to
the climate hazard in the airport location and not the climate hazard-related risk. For
instance, it does not consider any defences or other measures that may be in place to
address a potential flood risk. In addition, it does not consider whether airport elements
demonstrate exposure, predisposition or susceptibility to flooding or other climate hazards

and, therefore, the overall risk. These elements will be discussed in the following sections.

For simplicity, the rest of the chapter will use the following abbreviations when referring to

the different climate hazards:

« Flood, to reflect inland (fluvial/pluvial) flooding

. Heat, to reflect extreme heat

. Cold, to reflect cold and icing conditions

« Storm, to reflect storminess and wind

« Snow, to reflect snowstorm and extreme snowfall

. Drought, to reflect drought and water scarcity

Additionally, for simplicity, the term hazard throughout the remainder of this chapter and in

the following chapters will refer specifically to climate hazard unless otherwise stated.

4.1.5 Overall climate hazard

The ACRI output for the sub-index of climate hazard is presented in Table 4-7. Overall,
Bournemouth shows the highest level of hazard (average value of 0.53), followed by
Norwich (average value of 0.51). Belfast International and Exeter present slightly lower

average scores (0.43 and 0.44, respectively).

101



Table 4-7 Sub-index of climate hazard

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.75 0.67 0.75 0.50 0.08 0.00 0.46
Bournemouth 0.83 0.75 0.75 0.58 0.00 0.25 0.53
Exeter 0.83 0.67 0.67 0.50 0.00 0.00 0.44
Norwich 0.75 0.75 0.75 0.67 0.08 0.17 0.53

Flood is identified as the main climate hazard of concern across all airports in the present
day and future. Bournemouth and Exeter demonstrate the highest levels of hazard in the
airport sample. The observed climate hazard levels suggest that the airports are either
located within a flood zone, and/or climate metrics associated with precipitation extremes

show increasing trends related to surface flooding.

Heatis a growing concern across all airports; while extreme heat occurrences are recorded
as low in the present day, they will likely increase in the future, based on the climate change
projections. This intensification of extreme heat events may create conditions that the
airports may not be ready to address effectively, and therefore, they may lead to potential
operational challenges. Cold shows high levels in all airport locations; nevertheless,
projections show a decline in the number of frost days, potentially reducing the cold-

related impacts in the future.

Storms could become a critical climate hazard, especially for Norwich and Bournemouth.
However, although projections may suggest intensification there is a medium confidence
in the direction of change. The hazard level for snow appears to be very low or low across
all airports. The average days of snow lying in the present day, especially in the case of
Norwich and Belfast International, indicate that the airport location has already dealt with
snow conditions recently. Nevertheless, projections indicate a declining trend, and
therefore, this hazard type is unlikely to introduce conditions that are not consistent with

past or present-day circumstances.

Finally, all airports present a low hazard level for drought. The location of Bournemouth and
Norwich indicates that the airports’ region already deals with incidents of water stress that

may become a concern in the future.
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4.1.6 Climate hazard focus

In conclusion, the climate hazard analysis identifies flood, storm, heat and cold as
significant hazards due to the way they manifest in the present day, or their projected

increasing intensity over time, requiring a shift in attention over the medium to long-term

(Figure 4-3).
future
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Figure 4-3 Current and future climate hazard focus for the studied airports

Acknowledging the current and future climate hazard focus, the following paragraphs will

analyse the airports' exposure, vulnerability, and adaptability.

4.2 Exposed elements

The exposure analysis looks at the airport elements within a hazard-prone area (for
example, within a flood zone) or elements that might be exposed to and affected by the
hazards of concern. The level of exposure is determined in the ACRI tool, considering the
variables and indicators that constitute the sub-index. Detailed information on the
variables used for establishing the indicators and sub-index of exposure is included in

Section 3.4.2, and Appendix B Table 2.

As with climate hazards, the ACRI output for the sub-index of exposure is presented in
tables. It is noted that the term ‘exposure level’ is used here to define the tool's output,
considering the airport responses in the exposure variables; it shows the proportion of the

airport elements that are likely to be exposed to the analysed climate hazards.
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As described in the Methodology chapter, exposure levels are defined as the average value
of the selected variables, using a 5-point scale, moving from no exposure (value of 0.00) to

very high exposure (value of 1.00) (Table 4-8 Rating scale used for exposure elements).

Table 4-8 Rating scale used for exposure elements

Exposure levels Value in ACRI

Very high exposure 0.76-1.00
High exposure 0.51-0.75
Moderate exposure 0.26-0.50
Low exposure 0.01-0.25
No exposure 0.00

To assist in the understanding of the tool’s output, an example is provided below.

The exposure level of critical assets to cold for Belfast International (Table 4-9) is the

average value of the following variables in the tool:

e The proportion of critical infrastructure/assets (e.g. runway, taxiway, apron, etc.)
that can be affected by cold; details on the variable and its measurement are
provided in Appendix B Table 1. Based on the ACRI input/output, more than 75% of
critical infrastructure is exposed to cold; therefore, considering the measurement
of the variable, this corresponds to a value of 5 and a score of 1.00 in the tool,

suggesting a 'Very high' level of exposure.

e The proportion of critical equipment (e.g. navigational aids, IT, comms, etc.) that
can be affected by cold; details on the variable and its measurement are provided
in Appendix B Table 1. Similarly, considering the ACRI input/output, more than 75%

of critical equipment is exposed to cold, suggesting a 'Very high' level of exposure.

The results for the exposure indicators (i.e. critical assets, operations, people and

interdependencies) are provided in the following paragraphs.

4.2.1 Critical assets

Out of the four airports, and as regards all hazards, Bournemouth and then Belfast
International present the highest exposure of critical assets, with average scores of 0.77

and 0.58, respectively, as shown in Table 4-9.
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Table 4-9 Exposure levels for the indicator ‘Critical Assets’

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.50 0.50 1.00 0.50 1.00 0.00 0.58
Bournemouth 0.25 0.38 1.00 1.00 1.00 1.00 0.77
Exeter 0.25 0.50 0.38 0.13 0.63 0.13 0.34
Norwich 0.38 0.25 0.63 0.63 0.75 0.00 0.44

The highest values of exposure (value of 1.00), indicating that 100% of the assets are likely
to be exposed to the hazard, are observed at Bournemouth (cold, storm, snow and drought)
and Belfast International (cold and snhow). As regards the climate hazard type, snow and
cold are the hazards presenting the highest exposure in the sample; approximately 85% and

75% of the assets on average are likely to be exposed to those hazards.

4.2.2 Operations

Air and ground operations across the studied airports show varying levels of exposure to
climate hazards. Overall, Bournemouth presents the highest exposure of operations; 100%
of airand ground operations are likely to be exposed to cold, storm and snow (value of 1.00),

as shownin Table 4-10.

Table 4-10 Exposure levels for the indicator 'Operations’

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 1.00 0.13 0.38 0.25 0.25 0.00 0.34
Bournemouth 0.00 0.00 1.00 1.00 1.00 0.50 0.58
Exeter 0.25 0.25 0.25 0.25 1.00 0.00 0.33
Norwich 0.13 0.00 0.75 0.50 0.75 0.00 0.36

Operations are more exposed to snow and then cold; on average, around 75% and 60%
respectively of operations are likely to be exposed. In general, operations appear to be more
exposed to winter conditions, especially at Bournemouth and Norwich; 100% of the

operations are likely to be exposed to flood in the case of Belfast International.

4.2.3 People

Airport staff and passengers are mainly exposed to winter conditions; snow, cold, and
storm are the climate hazards driving the exposure levels. Considering all four airports and
all hazards, Bournemouth and Norwich show the highest exposure of people, with scores

of 0.50 and 0.33, respectively, as shownin Table 4-11.
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Table 4-11 Exposure levels for the indicator 'People’

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.25 0.13 0.25 0.25 0.25 0.00 0.19
Bournemouth 0.00 0.00 1.00 1.00 1.00 0.00 0.50
Exeter 0.25 0.25 0.13 0.25 0.88 0.00 0.29
Norwich 0.25 0.25 0.50 0.25 0.75 0.00 0.33

Belfast International presents the lowest exposure, with around 25% of people exposed to
flood, cold, storm and snow. Snow, cold and storm are the primary climate hazards of

concern in terms of average exposure across the four airports.

4.2.4 Interdependencies

Within the group of four airports, Bournemouth and Belfast International show the highest
overall exposure of interdependencies (utilities and surface access), with average scores

of 0.44 and 0.29, respectively, as presented in Table 4-12.

Table 4-12 Exposure levels for the indicator 'Interdependencies'

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.25 0.13 0.50 0.38 0.50 0.00 0.29
Bournemouth 0.25 0.00 0.75 0.63 0.75 0.25 0.44
Exeter 0.13 0.13 0.13 0.00 0.25 0.00 0.11
Norwich 0.25 0.00 0.38 0.25 0.63 0.00 0.25

Exeter demonstrates the lowest overall exposure among the sample, with approximately
25% of its interdependencies (utilities and surface access) being exposed to snow. Across
the four regional airports, interdependencies are most commonly exposed to snow and

cold, with average exposure levels of around 53% and 44%, respectively.

4.2.5 Overall exposure

Bournemouth shows the highest level of exposure (value of 0.57), followed by Belfast
International (value of 0.35) and Norwich (value of 0.35), as presented in Table 4-13. In
contrast, Exeter demonstrates the lowest level of exposure, with a high value only to snow

(value of 0.69).
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Table 4-13 Sub-index of exposure

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.50 0.22 0.53 0.35 0.50 0.00 0.35
Bournemouth 0.13 0.10 0.94 0.91 0.94 0.44 0.57
Exeter 0.22 0.28 0.22 0.16 0.69 0.03 0.27
Norwich 0.25 0.13 0.57 0.41 0.72 0.00 0.35

Overall, snow and cold emerge as the most significant climate hazards, followed by storm.
In cases where more than 50% of the airport elements are exposed to a particular hazard,
it becomes essential to understand the overall susceptibility to impact. For instance, 72%
of the airport elements at Norwich (value of 0.72) are potentially exposed to snow.
Analysing the susceptibility of these elements will support the identification of gaps in the

current level of resilience.

4.2.6 Hazard - exposure analysis

Following the analysis of climate hazards and trends (Section 4.1) and the exposed
elements in this section, it is essential to explore the relationship between these two sub-

indices and climate risk determinants (hazard and exposure).

The exposure levels in the tool reflect the present-day scenario and the airport elements
that can be potentially affected due to their presence in areas subject to these hazards (for
instance, criticalinfrastructure located within a floodplain). The above implies that, without
any protection measures, elements that are currently exposed will also likely remain
exposed in the future. Where climate projections indicate that the climate hazard level will
be intensified (for example, more extreme precipitation potentially leading to an increase

in flood events), the level of exposure will likely increase over time.

To investigate these dynamics, hazard-exposure mapping is conducted per hazard type,
with a focus on the climate hazard trends (illustrated with the use of light blue arrows in
Figure 4-4, Figure 4-5 and Figure 4-6). It is noted that the input for the mapping is strictly

based on the tool's output (scores for indicators and sub-indices).
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Flood hazard and exposure levels (Figure 4-4) are currently moderate* at Belfast
International with an exposure value of 0.50, suggesting that around 50% of airport
elements may become exposed to flood. Given that climate projections indicate a likely
intensification in the hazard level (moving to 0.75), additional elements could become
exposed in the future. In contrast, Norwich exhibits lower exposure, with around 25% of the
airport elements likely to become exposed, and a declining trend in the hazard level.
Bournemouth and Exeter show no projected change in the hazard level; however, both
locations currently present high hazard values (value of 0.75). The exposure levels for both

airports are low, 0.13 and 0.22, respectively.

Notably, Exeter completed the questionnaire in August 2023. One month later (17
September 2023), a heavy rainfall event led to the terminal's flooding, causing the airport's
closure. This incident raises questions regarding potentially under-identified elements
exposed to flood or whether the intensity of the hazard led to the exposure of elements that

were not previously recognised as such.
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Figure 4-4 Flood (left) and heat (right) hazard trends and exposure mapping (The dark blue colour
depicts the current, and the light blue colour represents the future climate hazard levels. The arrows
show the identified climate hazard trends; where no arrow is shown, there is no observed change in
the current and future climate hazard levels, considering the climate metrics included in the tool)

4 As mentioned in Table 4-2 and Table 4-8, the levels have been defined as follows: Very low (0.00), Low (0.01-
0.25), Moderate (0.26-0.50), High (0.51-0.75), Very high (0.76-1.00)
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The heat-exposure mapping (Figure 4-4) highlights notable trends in the hazard level.
Currently, Belfast International and Exeter demonstrate a very low hazard level (value of
0.00), which is projected to increase significantly (value of 1.00). In the present-day, around
22% and 28% of airport elements at these airports are likely to be exposed to heat;
considering the intensification of the hazard, more elements can become exposed to heat
in the future. Bournemouth and Norwich show lower exposure levels, yet their geographic
location suggests that extreme heat conditions are already observed. Considering the
trends (hazard value moving from 0.25 to 1.00), extreme heat conditions may expose more

elements in the future.

The cold-exposure mapping (Figure 4-5) illustrates that Bournemouth presents high
exposure to cold, with around 94% of elements likely affected. Although the current hazard
levelis high, climate projections indicate a warming trend, suggesting a future decrease in
cold conditions and hazard levels (from 0.75 to 0.50). Belfast International and Norwich
demonstrate moderate exposure (value of 0.53 and 0.57, respectively) and a declining
hazard trend. No observed trends in terms of hazard are noted for Exeter; yet, the currently

observed hazard level is moderate (value of 0.50).
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Figure 4-5 Cold (left) and storm (right) hazard trends and exposure mapping (The dark blue colour
depicts the current, and the light blue colour represents the future climate hazard levels. The arrows
show the identified climate hazard trends; where no arrow is shown, there is no observed change in
the current and future climate hazard levels, considering the climate metrics included in the tool)

Storm (Figure 4-5) is noted as a concern for Bournemouth, with over 90% of airport

elements likely to become exposed (value of 0.91) to a high hazard level (0.75) in the present
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day. Norwich shows lower levels of exposure (value of 0.41), but its location implies a very
high hazard level in the present day (value of 1.00). Although climate projections indicate a
declineinthe hazard level for both locations, there is an uncertainty in the confidence level,
suggesting that existing exposure should be further investigated. No significant trends are
observed for Exeter and Belfast International; nevertheless, the model's output shows that

both locations are characterised by a moderate hazard level (value of 0.50).

The hazard-exposure mapping for snow (Figure 4-6) indicates low hazard levels for Norwich
and Belfast International in the present day (value of 0.25), with a projected declining trend.
However, a substantial proportion of airport elements, approximately 72% at Norwich and
50% at Belfast International, are likely to become exposed. Bournemouth and Exeter
locations present a very low hazard level; nevertheless, 94% and 69% of the airport

elements, respectively, could potentially become exposed in the event of a snowstorm.
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Figure 4-6 Snow (left) and drought (right) hazard trends and exposure mapping (The dark blue colour
depicts the current, and the light blue colour represents the future climate hazard levels. The arrows
show the identified climate hazard trends; where no arrow is shown, there is no observed change in
the current and future climate hazard levels, considering the climate metrics included in the tool)

Drought (Figure 4-6) does not present a notable concern in terms of hazard and exposure

levels for most airports. However, in the case of Bournemouth, approximately 44% of the

airport elements could become exposed if drought conditions occur in the airport region.
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4.2.7 Climate hazard focus in terms of exposure

In conclusion, short-term planning efforts to reduce the exposure of assets, operations,
people, and interdependencies should focus on snow, cold, storm and flood. For medium-
term planning, it is essential to consider both existing exposure levels and projected hazard
trends. Therefore, planning should also address the growing implications of heat alongside

storm, cold and flood hazards (Figure 4-7).
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Figure 4-7 Focus of action to reduce exposure to climate hazards for the studied airports

Itis underlined that the fact that airport elements present high levels of exposure does not
necessarily mean they are also vulnerable to a specific hazard. The following sections (4.3
and 4.4) will provide more insights into existing vulnerabilities and risk mitigation practices;
Section 4.3 will present an analysis of the levels of vulnerability, while Section 4.4 will focus

on adaptability.

4.3 Vulnerability aspects

The vulnerability analysis looks at the airport elements that exhibit susceptibility to impact
in the case of a climate hazard occurrence. The measurement of vulnerability in the ACRI
tool considers a set of variables and indicators; detailed information on the variables used

for establishing the sub-indexis included in Section 3.4.3 and Appendix B Table 3.

The vulnerability analysis looks at the airport elements that are susceptible to impact due
to a climate hazard occurrence, either due to their sensitivity as demonstrated by past

events or their predisposition. The results are summarised in tabular format. It is noted that
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the term ‘vulnerability level’ is used here to define the tool's output, considering the airport
responses in the vulnerability variables. As explained in the Methodology chapter,
vulnerability levels are defined as the average value of the variables, using a 5-point scale,
moving from no vulnerability (value of 0.00) to very high vulnerability (value of 1.00) (Table

4-14).

Table 4-14 Rating scale used for vulnerability elements

Vulnerability levels ‘ Value in ACRI
Very high vulnerability 0.76-1.00
High vulnerability 0.51-0.75
Moderate vulnerability 0.26-0.50
Low vulnerability 0.01-0.25
No vulnerability 0.00

An example is provided below to assist in understanding the tool’s output.

The sensitivity level of critical assets to heat for Belfast International (Figure 4-8, Figure 4-9,

Appendix B Table 3) is the average value of the following variables in the tool:

e The frequency of critical infrastructure/asset damage due to extreme heat in the
past 10 years; details on the variable and its measurement are provided in Section
3.4.3 and Appendix B Table 3. Based on the ACRIl input/output, extreme heat events
affecting critical infrastructure occur more than once every year; this frequency
correspondsto avalue of 5inthe defined 5-point scale of measurement and a score

of 1.00 in the tool, suggesting a 'Very high' level of sensitivity.

e The frequency of critical equipment damage due to extreme heat in the past 10
years; similarly, details on the variable and its measurement are provided in Section
3.4.3 and Appendix B Table 3. Based on the ACRIl input/output, extreme heat events
affecting critical equipment, such as Navigational Aids, IT, comms, etc., occuronce
every 10 years; this frequency corresponds to a value of 2 and a score of 0.25 in the

tool, suggesting a 'Low' level of sensitivity.

4.3.1 Sensitivity

Examining the sensitivity of airport elements to climate hazards offers insights into the ones

most sensitive to a climate hazard occurrence, based on recent past events. The sensitivity
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indicator incorporates elements relevant to critical assets, operations, people,
interdependencies, safety, and environmental considerations. Table 4-15 presents the

overall sensitivity of the airport sample.

Overall, the airport sample exhibits higher sensitivity to cold and storm, followed by snow.

On the other hand, drought is the hazard with the lowest level of sensitivity.

Table 4-15 Sensitivity levels to the applicable climate hazards

Airports Flood Heat Cold Storm Snow Drought  Average
Belfast International 0.32 0.27 0.61 0.50 0.25 0.00 0.33
Bournemouth 0.16 0.02 0.34 0.16 0.34 0.14 0.19
Exeter 0.32 0.09 0.27 0.39 0.30 0.00 0.23
Norwich 0.23 0.18 0.27 0.34 0.32 0.00 0.22

Belfast International presents the highest overall sensitivity among the airports, with an
average score of 0.33. This represents a moderate sensitivity level, suggesting that, on
average, the airport experiences damage or disruption once every 5 years. Sensitivity to

cold is higher, with incidents occurring at least once a year.

Conversely, Bournemouth shows the lowest sensitivity (score of 0.19), with disruptive
incidents occurring once every 10 years. Cold and snow are the primary hazards causing
disruption. Exeter also shows a low average sensitivity score (score of 0.23), implying
disruptions once every 10 years. In this airport example, storm, flood, and snow are the
hazards that result in the most disruption. Similarly, Norwich exhibits a low overall
sensitivity with an average score of 0.22, with storm and snow being the most frequent

causes of disruption.

Across all airports, the most sensitive elements are operations, people, safety and assets
(Figure 4-8). Interdependencies and environmental aspects exhibit lower sensitivity, falling
below the overall average across all airports. At Belfast International and Bournemouth,
assets show the highest sensitivity, whereas Exeter presents the lowest sensitivity (assets)
among the airport elements. At Exeter, operations, safety and people demonstrate the
highest sensitivity levels. In the case of Norwich, the sensitivity levels are relatively even
across most elements, except for interdependencies and the environment; notably, safety

emerges as the most sensitive element in this regional airport.
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Average sensitivity levels for all climate hazards
across airport elements
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Figure 4-8 Average sensitivity levels for all climate hazards across airport elements

Appendix B Table 5 includes the output of the tool for the indicator of sensitivity, presenting
information on the main elements for each case example airport. Figure 4-9 illustrates the

average sensitivity levels of different airport elements to the climate hazards.

Average airport sensitivity levels per airport element
across all climate hazards
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Figure 4-9 Average airport sensitivity levels per airport element across all climate hazards

Overall, as previously identified, operations and people emerge as the most sensitive
elements, particularly in relation to cold, storm, and snow. Critical assets demonstrate a
moderate sensitivity level to almost all hazards (except drought), with flood, heat and cold

showing the highest scores. This suggests that climate hazards may lead to damage or
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disruption approximately once every 5 years. More detailed information on critical assets

is provided in Section 4.3.2.

Air and ground operations across all airports are more sensitive to cold, storm and snow.
Belfast International and Exeter show the highest levels of the airport sample, with storms
and cold being the main disruptive hazards. In terms of airport staff and passengers,
moderate sensitivity levels are observed for most hazards, with cold, storm and snow being
the key concerns. Belfast International shows the highest sensitivity levels in this regard.
Interdependencies, such as surface access and utilities, generally exhibit low sensitivity
across all hazards, though they show slightly higher values in the case of flood, cold and

snow. Among the airports, Norwich demonstrates the lowest sensitivity across these areas.

Bournemouth shows the lowest average sensitivity levels for safety across all climate
hazards. The climate hazards of concern for the case example airports include flood, cold,

storm and snow. Further insights into safety aspects are included in Section 4.3.4.

The sensitivity of the environmental factors addressed in the tool is consistent across all
hazards, with storm, heat and flood the main climate hazards for consideration. Norwich
presents the highest sensitivity among the airports, followed by Exeter and Belfast
International. Based on the tool's output, the local environment at these airports is affected
once every 10 years on average due to a hazard occurrence. Additional information on the

environment is included in Section 4.3.5.

4.3.2 Insights on critical assets

As mentioned previously, critical assets broadly show higher sensitivity to extreme
temperatures (heat and cold) and flood (Appendix B Table 5, Figure 4-8). At Belfast
International, assets demonstrate very high sensitivity to cold (score of 0.88), suggesting
disruptions occur more than once a year and high sensitivity to heat (score of 0.63), with
damaging events occurring at least annually. Norwich also experiences heat-related
incidents, with critical assets being affected every 5 years. Flood is a concern for critical
assets at Norwich and Belfast International (score of 0.50), with incidents occurring at least
once every 5 years. Critical assets at Bournemouth show moderate sensitivity (score of
0.50) to cold, snow and drought, while Exeter exhibits the lowest sensitivity levels among

the airports in the sample.
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To better understand the sensitivity of critical assets, it is essential to understand the
existing levels of predisposition to experience impact. This includes factors such as their
geographic location and asset characteristics, such as the number, length or orientation of
the runways, and technical specifications and standards. The variables that contribute to
predisposition are included in Section 3.4.3 and Appendix B Table 3. Critical assets
generally show at least moderate predisposition to multiple climate hazards (e.g., flood,
heat, storm), suggesting that their location, characteristics, or design standards increase
their sensitivity. Forinstance, Belfast International’s location within the 100-year flood zone
and proximity to inland water bodies heighten its predisposition to flooding during extreme

precipitation events, assuming no mitigation measures are in place.

Overall (Table 4-16), critical assets at Belfast International exhibit higher average
predisposition levels, with a very high level for flood (score of 0.86), and cold (score of 1.00)
and a high level for snow (score of 0.67). Bournemouth shows a very high predisposition to
snow (score of 0.83). Exeter demonstrates a moderate predisposition to most hazards, with
cold being the highest (score of 0.50). At Norwich, critical assets are highly predisposed to

storm (score of 0.83).

Table 4-16 Predisposition of critical assets to experience impact

Airports Flood Heat Cold Storm Snow Drought  Average
Belfast International 0.86 0.35 1.00 0.50 0.67 0.17 0.59
Bournemouth 0.39 0.35 0.50 0.42 0.83 0.67 0.53
Exeter 0.32 0.35 0.50 0.33 0.17 0.33 0.33
Norwich 0.54 0.45 0.17 0.83 0.50 0.00 0.41

Combining the tool’s output on sensitivity and predisposition offers insights into critical
asset-related issues that can be further investigated and effectively addressed in the risk

management strategies.

Flood (Figure 4-10) emerges as a major concern for Belfast International, with critical
assets showing high predisposition and moderate sensitivity. This indicates that most
critical assets present a tendency to experience impact once every 5 years, based on the
pastdecade. Giventhat 25-50% of assets are already exposed and with climate projections
indicating anincrease in flood intensity, these assets may become more susceptible in the
future, leading to more frequent damage. A similar patternis observed at Norwich, although

the level of predisposition is relatively lower. Exeter and Bournemouth exhibit moderate
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levels of predisposition, and the past incidents suggest that exposed critical assets have

experienced damage around once every 10 years.

The heat mapping (Figure 4-10) indicates that Norwich and Belfast International present
moderate levels of both predisposition and sensitivity. Conversely, Exeter and
Bournemouth, despite moderate predisposition, exhibit low sensitivity, implying that
existing mitigation measures are effective under present-day conditions. At Belfast
International, around 22% of critical assets are exposed to heat. These assets may become
more susceptible given the projected intensification of extreme heat events. Currently,
heat-related impacts on critical assets occur more than once a year, suggesting a
potentially insufficient level of mitigation. Norwich demonstrates moderate levels of
predisposition and sensitivity, with impacts occurring once every 5 years. Nonetheless,

considering the climate hazard trends, this may increase in the future.
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Figure 4-10 Mapping the relationships between predisposition and sensitivity of critical assets for
flood (left) and heat (right)

Very high predisposition and sensitivity, as in the case of Belfast International in relation to
cold (Figure 4-11), indicates high vulnerability of critical assets and, subsequently,
suggests that existing measures do not address the hazard effectively. Bournemouth
shows moderate sensitivity to cold, with cold and icing conditions affecting critical assets
once every 5 years. Exeter, despite showing moderate levels of predisposition to cold,
reports no sensitivity, indicating that current mitigation is adequate for the present-day

conditions.
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Regarding storm (Figure 4-11), critical assets at Norwich demonstrate a high predisposition
and are affected at least once every 5 years. At Belfast International, both predisposition
and sensitivity levels are moderate, highlighting the need for enhanced adaptation

measures to address trends and uncertainty in the future.
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Figure 4-11 Mapping the relationships between predisposition and sensitivity of critical assets for
cold (left) and storm (right)

At Bournemouth, critical assets demonstrate very high predisposition and moderate
sensitivity to snow (Figure 4-12), indicating a notable vulnerability. In the case of Belfast
International, while predisposition to snow is high, sensitivity levels remain low, with
critical assets being affected once every 10 years. Norwich presents a similar pattern,

although the level of predisposition is moderate.

Drought (Figure 4-12) appears to be a concern only for critical assets at Bournemouth; they

exhibit high levels of predisposition and marginally moderate sensitivity levels.
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Snow Drought
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Figure 4-12 Mapping the relationships between predisposition and sensitivity of critical assets for
snow (left) and drought (right)

4.3.3 Insights on surface access

Besides critical assets, surface access emerges as an airport element demonstrating
sensitivity to flood, cold, snow and storm. Across the case example airports, surface
access modes show a tendency to experience disruption due to snow and cold (Figure

4-13). In addition, flood and storm are also identified as hazards for consideration.
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Figure 4-13 Predisposition of surface access

Based on the ACRI output (Appendix B Table 6) Belfast International, Bournemouth and

Exeter demonstrate a very high predisposition to snow (value of 1.00), suggesting that
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surface access may be significantly disrupted during a snowstorm. In Bournemouth and
Exeter, disruption has historically occurred approximately once every 5 years, considering
past events. The frequency of disruption in the case of Belfast International is lower (once
every 10 years). Similarly, cold can become a concern for Belfast International and
Bournemouth (value of 1.00); disruptive incidents in these airports have occurred once

every 5 years.

Surface access modes demonstrate a moderate predisposition to flood across all airports
(value of 0.50). Despite the moderate level, disruption has historically occurred at least
once yearly in Bournemouth and Exeter over the past decade. The above observations
highlight that even though airports can maintain their functions during an extreme flood
event, the lack of reliable access links may result in, amongst others, operational

challenges and passenger inconvenience.

4.3.4 Insights on safety

Exploring the variables that influence the likely effect on safety reveals the hazards most
likely to reduce safety margins. Information on the variables considered for measuring the

indicator of impact is provided in Section 3.4.3, and Appendix B Table 3.

The ACRI output (Table 4-17) shows that snow and, secondly, cold are the primary hazards
affecting safety margins across airports. Storm and flood are also recognised as potential

concerns; however, the level of likely effect is presented as lower.

Table 4-17 Likely effect of climate hazards on safety

Airports Flood Heat Cold Storm Snow Drought  Average
Belfast International 0.25 0.25 0.38 0.25 0.38 0.00 0.25
Bournemouth 0.00 0.00 0.13 0.13 0.13 0.00 0.07
Exeter 0.13 0.00 0.25 0.25 0.38 0.00 0.17
Norwich 0.25 0.25 0.38 0.38 0.38 0.00 0.27

At Exeter, a combination of a high sensitivity level to flood (Appendix B Table 5) with a low
likely effect (Table 4-17) suggests that, while a flood event may not significantly reduce
safety margins, safety-related incidents occur at least once ayear. At Belfast International,
a moderate level of sensitivity to heat (Appendix B Table 5) is combined with a slight
reduction in safety (Table 4-17). This indicates that heat-related safety challenges may

arise once every 5 years under current climate conditions.
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In the case of cold (Belfast International and Norwich) and storm (Norwich), moderate
sensitivity levels (Appendix B Table 5) are combined with moderate effects on safety (Table
4-17). This implies that although cold can potentially reduce safety margins, this occurs
around once every 5 years. The observed moderate impact levels suggest the existence of
mitigating measures addressing the intensity of the climate hazard occurrence under the

present-day scenario.

4.3.5 Insights on environmental issues

Based on the ACRI output, and specifically the frequency of events resulting in incidents of
pollution in water bodies or increased noise complaints (Appendix B Table 5), along with
the likely effect (Table 4-18), flood, cold and snow are identified as the climate hazards

having an overall effect on the environment.

Table 4-18 Likely effect® of climate hazards on the environment

Airports Flood Heat Cold Storm Snow Drought  Average
Belfast International 0.63 0.00 1.00 0.19 1.00 0.00 0.47
Bournemouth 0.63 0.00 0.25 0.00 0.25 0.50 0.27
Exeter 0.38 0.38 0.75 0.19 0.00 0.00 0.28
Norwich 0.38 0.38 0.00 0.31 0.00 0.00 0.18

Flood is identified as the hazard with the most significant effect on water resources,
especially at Belfast International and Bournemouth (Table 4-18); where incidents have
approximately occurred once every 5 years (Appendix B Table 5). Heat is a hazard of
concern for Norwich and Exeter, presenting moderate levels of sensitivity (Appendix B Table
5) and a moderate effect on noise complaints (Table 4-18). Although heat-related incidents
have occurred once every 5 years in the past decade, the potential for environment-related
impact is only considered substantial in Exeter and Norwich. A high effect on water
resources is also noted for cold in the case of Exeter. At Belfast International, although cold
isidentified as a climate hazard with very high potential for water resources pollution (Table
4-18), no incident has been recorded in the past 10 years (Appendix B Table 5). A similar

pattern is observed for snow; a very high potential for effect on water resources is noted in

5 Information on the variables considered for measuring the indicator of impactis provided in Section 3.4.3, and
Appendix B Table 3.
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the case of Belfast International (Table 4-18), but with a lower frequency of incidents, once

every 10 years (Appendix B Table 5).

4.3.6 Impact

Examining the most impactful event of the past 20 years reveals key insights into the
existing vulnerability of the airports. For example, in the case of Norwich, the most
impactful snowfall was the occurrence of 2018 (the so-called the ‘Beast from the East’).
The significance of this event in terms of the level of impact is determined by considering
the average value of the following variables in the tool. Section 3.4.3 and Appendix B Table

3 provides details on the indicator and its measurement.

e Thetime the airport was out of service. Based on ACRI input/output, the airport was
out of service for the whole duration of the event and after the event. The
measurement of the variable corresponds to a value of 5 and a score of 1.00 in the

tool, suggesting a 'Very high' level of impact.

e The number of ATMs disrupted. More than 75% of the movements were cancelled
due to this occurrence. Similarly, the measurement of the variable corresponds to

avalue of 5 and a score of 1.00 in the tool, suggesting a 'Very high' level of impact.

e Thefinancialimpact/business loss. Based on ACRI input/output, the business loss
was high and considering the measurement of the variable, it corresponds to a

value of 4 and a score of 0.75 in the tool, suggesting a 'High' level of impact.

e The cost for restoration, repairs, or replacement. Considering the ACRI
input/output, the maintenance/repair cost was low. Based on the measurement of
the variable, it corresponds to avalue of 2 and a score of 0.25 in the tool, suggesting

a'Low' level of impact.

Looking at the recorded events in the ACRI (Table 4-19), cold and snow have caused the
most significant disruptions in the past 20 years, especially at Norwich and Bournemouth.
Both airports were severely impacted by the ‘Beast from the East’ in 2018; due to snow,
both airports remained out of service for the whole event and after the event. Cold
conditions also forced Norwich to remain closed for the whole duration of the event, while
Bournemouth experienced more extended disruption. At Belfast International, the level of

impact of cold, storm and snow has been moderate. Although the recorded events
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occurred on a peak day, the airport remained out of service for a short period of time, with

the disruption lasting less than 25% of the overall duration of the event.

Table 4-19 The most impactful event of the past 20 years in terms of the level of impact

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.25 0.22 0.38 0.35 0.38 0.00 0.26
Bournemouth 0.06 0.03 0.44 0.24 0.44 0.03 0.21
Exeter 0.13 0.00 0.25 0.20 0.31 0.00 0.15
Norwich 0.13 0.19 0.53 0.29 0.56 0.00 0.28

Flood incidents have generally caused low operationalimpact at Belfast, Bournemouth and
Exeter; all airports maintained their functions during the recorded events. However, it is
worth mentioning that Exeter airport completed the questionnaire in the summer of 2023,
prior to the terminal flooding incident on the 17th of September 2023, which caused the

airport's closure. Therefore, this event is not captured in the tool’s output.

Where the events caused high disruption (for instance, cold and snow events) (Figure 4-14),
financial impact and/or business loss are observed to be high. Norwich and Bournemouth
experienced high business impact due to the disruption caused by the ‘Beast from the East’
in 2018. Focusing on snow, while Exeter and Belfast demonstrate low disruption in ATMs;

the observed business impactis noted as moderate.
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Figure 4-14 Mapping the most impactful cold (left) and snow (right) event of the past 20 years in
terms of the level of ATM disruption and financial impact/business loss
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4.3.7 Overall vulnerability

Looking at the overall vulnerability, the case study airports are more vulnerable to snow,

cold, storm and flood (Table 4-20).

Table 4-20 Sub-index of vulnerability

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.46 0.26 0.59 0.48 0.45 0.02 0.30
Bournemouth 0.16 0.07 0.52 0.33 0.56 0.17 0.25
Exeter 0.27 0.16 0.34 0.31 0.39 0.04 0.30
Norwich 0.28 0.21 0.40 0.46 0.48 0.00 0.38

Cold emerges as the most significant concern for Belfast International, followed by storm;
similarvalues are observed in the case of flood and snow. For Bournemouth, snow and cold
are the primary hazards of concern, while in the case of Exeter, vulnerability is also higher

to these hazards. Norwich shows higher vulnerability to snow, storm, and cold.

4.3.8 Exposure-vulnerability analysis

Exposure-vulnerability analysis reveals airport elements that are both exposed and

vulnerable to a climate hazard.

Regarding flood (Figure 4-15) Belfast International demonstrates moderate levels of both

exposure and vulnerability, while Norwich and Exeter present a similar picture, but at lower

levels.
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Figure 4-15 Mapping the average levels of exposure and vulnerability to flood (left) and heat (right)
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When considering heat (Figure 4-15), both exposure and vulnerability remain low to
moderate across all airports. However, considering climate change trends, an increase is

likely in the future.

Cold (Figure 4-16) can have significant consequences for Bournemouth; the airport
demonstrates very high exposure and high vulnerability, suggesting that exposed airport
elements are also likely to be vulnerable and therefore susceptible to impact. Similarly,
Belfast International shows high levels of vulnerability and exposure, indicating that a cold
occurrence can have significant consequences without effective adaptation measures.
Cold can also become a concern for Norwich, as high levels of exposure are combined with

moderate levels of vulnerability.

Asin cold, storm (Figure 4-16) is a hazard of interest for Bournemouth, presenting very high
exposure and moderate vulnerability. Belfast International and Norwich demonstrate
moderate levels of exposure and vulnerability, indicating a notable susceptibility to

damage or disruption.
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Figure 4-16 Mapping the average levels of exposure and vulnerability to cold (left) and storm (right)

Very high levels of exposure and vulnerability to snow (Figure 4-17), as in the case of
Bournemouth, indicate that the airport may experience significant damage/disruption
under current climate conditions. A similar pattern is observed in the case of Norwich and

Exeter, although at slightly lower levels.

Drought does not appear to be a concern for the case study airports (Figure 4-17).

Bournemouth is the only airport presenting a moderate level of exposure; however, the low
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level of vulnerability suggests that it is unlikely to experience significant damage/disruption

under the current climate conditions.
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Figure 4-17 Mapping the average levels of exposure and vulnerability to snow (left) and drought (right)

It is noted that airport elements currently vulnerable are expected to continue being
vulnerable if measuresto reduce the vulnerability are not implemented. In some instances,
vulnerability may even increase over time if, for example, there is no appropriate
maintenance or if the technical specifications/design standards become inadequate to

address climate hazard-related challenges.

4.3.9 Climate hazard focus in terms of vulnerability

Concluding the vulnerability analysis, short-term planning should prioritise action to
address reducing predisposition, sensitivity and the potential forimpact of climate hazards

such as cold, storm, flood and snow.

Medium-term planning must also consider climate hazard trends, and therefore, planning

should also focus on heat (Figure 4-18).
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Figure 4-18 Focus of action to reduce vulnerability to climate hazards for the studied airports

Considering the climate hazards of concern (Section 4.1), the exposed (Section 4.2) and the
vulnerable elements of the airport system (Section 4.2), the following section (4.4) will

analyse the airports' adaptability.

4.4 The road to adaptation

The analysis of adaptability looks at the measures in place aiming to reduce exposure
and/orvulnerability to climate hazards and build more adaptive capacity to the system. The
measurement of adaptability in the ACRI tool considers a set of variables and indicators;
detailed information on the variables used for establishing the sub-index is included in

Section 3.4.4 and Appendix B Table 4.

The analysis looks at measures to protect critical assets and other airport elements,
enhance the preparedness mechanisms and build more institutional capacity. The results
are mainly summarised intabularformat. It is noted that the term ‘adaptability level’ is used
here to define the output of the ACRI tool, considering the airport responses in the
adaptability variables. As analysed in the Methodology chapter, adaptability levels are
defined as the average value of the variables, using a 5-point scale, moving from no

adaptability (value of 0.00) to very high adaptability (value of 1.00) (Table 4-21).
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Table 4-21 Rating scale used for adaptability elements

Adaptability levels ‘ Value in ACRI
Very high adaptability 0.76-1.00
High adaptability 0.51-0.75
Moderate adaptability 0.26-0.50
Low adaptability 0.01-0.25
No adaptability 0.00

To support the interpretation of the tool’s output, an example is provided below.

The flood protection for Bournemouth (Table 4-22) is the average value of the following

variables in the tool:

e The existence of flood defences is reported as in progress (not fully integrated),
corresponding to a value of 4 in the defined 5-point scale of measurement and a

score of 0.75 in the tool, indicating a 'High' level of protection.

e Whether critical infrastructure/buildings in low-lying areas are elevated to address
inundation risk. This measure is not in place and hasn't been considered, and
therefore, indicates a value of 1 and a score of 0.00 in the tool, suggesting a 'Very

low' level of protection.

e Whether critical equipment at riskis relocated to address inundation risk. Similarly,
this measure is not in place and hasn't been considered, suggesting a 'Very low'

level of protection.

e Whether drainage systems are upgraded to handle greater peak flows. This
measure is in progress (not fully integrated), corresponding to a value of 4 and a

score of 0.75 in the tool, suggesting a 'High' level of protection.

e The existence of backup power sources. This measure is in place (fully integrated)
and therefore corresponds to a value of 5 and a score of 1.00 in the tool, suggesting

a 'Very high' level of protection.

e Relocation of critical equipment. This measure is not in place and hasn't been

considered, suggesting a 'Very low' level of protection.

The following paragraphs will analyse protection, preparedness and institutional capacity.
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4.4.1 Protection

The level of protection reflects the efforts undertaken to reduce the exposure of the airport
elements to the different hazards, building its ability to resist. Overall, among the studied
airports (Table 4-22) Norwich, Bournemouth, and Belfast International present higher
levels of protection. Airports appear to primarily address hazards such as storm and snow,

followed by extreme temperatures (heat and cold).

Table 4-22 Protection levels for the applicable climate hazards

Airports Flood Heat Cold Storm Snow Drought  Average
Belfast International 0.50 0.61 0.64 0.57 0.71 0.60 0.61
Bournemouth 0.50 0.75 0.64 0.79 0.57 0.40 0.61
Exeter 0.65 0.46 0.36 0.96 0.54 0.30 0.55
Norwich 0.75 0.71 0.67 0.75 0.64 0.15 0.61

Flood is a key hazard of concern for assets at Belfast International, given the moderate
sensitivity and exposure levels analysed in Sections 4.2 and 4.3. This highlights the need to
evaluate existing measures considering projected changes in climate. While Exeter shows
low sensitivity (Appendix B Table 5) and high protection levels (Table 4-22), the September
2023 flood event (occurring after the engagement) raises questions about the effectiveness
of existing measures. At the same time, it highlights the need to reassess them, considering

future changes in hazard intensity and/or frequency.

Norwich presents high protection levels for heat (Table 4-22); while aspects like runway
length, upgraded equipment, and backup power contribute to heat adaptability, the fact
that critical infrastructure has been damaged at least once every five years indicates gaps
in existing adaptation. Since climate projections suggest more frequent and severe heat
events, further evaluation of existing measures is needed to address potential gaps in
adaptation strategies. Although Belfast International shows a high level of protection
against cold (Table 4-22), airport assets have experienced incidents more than once every
year over the past decade (Appendix B Table 5). This indicates that current measures may

not be sufficient for the current hazard intensity.

All regional airports show at least a moderate level of protection against storms (Table
4-22). In the case of Belfast International, the demonstrated sensitivity of critical assets
(Appendix B Table 5) implies that existing protection measures (Table 4-22) should be

further expanded. Similarly, although Bournemouth presents a high level of protection,
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existing sensitivity levels (Appendix B Table 5) suggest a need to evaluate the effectiveness
of existing mitigation. Protection measures for drought present the lowest levels among the
hazards (Table 4-22); nevertheless, most of the case example airports demonstrate low

levels of sensitivity (Appendix B Table 5).

It is important to note that the presence of more measures does not necessarily suggest
that the airport is better protected against an event. Aspects such as the level of
preparedness, whether measures address the specific vulnerabilities, and the intensity of

the hazard occurrence influence the likely impact and the level of damage or disruption.

4.4.2 Preparedness

The level of preparedness reflects the ability of the airport to control potential loss or
disruption and maintain its operational capabilities during extreme events. It presents the
extent to which an airport has a response and preparedness mechanism to reduce
business impacts due to an event. Details on the variables used to define preparedness

and their measurement are provided in Section 3.4.4 and Appendix B Table 4.

Essentially, the case study airports exhibit very high levels of preparedness across most
cases (Table 4-23); Belfast International presents the highest (score of 0.91) and Exeter the
lowest level (score of 0.59). Existing preparedness mechanisms appear to primarily
address cold and snow, followed by storm and flood. It is worth mentioning that all airports
demonstrate a very high level of preparedness in the case of snow. Drought is the least
addressed hazard, especially for Norwich and Exeter (scores of 0.00 and 0.08,

respectively).

Table 4-23 Level of preparedness to the applicable climate hazards

Airports Flood Heat Cold Storm Snow Drought  Average
Belfast International 0.91 0.91 0.91 0.92 0.91 0.90 0.91
Bournemouth 0.57 0.86 0.91 0.90 0.91 0.60 0.79
Exeter 0.80 0.43 0.79 0.65 0.79 0.08 0.59
Norwich 0.80 0.93 0.79 0.87 0.91 0.00 0.72

Some commonly implemented measures across all airports include an aviation
meteorological forecasting mechanism and/or early warning systems. In addition, airports
present emergency response plans; however, they are not fully implemented in all cases.

Other adopted practices include established communication protocols with stakeholders,
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plans for inspections and maintenance, and climate-hazard-specific health and safety

procedures.

4.4.3 Institutional capacity

In terms of institutional capacity, and the extent to which airports have undertaken action
to build awareness and proactively plan for the future, storm, cold and snow are the
hazards primarily addressed (Table 4-24). Drought is the least addressed hazard,

particularly in Norwich and Exeter.

Table 4-24 Level of institutional capacity to the applicable climate hazards

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.46 0.46 0.46 0.46 0.46 0.46 0.46
Bournemouth 0.71 0.75 0.83 0.79 0.79 0.79 0.78
Exeter 0.54 0.33 0.33 0.46 0.50 0.00 0.36
Norwich 0.83 1.00 0.96 1.00 0.96 0.00 0.79

Norwich demonstrates the highest level of institutional capacity, while Exeter presents the
lowest in the sample. Belfast International shows moderate and consistent scores across

all hazards, indicating a uniform approach.

Common applied measures include insurance coverage, formal organisational structures,
risk awareness efforts, and resource allocation. However, these measures are not fully

implemented at all airports.

4.4.4 Overall adaptability

The overall level of the sub-index, as determined in the tool, is presented in Table 4-25.

Table 4-25 Sub-index of adaptability

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.62 0.66 0.67 0.65 0.69 0.65 0.66
Bournemouth 0.59 0.79 0.79 0.83 0.76 0.60 0.73
Exeter 0.67 0.41 0.49 0.69 0.61 0.13 0.50
Norwich 0.80 0.88 0.80 0.87 0.84 0.05 0.71

Overall, drought and flood exhibit the lowest adaptability levels across all case example
airports. For instance, while Norwich airport demonstrates a very high level of adaptability

to most climate hazards, no measures seem to be in place to address a potential drought
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incident. On the contrary, storm and snow are associated with high and very high
adaptability levels in all airports. Belfast International shows high adaptability across all
hazards. Bournemouth demonstrates a very high level of adaptability to heat, cold, storm
and snow and a high level of adaptability to flood and drought. Exeter focuses its efforts on
flood, storm and snow, yet it only shows a moderate adaptability level to extreme

temperatures.

4.4.5 Vulnerability-adaptability analysis

Considering the analysis of the risk determinants, building adaptability can address the
likely consequences associated with exposure and/or vulnerability (Sections 4.2 and 4.3).
Therefore, airports demonstrating high adaptive capacity will likely be in a better position
to address climate hazard-related implications. Identifying gaps in the current adaptation
strategies allows for a deeper understanding of the opportunities for improvement. By
mapping the average levels of adaptability and vulnerability to relevant climate hazards, it

becomes possible to highlight areas where adjustments are required.

The case study airports demonstrate low to moderate levels of vulnerability to flood, while
adaptability is noted as high or very high in the case of Norwich (Figure 4-19). Belfast
International presents the highest vulnerability among the airport sample. Although some
preparedness measures are in place, the ACRI output indicates a lack of focus on
protection and institutional capacity aspects. Despite the measures in place, the level of
sensitivity is moderate, suggesting that current measures are insufficient to address the
high predisposition of the airport and the typical observed intensity of the hazard. An
increase in the intensity of extreme precipitation events is likely to exacerbate the existing

vulnerability level, potentially leading to a more severe impact.

Norwich and Exeter both demonstrate moderate levels of vulnerability but also exhibit high
levels of adaptability. While Norwich has not reported an incident in the past 10 years,
Exeter experienced disruption due to the 2023 flood event, which led to the airport's
closure. The above incident suggests that the applied measures do not effectively address
the dimensions of hazard, exposure, and vulnerability. Therefore, they should be expanded

further to build more flood resilience.

Regarding heat, all case example airports demonstrate low to levels of vulnerability under

current climate, while adaptability levels in almost all airports appear to be high. Exeteris
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the only airport presenting a moderate level; measures to build adaptive capacity focus
primarily on protection and preparedness. Considering that the frequency and intensity of
extreme heat events will likely increase, the airport should focus on taking advantage of

opportunities to build more adaptability to address future challenges.
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Figure 4-19 Mapping the relationships between adaptability and vulnerability for flood (left) and heat
(right)

Cold emerges as a hazard of interest for most airports (Figure 4-20). Belfast International
presents both high levels of vulnerability and adaptability, suggesting that although the
airport is particularly susceptible to cold, it has implemented a range of measures
addressing different issues. While mitigation actions primarily focus on enhancing the
preparedness mechanism, measures such as de-icing operations, backup power systems,
and the condition of pavements imply awareness of the existing vulnerabilities and the
potential consequences of an extreme cold and icing event. Considering the frequency of
disruptive events (at least once every year), further investigation of the existing adaptation

measures is deemed necessary to determine the focus of action in the future.

Bournemouth demonstrates a high level of both vulnerability and adaptability to cold.
Vulnerability is mainly driven by the airport’s predisposition of the exposed critical assets,
with impactful events occurring once every 5 years. Measures in place primarily focus on
enhancing preparedness and building institutional capacity, while measures targeting
protection refer to meeting de-icing requirements, energy efficiency and system resilience.
Given the level of predisposition of assets, further analysis of adaptation options will

determine the focus of action. A similar picture is depicted for Norwich; the main difference
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lies in the airport’s focus on building institutional capacity. Exeter shows moderate levels
of vulnerability and adaptability, suggesting that there are aspects that require further

investigation to enable targeted improvements.

Regarding storm, the adaptability levels across all airports (Figure 4-20) are at least high,
with Bournemouth and Norwich presenting very high levels. Belfast International and
Norwich demonstrate the higher levels of vulnerability in the airport sample. While the
existence of measures in both airports indicates awareness of the current vulnerability, the
frequency of disruption, especially in the case of Belfast International, suggests that the
applied measures may not be very effective, or their planning has not considered the
intensity of the climate hazard occurrence. Looking at the applied measures, Belfast
International mainly focuses on enhancing the preparedness mechanism, while Exeter
focuses on building more protection. The approach of Norwich includes actions to
strengthen preparedness and institutional capacity. Bournemouth presents a similar

distribution of effort on all three adaptability aspects.
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Figure 4-20 Mapping the relationships between adaptability and vulnerability for cold (left) and storm
(right)

The adaptability level to snow (Figure 4-21) is at least high across all airports, with
Bournemouth and Norwich presenting a very high level. From a vulnerability perspective,
Bournemouth, Norwich, and Belfast International show comparatively higher levels. As in
the case of cold, airports demonstrate susceptibility to snow conditions despite
implemented measures, such as snow and ice removal equipment. The observed

susceptibility suggests that existing measures may not adequately account for the intensity
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of the hazard occurrence. Bournemouth and Norwich demonstrate high and moderate
vulnerability to snow, respectively, mainly due to the airports’ level of predisposition, with

critical infrastructure experiencing damage once every 5 years on average.

Drought does not currently present a significant concern in terms of vulnerability for most
airports (Figure 4-21). Despite the low vulnerability levels, high adaptability is observed in
the case of Belfast International and Bournemouth. At Bournemouth, adaptation efforts
focus on building institutional capacity, whereas at Belfast, International action is focused

on enhancing the preparedness mechanism.
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Figure 4-21 Mapping the relationships between adaptability and vulnerability for snow (left) and
drought (right)

Largely, adaptability levels across the studied airports generally align with or exceed the
corresponding vulnerability levels. While the existence of measures implies awareness of
the existing vulnerabilities, the observed level of sensitivity of critical assets suggests that
the applied measures may not be very effective, or their planning has not considered the
climate hazard intensity. Where climate trends indicate that hazard occurrences may
become more frequent and/or more severe, airport elements already demonstrating
vulnerability will likely be affected to a greater extent without more robust adaptation

measures.

For example, in the case of Bournemouth, snow has emerged as a hazard of interest in
terms of exposure and vulnerability. The airport demonstrates a very high level of

adaptability, particularly through preparedness. Fully implemented measures refer to
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sufficient de-icer storage facilities, backup power sources, forecasting capabilities, an
emergency response plan, the existence of decision-making mechanisms and
communication protocols, health and safety procedures, regular inspections and
maintenance checks, building capacity to respond, organisational structure and
accountability, knowledge of the risk and insurance policy. Additional measures are in the
planning or implementation process. Nevertheless, the question remains whether those
measures sufficiently mitigate the existing vulnerabilities. Past occurrences indicate that
around 75% of air and ground operations can be affected once every 5 years. Investigating
the extent to which the applied measures effectively address the anticipated level of
operational disruption will lead to specific recommendations to build more adaptive

capacity.

Another example is Belfast International; the analysis identified flood as an issue of
attention, mainly due to the observed vulnerability level. Therefore, risk mitigation efforts
should focus on minimising the airport's susceptibility to experiencing impact and ensuring
business continuity. The adaptability analysis revealed that the airport has implemented
several measures addressing aspects of protection, preparedness, and institutional
capacity. Fully implemented measures refer to flood defences, backup power systems,
forecasting capability, emergency response planning and experience, the existence of
decision-making and communication protocols, health and safety procedures,
maintenance procedures, monitoring mechanisms for water pollutants and insurance
policy. Furthermore, some additional measures are underway in the planning or
implementation stage. While preparedness is addressed more efficiently, actions focused
on strengthening protection and institutional capacity have not been implemented fully.
Forinstance, while a flood can damage 25-50% of the critical equipment, relocating critical
equipment at risk has not yet been considered an option. Similarly, even though the
drainage systems are identified as vulnerable, they have yet to be upgraded to handle more

significant peak flows, although the airport is actively pursuing improvements.

4.4.6 Climate hazard focus in terms of adaptability

In conclusion, short-term planning efforts to build adaptability should also consider the
hazards currently associated with lower levels, like drought, flood, heat and cold. For

medium-term planning, accounting for projected climate-related trends and uncertainties
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is essential. Therefore, emphasis should also be placed on building more adaptability to

hazards like storms (Figure 4-22).
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Figure 4-22 Focus of action to build adaptability to climate hazards for the studied airports

The next section of the chapter will summarise the conclusions of the analysis based on

the output of the tool.

4.5 Conclusions

The analysis of the output of the ACRI tool provided insights on the levels of climate hazard,
exposure, vulnerability and adaptability, pointing out areas for further consideration. While
the output of the tool can be used in many ways, this analysis was specifically framed to
establish a baseline by considering present-day conditions and recent past events and
looking at risk identification and mitigation using a forward-looking perspective. The main
reason for following this approach is to align with the concept used in the development of
the index; using the present-day and the recent past to understand the opportunities for
improvement, while at the same time account for evolving trends in the climate hazard

occurrences.

Looking atthe case example airports, there are similarities and differences, and despite the
different geographic locations, there are common challenges. The airports present high
levels of preparedness, primarily addressing cold and snow, followed by storm and flood.
The extent of undertaken measures appears to be driven by the observed hazard intensity
or the technical specifications of assets, which may often be based on outdated climate

hazard characteristics. Therefore, existing risk mitigation planning primarily considers how
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climate hazards have manifested recently. Based on the demonstrated levels of
adaptability and future climate hazard trends, there are opportunities for improvement in

all airports.

Flood is a consideration for all airports, and in the case of Belfast International, a climate
hazard, pointing out the airport’s predisposition and sensitivity. Heat is not currently a
significant concern for most airports; however, in the case of Exeter, it is a hazard that
indicates a marginally moderate level of exposure, suggesting a need for action. Cold is a
concern across nearly all airports, although different levels of exposure and vulnerability
are observed. Snow is a noteworthy hazard for all airports in the present day, with all
airports experiencing disruptive events. In most cases, the extent of the applied measures
aligns with the level of the hazard in the present day and the frequency of the disruptive
occurrences. Storm can become a challenge for all regional airports. Although they present
strong levels of preparedness, the inherent uncertainty as regards the intensity of future
events suggests an evaluation of the effectiveness of existing risk mitigation measures.
Finally, drought is currently the least concern; despite the lack of incidents of
disruption/damage, airports present action (or are in the planning process) to build

adaptability to water scarcity conditions.

The next chapter will discuss the main climate risk trends based on the output of the tool
and the areas of focus in terms of climate hazards and airport elements. It will also show
the identified gaps and provide specific recommendations on measures that would enable

airports to build more adaptive capacity.
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5 Climate risk trends and recommendations

This chapter discusses the main climate risk trends (Section 5.1) from analysing the tool
output, as presented in Chapter 4 and the areas of focus in terms of climate hazards
(Section 5.2). It also provides specific recommendations (Section 5.3), addressing RO4 -
‘To recommend measures to increase airport climate resilience’. The last section of the
chapter (Section 5.4) offers conclusions on climate risk and the focus of the proposed

climate risk mitigation action.

5.1 Climaterisk trends

The climate risk analysis, conducted using the ACRI tool, identified climate hazard trends
and exposure, vulnerability, and adaptability levels to the applicable hazards. The definition
of risk follows the approach described in Section 3.4 in the methodology chapter and uses

a 5-point scale, moving from insignificant to catastrophic risk (Table 5-1):

Table 5-1 Rating scale used for climate risk

Risk rating Value

Catastrophic risk 0.76-1.00
Major risk 0.51-0.75
Moderate risk 0.26-0.50
Minor risk 0.01-0.25
Insignificant risk 0.00

For example, in the case of Belfast International, climate risk for flood is determined
considering the average value of the main risk determinants (i.e. climate hazard, exposure,

vulnerability and adaptability) and the formula:

Flood risk = Flood + Exposure + Vulnerability — Adaptability

The score for the flood hazard, considering the measurement of the sub-index, is
calculated as 0.75, while the scores for exposure and vulnerability to flood are 0.50 and
0.46, respectively. The score for adaptability to flood is 0.62. After applying the formula, the
flood risk score is standardised, scaling the result from 0 to 1; the flood risk is calculated
as 0.54, corresponding to ‘Major risk’ in the defined 5-point rating scale. The results for the

airport sample are presented in Figure 5-1.
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Based on the climate risk rating, cold, flood, show, and storm emerge as the top hazards of
concern in terms of risk level. Flood is the hazard that draws attention, with risk levels
ranging from minor (Norwich) to major (Belfast International). Storm presents a moderate
risk level for all airports except Exeter (minor risk level). Show presents a minor risk for all
airports besides Bournemouth (moderate risk). The risk level for cold ranges from moderate
(Exeter and Norwich) to major (Belfast International and Bournemouth). Heat generally
presents a lower concern, rated as minor for all airports except Exeter, where it is rated
moderate. Finally, the drought risk appears insignificant (Belfast International and Exeter)

to minor (Bournemouth and Norwich).

Bournemouth exhibits a higher overall level of climate risk. Despite demonstrating high
adaptability, the levels of the other risk determinants indicate that there are issues the
airport should address in the applied action plan. On the other hand, Norwich presents a

lower overall climate risk.

Drought

- - Catastrophic risk (0.76-1.00)
Major risk (0.51-0.75,
Moderate risk (0.26-0.50)

- Insignificant risk (0.00)

Figure 5-1 Mapping the level of climate risk to the applicable climate hazards

Belfast Intern

The following figuresillustrate the climate risk dimensions in a graphicalformat. Each figure
depicts the climate risk determinants per hazard type, allowing for easy identification of

areas of concern in terms of their respective levels.

Norwich (Figure 5-2) demonstrates an overall climate risk index of 0.23, suggesting a minor
risk level (based on the ACRI definition, minor risk corresponds to a score of 0.01 to 0.25).
Cold and storm are identified as the main hazards of concern, with climate risk scores of
0.45 and 0.33, respectively, indicating a moderate level of risk. Flood and snow present
minor climate risk levels, with scores of 0.24 and 0.22, respectively. The lowest levels of

climate risk are observed in the case of drought (score of 0.06) and heat (score of 0.10).

The hazard level is high in the case of flood, cold and heat (score of 0.75); storm also
presents a high hazard level. The exposure level is high in snow (score of 0.72) and cold

(score of 0.56). Storm is the most significant concern in terms of vulnerability, showing a
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high level (score of 0.53), followed by snow (moderate level, score of 0.45). Heat shows the
higher level of adaptability (score of 0.88), while drought shows the lowest level (score of

0.05).

Norwich
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Figure 5-2 Climate risk dimensions for Norwich (source: ACRI tool)

Exeter (Figure 5-3) presents an overall climate risk index of 0.23, suggesting a minor climate
risk level (based on the ACRI definition, minor risk corresponds to a score of 0.01 to 0.25).
The primary hazards of concern are heat, cold and flood, with overall climate risk scores of
0.35, 0.37 and 0.33, respectively, reflecting moderate risk levels. Snow presents a minor
risk with a score of 0.24. The lowest levels of climate risk are observed in the case of drought

(score of 0.00) and storm (score of 0.14).

Flood is the primary hazard of interest, presenting a very high level (score of 0.83), followed
by heat and cold (high level, score of 0.67). Exposure is notably high in the case of snow
(score of 0.69), which also represents the most significant concern in terms of vulnerability,
with a moderate level (score of 0.39). Cold follows with a moderate level (score of 0.34).
Storm presents the highest level of adaptability (score of 0.69), and drought has the lowest

level (score of 0.13).
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Figure 5-3 Climate risk dimensions for Exeter (source: ACRI tool)

Bournemouth (Figure 5-4) shows an overall climate riskindex of 0.33, indicating a moderate
climate risk level (based on the ACRI definition, minor risk corresponds to a score of 0.26
to 0.50). The main hazards of concern are cold and storm, with overall climate risk scores
of 0.71 and 0.50, respectively, reflecting major and moderate levels. Snow presents a
moderate level of climate risk with a score of 0.37. The lowest levels of climate risk are

observed in the case of heat (score of 0.07) and drought (score of 0.08).

Hazards of interest include flood (very high level, score of 0.83) and heat and cold (high
level, score of 0.75). Exposure level appears to be very high in the case of snow (score of
0.94) and storm (score of 0.91). Snow is also the most significant concern in terms of
vulnerability, showing a high level (score of 0.56), followed by cold (high level, score of
0.52). Storm presents the highest level of adaptability (score of 0.83), and flood presents

the lowest level (score of 0.59).

142



Bournemouth

hazard

adaptability — 7 exposure

vulnerability

e flood —e—heat cold storm snow drought

Figure 5-4 Climate risk dimensions for Bournemouth (source: ACRI tool)

Belfast International (Figure 5-5) demonstrates an overall climate risk index of 0.26,
suggesting a moderate climate risk level (based on the ACRI definition, moderate risk
corresponds to a score of 0.26 to 0.50). Among the analysed hazards, cold and flood are
identified as the main hazards for consideration (presenting risk scores of 0.60 and 0.54,

respectively, corresponding to a high level), followed by storm (moderate level).

The hazard level is high for flood and cold (score of 0.75). Exposure levels are presented as
high in the case of cold (score of 0.53, corresponding to a high level) and moderate for both
flood and snow (score of 0.50). Cold represents the most significant hazard in terms of
vulnerability, demonstrating a high level (score of 0.59). Flood and storm are also a
concern, each demonstrating moderate vulnerability levels (scores of 0.46 and 0.48,
respectively). The adaptability scores for all hazards range from 0.62 (flood) to 0.69 (snow),

indicating a consistently high level.
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Figure 5-5 Climate risk dimensions for Belfast International (source: ACRI tool)

The following sections will discuss the areas of focus based on the analysis of climate risk,

providing recommendations on measures to address issues of concern.

5.2 Areas for focus

Considering the analysis of the risk determinants, based on the output of the ACRI tool,
certain areas in the existing strategies require more attention. This is due to the level of
exposure and vulnerability, or because the existing adaptation measures may not
effectively address the issue, as evidenced by the frequency of events causing

damage/disruption in the past 10 years.

The identification of the main areas for focus, which will form the basis for the

recommendations, considers the following observations:

e A major climate risk (score above 0.51) for specific climate hazards;
- Flood (Belfast International)

- Cold (Bournemouth and Belfast International)
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An at least moderate climate risk (score above 0.25) combined with observed
increasing trends in the level of hazard;
- Flood (Belfast International)

- Heat (Exeter)

Avery high or high hazard level (score above 0.50) combined with a high or very high
exposure of critical assets (score above 0.50):

- Storm (Norwich, Bournemouth)

An at least high exposure (score above 0.50) combined with an at least moderate
vulnerability (score above 0.25):

- Cold (Norwich, Bournemouth, Belfast International)

- Storm (Bournemouth)

- Snow (Norwich, Exeter, Bournemouth)

A very high and high sensitivity of critical assets in the past 10 years (score above
0.50):
- Cold (Belfast International)

- Heat (Belfast International)

An at least high predisposition of critical assets combined with an at least high
sensitivity (score above 0.50):

- Cold (Belfast International)

A very high and high sensitivity of airport operations in the past 10 years (score
above 0.50):
- Cold (Belfast International)

- Storm (Belfast International, Exeter)

Avery high and high sensitivity of people in the past 10 years (score above 0.50):
- Cold (Belfast International)

- Storm (Belfast International, Exeter)

A very high and high sensitivity of airport surface access in the past 10 years (score
above 0.50):

- Flood (Bournemouth, Exeter)
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e Avery high and high sensitivity of safety (score above 0.50):

- Flood (Exeter)

e An at least moderate sensitivity of safety combined with at least moderate effect
(score above 0.25):
- Cold (Norwich, Belfast International)
- Storm (Norwich)

- Snow (Norwich, Exeter)

e Avery high and high likely effect of hazards on the environment (score above 0.50):
- Flood (Belfast International, Bournemouth)
- Cold (Belfast International, Exeter)

- Snow (Belfast International)

e Low levels of adaptability (score below or equal to 0.25):

- Drought (Norwich)

e Alow level of protection of critical assets (score 0.25 or below):
- Cold (Bournemouth, Exeter)

- Drought (Bournemouth, Exeter, Norwich)

e An at least moderate level of sensitivity of critical assets (score above 0.25)
combined with an at least moderate level of protection (score below or equal to
0.50):

- Flood (Belfast International)

- Cold (Bournemouth)

- Storm (Norwich, Belfast International)
- Snow (Exeter, Bournemouth)

- Drought (Bournemouth)

e Moderate or below levels of preparedness (score below or equal to 0.50):
- Heat (Exeter)

- Drought (Exeter, Norwich)

Considering the above observations, the following paragraphs will provide

recommendations on how to build more adaptive capacity.
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5.3 Recommendations

The analysis of the output of the ACRI tool pointed out issues that the case study airports
should address to build more adaptability. Overall, adaptation measures can become part
of the risk management process, aiming to reduce the airport’s exposure and vulnerability
to different climate hazards. Depending on the specific challenges the airport must
address, the measures can include various types of action, such as strengthening
preparedness and implementing particular protection measures to increase the resistance
of critical assets. Thus, the development of recommendations for the regional airports in
scope looks at elements aiming to improve the airport infrastructure and assets in general
and build more protection, actions to enhance operational response and the overall
preparedness mechanism and aspects that can build stronger governance frameworks and
institutional capacity to support adaptation actions, while at the same time increasing

knowledge and awareness of climate risks.

The structure and focus of the recommendations will build upon the menu of adaptation
options provided by ICAO (ICAO, 2022c) and ACI (ACI, 2018). ICAO provides options for
aviation organisations to address vulnerabilities from climate change. Options are based
on lessons learned and best practices and are organised as either operational or
infrastructure-focused. ACI looks at the type of initiative, and based on the focus, it mainly
classifies options as assessment, study, infrastructure upgrade, coordination, strategy,
and design guideline. Broadening the focus, the IPCC (Noble et al., 2014) suggests that
considering the different sectors and stakeholders, there is no universal categorisation of
adaptation options, and therefore, depending on the sector and the focus, different
categories can exist. A general categorisation refers to structural, institutional and social
options. Other classifications in the literature look at “grey” measures focused on asset
upgrade and/or protection systems, “soft” measures including strategic or managerial
actionsto address a climate stressor and “green” when the focusis on green infrastructure,
or bioclimatic features and nature-based solutions (Climate ADAPT, 2016). Studies
focused on transport infrastructure suggest categories such as infrastructure, operational

practices, extreme event response and miscellaneous activities (Picketts et al., 2016).

The categorisation used in the context of this research moves beyond binary approaches
(for example, operational vs. infrastructure) and considers the overall conceptualisation in

the development of the ACRI tool, as presented in the Methodology chapter. This approach
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enables the integration of broader climate hazard risk, resilience, sustainability, and

governance-focused behavioural elements.

The following paragraphs discuss the selected categories and the recommendations for

the case study airports.

5.3.1 Categorisation of options to build adaptability

In the context of the ACRI framework, the conceptualisation of adaptability and
subsequently measures to enhance the existing levels reflect different qualities airports
should demonstrate to reduce climate hazard-related risk. Attributes considered reflect

the following:

e Enhancing the airport’s capacity to understand the cause and effect of the impact
of a hazard occurrence, how an event may impact the airport functions, and what

aspects allow hazard occurrences to interact with vulnerable airport elements.

e Allowing the airport to adjust to the changes and climate extremes, having the

ability to modify operations and strategies in response to the changing climate.

e Shaping decision-making on planning and operational matters influences how

airports prepare and respond to an extreme event.

e Shaping the learning ability of the airport on how to transform to cope effectively

with a disruptive event.

e Considering the interdependencies of the airport system since changes in climate
or the occurrence of an extreme event may trigger a domino of changes, affecting
not only airport assets but also interactions with internal and/or external

components or sub-systems and the environment.

e Shaping the airport’s ability to understand the severity of the implications of the
hazard occurrence and the willingness to act to facilitate efficient and targeted

actions.

Building on the above and considering the categorisation of adaptation options identified

in the literature, the following categories are used:
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1. Climate hazard risk intelligence

This category includes measures to enhance the airport’s ability to comprehend the cause-
and-effect relationships of the impact of a climate hazard occurrence and how they interact
with the vulnerable airport elements and make decisions. Typical initiatives focus on the
identification and assessment of hazard-related risks and their associated implications for
the airport system. Examples of measures include conducting climate hazard analysis,
exposure analysis, identification of high-risk areas, vulnerability analysis, climate risk
assessments, evaluating long-term impacts of climate hazards, mapping
interdependencies and impact of a climate hazard occurrence, or mapping climate risk

awareness within the airport system.

2. Climate-proofing assets

Options under this category aim to make infrastructure and assets more robust by
adjusting design parameters or standards, or by making enhancements to existing assets.
Measures under this category include both hard and soft adaptation options, focusing on
airside (runways, taxiways, apron), terminal(s) and landside (building, roads, parking),
support facilities (maintenance, cargo, firefighting facilities, wastewater treatment, other
facilities), fuel farms, or navigational aids. Examples involve using resistant
materials/structures, reinforced systems, backup systems, retrofitting buildings, and
actions to build more efficiency (for instance, energy or water efficiency). In addition,
options incorporate protection measures that decrease the exposure of assets or the
probability of damage/disruption, allowing the airport to adjust to climate extremes (for

example, flood protection systems).

3. Flexible and adaptable operations

This category reflects actions to make airport operations more flexible and adaptable to
climate extremes, acknowledging the interdependencies with other systems and networks.
Measures include frameworks for adapting operational strategies, flight rescheduling and
rerouting to avoid disruptions, diversified suppliers and robust supply chain and
distribution network, climate-proofing procurement strategies, backup systems (power,
water, communication etc.), training of staff to enable effective decision-making and
emergency management, adapting maintenance and checks, and the integration of new

technologies.

149



4. Emergencyresponse and preparedness

Options in this category reflect the ability of the airport to learn from past events and cope
effectively with disruptive and damaging climate hazard occurrences. Typicalinitiatives put
emphasis on establishing formal climate hazard response and management plans and
frameworks for coordination. Examples of measures include multi-stakeholder crisis
coordination, emergency response plans, regular climate hazard-focused simulations and
response drills, weather and climate forecasting and early warning systems, and access to
temporary protection (for instance, mobile flood barriers, emergency power backup

systems).

5. Sustainable interactions

This category incorporates measures focused on environmental sustainability and
addresses the interdependency and interaction of the airport system with the environment.
Representative actions refer to strategic land use planning, wildlife hazard management
plans, bio-architecture, green infrastructure (for instance, nature-based solutions for flood
mitigation, tree planting for heat reduction), sustainable resource management, energy
and water efficiency, and carbon-neutrality. In addition, actions in this category look at
protecting the environment, such as water resources, from discharges of chemicals during

a climate hazard event (for instance, de-icers) and/or issues focused on noise pollution.

6. Passenger and workforce adaptability

Measures in this category focus on adapting workforce practices and passenger experience
to climate hazards and related risks. Common initiatives concentrate on shaping the ability
of the airport to recognise the severity of hazard occurrences and take action efficiently to
address the potentialimpact on people. Examples of measures include accessibility during
disruption, communication protocols, behavioural awareness, training programs for staff,

and climate hazard-specific health and safety-focused initiatives.

7. Climate-embedded governance

This category addresses the airport’s actionability and aspects related to the overall long-
term climate risk awareness and capacity to plan and respond. Examples of options
include developing climate risk governance frameworks, enabling dedicated teams,

initiatives to enhance stakeholder collaboration and engagement, adaptable finance and
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insurance mechanisms adjusted to reflect climate hazard risks, compliance with climate
adaptation frameworks and climate risk reporting demonstrating climate risk mitigation

activities and overall adaptation progress.

Building on the measures already in place, as captured in the airport responses in the ACRI
questionnaire, the recommendations below aim to allow for a more holistic approach to

climate risk management.

5.3.2 Recommendations for all regional airports

Considering the output of the tool for the regional airports, there are recommendations
applicable to all airports and all types of climate hazards. These cross-sectoral options can

enhance the airports’ ability to adapt to multiple hazards, which are presented in Table 5-2.

Effective adaptation planning requires having knowledge of the climate hazard types that
may affect the airport, how these hazards may evolve in the future, considering climate
change influences, and their broader implications at a system level. Conducting focused
studies will allow a thorough climate hazard, exposure and vulnerability analysis to support
planning for targeted adaptation action. For example, undertaking climate hazard mapping
(for instance, flood mapping) will help identify critical and susceptible elements that

require specific attention.

Building awareness and knowledge sharing will enable leveraging hazard-related
intelligence to inform decision-making across airport teams and management levels. One
important aspect that is often overlooked is the depth of knowledge airport staff have on
climate hazard risk and the importance of aligning day-to-day activities and responses to
events. Educating airport staff on climate hazards, related implications, and best practices
to address risks will shape the airport’s ability to recognise the severity of climate hazards

and direct and indirect implications and act efficiently.
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Table 5-2 Cross-sectoral options for building adaptability applicable to all regional airports

Recommendations Main categories

Conduct focused studies on climate hazards, trends and

implications to identify exposed and vulnerable elements.

Climate hazard risk intelligence

Building awareness and knowledge sharing across teams
and stakeholders

Climate hazard risk intelligence
Climate-embedded governance

Educating airport staff on climate hazards and related
implications and prevention

Climate-embedded governance
Flexible and adaptable operations

Emergency response and
preparedness

Promote stakeholder engagement

Climate-embedded governance

Emergency response and
preparedness

Enhancing communication protocols with passengers
and transport authorities

Emergency response and
preparedness

Use of forecasting and early warning systems

Emergency response and
preparedness

Flexible maintenance checks to align with climate hazard
occurrences

Emergency response and
preparedness

Flexible and adaptable operations

Backup systems for critical elements

Flexible and adaptable operations

Passenger and workforce
adaptability

Sustainability-focused initiatives that will enhance
multiple areas

Flexible and adaptable operations
Sustainable interactions

Alignment of climate change mitigation action to climate
change adaptation action

Sustainable interactions
Climate proofing assets

Incorporating climate hazard risk and adaptation into the
overall risk, safety, and environmental management

Climate-embedded governance

Clear roles and responsibilities to deal with adaptation
matters

Climate-embedded governance

Climate adaptation study based on climate risk
assessments

Climate-embedded governance

Allocation of economic resources to climate hazard risk
mitigation

Climate-embedded governance

Having a coordinated response requires engaging with stakeholders before, during and
after an event. Stakeholder engagement will allow the effective implementation of climate
hazard-related policies and measures to address risks. Although there are communication
protocols in place with service providers, enhancing the existing protocols with passengers

and transport authorities will mitigate the impact of anticipating climate hazard extreme
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events (for example, when there is an early warning for extreme precipitation that would

result in a likely disruption).

Forecasting and early warning systems for all applicable hazards should be used to allow
time for preparedness and coordination. Maintenance schedules should be amended to
ensure they are conducted before and after an event to enable quick action and effective
preparedness before an anticipated climate hazard occurrence. This is important in the
case of assets showing sensitivity to specific hazards, such as critical equipment that may
malfunction during an extreme heat event. To build more adaptability, it is recommended
to have backup systems for critical elements, such as energy, water, and communications,
but also elements that indirectly influence aspects of ground operations (for instance,
backup de-icer materials or equipment) or even people (for example, backup systems for

cooling, heating).

It is also recommended to identify options that can have multiple benefits; sustainability-
focused initiatives that will enhance multiple areas are generally preferred, especially
regarding energy or water efficiency. For example, choosing nature-based solutions to
address extreme heat within buildings, such as vegetated areas, green roofs or walls, can
also reduce cooling requirements, leading to more energy and carbon efficiency. Overall,
aligning climate change mitigation to climate change adaptation action will enable a more
holistic and forward-looking approach to planning (for instance, ensuring the climate
hazard resilience of energy transition infrastructure, considering the use of nature-based

solutions or sustainable design).

Incorporating climate hazard risk and adaptation into the overall risk, safety, and
environmental management will allow a more proactive approach and the prioritisation of
action, aswell as the integration of organisational structure and accountability procedures.
Clear roles and responsibilities will ensure that all areas of climate hazard risk mitigation
efforts are coordinated and consistent. Currently, the airports do not present an adaptation
action plan; conducting detailed and focused climate hazard risk assessments to inform
future adaptation plans with short- and long-term actions is recommended. The above can
allow the allocation of economic resources while at the same time ensuring sufficient
capacity of airport staff to deliver action to build more climate hazard adaptability. A
proactive approach will allow continuous improvement over the longer term, considering

the evolving climate hazard profiles.
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The following paragraphs provide additional recommendations regarding airports and

climate hazards of concern.

5.3.3 Recommendations for Belfast International Airport

Considering the tool's output and the focus areas, the recommendations below address

aspects relevant to flood, heat, cold, storm, and snow.

Flood is a significant climate hazard of concern based on the tool’s output, showing a major
climate risk level. Opportunities to build more adaptability mainly focus on protection

aspects and are presented in Table 5-3.

Table 5-3 Recommendations for Belfast International to build flood adaptability

Recommendations Main categories

Flood risk mapping Climate hazard risk intelligence
Elevation of critical infrastructure or buildings Climate-proofing assets
Relocation of critical equipment Climate-proofing assets
Upgrading drainage systems Climate-proofing assets
Permeable flooring Climate-proofing assets

Sustainable interactions

Regular checks and maintenance of exposed Flexible and adaptable operations
and/orvulnerable assets Emergency response and preparedness
Monitoring local biodiversity Sustainable interactions

A dedicated flood exposure analysis and climate change-informed flood risk mapping at an
asset level will allow the identification of exposed and vulnerable assets. Identifying airport
areas prone to flooding can allow a more flood-resilient airport development with
opportunities to build more protection. Furthermore, identifying exposed assets will enable
action to decrease the exposure and build more flood resilience to the airport system.
Measures to consider may include elevating critical infrastructure or buildings in low-lying
areas or areas affected by surface flooding when redeveloping airport assets and/or
relocating critical equipment. Knowing the likely flood depth in areas where critical assets
are located can allow for identifying priority areas and developing a plan for permanent or
temporary relocation if permanent relocation is not an option to consider (for example,
when there is a warning for extreme rainfall). An example of intervention includes the
protection of electric wiring (elevation above expected flood depth) or the relocation of

electric generators or IT systems from the basement to a higher level.
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Based on the provided input, the airport is pursuing improvements regarding upgrading
drainage systems to handle more significant peak flows. Incorporating climate change
projections in the flood modelling will allow the design criteria for drainage systems to
become more forward-looking and able to address stormwater efficiently. To further
enhance the level of preparedness, regular checks to ensure drainage networks are
functioning, especially when extreme rainfall is anticipated, will ensure they maintain
sufficient capacity during the event. Even though less than 25% of the airport surface is
impervious, surface flooding can become an issue in the event of extreme precipitation.
Although a significant intervention, using highly permeable flooring in airside components
combined with an underground drainage system can allow the rainwater to infiltrate, be
collected and disposed of appropriately; this measure has been considered in Bergamo
airport (De Vivo etal.,2023b). Considering the likely effect on the environment, establishing
a mechanism to monitor local biodiversity, combined with the existing water quality

monitoring, will decrease the environmental impact of a future flood event.

Heat emerges as a hazard of interest based on the tool’s output, considering the observed
high sensitivity of critical assets in the past 10 years and the climate hazard trends. The

recommended measures are presented in Table 5-4.

Table 5-4 Recommendations for Belfast International to build heat adaptability

Recommendations Main categories

Heat risk mapping Climate hazard risk intelligence
Reinforcement of critical assets Climate-proofing assets
Heat-resistant coatings for runways Climate-proofing assets
Protection/relocation of critical equipment Climate-proofing assets
Protection of fuel storage facilities Climate-proofing assets
Increase cooling capacity in buildings Climate-proofing assets
Increase green (e.g. green roofs, green walls) and Climate-proofing assets
vegetated areas Sustainable interactions

Retrofit buildings to improve thermal efficiency and | Climate-proofing assets

natural ventilation Passenger and workforce adaptability
Increase shaded outdoor areas Passenger and workforce adaptability
Heat-adaptive work schedule Passenger and workforce adaptability
Update the wildlife management and monitoring Sustainable interactions

plan
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A heat exposure analysis will identify criticalities that the airport needs to address, such as
critical assets with high levels of sensitivity to extreme heat conditions. Considering the
frequency of infrastructure damage, protection measures already in place should be
expanded. For instance, critical assets can be reinforced/protected to cope with extreme
heat events. Examples include pavements suitable for higher temperatures, applying heat-
resistant coatings to runways, and cooling runways with water. Also, ensuring that critical
equipment (for instance, IT systems) or facilities (for example, fuel storage) remain
protected from extreme heat (for example, maintaining temperature within their technical
specifications using A/C systems) will reduce the exposure and minimise the
consequences. Relocating critical equipment in such conditions, if a permanent option is
not feasible, is recommended during extreme heat events (for instance, installing climate-

controlled cabins for equipment and systems such as substations and IT systems).

Increasing the cooling capacity in buildings and ensuring that cooling systems can
withstand the projected temperature extremes can mitigate the consequences for people.
Implementing bio-architecture interventions such as green roofs, walls, or other vegetated
areas can reduce heat stress within terminal buildings and surrounding areas. At the same
time, these interventions can reduce the cooling requirements and support the airport’s
efforts to build energy efficiency. In this context, any future development or renovation
should consider retrofitting existing buildings to improve thermal efficiency (for instance,
insulation, glazing, shading) and improve natural ventilation, creating better conditions for
passengers and airport staff while addressing energy efficiency efforts. In addition, the
increase in shaded outdoor areas will provide protection for people during extreme heat
events. The heat-adaptive work schedule for airport staff working outdoors will further
support existing health and safety measures. Extreme heat can also impact local wildlife;
therefore, updating the wildlife management plan and establishing a monitoring
mechanism will ensure that changes in local biodiversity do not threaten operational

safety.

Cold is one of the climate hazards for consideration due to the very high sensitivity of
critical assets in the past 10 years and the high hazard level. The recommendations for the

airport are presented in Table 5-5.
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Table 5-5 Recommendations for Belfast International to build cold adaptability

Recommendations Main categories

Cold risk mapping Climate hazard risk intelligence
Reinforcement of critical assets Climate-proofing assets
Protection/relocation of critical equipment Climate-proofing assets
Increase sustainable heating capacity in buildings Climate-proofing assets

A cold exposure analysis will allow the identification of high priority areas that the airport
needs to address, such as critical assets exposed or susceptible to impact during cold and
icing conditions and/or assets already demonstrating sensitivity to cold extremes. Those
identified assets can be strengthened; for instance, use of coatings to prevent pavement
structures from deteriorating. Also, critical equipment identified as sensitive to cold
extremes can be protected or relocated to areas where suitable conditions apply based on
their technical specifications. Considering the heating requirements, interventions aiming
to build more sustainable heating capacity in buildings can address consequences to
people and energy requirements. Plans to retrofit existing buildings should consider
improving energy, thermal efficiency, insulation, and options to sustainably create better

conditions for passengers and airport staff.

Storm is a climate hazard of interest due to the sensitivity of operations, people and critical
assets, although at a lower level for the latter. Considering the compound nature of a storm
event, typically combining heavy rainfall leading to flooding, strong winds, and potentially
lightning®, there are opportunities to build more adaptability and address all hazards (Table
5-6). To avoid repetition, flood-specific recommendations that are included in Table 5-3 are

not analysed in the below paragraphs, as have already been mentioned under flood.

A storm exposure analysis will identify important elements the airport needs to address,
such as assets exposed to flood and/or extreme wind. Critical assets (for instance, the
control tower) identified as vulnerable due to their design standards will need to be
reinforced to cope with a likely increase in wind loads. Based on the ACRI response, a study
is being undertaken to determine whether the control tower is designed to withstand
extreme wind loads. The study's results should be considered in future action to build

adaptability. Also, ensuring that critical equipment remains protected from extreme wind

8 Storms can also involve storm surges but due to the location of the airports this aspect is not considered.
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occurrences is highly recommended. Examples of initiatives include securing or relocating
assets prior to storm events. Furthermore, maintaining additional supplies will ensure that
equipment and infrastructure can quickly get back online after a lightning strike (National
Academies, 2016). Nature-based interventions in landscaping, such as an increase in

vegetation, can support addressing wind gusts.

Table 5-6 Recommendations for Belfast International to build storm adaptability

Recommendations Main categories

Storm risk mapping (flood and wind) Climate hazard risk intelligence
Reinforcing structures to withstand extreme Climate-proofing assets

wind

Elevation of critical infrastructure or buildings Climate-proofing assets
Relocation of critical equipment Climate-proofing assets
Upgrading drainage systems Climate-proofing assets
Permeable flooring Climate-proofing assets

Sustainable interactions

Regular checks and maintenance of exposed Flexible and adaptable operations

and/or vulnerable assets and lightning Emergency response and preparedness
protection systems

Maintain additional supplies Flexible and adaptable operations
Emergency response and preparedness

Monitoring local biodiversity Sustainable interactions

Increase vegetated areas Climate-proofing assets
Sustainable interactions

Snow is a climate hazard that attracts attention due to its likely effect on the environment.
Based on the airport’s responses, the local water resources are likely impacted during
snowfall events, and most water pollution incidents are associated with snowfall events.

Table 5-7 shows the recommended measures.

Overall, discharges of de-icers, such as glycol-based, typically used on runways or aircraft,
can pollute the local aquifer or surface water in the vicinity of the airport. Using alternative
agents, such as biodegradable de-icers or anti-icing agents, before snowstorms will
prevent excessive pollutants from entering the stormwater management system. Other
interventions include the use of designated areas for de-icing operations. These areas can
be fitted with a separate runoff collection system leading to detention basins or other water

storage units that temporarily hold the contaminated water untilitis driven to a wastewater
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management facility. In other cases, an advanced filtration system can help prevent de-
icer chemicals from entering the airport drainage system. In areas where discharges may
escape and infiltrate the groundwater, installing impermeable linings can prevent the
intrusion of pollutants into the local aquifer or water courses. Regarding wastewater
management, biological treatment ponds are considered an option to treat wastewater
before it is released further into the runoff network, reducing the risk of water

contamination that may also threaten local biodiversity.

Table 5-7 Recommendations for Belfast International to build snow adaptability

Recommendations Main categories

Use of biodegradable de-icer agents Sustainable interactions
Use of designated areas for de-icing operations Sustainable interactions
Use of advanced filtration systems and linings Sustainable interactions
Enhance the wastewater management system Sustainable interactions

Overall, the airport is currently conducting studies to plan for adaptation; conducting a
climate-hazard-specific risk assessment (i.e. flood, heat, cold, storm, snow) to inform the
adaptation plan with short- and long-term actions is recommended. Building more
knowledge of climate hazard risk, causes and prevention through training will allow airport
staff to make more data-driven, informed decisions. Considering the evolving climate
hazards, this proactive approach will allow for continuous improvement over the longer

term.

5.3.4 Recommendations for Bournemouth Airport

Considering the tool's output and focus areas, the recommendations below address flood,

cold, storm, snow and drought aspects.

Flood is a climate hazard of concern based on the tool’s output, showing high sensitivity of
airport surface access and a significant effect on the environment. The following options

for building more adaptability (Table 5-8) focus on these aspects.

Identifying exposed elements in the surface access network will allow seeking options to
build flood protection. Further enhancing engagement and communication with the local
transport authorities will allow exploring options for alternative surface access routes,
developing detour plans, and priority lanes for airport staff and passengers. Exploring

options for permanent or deployable flood defences along susceptible parts of the road
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network should also be considered. Based on the airport’s responses, establishing a
monitoring mechanism for water quality is in progress. The airport is enhancing its drainage
system to accommodate higher peak flows better. Integrating climate change projections
into flood modelling and using filtration for runoffs will lead to improved stormwater and
wastewater management. Conducting routine inspections of drainage networks, mainly
when there is a warning for extreme rainfall, will help maintain their capacity and
effectiveness during the event. Also, establishing a biodiversity monitoring system
alongside the water quality initiatives will help mitigate the likely environmental impacts of

potential flooding.

Table 5-8 Recommendations for Bournemouth to build flood adaptability

Recommendations Main categories

Flood risk mapping Climate hazard risk intelligence
Alternative surface access routes Emergency response and preparedness
Permanent or deployable flood defences Climate-proofing assets

Emergency response and preparedness

Enhance the stormwater management system Climate-proofing assets

Enhance the wastewater management system Sustainable interactions

Regular checks and maintenance of exposed Flexible and adaptable operations

and/or vulnerable assets Emergency response and preparedness

Monitoring local biodiversity Sustainable interactions

Cold represents a notable hazard in the tool’s output, showing a major climate risk level.
Opportunities to build more adaptability mainly focus on protection aspects and are

presented in Table 5-9.

A cold exposure mapping will enable pointing out the issues the airport must address. It will
identify critical assets that are either directly exposed or prone to damage under cold and
icing conditions, and critical parts of the infrastructure and/or equipment that already
demonstrate sensitivity to cold extremes. Assets identified at risk can be protected or
relocated to areas with more suitable environmental conditions as per their technical
requirements. Pavements considered susceptible to cold conditions can be
hardened/reinforced to withstand extreme conditions. Considering that using chemical
agents for icing prevention on runways and taxiways may raise water quality concerns, the
use of biodegradable alternatives should be considered. The enhancement of the

wastewater management system (as mentioned in the flood paragraph above) will allow
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pollutants to be processed before being released into the overall runoff system. To better
manage heating demands, the airport should consider building retrofits focusing on
insulation, thermal efficiency and overall sustainability, creating better conditions for

passengers and airport staff while reducing energy consumption.

Table 5-9 Recommendations for Bournemouth to build cold adaptability

Recommendations Main categories

Cold risk mapping Climate hazard risk intelligence
Protection/relocation of critical equipment Climate-proofing assets
Reinforcement of critical assets Climate-proofing assets
Use of biodegradable anti-icer agents Sustainable interactions

Enhance the wastewater management system Sustainable interactions

Increase sustainable heating capacity in Climate-proofing assets
buildings

Storm is among the climate hazards of concern due to the observed levels of exposure and
vulnerability. Opportunities to build more adaptability to storm address heavy rainfall,
strong winds and lightning’. Aiming to avoid repetition, certain flood-specific measures
already mentioned under flood and presented in Table 5-10 will not be included in the

rationale in the paragraphs below.

A storm exposure analysis will help identify key vulnerabilities the airport must address,
particularly critical elements susceptible to flooding and/or extreme wind. Ensuring that
critical elements are adequately protected is essential; for instance, measures such as
securing or temporarily relocating assets ahead of a storm, regular checks and
maintenance of critical systems are examples of measures that can help mitigate the likely
impact. In addition, keeping essential backup equipment and supplies can facilitate
quicker recovery in the event of a lightning strike or storm-induced disruptions and
incidents (National Academies, 2016). Other interventions that have the potential to
address extreme wind include the integration of strategic tree planting to mitigate wind
gusts, managing runoffs, and further strengthening the airport’s ability to withstand the

effects of storminess and wind.

7 Storms can also involve storm surges but due to the location of the airports this aspect is not considered.
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Table 5-10 Recommendations for Bournemouth to build storm adaptability

Recommendations Main categories

Storm risk mapping (flood and wind)

Climate hazard risk intelligence

Protection/relocation of critical equipment

Climate-proofing assets

Regular checks and maintenance of exposed
and/or vulnerable assets and lightning
protection systems

Flexible and adaptable operations
Emergency response and preparedness

Maintain additional supplies/essential backup
equipment

Flexible and adaptable operations
Emergency response and preparedness

Increase vegetated areas

Climate-proofing assets
Sustainable interactions

Permanent or deployable flood defences

Climate-proofing assets
Emergency response and preparedness

Enhance the stormwater management system

Climate-proofing assets

Enhance the wastewater management system

Sustainable interactions

Monitoring local biodiversity

Sustainable interactions

Snow has been identified as a climate hazard of interest mainly due to the levels of
exposure and vulnerability. Options to build adaptability address elements such as

climate-proofing assets and operations while protecting the environment.

Recommendations that have already been mentioned for other climate hazards (for

example, cold) are included in Table 5-11 but are not further analysed to avoid repetition.

Table 5-11 Recommendations for Bournemouth to build snow adaptability

Recommendations Main categories

Reinforcement of critical assets Climate-proofing assets

Use of biodegradable anti-icer agents Sustainable interactions

Use of designated areas for de-icing operations  Sustainable interactions

Use of advanced filtration systems Sustainable interactions

Enhance the wastewater management system Sustainable interactions

Maintain additional supplies/essential backup
equipment

Flexible and adaptable operations
Emergency response and preparedness

Besides using alternative agents for de-icing and anti-icing procedures, as mentioned
under cold, having designated areas for de-icing operations will allow effective wastewater
management by collecting runoffs and driving them to a water storage unit before receiving

treatment. In addition, the use of advanced filtration will further enhance the levels of
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protection of local water resources. To build further preparedness, maintaining additional

supplies of de-icers/anti-icers will ensure that snow resilience operations can be executed.

Drought is a climate hazard of interest due to the sensitivity of critical assets and the low

level of protection. Table 5-12 shows the proposed measures.

Table 5-12 Recommendations for Bournemouth to build drought adaptability

Recommendations Main categories

Alternate water supply sources Flexible and adaptable operations
Emergency response and preparedness

Water efficiency in airport operations Flexible and adaptable operations

Communication protocols with the water authority Emergency response and preparedness
Sustainable interactions

Reinforcement of critical assets Climate-proofing assets

Regular monitoring of critical assets Flexible and adaptable operations
Emergency response and preparedness

Monitoring local biodiversity Sustainable interactions

Drought can limit the airport’s capacity to use water for operations or maintenance. Having
alternative water supply sources, such as rainwater harvesting or greywater recycling, will
allow the use of non-potable water where appropriate. A contingency plan for alternate
water use during extended periods with water use restrictions is recommended. Also, the
use of low-water-demand vegetation in landscaping will reduce the quantity of water used
forirrigation. Establishing communication protocols with the local water authority will help
align the airport’s water management with regional drought response strategies.
Furthermore, as prolonged drought conditions may lead to material degradation and/or
cracks in paved surfaces, regular monitoring of critical surfaces and reinforcing surfaces

where possible to withstand drought conditions is recommended.

Overall, the airport has not presented an adaptation plan. Itis recommended that a climate
hazard risk assessment addressing the main climate hazards of concern is conducted to
shape an adaptation action plan. Besides addressing critical issues over the short and long
term, the plan should include action to build a better understanding of the risk and drive

decision-making.
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5.3.5 Recommendations for Exeter Airport

Based on the tool’s output and the key focus areas, the following recommendations target

different aspects related to flood, heat, cold, storm, snow and drought.

Flood is a hazard of concern based on the tool's output, due to the demonstrated high
levels of sensitivity regarding the airport’s surface access and safety matters. In September
2023, a surface flooding event occurred that led to the inundation of the terminal building.
This event happened after the airport provided data for the ACRI tool; therefore, the incident
was not considered in the responses and the analysis. Although the recommendations
focus on the tool’s output, suggestions on how the airport can build more flood resilience

are also provided. Table 5-13 presents recommendations to build more adaptability.

Table 5-13 Recommendations for Exeter to build flood adaptability

Recommendations Main categories

Flood risk mapping Climate hazard risk intelligence
Elevation of critical infrastructure or buildings Climate-proofing assets
Relocation of critical equipment Climate-proofing assets
Upgrading drainage systems Climate-proofing assets
Permeable pavements Climate-proofing assets

Sustainable interactions

Nature-based solutions or detention basins Climate-proofing assets
Sustainable interactions

Regular checks and maintenance of exposed Flexible and adaptable operations

and/orvulnerable assets Emergency response and preparedness

Alternative surface access routes Emergency response and preparedness

Permanent or deployable flood defences Climate-proofing assets
Emergency response and preparedness

Monitoring local biodiversity Sustainable interactions

A dedicated and climate change-informed flood risk mapping will enable the airport to
identify exposed and vulnerable assets and areas within the airport boundaries prone to
flooding, supporting further action to build flood protection. The mapping of the exposed
assets will allow targeted action, such as elevating critical infrastructure or buildings in
low-lying areas or areas affected by surface flooding when redeveloping airport assets
and/or relocating critical equipment. Where permanent relocation is not an option,

temporary relocation or protection when there is a warning for extreme rainfall are options
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to consider, especially for critical systems, such as electric generators. Also, identifying
exposed elements within the surface access network in collaboration with the local
transport authority will facilitate the development of alternative routes or detour plans for
airport staff and passengers in case of disruption. In this context, exploring the feasibility of
permanent or deployable flood defences along critical sections of the network will ensure

accessibility during flooding events.

A study to determine the capacity of the existing stormwater management infrastructure is
recommended. Climate change projections regarding precipitation need to be
incorporated into any plan for enhancement. The airport’s response regarding upgrading
the drainage system suggests that work may be undertaken focused on improvements.
Ensuring that the enhanced system manages future peak flows is highly recommended.
Enhanced stormwater management systems for consideration may include smart drainage
systems that can monitor water levels and adjust flow rate, highly permeable pavements
that allow water to infiltrate, reducing the surface runoffs, nature-based solutions that
absorb excess water or a system of detention basins to allow storing excess water
controlling its release into the drainage system. Although there is an established process
for inspections and checks, as regards the efficiency of protection and/or prevention
measures, these would need to be conducted before and after an extreme precipitation
event and, when possible, during the event to determine the efficiency. Given the potential
for a surface flooding event to impact local water resources and biodiversity, introducing a
biodiversity monitoring system alongside the ongoing water quality assessments will help

address the adverse effects.

Heat represents a notable hazard, considering the observed trends. The recommended
measures (Table 5-14) mainly look at enhancing the current level of preparedness, which
was analysed as marginally below the moderate level (score of 0.43). In addition,

recommendations include options to build more protection.

Incorporating heat as a hazard into existing emergency response plans will allow identifying
critical airport assets (for instance, IT systems, substations, fuel storage) that demonstrate
sensitivity to extreme heat conditions. For example, IT systems can be protected from
extreme heat conditions by ensuring they are in a suitable environment, considering their
technical specifications. Their relocation to a climate-controlled location will ensure their

normal functioning during a heatwave. Similarly, fuel storage facilities should ensure that
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temperature is regulated, for example, by ventilation, insulation or reflective coatings. In
addition, ensuring that fire prevention measures are in place in those areas is
recommended. High-temperature resistant materials, such as heat-reflective coatings,
can build more heat resilience to critical assets. When necessary, the runway temperature
can be regulated with water. Regular inspections before, during, and after a heatwave will

allow for the identification of malfunctions or failures in existing protection measures.

Table 5-14 Recommendations for Exeter to build heat adaptability

Recommendations Main categories

Heat risk mapping

Climate hazard risk intelligence

Incorporate heat as a hazard into emergency
response and decision mechanisms

Emergency response and preparedness
Climate hazard risk intelligence

Protection/relocation of critical equipment

Climate-proofing assets

Protection of fuel storage facilities

Climate-proofing assets

Reinforcement of critical assets

Climate-proofing assets

Regular checks and maintenance of exposed
and/or vulnerable assets

Flexible and adaptable operations
Emergency response and preparedness

Increase shaded outdoor areas

Passenger and workforce adaptability

Heat adaptive work schedule

Passenger and workforce adaptability

Increase green (e.g. green roofs, green walls)
and vegetated areas

Climate-proofing assets
Sustainable interactions

Retrofit buildings to improve thermal efficiency

Climate-proofing assets

and improve natural ventilation Passenger and workforce adaptability

Update wildlife management and monitoring Sustainable interactions

plan

Adaptive noise mitigation action Sustainable interactions

Conducting heat stress risk assessments for airport staff working outdoors, amending work
schedules and increasing shaded outdoor areas and hydration stations during heatwaves
will protect the workforce. Having vegetated areas will improve local conditions; for
example, green roofs or green walls can alleviate heat stress in buildings and surrounding
spaces while at the same time reducing cooling demand. Also, improving natural
ventilation can create better conditions for airport staff and passengers. As extreme heat
conditions can also affect local wildlife, monitoring biodiversity changes will ensure that
they do not pose any risk to airport operations. Furthermore, during extreme heat events,
there may be an increase in noise complaints; having a mechanism to adapt noise

mitigation action can minimise community disturbance.
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Cold is identified as a hazard of concern due to the low level of protection of critical assets
and the potential environmental effects. Table 5-15 includes key recommendations for the

airport.

Table 5-15 Recommendations for Exeter to build cold adaptability

Recommendations Main categories

Cold risk mapping Climate hazard risk intelligence
Protection/relocation of critical equipment Climate-proofing assets
Reinforcement of critical assets Climate-proofing assets

Retrofit buildings to improve thermal efficiency  Climate-proofing assets
Passenger and workforce adaptability

Use of biodegradable anti-icer agents Sustainable interactions

Enhance the wastewater management system Sustainable interactions

Cold risk mapping will help identify critical assets susceptible to damage or malfunction
during cold and icing conditions. Assets identified at risk should be reinforced or relocated
to areas with suitable environmental conditions in accordance with their technical
specifications. Pavements considered susceptible to cold conditions can be
hardened/reinforced to withstand extreme conditions. Retrofitting and/or energy-efficiency
upgrades will address inefficiencies in terminal design, such as insulation and inadequate
thermal efficiency, creating better conditions for passengers and airport staff while
reducing overall energy consumption. During anti-icing procedures, eco-friendly agents
will minimise the risk of local water resources degradation. Enhancing the wastewater
management system will also ensure that pollutants are treated before being discharged

into the runoff system.

Stormis among the hazards of interest due to the observed sensitivity levels. Opportunities
to build adaptability address heavy rainfall, strong winds and lightning?; nevertheless, while
Table 5-16 captures all recommendations for the airport the recommendations below

focus on elements not mentioned under other climate hazards.

8 Storms can also involve storm surges but due to the location of the airports this aspect is not considered.
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Table 5-16 Recommendations for Exeter to build storm adaptability

Recommendations Main categories

Storm risk mapping (flood and wind) Climate hazard risk intelligence

Storm response plan Emergency response and preparedness
Flexible and adaptable operations
Passenger and workforce adaptability

Elevation of critical infrastructure or buildings Climate-proofing assets
Protection/relocation of critical equipment Climate-proofing assets
Upgrading drainage systems Climate-proofing assets
Permeable pavements Climate-proofing assets

Sustainable interactions

Nature-based solutions or detention basins Climate-proofing assets
Sustainable interactions

Regular checks and maintenance of exposed Flexible and adaptable operations
and/or vulnerable assets and lightning
protection systems

Emergency response and preparedness

Maintain additional supplies/essential backup Flexible and adaptable operations

equipment Emergency response and preparedness

Increase vegetated areas Climate-proofing assets
Sustainable interactions

Permanent or deployable flood defences Climate-proofing assets
Emergency response and preparedness

Enhance the wastewater management system Sustainable interactions

Monitoring local biodiversity Sustainable interactions

A storm mapping and incorporating storm in the existing emergency response plan will
assist the airport in identifying and addressing susceptibilities, especially regarding
elements at risk due to flooding and extreme wind. The plan will also enable the proper
levels of coordination with service providers and internal and external stakeholders to
ensure efficient action when needed. Enhancing protection for susceptible assets is
essential; for instance, securing or relocating assets before a storm, conducting routine
inspections, but also inspections before and after a storm, adapting maintenance
schedules to ensure their functionality during the event, and having backup supplies to
address disruptions. A study will allow the identification of nature-based options that could
provide multiple benefits for the airport. Vegetated areas can assist in managing surface
runoffs, and strategically planted trees can act as windbreaks, reducing the intensity of

strong winds.
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Snow is recognised as a hazard of interest due to the levels of exposure and sensitivity of
critical assets. Table 5-17 presents recommendations for building snow adaptability. It is
noted that measures already recommended in the context of other hazards, such as cold,

flood, and storm, are included in the table but they are not further analysed.

Table 5-17 Recommendations for Exeter to build snow adaptability

Recommendations Main categories

Reinforcement of critical assets Climate-proofing assets

Use of biodegradable anti-icer/de-icer agents Sustainable interactions

Use of designated areas for de-icing operations  Sustainable interactions

Use of advanced filtration systems Sustainable interactions

Upgrading drainage systems Climate-proofing assets

Enhance the wastewater management system Sustainable interactions

Regular checks and maintenance of exposed Flexible and adaptable operations

and/or vulnerable assets Emergency response and preparedness

Maintain additional supplies/essential backup Flexible and adaptable operations
equipment Emergency response and preparedness

Monitoring local biodiversity Sustainable interactions

To further enhance preparedness for a snowstorm or extreme snowfall event, it is
recommended to maintain additional supplies of de-icers/anti-icers to ensure snow
operations can be implemented. Furthermore, having alternatives regarding the snow and
ice removal equipment is an option to consider. Besides using biodegradable agents, as
mentioned under cold, the use of designated areas for de-icing operations is proposed as
they will allow more effective wastewater management. Incorporating an advanced

filtration system will further enhance the protection of local water resources.

Drought emerges as an issue due to the low levels of preparedness. Table 5-18 shows the

proposed measures to build further drought adaptability.

As drought can impact the airport’s ability to use water for operations and maintenance, it
is recommended to explore the feasibility of using alternative water sources, such as
rainwater harvesting or greywater recycling, where possible. Putting in place a response
plan for periods with prolonged water restrictions will allow for essential functions.
Establishing communication protocols with the water authority will enable the airport to

align the water management actions with regional drought response plans. Considering
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that prolonged drought conditions may cause cracks in paved surfaces, having a regular

schedule of inspections is recommended.

Table 5-18 Recommendations for Exeter to build drought adaptability

Recommendations Main categories

Alternate water supply sources Flexible and adaptable operations
Emergency response and preparedness

Communication protocols with the water Emergency response and preparedness
authority Sustainable interactions
Regular inspections of critical assets Flexible and adaptable operations

Emergency response and preparedness

Currently, the airport does not present an adaptation plan; however, actions to reduce the
overall climate risk are being implemented. To further enhance the airport’s adaptability, a
comprehensive climate hazard risk assessment is recommended. This assessment can

shape forward-looking action to build more climate resilience.

5.3.6 Recommendations for Norwich Airport

Considering the output of the tool and the identified areas of focus, the following

recommendations address aspects relevant to cold, storm, snow and drought.

Cold is one of the climate hazards that is considered due to the level of exposure and

vulnerability. Table 5-19 shows the proposed measures to build further cold adaptability.

Table 5-19 Recommendations for Norwich to build cold adaptability

Recommendations Main categories

Cold risk mapping Climate hazard risk intelligence

Reinforcement of critical assets Climate-proofing assets

Protection/relocation of critical equipment Climate-proofing assets

Increase sustainable heating capacity in Climate-proofing assets

buildings

Maintain additional supplies Flexible and adaptable operations
Emergency response and preparedness

Water quality monitoring Sustainable interactions

Use of biodegradable de-icer agents Sustainable interactions

Analysing exposure to cold and icing conditions is essential for identifying elements that

may become susceptible to impact. The process should primarily focus on those elements
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that have been recorded as sensitive over the past 10 years. Assets such as pavements can
be hardened to withstand cold and icing conditions. Sensitive equipment can be relocated
to areas where temperatures are within the threshold mentioned in their technical
specifications. Addressing heating needs is also important, and investing in sustainable
heating solutions can deliver the necessary heating capacity while optimising energy
efficiency. Retrofitting buildings to improve insulation and energy performance is
recommended. Also, ensuring the availability of additional supplies, such as anti-icers and
de-icers, will enhance preparedness. Given the potential for de-icing agents to
contaminate water resources, a regular water quality system is advisable. Considering the
airport input, this measure is not yet fully integrated. Also, to address potential water

quality issues, using biodegradable alternatives is recommended.

Storm attracts attention due to the observed levels of hazard, exposure, sensitivity of
critical assets and safety. Table 5-20 outlines recommendations to enhance adaptability.
As in other cases, measures already addressed under different climate hazard categories

will not be repeated here.

Table 5-20 Recommendations for Norwich to build storm adaptability

Recommendations Main categories

Storm risk mapping (flood and wind) Climate hazard risk intelligence
Reinforcing structures to withstand extreme Climate-proofing assets

wind

Storm response plan Emergency response and preparedness

Flexible and adaptable operations
Passenger and workforce adaptability

Relocation of critical equipment Climate-proofing assets

Upgrading drainage systems Climate-proofing assets

Regular checks and maintenance of exposed Flexible and adaptable operations
and/or vulnerable assets and lightning Emergency response and preparedness

protection systems

Maintain additional supplies Flexible and adaptable operations
Emergency response and preparedness

Increase vegetated areas Climate-proofing assets
Sustainable interactions

Monitoring local biodiversity Sustainable interactions

A storm risk mapping will identify essential elements the airport needs to address, such as

critical assets exposed to flood and/or extreme wind. Should critical assets (for instance,
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control tower, drainage systems) be identified as vulnerable due to their design standards,
they would to be reinforced to cope with a likely increase in the wind loads or peak flows.
To address extreme precipitation and the potential risk of inundation, a study is
recommended to determine the capacity of the existing drainage system. Climate change
projections regarding the change in precipitation levels must be considered. Examples of
initiatives to build preparedness and protection include securing or relocating assets
ahead of a storm, performing regular inspections pre- and post-storm, adjusting
maintenance schedules to ensure critical equipment maintains functionality during the
event, and ensuring backup supplies are available. Other options to consider is the
relocation or protection of critical equipment to address inundation. If permanent
relocation is not feasible, temporarily moving or safeguarding critical systems, such as

electric generators, should be considered in response to extreme rainfall warnings.

Exploring nature-based options, for example increased vegetation, can support addressing
issues such as managing runoffs and wind gusts. Given the potential for a surface flooding
event to impact local water resources and biodiversity, introducing a biodiversity
monitoring system alongside the ongoing water quality assessments will help address the
adverse effects on the environment. Updating existing emergency response plans to
address storm-related aspects will help facilitate effective coordination with service
providers and internal and external stakeholders to ensure timely and efficient action when

required.

Snow has been identified as a hazard of concern mainly due to the levels of exposure and

vulnerability. Table 5-21 provides recommendations for the airport.

Table 5-21 Recommendations for Norwich to build snow adaptability

Recommendations Main categories

Use of biodegradable anti-icer agents Sustainable interactions

Use of designated areas for de-icing operations  Sustainable interactions

Use of advanced filtration systems Sustainable interactions

Maintain additional supplies/essential backup Flexible and adaptable operations

equipment Emergency response and preparedness
Alternative surface access routes Emergency response and preparedness
Snow alert rating system Emergency response and preparedness

Flexible and adaptable operations
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Building on the recommendations for the airport to build adaptability to cold and icing
conditions, besides using biodegradable agents for de-icing and anti-icing procedures,
having designated areas for de-icing operations will allow effective wastewater
management by collecting runoffs and driving them to a water storage unit before receiving
treatment. In addition, using advanced filtration will further enhance the protection of local
water resources. To build further preparedness, maintaining additional supplies of de-
icers/anti-icers and backup options for equipment will ensure that snow resilience
operations can be executed. To address disruption in surface access, collaborating with
the local transport authority will allow the identification of vulnerable elements within the
surface access network that will support developing alternative routes or detour plans for
airport staff and passengers during disruptions. Developing a snow alert rating system that
determines appropriate staffing levels for specific amounts of snowfall will allow the quick

mobilisation of resources when needed.

Drought is considered a hazard of interest as the output of the tool shows low levels of

preparedness. Table 5-22 shows the proposed measures.

Table 5-22 Recommendations for Norwich to build drought adaptability

Recommendations Main categories

Alternate water supply sources Flexible and adaptable operations
Emergency response and preparedness

Communication protocols with the water Emergency response and preparedness
authority Sustainable interactions
Regular inspections of critical assets Flexible and adaptable operations

Emergency response and preparedness

Aiming to enhance the level of preparedness for drought-related water shortages, it is
recommended that alternative water sources, such as rainwater harvesting or greywater
recycling, be explored for suitable uses. Establishing communication protocols with the
water authority will allow aligning water management and drought response plans with
regional drought response measures. Incorporating regular inspections during prolonged
drought periods in the response plan will allow the prompt identification of conditions that

need to be addressed, such as cracks in paved surfaces.

Although the airport does not present an adaptation plan, steps are being taken to mitigate

climate hazard-related risks. To strengthen its adaptability, it is recommended that a
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thorough climate hazard risk assessment be conducted to allow the airport to be more

proactive and develop options to enhance its adaptability over time.

5.4 Conclusions

Using the ACRI tool, the analysis of the climate hazard risk identified key hazards affecting
the case study regional airports, with flood, cold, storm and snow, presenting the most
significant risks. While some airports demonstrate high levels of adaptability, the results
show opportunities to address issues that currently contribute to aspects of exposure or
vulnerability. The key focus areas include strengthening flood and storm resilience and
improving cold weather and snow preparedness. Additionally, heat and drought were
identified as emerging risks, pointing out further opportunities for proactive planning for the

regional airports.

Despite the different geographic locations, the case example regional airports present
similarities in the challenges they must address. Undertaken measures appearto align with
the typically observed hazard intensity or with existing specifications that may be based on
outdated climate hazard characteristics. Therefore, existing risk mitigation planning seems
to consider how climate hazards have manifested in the recent past. When an extreme
event occurs with varied intensity compared to past occurrences, applied risk mitigation
measures are likely to become inadequate to address the risk efficiently. Therefore, there
is aneed for proactive measures that will enable regional airports to manage climate hazard

risks better while adapting to evolving climate challenges over time.

A categorisation of options is developed to provide recommendations to build adaptability.
Key recommendations focus on strengthening climate hazard risk intelligence, improving
asset climate hazard resilience, adapting operational aspects to address the nature of
climate extremes, having backup options and flexibility, and integrating sustainability-
focused initiatives. While all airports are undertaking measures to respond to climate
hazard occurrences, none presents a formal adaptation plan. Therefore, a comprehensive
and detailed climate hazard risk assessment is also recommended, focused on the critical
issues identified using the ACRI tool to shape an action plan to address short- and long-

term risks.

The following chapter will discuss the main findings of the research in the context of the

tool and the overall climate hazard risk analysis process. Furthermore, it will present the
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main conclusions, the research’s contribution and, limitations and ideas to be explored in

future research.
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6 Discussion and conclusions

While Chapters 4 and 5 demonstrated the applicability and validation of the tool through its
use in four case study regional airports, the objective of this chapter is to look at the main
findings of the research in the context of its contribution to the overall climate hazard risk
analysis process and the broader literature (Section 6.1). The chapter also identifies cross-
cutting themes that underpin the key concepts described throughout the thesis and
presents the main conclusions and contributions of the study (Section 6.2). Limitations of
the research (Section 6.3) and directions for future research in the context of climate hazard

risk and adaptability are also discussed (Section 6.4).

6.1 Summary of research findings: climate hazard risk analysis and
the ACRI tool

Four (4) research objectives were used to deliver the aim of the thesis, “to develop a
framework to analyse the risk of climate hazards to the airport system under current and

future climate change projections”.

RO1 -Toidentify the key climate hazards and theirimpact on the airport system and analyse

theirimplications.

To address RO1, a literature review was conducted in Chapter 2. The literature review was
used to identify key climate hazards affecting the global airport system and to examine their
broader implications. The review explored the types of climate hazards, their impact on
airport infrastructure and operations and how they are addressed within the applied risk

management mechanism.

Airports are exposed to different types of climate hazards, from slow-onset events, like sea-
level rise, drought and long-term changes to weather patterns, to rapid-onset extreme
events, like heatwaves, storms, storm surges, and flash floods. The analysis built an
understanding of the nature and complexity of climate hazards and how their
characteristics and effects are often interconnected with other systems. Climate hazards
do not actinisolation. The way they materialise and impact the airport system is influenced
by multiple factors, many of which are driven by the geographic location and
characteristics of the airport system, the global climate system, climate change, and the

implementation of policies or decisions focused on risk mitigation aspects.
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Climate hazards can lead to physical, operational or other business risks, such as asset
damage, disruption in operations, and other safety, socio-economic, or environmental
implications. Despite the aviation sector’s proactive approach to hazard identification and
safety management, climate hazards are not always identified as threats or included in the
airport’s overall risk management process. They are often addressed as weather
phenomena without fully acknowledging their complexity, implications, or inherent
uncertainty. Even when climate hazards are considered threats, they are only likely to be
assessed concerning their probability of occurrence, a process that is likely to fail in
capturing low-probability events with the potential for significant implications. When such
events occur, they are classified as unprecedented. Therefore, existing practices limit the

integration of climate hazard-related risk into long-term resilience strategies.

With climate change intensifying extremes, such as storms, floods and heatwaves, climate
hazard occurrences are expected to become more frequent and intense, placing additional
stress on airport infrastructure and operations. The above illustrates the need for airports
to have better protection and preparedness strategies to address associated damage and
disruption. Treating climate hazard events as just operational challenges rather than
medium and/or long-term risks impacting the overall airport resilience will likely lead to
inadequate risk management. Thus, as a system, the airport will find it difficult to navigate
future challenges and adapt to the evolving risk and investment landscape. For a complex
system such as an airport, employing appropriate climate risk mitigation strategies implies
understanding what drives the risk, how it can be manifested at a system level and how

proactively it can be addressed.

The literature review addressed RO1 and led to the above findings, raising several topics
regarding the types of climate hazards affecting airports, the factors driving the impact and
ways they can affect them, the drivers for undertaking action to adapt, and the
effectiveness of the applied practices in responding to climate hazard events. These
insights underline the need to explore further the elements that shape the overall climate
risk. Understanding what drives climate hazard risk and how it can be defined and analysed

is essential, and the second research objective focused on this aspect.
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RO2 - To define the exposure and vulnerability of the airport system to climate hazards.

To address RO2, a review of the literature was conducted in Chapter 2 on the concepts of
climate risk and how it is defined in terms of risk determinants. The review explored how
the concepts of exposure, vulnerability and adaptability are analysed and how they
contribute to the overall risk. In addition, the analysis focused on identifying the existing
methodological approaches for analysing these concepts, particularly in the context of

airports or other infrastructure or urban systems.

Based on the findings, there is a growing body of research investigating climate hazard-
related implications for airports; however, limited studies provide comprehensive climate
hazard risk analysis frameworks developed explicitly for airports. While various approaches
exist for analysing risk-related concepts, current frameworks do not fully address the
complexity and nature of climate hazards and their manifestation and implications in the
context of airport systems. Moreover, existing climate risk analysis frameworks tailored
specifically for airports do not adequately capture aspects around what drives the climate
hazard occurrence, how it impacts the different airport elements and interconnected
aspects, and the airport’s capacity to comprehend, plan and deliver action to implement
risk reduction measures. In addition, they do not account for the increasing severity or
unpredictability of extreme events driven by climate change. Even the most recently
developed tools (for example, De Vivo et al., 2021; Vogiatzis et al., 2021) either follow the
typical probability and severity approach to address specific climate hazards or limit the
vulnerability analysis within particular boundaries in the airport system (for instance,
infrastructure-related aspects). Thus, the review revealed that addressing climate hazard-
related challenges requires a new set of tools that can support airports in building an
understanding of the nature of the risk while at the same time acting as a guide to the overall

process of identifying how to build further their capacity to adapt.

Considering the characteristics of climate hazards and how they are manifested, the
climate hazard risk determinants are defined in Chapter 3 using a tailored approach. The
definition of the concepts of climate hazard, exposure, vulnerability, and adaptability in an
airport context combined fundamental elements adopted in various frameworks, and it
was supported by theoretical perspectives in the fields of natural hazards, adaptive change
and risk perception. Airports are conceptualised as complex and dynamic systems with

interrelated elements supporting their overall functions and the physical environment in
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which they operate. Climate hazard risk emerges when a climate hazard occurrence affects
exposed and/or vulnerable airport elements. Actions to address the implications and to

build more adaptive capacity contribute to overall risk reduction.

The process of analysing the climate hazard risk determinants investigated the airport
systems to identify what drives the risk. A climate hazard event cannot be controlled in
terms of timing, location or intensity of occurrence; nevertheless, how the event will affect
the airport system can be moderated by eliminating the elements that are exposed to the
climate hazard or reducing their sensitivity or likelihood to experience damage or lead to
disruption. This process is highly complex and dynamic, requiring a holistic perspective
that considers different types of capacity (physical, operational, institutional, human,
financial and simultaneously, coping, adaptive and transformative) and interdependencies
within the airport system. Traditional risk management approaches may fail to incorporate

the needed level of complexity.

The analysis also addressed how climate hazard risk is analysed and understood, and how
this understanding influences the prioritisation of adaptation action. Many airports assess
climate hazards partially (for example, as part of the environmental management system)
orinisolation (as an operational matter driven by a meteorological occurrence that caused
disruption) rather than embedding them within the overall risk management framework.
Therefore, the conceptualisation of riskis essential, especially in the case of small regional
airports, as they often operate with limited resources and may not always consider
medium- or long-term adaptation action a concern. Nevertheless, low adaptability levels

may imply a low capacity to recover quickly after an extreme event.

The overall conceptualisation process of the climate hazard risk and the activities
undertaken to address RO2 raised some important questions on how to quantify the main
risk components and how they can be brought together in a framework developed for
airports. Also, how this framework can be used to draw conclusions on characteristics that
influence the airport’s ability to control climate hazard-related impacts and ensure
business continuity. These topics highlighted the need for an approach that analyses the
risk determinants and provides the means to guide decision-making on adaptation action.
These findings lead to the next objective, which focuses on developing and validating the

climate hazard risk analysis framework.
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RO3 - To assess the operational and compliance risk of climate hazards to the airport

system.

After developing the conceptual framework, the Airport Climate Risk Index (ACRI) tool was
introduced, addressing RO3; the adopted methodological approach for the tool
development was described in Chapter 3. Climate hazard risk analysis is seen as a multi-
level process, moving from defining the climate hazard profile to analysing the risk
determinants. Climate risk determinants include the airport’s exposure to the identified
climate hazards, the predisposition to experience impact, the demonstrated sensitivity to
damage or disruption, the observed effects, and the airport’s ability to adapt to extreme

occurrences.

ACRIwas constructed as a composite indicator-based framework that enables UK airports
(regardless of size or location) to self-analyse their climate hazard risk profile and identify
gaps in current adaptation strategies. Incorporating a multi-level approach allows airports
to better understand the issues that should be included in climate hazard risk and
resilience discussions. Composite indicators such as the ACRI tool offer a multi-level
perspective. They can address complexity by combining multiple variables into a single
index, such as the factors shaping the airport’s risk profile, making it easy to interpret data
from different sources. As a result, it can help decision-makers identify trends, revealing
elements more susceptible to climate stressors, which need to be strengthened. They
provide insights into existing practices and allow the identification of gaps that need to be

addressed.

One of the major challenges in climate risk management is the inherent uncertainty
associated with predicting extreme events and their consequences. To address this, the
tool utilises the IPCC and the UK climate change projections that provide probabilistic
climate change scenarios under different greenhouse gas emission pathways. This
integration allows location-specific aspects to be incorporated into the tool, facilitating a
more forward-looking climate risk view. In addition, the tool incorporates climate hazard
metrics as indicators that can be updated if new data becomes available, making it more

dynamic.

Following the development of the tool, the validation process used four (4) case study

regional airports. The research focused on regional airports as they represent an under-
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researched area in the literature. In addition, regional airports are the ones that would
primarily gain benefit as limited resources often constrain them and, therefore, cannot
apply comprehensive climate hazard risk management strategies. The analysis in Chapter
4 used the ACRI tool and pointed out issues the regional airports should address to build
more adaptability. Although the regional airports involved in the validation process are in
different geographic locations in the UK, they present some similar climate hazard-related

challenges.

The analysis revealed that flood is gradually becoming a key concern for almost all regional
airports, with Belfast International presenting higher levels of susceptibility. Snow was
identified as a disruptor, especially for Bournemouth and Norwich, requiring the
implementation of mitigation measures addressing protection and preparedness
elements. While cold and storm occurrences can lead to significant disruption, regional
airports generally demonstrate preparedness and experience in respondingto such events.
However, considering the unpredictability driven by climate change when it comes to the
intensity and/or frequency of storms, the existing business continuity strategies call for a
reassessment. While heat was not identified as a major issue in the present day,
considering the climate change projections, it is anticipated to impact regional airports in
the future. The above suggests that airports need to be more proactive in their adaptation
strategies and plan for extreme events that have the potential to cause disruption in the
near future. Drought was identified as the least concerning hazard, with no major

implications.

Overall, the adaptation action of the regional airports mainly focuses on preparedness,
especially for climate hazards that have long been recognised as highly disruptive, such as
storms, cold and snow events. However, the existing measures primarily address the
characteristics of past climate hazard patterns, which may not fully reflect the evolving
climate hazard risk. As climate change projections suggest a likely increase in the
frequency and/or intensity of climate extremes, the absence of effective adaptation
measures could lead to increased levels of vulnerability. The above calls for a more

forward-looking and proactive approach to enhance the current levels of adaptability.

A better understanding of climate hazards and related implications can support integrating
climate-hazard-focused considerations into airport resilience planning. While the regional

airports may need to conduct detailed climate hazard risk assessments (for instance, flood
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risk assessment) for specific high-risk scenarios, ACRI provided the basis for identifying
vulnerabilities and ways to build more capacity for the airport system. The above can
support the prioritisation of risk mitigation action, considering the level of sensitivity of

exposed elements and the potential for impact.

The above findings raised critical questions about the effectiveness and forward-looking
nature of existing adaptation measures in UK regional airports. They also brought the topic
of climate hazard risk awareness and anticipation to the surface, influenced by the overall
climate hazard risk perception. These topics indicate that the prioritisation of action to
build adaptability is likely shaped by how airports perceive risk and related implications of
climate hazard occurrences. Given the observed gaps in existing action to address climate
hazards, the following research objective focused on key recommendations to mitigate

climate hazard-related risks.
RO4 - To recommend measures to increase airport climate resilience.

While research objectives 1 to 3 enabled the development and validation of the framework,
to address RO4, specific recommendations were provided to the regional airports to
mitigate the identified risks. Thus, Chapter 5 focused on identifying opportunities to

strengthen the regional airports’ resilience to climate hazards.

The recommendation of measures considered a levelled approach. Chapter 2 provided an
analysis of applied practices to address climate-related implications. In Chapter 3, the
conceptualisation of adaptability revealed certain qualities airports should demonstrate to
address climate hazard-related risks. The analysis outcome in Chapter 4 identified
opportunities to reduce exposure and vulnerability. The categorisation of
recommendations in Chapter 5 incorporated these findings and explored how certain
qualities can be integrated into existing strategies, such as risk, resilience and

sustainability-focused strategies.

When exploring adaptability options, the recommendations considered how airports
understand the impacts of climate hazards and their system-wide implications. This
analysis examined whether existing practices allow the airport to adjust to climate
extremes and improve decision-making for planning and operations. Also, the analysis
identified elements that shape the learning ability and the overall transformation process

to better cope with disruptions at a system level. The categorisation of recommendations
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addressed climate hazard risk intelligence to allow assessing risks and vulnerabilities to
inform decision-making, strengthening assets through design enhancements, resilient
materials and protection measures, and adjusting operations to become more flexible.
Additionally, it reflected actions to enhance the emergency response and preparedness
mechanism, environmental sustainability, and people’s adaptability, as well as actions

that would allow the integration of climate risk into strategic planning and compliance.

Research findings for all regional airports revealed the need for effective adaptation
planning. Although all regional airports implement measures to address climate hazards,
they do not present aformal adaptation plan. Therefore, developing an adaptation plan with
short- and long-term measures would enable airports to act proactively, allowing
continuous improvement over the longer term, considering the evolving climate hazard
profiles. Decision-making regarding these actions can be supported by a comprehensive

climate hazard risk assessment focused on critical issues identified in this research.

Integrating climate risk into the broader risk management will ensure accountability and
prioritisation of action, allowing risks to be systematically addressed. Building adaptability
to climate hazards of concern should be incorporated into the decision-making process to
allow the prioritisation of action to address vulnerabilities and enhance response and
business continuity mechanisms proactively, the allocation of resources, ensuring
sufficient capacity of airport staff to deliver action, and the coordination among
departments. The above would lead to a more forward-looking approach to climate

resilience planning.

Regional airports should pursue improvements to existing critical infrastructure and assets
to ensure they remain resilient to the evolving climate hazard profiles. It is essential to
acknowledge that many of the airports’ assets were initially designed based on historical
climate parameters and patterns. Therefore, enhancements should account for observed
or projected extremes, such as increased precipitation, heat, or wind resistance. A
proactive approach that allows the integration of future climate scenarios into the asset
design and maintenance will ensure these assets maintain their functionality under

extreme climate conditions.

In addition, airports should consider the interactions with the environment in which they

operate and integrate environmental considerations into the broader climate hazard
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management and adaptation strategies. The choice of nature-based solutions, like
sustainable drainage systems, bio-architectural interventions, or green infrastructure, can
build more resilience while reducing the overall environmental impact. Also, having
dedicated water and wildlife management plans can further contribute to long-term

environmental sustainability.

The research also revealed the need for regional airports to build climate risk awareness
among airport staff and stakeholders while strengthening communication and
coordination elements. Having targeted training programs and knowledge-sharing
initiatives will enhance the current level of knowledge, building a better understanding of
the implications of climate hazards at the system level. The above will enable shaping the
perception of climate hazard-related risk, recognising vulnerability and anticipating
potential damage and disruption. In addition, greater climate risk awareness can enable
informed decision-making, which is associated with prioritising action and allocating
resources, strengthening the overall capacity to address climate hazard challenges. Also,
strengthening existing communication and coordination mechanisms, both internally and

externally, will allow for a more effective response and preparedness.

The findings raised several questions regarding the importance of enhancing climate
resilience in regional airports through strategic adaptation planning, climate hazard risk
assessment and proactive infrastructure improvements. In addition, they highlight the
need to integrate climate risk into broader risk management, build climate hazard
awareness, strengthen emergency response and preparedness, and consider
environmental sustainability. Although these topics emerge from researching four airports
and may not fully capture the diverse context of all UK regional airports, the research offers

several valuable contributions presented in the following sections.

6.2 Research contributions

The development of the ACRI tool and the research undertaken in this thesis represent
significant contributions to policy and practice and the broader research landscape. These

original contributions are detailed below.
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6.2.1 Enhancing the Airport Climate Risk Assessment Process

As highlighted in the literature review in Chapter 2, while airports are often aware of the
issues they face concerning climate hazards and risk, they often face challenges in terms
of the hazard and risk assessment process. These challenges typically relate to issues of
accuracy, data requirements, or often complex or unwieldy models that can be costly to
operate. By developing an accurate yet accessible tool for practitioners, the ACRI
represents a fundamental contribution to airports' climate and hazard risk assessment
process. The contribution is even more important for regional airports, which typically rely
on solutions that lack specialised tools that address climate hazard-related considerations

or do not have specialists to use them.

The development of the ACRI tool, designed for UK airports as an easy-to-use self-
assessment tool, supports airports in identifying, analysing, and assessing potential risks
resulting from climate-related hazards. Using sets of indicators, the tool enables the
development of the airport’s climate hazard profile, the analysis of its exposure and
vulnerability to the identified climate hazards and the analysis of its ability to adapt to

climate extremes.

One of the characteristics of the tool is the novelty of its design. While it uses regional
airports forits validation, itis designed to be applicable to all UK airports, regardless of size
or geographic location. This broad applicability ensures that a wide range of airports can
use the tool, from small to larger ones. The tool allows airports to self-analyse the climate
hazard-related risks relevant to their site, drawing conclusions and identifying areas for
consideration. Additionally, the tool has user-friendly elements; it has been developed in
MS Excel, making it easily accessible for airport teams without needing specialised
software. Crucially, manipulating the tool does not require significant prior knowledge or
training in climate hazard risk or climate sciences, increasing the accessibility and
usefulness of the tool. This is important in the case of regional airports, which often lack

resources with climate hazard science knowledge.

The overallresearch highlights the need for airports to analyse climate hazard-related risks.
The research findings contribute to understanding the implications while pointing out
issues that should be included in climate risk and resilience discussions. The
conceptualisation of the framework and the development of the tool offer a guide for the

airports to follow to identify elements they need to address to build more adaptability.
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ACRI has been developed to become an easy-to-use self-assessment tool for airports to
better understand the issues that should be included in the discussions around climate
hazard risk and resilience. It allows the identification of gaps in the existing level of
adaptability, which in turn supports informed decision-making on the prioritisation of risk
mitigation action over the short and long term. This analysis can be used to develop a more
robust adaptation plan. In the case of regional airports, the tool’s contribution is even more
significant as it allows airports with limited resources to conduct meaningful assessments

that allow decision-making on proactive adaptation action.

The way it is structured and how it addresses the climate risk-related issues supports
greater engagement between the teams and allows methodically looking at relevant topics,
identifying areas that are not typically considered in current risk management practices,
especially in the case of climate hazard events that historically only caused minimum
impact and are not given attention. In addition, ACRI can be used as a communication and
awareness tool to inform internal (including management teams) and external
stakeholders of the potential risk and related implications, as well as of undertaken or
planned initiatives to address the different aspects. Additionally, it can support airportsin
addressing current and future requirements related to climate hazards, as lately, financial

institutions and regulatory authorities have put emphasis on developing adaptation plans.

The value and contributions of the research were further validated through its presentation
to senior practitioners at Eurocontrol, the UK CAA, Airports UK, and the regional airports
participating in the pilot study. This validation process allowed for critical feedback from
experts, who confirmed that ACRI is a valuable contribution to the industry. It is a tool that
enables airports to identify opportunities to build more adaptability, supporting

prioritisation of action and informed decision-making.

6.2.2 Contribution to knowledge

The process of developing the ACRI tool covered a range of topics linked to climate hazards,
implications to the airport system, exposure of airport elements, sensitivity or
predisposition of critical elements, adaptability of the airport as a system and climate risk
analysis. The main themes and important contributions to knowledge are discussed in the

following paragraphs.
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1 Furthering knowledge on the impacts of climate change on airports and their assessment.

Asidentified in the literature review, while there is a general awareness and recognition that
there will be increasing impacts on aviation from climate change, scientific research is
needed to focus specifically on these impacts at the airport level. Fundamentally, this
thesis contributes to an important growing area of research; by building on the existing
literature on climate hazards, risk and adaptation, it provides insights into the primary
climate factors affecting airports' infrastructure and operations and related physical,
operational or business risks. Using the demonstrated sensitivity of airports around the
world, the conducted analysis identified different types of impact on exposed and/or
vulnerable airports, ranging from the loss of airport infrastructure and damage of assets to
service disruption, economic cost, impact on performance, safety, access, environment
but also on reputation and investments and air travel demand. The overall process brought
issues that should be considered under a constantly changing climate. Furthermore, it
pointed out elements that influence the airports’ ability to address climate hazard effects

efficiently.

2 How climate risk is analysed and assessed for airports.

A key driver to better understanding and mitigating climate hazards and risks for airports is
the risk assessment and analysis process. As discussed in Chapter 2, there is a great
diversity in how risks are assessed and acted upon for airports. This work seeks to address
these challenges by presenting an accurate but parsimonious tool for practitioners to self-

assess their levels of climate hazard risk and its determinants.

An important contribution to knowledge emerges from the conceptualisation of the
research problem and the development of the tool. The development of the ACRI tool looks
at the concept of climate risk from a different perspective, rebalancing the focus from the
physical vulnerability of assets to the broader business and operational aspects and
attributes that shape the airport's adaptability to climate hazards. As a composite index,
the tool integrates a set of indicators and variables tailored to the airport context,
quantifying the airport’s capacity to advance climate adaptation. Using the developed set
of indicators and variables provides a way to enable consistent and comparable

evaluations across different airport contexts.
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The conceptualisation of the tool demonstrated that climate risk can be analysed by
looking at the following four main risk determinants: (a) climate hazard profile, including
the influence of climate change; (b) the range of airport elements that can be affected by a
climate hazard event; (c) the tendency of exposed airport elements to be adversely affected
by a climate hazard event; and (d) the ability of the airport to adjust its functions, learn to

anticipate, prepare and respond to a climate hazard event.

The adopted methodological approach incorporates concepts that reflect the complex and
systemic character of the airport, with a series of interdependencies and interrelationships,
elements that drive the risk, including elements that influence the risk perception, as well
as organisational culture elements that shape how decisions are made on climate hazard-
related matters. Besides offering a new perspective on climate hazard risk analysis, the
overall approach can be used as a decision-making point of reference for climate
adaptation and risk reduction plans, providing insights into qualities that airports need to
demonstrate to strengthen their capacity and shift towards a more informed risk

management culture.

3 Exploring climate hazard risks and adaptation strategies for regional airports

An important contribution of this research is its focus on regional airports, a topic that is
relatively underexplored in existing literature, particularly in the context of climate hazards.
Regional airports play a critical part in the UK’s air transport system, supporting regional
development, enhancing accessibility and improving connectivity. Despite their
importance, they face unique challenges due to their limited resources and infrastructure.
This research provides a deeper understanding of the regional airports’ vulnerabilities to
the addressed climate hazards, offering valuable insight into the gaps within existing
protection and preparedness mechanisms, how regional airports perceive climate hazard
risk and how the overallrisk management can be shaped to address climate hazard-related

risks.

4 How the risk determinants can be defined.

Given the complexity of the climate hazard risk determinants, the research introduced
various sets of variables for measurement. In many instances, the selection of these

variables and their measurement were adapted or inspired from studies across different

188



contexts (for example, urban or other infrastructure systems) after adjustment to fit the

airport context.

Climate hazards are quantified by considering both current and future climate hazard levels
and confidence in the direction of change. The novelty of this approach lies in integrating
multiple climate metrics from sources such as the IPCC and the UKCP18, which provide a
dynamic and forward-looking analysis. The adaptation of the varying climate variables to a
unified 5- or 3-point scale adds to its originality, while at the same time, the calibration

process supports a standardised framework.

Exposure uses four key indicators (critical assets, operations, people and
interdependencies), each one measured using variables adapted from urban systems yet
modified to reflect the airport context. The integrated variables address physical, business,
economic and social dimensions of exposure while incorporating interdependencies
between essential systems, such as surface transport and utilities. The approach is
innovative as it combines established risk modelling concepts with customised variables

and scales specific to the airport environment.

The measurement of vulnerability introduces a novel perspective by integrating and
adapting a mixture of methods from climatic change or natural hazard research to the
unique context of airports. This approach looks at key factors that influence the airport’s
predisposition to loss or disruption, incorporates historical data to analyse the airport’s
sensitivity to climate hazards, and indicates the magnitude of the potential impact by
mapping significant past occurrences. Unlike existing approaches that primarily focus on
physical or social vulnerability, the variables used in the framework also address business

and economic aspects, further enhancing its originality.

The measurement of adaptability introduces a novel perspective by integrating and
customising variables used in climatic change or natural hazard research to the specific
context of airports. The adopted approach looks at the airport's efforts to adapt, enhance
preparedness, anticipate, and manage climate hazard events, along with the qualities that
enable an effective response and efficient recovery. Unlike conventional approaches that
mainly focus on protection and preparedness measures, the way adaptability is perceived

incorporates elements to reflect the airport’s understanding of the climate hazard
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implications, level of awareness and proactiveness in implementation, further

demonstrating its originality.
5 How adaptation measures can be categorised.

The research supported a greater understanding of how airports are currently addressing
existing climate stressors and the main actions to adjustto a changing climate. Considering
the category of action undertaken by airports, climate risk mitigation measures can be
categorised as infrastructure improvement and protection measures, operational
response and preparedness, knowledge and awareness of the risk and governance and

institutional capacity (Voskaki, Budd and Mason, 2023)

In addition, the research introduced a structured categorisation of options to build more
adaptability. Options to build adaptability have been considered in the context of seven
categories, reflecting the different qualities airports should demonstrate to reduce climate
hazard-related risk: (a) climate hazard intelligence, (b) climate-proofing assets, (c) flexible
and adaptable operations, (d) emergency response and preparedness, (e) sustainable
interactions, (f) passenger and workforce adaptability and (g) climate-embedded
governance. The above categorisation provides a structured and systematic approach to
analysing actions to mitigate climate hazard-related risks. Even though this approach has
been developed to be applied in the airport context, it can be easily adapted to other types

of infrastructure.

6.2.3 Implications for policy

The observed shift in how airports approach climate hazard-related disruptions underlines
the significance of having appropriate tools for analysing climate risk to support decision-
making. Nowadays, many airports are called to present climate risk mitigation strategies to
communicate actions, demonstrate compliance or address financial requirements. In the
UK context, the Climate Change Act 2008 puts emphasis on the climate change adaptation
of critical sectors and calls for sectors to undertake climate change risk assessments every
5 years. However, despite aviation’s critical role, there is currently no mandated and
standardised approach to climate risk assessment specific to airports. Introducing such a
mandate would ensure that climate risks are systematically identified and addressed

across the sector.
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Conducting a climate risk assessment can provide the basis for understanding the
potential implications, allowing the prioritisation of adaptation action. In this context, the
development of the ACRI tool can support the enhancement and standardisation of the
climate risk assessment process, serving as a framework for airports to analyse climate
hazard-related risks consistently across the different UK regions. From the airport
management perspective, standardisation can enable decision-making and efficient
resource allocation where itis most needed, optimising adaptation efforts across different
airport areas. From the policymaker’s perspective, its application can ensure consistency,
enabling the comparison of different climate hazard risk mitigation efforts regardless of

each airport's geographic location, size, or type of management.

6.3 Research limitations

While the research presents several contributions, some considerations must be
acknowledged, particularly around the sample size and focus. While the case study
airports validate the tool, they are limited in number and geographic coverage. Expanding
the application to a broader range of airports across diverse geographies and of varying
sizes would further enhance the generalisability of the findings. Nevertheless, the selected
case study airports are located in different parts of the UK, and as aresult, they are exposed
to distinct climate hazards or varying frequency or intensity of the same climate hazard
type. Therefore, they offer diversity in terms of challenges they must address, requiring
tailored risk mitigation strategies. Examining how airports respond to climate hazards
allowed the research to generate valuable insights into how regional airports perceive

climate hazard risk, prioritise adaptation action and implement mitigation measures.

Although the tool is developed for and can be used by all airports, the validation of the tool
focused on regional airports handling less than 7 million passengers per annum. Overall,
regional medium-sized and small airports seem to gain significant benefits from this
research, considering the limited resources available for dedicated studies. The overall
validation process allowed meaningful discussions, interaction and valuable feedback
during the development phase, from the topics it addresses to the overall usefulness and

practicality.

Validation was conducted at different stages; data collection was carried out through face-

to-face workshops and in-depth discussions with airport specialists. The participating
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teams represented a range of specialisations, including business continuity, safety,
compliance, fire service, fuel service, airfield management, energy, environment,
sustainability and other management-focused functions. The airport teams worked closely
and collaboratively to provide the necessary data for their airport, engaging in discussions
on how information is captured, how the indicators are calculated and how the results are
interpreted. The above approach resulted in accuracy in the responses, with high-quality
input data enabling meaningful results. Without a doubt, as with any assessment tool, its

effectiveness inherently depends on the data's reliability and accuracy.

Although the sample size of four regional airports is limited, their validation of the tool's
concept, usability, and usefulness remains valuable. Given the limited number of regional
airportsin the UK, this sample size is considered adequate for the purpose of validating the
tool. The above is supported by the direct engagement with the airport teams, which
allowed for obtaining high-quality input data. The discussions offered valuable insights,
allowing for a thorough validation of both the tool's output and the adopted methodological
approach for its development, reinforcing its relevance in the overall process of analysis of

climate hazard-related risks.

Therefore, the research remains valuable despite the sample size, airport size, and
geographical coverage. It highlights similarities and differences in applied climate hazard
risk mitigation strategies and investigates the challenges airport teams are called to
address in the face of climate change. Moreover, it explores how climate hazard risk is
perceived and how existing risk management frameworks can be shaped to be suitable for
the future. The above findings offer a solid foundation for validating the tool and contribute

to a broader understanding of the airport management culture driving climate adaptation.

The data collection process using the incorporated questionnaire reflects the current
scenario and the airport's responses to climate hazard risks, demonstrating the existing
levels of exposure and vulnerability. However, due to the dynamic nature of these
concepts, the results are subject to change after significant events affecting the airports.
For example, Exeter completed the questionnaire one month before the September 2023
flood caused the airport’s closure. As a result, the analysis did not capture this specific
incident when measuring vulnerability aspects. The flood risk level would have been
different if the airport had completed the questionnaire after the flood event. Nevertheless,

this is not a significant limitation, considering the dynamic nature of the tool, which is
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designed to accommodate change easily. Airports can easily update the relevant sections
to reflect changes in exposure, vulnerability or adaptability after the occurrence of
significant events. The ease of adjustment allows a dynamic view of risk, enabling airports
to monitor their analysis continuously and adjust their actions to reflect real-time

conditions.

The incorporation of only one climate scenario and time horizon in the measurement of
future climate hazard levels can be viewed as a limitation of the tool, as it could restrict
airports from considering the full range of potential impacts or climate variability. ACRI
incorporates climate variables that consider only the intermediate climate scenario
(RCP4.5) and 2050 as the time horizon. Nevertheless, by using just one climate scenario
and a one-time horizon alighed with the broader climate target plan in the UK, the tool
simplifies the analysis while allowing meaningful insights into the climate hazard risk
aspects. In addition, considering the dynamic nature of the tool, a different climate
scenario can easily be incorporated if needed. Users can easily choose a different climate
scenario and update the tool with the new data. In fact, users can even add multiple

scenarios, increasing the complexity of the analysis as needed.

The tool is developed in MS Excel; therefore, certain limitations need to be acknowledged
regarding how data is captured, analysed and presented. The questionnaire uses drop-
down menus to provide the options for the user to choose from, and calculations require
the use of many tabs. A specialised data analysis software could have provided a more
efficient way to manage data and complex functions. Also, the results are presented in a
tabular and graphical format without allowing customised views, as other software might
do. Furthermore, it requires manual updates and changes to data. Nevertheless, Excelis a
widely accessible and user-friendly platform; due to its accessibility and familiarity to users
it is considered a practical choice. Future enhancements of the tool could benefit from

exploring other platforms offering more enhanced capabilities.

Another consideration is the dependency of the quality of the results on the quality and
accuracy of the input data. The tool relies on the user's input through the questionnaire;
therefore, any errors or inconsistencies in the provided data could affect the reliability of
the results. Furthermore, subjective judgements when selecting from the available options
could potentially introduce variability in the results. Nevertheless, this limitation is not

significant as the tool is designed with the understanding that the results are reliant on the
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user’s responses to the questionnaire. Additionally, the dynamic nature of the tool allows
users to amend their responses and refine the input data as needed to ensure it reflects

current-day conditions.

6.4 Directions for future research

While this research conceptualised and developed a framework and a composite indicator-
based tool for analysing climate hazard-related risks at UK airports, it identified areas for
research beyond the scope of this study. Future research can build on the existing

framework, enhancing and expanding the tool's applicability.

1 Incorporating additional climate hazards

In its current state, the tool addresses seven (7) climate hazard types, namely, coastal
flood, inland (fluvial/pluvial) flood, extreme heat, cold and icing conditions, storminess and
wind, snowstorm and extreme snowfall and drought/water scarcity. In a UK context, as
climate changes, other climate hazards can become a concern and, therefore, can be
incorporated into the tool. For example, although wildfires are not considered relevantin a
UK context, extreme heat and drought can create conditions that give rise to wildfires,
posing risks to airport operations. The tool can be easily adapted to incorporate more

climate hazards in the analysis.

2 Transferability to other geographies

Considering that climate hazards are location-specific, the development of the index
focused on explicit geography. The UK was selected, and the framework considered
climate hazards applicable to the UK context. Future research can shape thetooltoinclude
other countries. This can be done by amending the set of variables included in the climate
hazard indicators to reflect the conditions in the new geography. Discussions with
Eurocontrol around the expansion of the tool beyond the UK highlighted an opportunity to
expand its applicability to a broader European context or even beyond Europe. This could
involve analysing climate hazards affecting airports beyond the UK borders, such as
wildfires, looking at the climate hazard-related metrics and climate change projections and

shaping the climate hazard variables to address additional locations.

3 Expand to incorporate innovation and new developments
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Considering that aviation is rapidly evolving, emphasis has been placed on sustainability
and the transition towards alternative energy sources (for instance, hydrogen). As airports
prepare to accommodate these changes, it is essential to ensure that future assets are
designed to be resilient to climate hazards. Future research can shape the tool to address
these challenges by including specific variables to quantify exposure, vulnerability, and

adaptability aspects that are currently not within the scope of this research.

4 Assign weights to reflect the level of significance

Inits current state, the tool incorporates variables and indicators equally, and no weighting
has been assigned to reflect the level of importance of different elements or different
climate hazards. A future iteration of the tool can consider the level of importance airport
practitioners or airport specialists give to the different airport elements or the level of

importance different climate hazards have in terms of disruption.

5 Incorporating multi-hazards

Currently, the tool addresses individual hazards and does not account for a series of single
hazards affecting an airport, causing ripple effects and cascading impacts, typically called
multi-hazards. Multi-hazard occurrences can generally lead to more significant impacts
compared to individual hazards (Hochrainer-Stigler et al,, 2023), and their
conceptualisation has received lots of attention in recent years. Future research can shape
the tool to address multi-hazard occurrences and how they can influence the climate

hazard risk.

6 Transferability to other sectors

While the tool was initially developed for airports, it has the potential to be adapted for use
in other sectors of infrastructure as part of future research. The conceptualisation and how
it addresses climate hazards, exposure, vulnerability and adaptability can be tailored to
apply to a wide range of infrastructure types and urban systems. The tool can be
customised by adjusting the variables, indicators and certain elements to incorporate
specific characteristics and requirements of each sector, allowing for a broader application

across different sectors.
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6.5 Conclusions

Climate hazards impact airports worldwide, leading to infrastructure damage, operational
and safety challenges, financial losses, and broader environmental and social impacts.
Climate extremes are expected to escalate as climate changes, placing additional pressure
on airport infrastructure and operations. In recent years, UK airports have dealt with the
implications of record-breaking temperatures, severe storms, snowstorms, and even
drought events. Implementing effective climate risk reduction measures is important to
address these emerging challenges, and airports with greater adaptive capacity are
generally presented as more qualified to respond to and recover from a disruptive event

quickly and efficiently.

The research provided insights into how climate hazards are perceived and how this
perception influences the overall risk management process. Climate hazards are often
treated as short-term operational challenges rather than long-term risks with potential for
system-wide implications. This shapes the culture of risk management, including what is
perceived as a threat, how it can be assessed and how it can be mitigated. Therefore, the
way climate hazard risk is analysed eventually affects the prioritisation of action. Thus,
having the right approach when analysing climate hazard risk is crucial to ensure that

threats will be identified and appropriately addressed.

The research also brought to the surface the topic of the effectiveness of existing risk
mitigation measures and whether they have been designed to address the intensity and
characteristics of the observed climate hazard events. While regional airports appear to
have measures in place to address climate hazards of concern, the demonstrated level of
sensitivity in the past decade suggests that the implemented measures need to be
enhanced to address the level of extreme of the future. This observation highlights the need
for a monitoring mechanism to evaluate the effectiveness of existing or planned measures

considering the climate hazard trends and the anticipated nature of extremes.

Addressing climate hazard risks effectively demands an in-depth understanding of their
complexities and evolving nature and a willingness to drive the necessary transformations
in existing airport risk management practices. A more proactive approach is essential to

allow the integration of climate hazard-related risk into long-term planning, infrastructure
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development and investment decisions. Building more adaptability within the airport

elements appears necessary to enable the regional airports to grow sustainably.

The PhD research met the set aim, as demonstrated by this thesis, by developing a
framework to analyse the risk of climate hazards to the airport system under current and
future climate change projections. To achieve this, the key climate hazards, their impact
and implications on the airport system were investigated, and the gap in the current
capabilities of climate hazard risk analysis frameworks was identified in Chapter 2.
Elements around the definition of climate hazard risk, focused on aspects of exposure and
vulnerability of the airport system to climate hazards, were explored in Chapters 2 and 3.
The conceptualisation and methodological approach and the ACRI tool were developed in
Chapter 3, where the key elements defining the main risk determinants and addressing
operational and compliance aspects were discussed. The framework was applied to four
(4) case study regional airports, validating the tool, and an analysis of the outcome for the
main climate hazard risk determinants was included in Chapter 4. Discussion on the
climate hazard risk levels and recommendations of measures the regional airports can

undertake to increase their climate resilience were provided in Chapter 5.

As a closing remark, this thesis offers perspectives, interpretations, and practical
contributions, and it aims to support airports in better understanding and managing climate
hazard-related risks. Without a doubt, constant change is part of all natural processes, and
the ability to transform and adapt is part of human nature. Finding ways to shape our
environment and systems to be flexible, enabling change, is key. This work supports that

progress.
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Appendix B Table 1 Indicators and variables that set up the sub-index of climate hazards

Indicator

Variable

Measurement

Rationale

Adapted/inspired from

Current climate
hazard level

Flood hazard rating
- coastal

1

Within the 1000-year flood
zone

Within the 500-year flood
zone

Within the 100-year flood
zone

Within the 30-year flood zone
Within the 10-year flood zone

Contributes to coastal flooding and storm surge climate
hazard. The variable adopts the rating the UK Government
departments use for flood policy and strategic flood risk
management. The measurement scale adopts and
combines the scales considered within the different
departments and reflects the flood risk for the specific
location considering existing coastal flood defences.

UK Government departments
(England, Scotland, Wales and
Northern Ireland) for policy on
flood and strategic flood risk
management, Nguyen et al.
(2016), Rowan et al. (2014),
insurance companies’ natural
hazard assessment guidelines

Flood hazard rating
- river

Within the 1000-year flood
zone

Within the 500-year flood
zone

Within the 100-year flood
zone

Within the 30-year flood zone
Within the 10-year flood zone

Contributes to fluvial/pluvial flooding climate hazard. The
variable adopts the rating the UK Government
departments use for flood policy and strategic flood risk
management. The measurement scale adopts and
combines the scales considered within the different
departments and reflects the flood risk for the specific
location considering existing flood defences.

UK Government departments
(England, Scotland, Wales and
Northern Ireland) for policy on
flood and strategic flood risk
management, Nguyen et al.
(2016), Rowan et al. (2014),
insurance companies' natural
hazard assessment guidelines

Flood hazard rating
- surface

Within the 1000-year flood
zone

Within the 500-year flood
zone

Within the 100-year flood
zone

Within the 30-year flood zone
Within the 10-year flood zone

Contributes to fluvial/pluvial flooding climate hazard. The
variable adopts the rating the UK Government
departments use for flood policy and strategic flood risk
management. The measurement scale adopts and
combines the scales considered within the different
departments and reflects the flood risk for the specific
location considering existing flood defences.

UK Government departments
(England, Scotland, Wales and
Northern Ireland) for policy on
flood and strategic flood risk
management, Nguyen et al.
(2016), Rowan et al. (2014),
insurance companies’ natural
hazard assessment guidelines

Skew surge history
in the airport area

a NN =2]os

<0.5m
0.5t01.0m
1.0to1.5m
1.5t02.0m
>2.0m

Contributes to coastal flooding and storm surge climate
hazard. It reflects the difference between the maximum
observed sea level and the maximum predicted tide and
provides an indication of the elevation of the sea level
that can rise due to storm surge events. The variable
considers the average value of the maximum recorded
difference for each region. The scale considers
thresholds based on increments of 0.5m.

National Tidal and Sea Level
Facility, Poo et al. (2018, 2021),
Rowan et al. (2013)

Wind velocity zone

g b WN-=

Zone | (up to 21m/s)
Zone I (21 to 23m/s)
Zone Il (23 to 25m/s)
Zone IV (25 to 27m/s)
Zone V (above 27m/s)

Contributes to storminess and extreme wind climate
hazard. The variable considers the maximum mean hourly
wind speed to reflect local wind conditions. The scale
adopts the zones used in UK wind speed maps developed

Met Office, UK wind zones as
developed and used for
construction purposes and
energy generation, Poo et al.
(2021), Vogiatzis et al. (2021)
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Indicator

Variable

Measurement

Rationale

Adapted/inspired from

for different purposes (for example, construction and
energy generation).

Low to medium
Medium to high

variable and the measurement are adopted from the
Water Risk Atlas and depict the ratio of total water

(Aqueduct Water Risk Atlas),
(Lopez, 2016), insurance

Average days of 1 <6 Contributes to storminess and extreme wind climate Met Office, Eurocontrol (2021),
thunder 2 6to 8 hazard. The variable depicts the thunderstorm Poo et al. (2021), Vogiatzis et
3 8to 10 occurrence (annual average 1971-2000) and is used to al. (2021), insurance
4 10to 12 reflect the manifestation of compound events such as companies' natural hazard
5 >12 storms. The scale is adapted from the thresholds used by ~ assessment guidelines
the Met Office.
Average days of 1 <10 Contributes to snowstorm and extreme snowfall climate Met Office, Poo et al. (2021),
snow lying 2 10to 20 hazard. The variable is used to reflect the frequency of Vogiatzis et al. (2021)
3 20to 30 snowfall occurrence. The scale is adapted from the
4 30 to 40 thresholds used by the Met Office.
5 >40
Days of ground 1 <60 Contributes to cold and icing conditions climate hazard. Met Office, Poo et al. (2021),
frost 2 60 to 80 The variable is used to reflect the frequency of Vogiatzis et al. (2021)
3 80 to 100 occurrence of conditions that result in ground frost. The
4 100 to 125 scale is adapted from the thresholds used by the Met
5 >125 Office.
Days of air frost 1 <20 Contributes to cold and icing conditions climate hazard. Met Office, Poo et al. (2021),
2 20to 40 The variable is used to reflect the frequency of Vogiatzis et al. (2021)
3 40to 60 occurrence of conditions that result in air frost. The scale
4 60 to 80 is adapted from the thresholds used by the Met Office.
5 >80
Heating degree 1 <2000 Contributes to cold and icing conditions climate hazard. Met Office, Vogiatzis et al.
days 2 2000 to 2400 The variable is used to reflect the frequency of (2021), Monioudi et al. (2018)
3 2400 to 2600 occurrence of conditions that result in the need for
4 2600 to 2800 heating. The scale is adapted from the thresholds used by
5 >2800 the Met Office.
Cooling degree 1 <20 Contributes to extreme heat climate hazard. The variable Met Office, Vogiatzis et al.
days 2 20to 40 is used to reflect the frequency of occurrence of (2021)
3 40to 60 conditions that result in the need for cooling. The scale is
4 60 to 80 adapted from the thresholds used by the Met Office.
5 >80
Water stress 1 Low Contributes to drought/water scarcity climate hazard. The  World Resources Institute
2
3
4
5
1

High demand to available renewable surface and groundwater  companies' climate risk
Extremely high supplies. assessment guidelines
<0.35m
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Indicator
Future climate
hazard level

Variable

Change in the
mean sea-levelin
the airport area

2
3
4
5

Measurement

0.35t0 0.45m
0.45t0 0.55m
0.55t0 0.65m
>0.65m

Rationale

Contributes to coastal flooding and storm surge climate
hazard. An increase in the sea levelincreases the
frequency of flooding in coastal areas in the absence of
sufficient coastal protection. The variable is adopted from
the Met Office climate change projections (UKCP18); the
scale is adopted from the thresholds used by the Met
Office.

Adapted/inspired from

Perks et al. (2023), Poo et al.
(2021), De Vivo et al. (2021),
Debortoli et al. (2019), (Lopez,
2016), Rowan et al. (2013),
Monioudi et al. (2018), Rowan
etal. (2014)

Mean winter
precipitation
change

a b wWwN =

0to10%
10to 20 %
20to 30 %
30to 40 %
>40 %

Contributes to fluvial/pluvial flooding climate hazard.
Changes in the precipitation patterns suggest a change in
the frequency of flooding events during the winter period.
When the ground is already saturated (as typically in
winter), waterways tend to rise, and therefore, an
increase in the precipitation may likely lead to different
rainfall levels and potential flooding events. The variable
is adopted from the Met Office climate change
projections (UKCP18); the scale is adopted from the
thresholds used by the Met Office.

Met Office Hadley Centre
(2018), Poo et al. (2021), De
Vivo et al. (2021), Rowan et al.
(2013)

Mean summer
precipitation
change

a b wN =

0to 10 %
10to 20 %
20to 30 %
30to 40 %
>40 %

Contributes to fluvial/pluvial flooding climate hazard.
Changes in the precipitation patterns suggest a change in
the frequency of flooding events during the summer
period. Without regular rainfall (typically in summer), the
ground has difficulty absorbing water, leading to an
increased risk of flooding when it rains. The variable is
adopted from the Met Office climate change projections
(UKCP18); the scale is adopted from the thresholds used
by the Met Office.

Met Office Hadley Centre
(2018), Poo et al. (2021), De
Vivo et al. (2021), Debortoli et
al. (2019), (Lopez, 2016),
Rowan et al. (2013), Monioudi
et al. (2018)

Future changes in
heavy daily rainfall
events in winter

g b wWwN =

<0%
0to 15 %
1510 30 %
30to 45 %
>45 %

Contributes to fluvial/pluvial flooding climate hazard. An
increase in the heavy daily rainfall increases the
likelihood of flooding during winter. When the ground is
already saturated (as typically in winter), waterways tend
to rise, and a heavy rainfall event can increase the risk of
flooding. The variable is adopted from the Met Office
climate change projections (UKCP18); the scale is
adopted from the thresholds used by the Met Office.

Kendon et al. (2021), De Vivo et
al. (2021), Vogiatzis et al.
(2021), Monioudi et al. (2018),
Solecki & Rosenzweig (2020)

Future change in
heavy daily rainfall
events in summer

O b WN =

<0%
0to 15 %
1510 30 %
30to 45 %
>45 %

Contributes to fluvial/pluvial flooding climate hazard. An
increase in the heavy daily rainfall events increases the
likelihood of flooding during summer. Without regular
rainfall (as typically in summer), the ground has difficulty
absorbing water, leading to an increased risk of flash
flooding, especially in the case of heavy rainfall. The
variable is adopted from the Met Office climate change

Kendon et al. (2021), De Vivo et
al. (2021), Vogiatzis et al.
(2021), Monioudi et al. (2018),
Solecki & Rosenzweig (2020)
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Indicator

Variable

Measurement

Rationale

Adapted/inspired from

projections (UKCP18); the scale is adopted from the
thresholds used by the Met Office.

Winter mean 1 >40 % Contributes to snowstorm and extreme snowfall climate Met Office (2018, 2021),
snowfall change 2 30to 40 % hazard. A change in the winter mean snowfall (in the case  Debortoli et al. (2019), (Lopez,
3 20to 30 % of UK climate projections, suggesting a reduction) implies 2016)
4 10to 20 % a change in the parameters that can generate hazardous
5 0to 10 % conditions. The variable is adopted from the Met Office
climate change projections (UKCP18); the scale is
adopted from the thresholds used by the Met Office.
Future change in 1 <0m/s Contributes to storminess and extreme wind climate Kendon et al. (2021), Poo et al.
surface winds in 2 0to 0.3m/s hazard. A change in the winter surface wind speed (2021), (Lopez, 2016), Solecki
winter 3 0.3t0 0.6 m/s suggests a likely change in the wind intensity. The variable & Rosenzweig (2020)
4 0.6t0 0.8 m/s is adopted from the Met Office climate change
5 >0.8 m/s projections (UKCP18); the scale is adopted from the
thresholds used by the Met Office.
The trend in skew 1 < 0.2 mm/yr Contributes to coastal flooding and storm surge climate Poo et al. (2018, 2021), De Vivo
surge extremes 2 0.2to 0.5 mm/yr hazard. Based on the UK climate projections, the variable et al. (2021), (Lopez, 2016),
3 0.5t0 0.7 mm/yr considers the 21st-century trend in skew surge extremes.  Solecki & Rosenzweig (2020),
4 0.7 to 1.0 mm/yr The variable is adopted from the Met Office climate Rowan et al. (2014)
5 > 1.0 mm/yr change projections (UKCP18); the scale is adopted from
the thresholds used by the Met Office.
Change in the no 1 >12 Contributes to cold and icing conditions climate hazard. Poo et al. (2021), Vogiatzis et
of frost days 2 9to12 The variable is used to reflect the change in the cold and al. (2021), The World Bank
(Tmin<00C) 3 6to9 icing conditions and considers the number of days with
4 3to06 minimum temperature below zero. The variable is
5 Oto3 adopted from the World Bank Climate Change Knowledge
Portal; the scale is adapted from the thresholds used by
the World Bank.
Annual mean 1 Oto1°C Contributes to extreme heat climate hazard. The variable De Vivo et al. (2021), Rowan et
temperature 2 1to2°C is used to reflect the trends in temperature rise because al. (2013), Monioudi et al.
change 3 2t03°C of climate change. The variable is adopted from the Met (2018)
4 3to4°C Office climate change projections (UKCP18); the scale is
5 >4°C adopted from the thresholds used by the Met Office.
Mean summer 1 0to1°C Contributes to extreme heat climate hazard. The variable De Vivo et al. (2021), Debortoli
temperature 2 1to2°C is used to reflect the trends in extreme temperature et al. (2019), Vogiatzis et al.
change 3 2t03°C events. The variable is adopted from the Met Office (2021), Rowan et al. (2013),
4 3t04°C climate change projections (UKCP18); the scale is Monioudi et al. (2018)
5 >4°C adopted from the thresholds used by the Met Office.
1 >4°C
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Indicator Variable Measurement Rationale Adapted/inspired from
Mean winter 2 3to4°C Contributes to cold and icing conditions climate hazard. De Vivo et al. (2021), Debortoli
temperature 3 2t03°C The variable is used to reflect the trends in temperature et al. (2019), Vogiatzis et al.
change 4 1to2°C change because of climate change and itsimpacton cold (2021), Rowan et al. (2013),
5 0to1°C and icing conditions. The variable is adopted from the Met  Monioudi et al. (2018)
Office climate change projections (UKCP18); the scale is
adopted from the thresholds used by the Met Office.
Increase in 1 No Contributes to storminess and extreme wind climate Met Office (2023), Eurocontrol
storminess 3 Not consistent change hazard. The variable is used to reflect the trends in (2021), Solecki & Rosenzweig
5 Yes storminess because of climate change. The (2020), insurance companies'
measurement of the variable is based on whether the climate risk assessment
projected change is consistent or not across the climate guidelines
models, as described in the Met Office climate change
projections (UKCP18); the scale is developed to reflect
this.
Water stress 1 Low Contributes to drought/water scarcity climate hazard. The  World Resources Institute
2 Low to medium variable and the measurement are adopted from the (Aqueduct Water Risk Atlas),
3 Medium to high Water Risk Atlas and depict the ratio of total water (Lopez, 2016), insurance
4 High demand to available renewable surface and groundwater  companies' climate risk
5 Extremely high supplies under a business-as-usual scenario with 2050 assessment guidelines
as the timeframe.
Confidence in the Confidence for 1 Low confidence in the The variable reflects the level of confidence for the (IPCC, 2021a) (WGl Interactive
direction of change change inthe direction of change change in climate hazard levels. The variable and the Atlas), insurance companies'
climate hazard 3 Medium confidence of measurement are adopted from the IPCC Interactive climate risk assessment
levels increase or decrease Atlas (Sixth Assessment Report) for the Northern Europe  guidelines
5 High confidence of increase (NEU) region, which includes the UK. Metrics considered

or decrease

include coastal flood, heavy precipitation, hydrological
drought, severe windstorm, cold spell, extreme heat and
heavy snowfall and ice storm. Insurance risk engineering
studies use the level of confidence as an indicator of the
anticipated change when assessing the influence of
climate change on natural hazard occurrences.
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Appendix B Table 2 Indicators and variables that set up the sub-index of exposure

Indicator

Variable

Measurement

Rationale

Adopted/adapted/ inspired from

Critical assets The proportion of critical 5 >75% Identifying critical infrastructure that can Koetse & Rietveld (2012), Novelo-
infrastructure/assets (e.g. runway, 4 50-75% be affected by a climate hazard Casanova & Suérez, (2012), Paprotny
taxiway, apron, etc.) potentially affected 3 25-50% occurrence can provide a measure of the et al. (2020), Rowan et al. (2013),
by the climate hazard 2 0-25% extent to which the airport functions could  Debortoli et al. (2019), De Vivo et al.

1 0% potentially be affected. (2021), Shah et al. (2020), Birkmann et
al. (2013), Rowan et al. (2014), Weis et
al. (2016), insurance companies'
natural hazard assessment guidelines

The proportion of airport critical 5 >75% Identifying critical equipment supporting Koetse & Rietveld (2012), Novelo-
equipment (e.g. Navigational Aids, IT, 4 50-75% airport operations that can be affectedbya Casanova & Suarez, (2012), Paprotny
commes, etc.) potentially affected by the 3 25-50% climate hazard occurrence can provide a et al. (2020), Rowan et al. (2013), De
climate hazard 2 0-25% measure of the extent to which the airport Vivo et al. (2021), insurance

1 0% functions could potentially be affected. companies' natural hazard
assessment guidelines

Operations The proportion of air operations 5 >75% Identifying air operations that can be Shah et al. (2020), Monioudi et al.
potentially affected by the climate hazard 4 50-75% affected by a climate hazard occurrence (2018), Solecki & Rosenzweig, (2020),

3 25-50% can indicate the potential business Vogiatzis et al. (2021)

2 0-25% impact.

1 0%

The proportion of ground operations 5 >75% Identifying ground operations that can be Solecki & Rosenzweig, (2020),
potentially affected by the climate hazard 4 50-75% affected by a climate hazard occurrence Vogiatzis et al. (2021), Lopez (2016)

3 25-50% can indicate the potential disruption of the

2 0-25% normal functioning of the airport.

1 0%

People The proportion of airport staff potentially 5 >75% Identifying airport staff that can be Paprotny et al. (2020), Balica et al.
affected by the climate hazard 4 50-75% affected by a climate hazard occurrence (2012), Debortoli et al. (2019), De Vivo

3 25-50% can indicate the potential impact on et al. (2021), Shah et al. (2020)

2 0-25% resources, productivity, and business

1 0% performance.

The proportion of passengers potentially 5 >75% Identifying passengers that can be affected Paprotny et al. (2020), Balica et al.
affected by climate hazard 4 50-75% by a climate hazard occurrence can (2012), Debortoli et al. (2019), De Vivo

3 25-50% indicate the potential business impact. et al. (2021), Shah et al. (2020)

2 0-25%

1 0%

Interdependencies The proportion of surface access 5 >75% Identifying surface access modes thatcan  De Vivo et al. (2021), Solecki &
potentially affected by the climate hazard 4 50-75% be affected by a climate hazard Rosenzweig, (2020), Eidsvig et al.

3 25-50% (2017)
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Indicator Variable Measurement Rationale Adopted/adapted/ inspired from

2 0-25% occurrence can indicate the potential

1 0% business impact.
The proportion of utilities (e.g. electricity, 5 >75% Identifying supply and utility networks that  De Vivo et al. (2021), Solecki &
water, waste management, etc.) or 4 50-75% can be affected by a climate hazard Rosenzweig, (2020), Eidsvig et al.
supplies (e.g. fuel) potentially affected by 3 25-50% occurrence can indicate the potential (2017)
the climate hazard 2 0-25% disruption of the normal functioning of the

1 0% airport.
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Appendix B Table 3 Indicators and variables that set up the sub-index of vulnerability

Indicator

Variable

Measurement

Rationale

Adopted/adapted/

inspired from

Predisposition

Number of airport runways
and orientation

There is only one runway

There are more than one runways with the
same orientation

There are more than one runways with varied
orientation

The number and orientation of airport
runways can play a role in the airport's
performance in the event of a storm.

De Vivo et al. (2021)

Runway length

Runways are currently short, and there is no
possibility for an extension

Runways are currently short for many aircraft
types, and there are restrictions in place
depending on weather conditions and cannot
be extended

Runways are currently short for some aircraft
types under typical weather conditions but
can be extended

Runways have sufficient length for all aircraft
types under typical weather conditions but
cannot be extended

Runways have sufficient length for all aircraft
types under typical weather conditions and
can be extended if needed

Runway length can impact the airport
performance in the event of extreme
heat due to aircraft restrictions.

De Vivo et al. (2021),
Monioudi et al. (2018),
Stewart, Klin and Vigilante
(2011)

How runways are affected by
wind and change in wind
patterns

(é)]

There is only one runway, and it is affected
There are more than one runways with same
orientation, and are all affected

There are more than one runways with varied
orientation, and most of them are affected
There are more than one runways with varied
orientation, and not all are affected
Runways are not affected

The number and orientation of airport
runways can play a role in the airport's
performance in the event of extreme
wind or changing wind patterns.

Debortoli et al. (2019)

Existence of permanent frozen
ground

The airport ground is permanently frozen
The airport ground is partially frozen
No permafrost

Permafrost can affect airport critical
assets in the case of temperature rise.

Debortoli et al. (2019)

Airport altitude above sea
level

<10m
10-50m
50-80m
80-150m
>150m

In the case of coastal airports, the
lower the elevation above sea level, the
higher the risk of a flood event, such as
a sea level rise or storm surge.

Debortoli et al. (2019),
Birkmann et al. (2013),
Kappes et al. (2012),
Rowan et al. (2014),
Nguyen et al. (2016)

Q=N Wb Of= W 01—

0-50m
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Indicator

Variable Measurement Rationale Adopted/adapted/
inspired from
Airport distance from the sea 4 50-100m The airport's distance from the sea or Debortoli et al. (2019),
or local water bodies 3 100-200m local water bodies, such asrivers, Birkmann et al. (2013),
2 200-500m influences the risk of a flood eventin Kappes et al. (2012),
1 >500m the case of extreme precipitation or Rowan et al. (2014),
storm surge. Zelenakova & Zvijakova
(2017)
Proportion of the airport's 5 All airport surface is impervious The proportion of impervious surface Rowan et al. (2013),
impervious surface 4 More than 75% of the airport surface is plays a role in rainwater accumulation Kappes et al. (2012),
impervious and surface flooding in the case of Rowan et al. (2014)
3 More than 50% of the airport surface is extreme precipitation.
impervious
2 Less than 25% of the airport surface is
impervious
1 All airport surface is permeable
Airport located within a 100- 5 Yes The 100-year flood is a flood event with ~ Solecki & Rosenzweig,
year flood zone 3 Partially a 1% probability of occurring or being (2020), Birkmann et al.
1 No exceeded in any given year and (2013), Kappes et al.
indicates the risk of flooding in the (2012), Rowan et al. (2014),
airport area. Zelenakova & Zvijakova
(2017)
Airport runways within a 100- 5 Yes The 100-year flood is a flood event with  Birkmann et al. (2013),
year flood zone 3 Partially a 1% probability of occurring or being Kappes et al. (2012),
1 No exceeded in any given year and Rowan et al. (2014),
indicates the risk of flooding of the Zelenidkova & Zvijakova
runway and, subsequently, the (2017)
potential disruption.
Airport location affected by 5 Yes If the airport location is affected by De Vivo et al. (2021),
climate hazard(s) 3 Occasionally climate hazards, the airport can also Vogiatzis et al. (2021),
1 No be affected. Birkmann et al. (2013),
Rowan et al. (2014)
Considering design standards 5 Yes If critical infrastructure or assets have Vogiatzis et al. (2021),
and technical specifications, been designed considering design Rowan et al. (2013),
whether the integrity of critical standards that do not correspond to Kappes et al. (2012),
assets (runway, taxiway, 3 Occasionally current or future climatic conditions, Stewart, Klin and Vigilante

apron, pavement material
etc.) can be affected by
climate hazard(s)

No

they can become susceptible to
damage.

(2011)

237



Indicator

Variable

Measurement

Rationale

Adopted/adapted/

Considering design standards
and technical specifications,
whether the integrity of critical
equipment (Navigational aids,
IT, comms etc.) can be
affected by climate hazard(s)

Yes

Occasionally

No

If the technical specifications of critical
equipment are not aligned with the
current or future climatic conditions,
they can become susceptible to
damage or malfunction.

inspired from

Vogiatzis et al. (2021),
Rowan et al. (2013)

Considering the airport's
location and standards of
critical infrastructure/ assets,
whether air operations are
potentially affected
(cancelled, delayed or
diverted) by climate hazard(s)

Yes
Partially/Occasionally
No

If the airport gets exposed to climate
hazards, air operations can become
susceptible to disruption due to the
airport's location or the characteristics
of its critical infrastructure.

Vogiatzis et al. (2021),
Monioudi et al. (2018),
Birkmann et al. (2013)

Considering the airport's
location and standards of
critical infrastructure/ assets,
whether ground operations
are potentially affected by
climate hazard(s)

Yes
Partially/Occasionally
No

If the airport gets exposed to climate
hazards, ground operations can
become susceptible to disruption due
to the airport's location or the
characteristics of its critical
infrastructure.

Vogiatzis et al. (2021),
Monioudi et al. (2018)

Impact of climate hazard(s) on
airport staff

Yes
Partially/Occasionally
No

If the airport gets exposed to climate
hazards, airport staff can be affected
(e.g. people working in ground handling
cannot perform their duties due to
health, safety, or other concerns).

De Vivo et al. (2021),
Vogiatzis et al. (2021),
Monioudi et al. (2018),
Birkmann et al. (2013),
Weis et al. (2016)

Impact of climate hazard(s) on
passengers

Yes
Partially/Occasionally
No

If the airport gets exposed to climate
hazards, passengers can be affected.

De Vivo et al. (2021),
Vogiatzis et al. (2021),
Birkmann et al. (2013),
Weis et al. (2016)

Considering the airport's
location and resilience of
access links and transport
modes, whether surface
access is potentially disrupted
by climate hazard(s)

Yes
Partially/Occasionally
No

If the airport location gets exposed to
climate hazards, surface access links
can become susceptible to disruption
due to their characteristics and state of
resilience.

De Vivo et al. (2021),
Eidsvig et al. (2017), Weis
et al. (2016), Dawson et al.
(2018)

Considering the airport's
location and resilience of
utilities and distribution
networks, whether supply is

Yes
Partially/Occasionally
No

If the airport location gets exposed to
climate hazards, utilities and supply
and distribution networks can become
susceptible to disruption due to their
characteristics and resilience.

Vogiatzis et al. (2021),
Monioudi et al. (2018),
Eidsvig et al. (2017), Weis
et al. (2016), Dawson et al.
(2018)
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Indicator

Variable

Measurement

Rationale

Adopted/adapted/

potentially disrupted by
climate hazard(s)

inspired from

Sensitivity

Frequency of critical
infrastructure/asset damage
in the past 10 years due to
climate hazard

Occurs more than once every year
Occurs at least once every year
Occurs once every 5years

Occurs once every 10 years

No incident

The frequency of critical infrastructure
damage due to a climate hazard
indicates its robustness and the degree
to which it can be harmed by exposure
to climate hazards.

Debortoli et al. (2019),
Solecki & Rosenzweig,
(2020), Rowan et al. (2014)

Frequency of critical

equipment damage in the past
10 years due to climate hazard

Occurs more than once every year
Occurs at least once every year
Occurs once every 5 years

Occurs once every 10 years

No incident

The frequency of critical equipment
damage due to a climate hazard
indicates its robustness and the degree
to which it can be harmed by exposure
to climate hazards.

Debortoli et al. (2019),
Rowan et al. (2014)

Frequency of air operations

disruption (cancelled, delayed

or diverted) in the past 10
years due to the climate
hazard

Occurs more than once every year
Occurs at least once every year
Occurs once every 5 years

Occurs once every 10 years

No incident

The frequency of air operations
disruption due to a climate hazard
occurrence indicates the degree to
which they can be affected by exposure
to climate hazards.

Vogiatzis et al. (2021),
Monioudi et al. (2018),
Eidsvig et al. (2017),
Stewart, Klin and Vigilante
(2011)

Frequency of ground
operations disruption in the
past 10 years due to the
climate hazard

Occurs more than once every year
Occurs at least once every year
Occurs once every 5 years

Occurs once every 10 years

No incident

The frequency of ground operations
disruption due to a climate hazard
occurrence indicates the degree to
which they can be affected by exposure
to climate hazards.

Debortoli et al. (2019),
Vogiatzis et al. (2021),
Monioudi et al. (2018)

Frequency of incidents
impacting airport staff in the
past 10 years due to the
climate hazard

= NWHA A= DNOMAI=2NOWDDAOI=2DNOMOA=2NOWAO

Occurs more than once every year
Occurs at least once every year
Occurs once every 5 years

Occurs once every 10 years

No incident

The frequency of incidents indicates
the degree to which airport staff can be
affected by exposure to climate
hazards and links to the impact on
resources, productivity and business
performance.

Solecki & Rosenzweig,
(2020), Monioudi et al.
(2018), Birkmann et al.
(2013)

Frequency of incidents
impacting passengers in the
past 10 years due to the
climate hazard

Occurs more than once every year
Ocecurs at least once every year
Occurs once every 5 years

Occurs once every 10 years

No incident

The frequency of incidents indicates
the degree to which passengers can be
affected by exposure to climate
hazards.

Solecki & Rosenzweig,
(2020), Monioudi et al.
(2018), Eidsviget al.
(2017), Birkmann et al.
(2013)

Frequency of incidents
impacting airport surface
access in the past 10 years
due to the climate hazard

SN WA= wAO

Occurs more than once every year
Occurs at least once every year
Occurs once every 5 years

Occurs once every 10 years

No incident

The frequency of incidents indicates
the degree to which airport access can
be disrupted by exposure to climate
hazards.

Solecki & Rosenzweig,
(2020), Eidsvig et al. (2017)
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Indicator Variable Measurement Rationale Adopted/adapted/

inspired from

Frequency of outages (utilities 5 Occurs more than once every year The frequency of outages of supply or Debortoli et al. (2019),
or supply) inthe past 10years 4 Occurs at least once every year utilities networks indicates how Solecki & Rosenzweig,
due to the climate hazard 3 Occurs once every 5 years exposure to climate hazards can affect  (2020), Eidsvig et al. (2017)
2 Occurs once every 10 years the airport's normal functioning.
1 No incident
Frequency of safety incidents 5 Occurs more than once every year The frequency of incidents indicates Birkmann et al. (2013)
in the past 10 years due to 4 Occurs at least once every year the degree to which the airport can
climate hazard 3 Occurs once every 5 years maintain safety margins when exposed
2 Occursonce every 10 years to climate hazards.
1 No incident
Frequency of incidents of 5 Occurs more than once every year The frequency of incidents indicates Birkmann et al. (2013),
pollutants exceeding limits in 4 Occurs at least once every year the degree to which the airport can Stewart, Klin and Vigilante
water bodies in the past 10 3 Occurs once every 5 years sustain environmentally friendly (2011)
years due to the climate 2 Occurs once every 10 years operations when exposed to climate
hazard 1 No incident hazards.
Frequency of increased noise 5 Occurs more than once every year The frequency of incidents indicates Birkmann et al. (2013)
complaints in the past 10 4 Occurs at least once every year the degree to which the airport can
years due to climate hazard 3 Occurs once every 5years manage changing conditions when
2 Occurs once every 10 years exposed to climate hazards.
1 No incident
Impact Impact of climate hazard(s)on 5 Most severe effect on airport operations safety  Climate hazards affecting the airport Debortoli et al. (2019),
the safety of airport 4 Large reduction in safety margins location may create conditions Vogiatzis et al. (2021)
operations considering past 3 Significant reduction in safety margins impacting the safety of operations (e.g.
performance 2 Slight reduction in safety margins abnormal runway or landing surface,
1 No effect on operational capabilities or safety ~ collisions with wildlife, etc.).
Share of climate hazard(s) 5 >75% The share of climate hazard-related Debortoli et al. (2019),
related safety incidents 4 50-75% incidents compromising the safety of Vogiatzis et al. (2021)
3 25-50% airport operations reflects the
2 0-25% significance of the potential impact if
1 0% the airport is exposed.
Impact of climate hazard(s)on 5 Yes If not appropriately managed, climate Vogiatzis et al. (2021),
local water resources 3 Occasionally hazards affecting the airport location Birkmann et al. (2013)
considering past performance 1 No may impact the quality of local water

resources (e.g. low quality due to spills,

de-icers or other chemicals, saltwater

intrusion etc.).
5 >75% The share of climate hazard-related Vogiatzis et al. (2021),
4 50-75% incidents compromising the quality of Birkmann et al. (2013)
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Indicator

Variable

Measurement

Rationale

Adopted/adapted/

Share of climate hazard(s)
related water pollution
incidents

25-50%
0-25%
0%

local water resources reflects the
significance of the potential impact if
the airport is exposed.

inspired from

Impact of climate hazard(s) on
noise complaints considering
past performance

- W o= N W

Large increase
Moderate increase
No increase

Climate hazards may increase noise
complaints (for example, in the case of
a heatwave, local residents sleep with
open windows and may be easily
disturbed by aircraft take-off and
landing).

Demertzidis et al. (2015),
Birkmann et al. (2013)

Share of climate hazard(s)
related noise complaints

>75%
50-75%
25-50%
0-25%
0%

The share of climate hazard-related
noise complaints reflects the
significance of the potential impact if
the airport is exposed.

Demertzidis et al. (2015),
Birkmann et al. (2013)

Occurrence of the most
significant climate hazard
event of the past 20 yearson a
peak day

= =N W b O

Yes
No

If a climate hazard event causing
disruption occurs on a peak day, the
expected impact will be more
significant.

Demertzidis et al. (2015)

The time the airport was out of
service if the most significant
climate hazard event of the
past 20 years caused the
airport closure

The airport was out of service for the whole
duration of the event and after the event
The airport was out of service for the whole
duration of the event

The airport was out of service for a period of
time 25-50% of the overall duration of the
event

The airport was out of service for a short
period of time - duration of the disruption
<25% of the overall duration of the event
The airport remained operational during the
event

In the event of airport closure, the time
needed to resume operations reflects
the impact of the climate hazard
occurrence and suggests a lack of
resilience.

Debortoli et al. (2019),
Rowan et al. (2014)

Number of ATMs disrupted
(cancelled, diverted, or
delayed) due to the most
significant climate hazard
event of the past 20 years

>75%

50-75%

25-50%

0-25%

No disruption in ATMs

The share of ATMs disrupted by climate
hazard occurrence indicates the
potential impact if the airport is
exposed to an event of similar intensity.

Demertzidis et al. (2015)

Financial impact/business
loss due to the disruption
caused by the most significant

NWw ol NN w Ao

Very high
High
Moderate
Low
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The loss due to the occurrence of the
climate hazard indicates the potential
financial impact if the airport is
exposed to an event of similar intensity.

Demertzidis et al. (2015),
Solecki & Rosenzweig,
(2020), Monioudi et al.




Indicator Variable Measurement Rationale Adopted/adapted/

inspired from

climate hazard event of the 1 Very low or no financial impact/business loss (2018), Birkmann et al.
past 20 years (2013)

Cost for restoration, repairs, 5 Very high The economic cost due to the Demertzidis et al. (2015),
or replacement because of 4 High occurrence of the climate hazard Solecki & Rosenzweig,
the most significant climate 3 Moderate indicates the potential financial impact  (2020), Birkmann et al.
hazard event of the past 20 2 Low if the airport is exposed to an event of (2013)

years, consideringthe annual 1 Very low or no cost similar intensity.

maintenance cost
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Appendix B Table 4 Indicators and variables that set up the sub-index of adaptability

Indicator

Variable

Measurement

Rationale

Adopted/adapted/

Protection

Sea defences and other
protective measures (e.g.
barriers) are installed to

protect the airport's
critical infrastructure
from coastal flooding

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

A commonly applied practice to
manage coastal floods is
building structures such as sea
walls and flood barriers, raising
the coastline, or using natural
processes that utilise natural
features to reduce flood risk.

inspired from

Lopez (2016), Solecki
& Rosenzweig, (2020),
De Vivo et al. (2021),
Yesudian & Dawson
(2021), Burbidge et al.
(2023)

Flood defences and other
protective measures (e.g.

barriers, retaining
reservoirs) are installed
to protect the airport's
critical infrastructure
from river or surface
flooding

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Notin place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

A commonly applied practice to
manage fluvial or pluvial floods
is constructing barriers (levees,
floodwalls, etc.) or using flood
control structures such as
retaining reservoirs or nature-
based solutions.

Solecki & Rosenzweig,
(2020), De Vivo et al.
(2021), Balica et al.
(2012), Burbidge et al.
(2023), ACI (2018)

Critical infrastructure/
buildings in low-lying
areas are elevated to
address inundation risk

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Elevating floor levels of critical
structures or raising water-
sensitive equipment above
ground are commonly applied
flood risk mitigation measures,
limiting the exposure.

De Vivo et al. (2021),
Solecki & Rosenzweig,
(2020), Stewart, Klin
and Vigilante (2011),
Yesudian & Dawson
(2021), Burbidge et al.
(2023)

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant
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Relocation of critical, water-
sensitive equipment to

Solecki & Rosenzweig,
(2020), Stewart, Klin



Indicator

Variable

Measurement

Rationale Adopted/adapted/

Critical equipment at risk

are relocated to address
inundation risk

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is notin place and has not been considered

inspired from

and Vigilante (2011),
Demertzidis et al.
(2015), Burbidge et al.
(2023), Mcmillan
(2014)

protected areas reduces their
exposure to inundation.

Critical assets are
designed considering
wind speed thresholds

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Notin place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Stewart, Klin and
Vigilante (2011),
Transportation
Research Board (2012)

Critical assets designed
according to the wind design
code considering climate
change influence reduce their
susceptibility to damage.

The airport has an
energy-efficient terminal
design

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

De Vivo et al. (2021),
Ferrulli (2016)

An energy-efficient terminal
design reduces the energy
demand during energy-intensive
climate hazards events, such as
heatwaves and cold waves,
reducing stress on electricity
systems and helping avoid
power outages.

The airport has a water-
efficient terminal design

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements
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A water-efficient terminal design  Ferrulli (2016), Harley
reduces the water demand et al. (2020), Carvalho
during water scarcity events, etal. (2013)
minimising the related business

impacts.




Indicator

Variable

Measurement

Rationale

Adopted/adapted/

Not in place, but studies are being conducted to identify
approach to pursue improvements
Measure is notin place and has not been considered

inspired from

Critical equipment is

upgraded or protected, or

relocated to withstand
climate extremes,
considering design
standards or technical
specifications

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Specific equipment may not
have been designed to function
under extreme climates (e.g.,
heatwaves); their relocation to
areas with conditions according
to their design standards
reduces the risk of malfunction.

De Vivo et al. (2021),
Burbidge (2018)

Terminals are equipped
with cooling/heating
facilities

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Notin place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Heating/cooling facilities
mitigate people's exposure to
extreme temperatures.

Vogiatzis et al. (2021),
Burbidge et al. (2023),
Ferrulli (2016)

Drainage systems are
upgraded to handle
greater peak flows

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

The upgrade of drainage
systems increases the
maximum water storage
capacity and handles increasing
water flow in the case of
extreme precipitation.

De Vivo et al. (2021),
Solecki & Rosenzweig,
(2020), Stewart, Klin
and Vigilante (2011),
Burbidge (2018), ACI
(2018)

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant
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Having alternate or backup
power sources ensures thata

Vogiatzis et al. (2021),
Eidsvig et al. (2017)




Indicator Variable Measurement Rationale Adopted/adapted/

inspired from

There are alternate/ 4 In progress - applied across some functions/areas but high degree of redundancy is

backup power sources in not fully integrated built into the system in the event

place 3 Not in place, but an action plan is being developed to of a power outage due to a
support the implementation - actively pursuing climate hazard occurrence.
improvements

2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is notin place and has not been considered

There are 5 In place - fully integrated and well established across Having alternate or backup Eidsvig et al. (2017),
alternate/backup water airport-relevant functions/areas OR not relevant water sources ensures that a Harley et al. (2020),
supply sources in place 4 In progress - applied across some functions/areas but high degree of redundancy is Carvalho et al. (2013)
not fully integrated built into the system in the event
3 Notinplace, but an action plan is being developed to of water supply restrictions due
support the implementation - actively pursuing to water scarcity events.
improvements

2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is not in place and has not been considered

Alternate/backup power 5 In place - fully integrated and well established across Having alternate or backup Vogiatzis et al. (2021),
sources are in place for airport-relevant functions/areas OR not relevant power sources for Eidsvig et al. (2017)
cooling/ heating 4 In progress - applied across some functions/areas but cooling/heating functions
terminals, facilities, etc. not fully integrated ensures that a high degree of
3 Notinplace, but an action plan is being developed to redundancy is built into the
support the implementation - actively pursuing system in case of a power
improvements outage due to a climate hazard.

2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is not in place and has not been considered

The runway(s) length is 5 In place - fully integrated and well established across Sufficient runway length De Vivo et al. (2021),
sufficient to operate airport-relevant functions/areas OR not relevant ensures that aircraft will operate  Stewart, Klin and
under extreme heat 4 In progress - applied across some functions/areas but without restrictions duringheat  Vigilante (2011),

not fully integrated waves. Burbidge et al. (2023)

3 Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements
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Indicator

Variable

Measurement

Rationale Adopted/adapted/

Not in place, but studies are being conducted to identify
approach to pursue improvements
Measure is notin place and has not been considered

inspired from

The orientation of the
runways has considered
trends in the wind
patterns

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Runways designed accordingto  Stewart, Klin and

the wind pattern trends improve  Vigilante (2011),

the resilience of air operations Burbidge et al. (2023)
and sustain the airport's

performance.

The control tower is
designed to withstand
extreme wind loads

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Notin place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

A control tower designed to
withstand extreme wind loads
reduces the susceptibility to
damage and builds resilience.

Stewart, Klin and
Vigilante (2011),
Burbidge et al. (2023)

Operating procedures are
in place to ensure safe
operations during
compound or extreme
events such as storms/
snowstorms, low
visibility, extreme wind
conditions, etc.

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Operating procedures
supported by time-based
separation technology,
instrument landing system, etc.,
ensure the safety and
continuation of operations
during extreme weather events.

Vogiatzis et al. (2021),
London Heathrow
Airport (2016)

There are established
procedures to ensure

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant
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Having a plan and procedures to
address a water scarcity event



Indicator Variable Measurement Rationale Adopted/adapted/

inspired from

water-efficient 4 In progress - applied across some functions/areas but reduces operational and Lopez (2016), London
operations during a not fully integrated business risk. Heathrow Airport
drought/water scarcity 3 Not in place, but an action plan is being developed to (2016), ICAO (2021)
event support the implementation - actively pursuing

improvements

2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is notin place and has not been considered

There are adequatesnow 5 In place - fully integrated and well established across Having adequate snow andice Burbidge et al. (2023),
and ice removal airport-relevant functions/areas OR not relevant removal equipment allows the London Heathrow
equipment 4 In progress - applied across some functions/areas but airport to remain operational Airport (2016)
not fully integrated during extreme snowfall or icing
3 Notin place, but an action plan is being developed to events.
support the implementation - actively pursuing
improvements

2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is not in place and has not been considered

There are sufficient de- 5 In place - fully integrated and well established across Sufficient de-icer supplies allow  Burbidge et al. (2023),
icer storage facilities to airport-relevant functions/areas OR not relevant the airport to remain operational London Heathrow
address the operational 4 In progress - applied across some functions/areas but during extreme snowfall or icing  Airport (2016)
needs during an extreme not fully integrated events.
event 3 Not in place, but an action plan is being developed to

support the implementation - actively pursuing

improvements

2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is not in place and has not been considered

There is an off-site de- 5 In place - fully integrated and well established across Sufficient de-icer supplies and London Heathrow
icer capacity airport-relevant functions/areas OR not relevant backup storage allow the airport  Airport (2016)
4 In progress - applied across some functions/areas but to remain operational during
not fully integrated extreme snowfall or icing
3 Not in place, but an action plan is being developed to events.
support the implementation - actively pursuing
improvements
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Indicator

Variable

Measurement

Rationale

Adopted/adapted/

Not in place, but studies are being conducted to identify
approach to pursue improvements
Measure is notin place and has not been considered

inspired from

Pavements in runway(s),
taxiway(s) and access
roads are hardened to
withstand extreme
conditions

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Using material that is more

resilient and tolerant (e.g. heat-
tolerant) reduces the propensity
to experience damage during

extreme climate events.

De Vivo et al. (2021),
Lopez (2016),
Burbidge et al. (2023),
Ferrulli (2016)

Preparedness

A monitoring mechanism
for water pollutants/
water quality is
established

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Notin place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Monitoring ensures that airport

operations during extreme
climate events do not

compromise the quality of local

water resources.

Vogiatzis et al. (2021),
De Vivo et al. (2021)

A monitoring mechanism
for local biodiversity is
established

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Monitoring ensures that

changes in local biodiversity

due to climate hazards and
climate change trends are
captured and addressed to

mitigate potential safety risks.

Lopez (2016),
Vogiatzis et al. (2021),
Burbidge et al. (2023)

A mechanism to adapt
noise mitigation action

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant
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Adapting noise management
during extreme climate events

Burbidge et al. (2023)



Indicator

Variable

Measurement

Rationale

Adopted/adapted/

during extreme events
(e.g. extreme heat,
extreme/changing wind
etc.) is established

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is notin place and has not been considered

or due to climate change trends
addresses noise levels/
propagation changes and
related disturbance.

inspired from

There is an accurate
aviation meteorological
forecasting
mechanism/early
warning system in place

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Notin place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Early warning systems and
meteorological forecasting
provide advanced notice of
potential climate hazards,
allowing the timely deployment
of contingency plans.

Eidsvig et al. (2017),
Burbidge et al. (2023)

There is experience in
responding to the
mentioned climate
hazard incidents
(recorded past events)

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Experience in responding to
climate hazard occurrences
builds the capability to develop
a suitable emergency response
plan, coordinate the
implementation, and support a
quicker and more effective
recovery.

Shah et al. (2020),
Eidsvig et al. (2017),
Birkmann et al. (2013)

The existing emergency
response plan addresses
climate hazards relevant
to the airport location

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements
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An emergency response plan
addressing all climate hazards
in the airport location supports
effective response and recovery.

Vogiatzis et al. (2021),
De Vivo et al. (2021),
Balicaetal. (2012),
Eidsvig et al. (2017),
Birkmann et al. (2013),
Burbidge et al. (2023),
Mcmillan (2014)



Indicator

Variable

Measurement

Rationale

Adopted/adapted/

Not in place, but studies are being conducted to identify
approach to pursue improvements
Measure is notin place and has not been considered

inspired from

There is a decision-
making mechanism in
place to cancel
operations before a
climate hazard event
occurrence to reduce
business impact

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Amending the flight schedule
before the climate hazard event
to manage expected disruption
in an orderly manner minimises
business risk.

Vogiatzis et al. (2021),
ACI (2018), London
Heathrow Airport
(2016)

There are established
communication
protocols with airlines
and other service
providers in the event of
climate hazard incidents

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Notin place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

When a climate hazard occurs,
quick and accurate
communication is essential;
therefore, establishing
communication protocols
ensures that all parties have the
information they need to
manage the disruption
efficiently.

De Vivo et al. (2021),
Burbidge et al. (2023),
ACI (2018), London
Heathrow Airport
(2016), ICAO (2021),
Mcmillan (2014)

There are established
communication
protocols with
passengers in the event
of climate hazard
incidents

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

When a climate hazard occurs,
quick and accurate
communication is essential;
therefore, establishing
communication protocols
ensures that all parties have the
information they need to
manage the disruption
efficiently.

Vogiatzis et al. (2021),
Burbidge et al. (2023),
London Heathrow
Airport (2016), ICAO
(2021), Mcmillan
(2014)

There are established
communication

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

251

When a climate hazard occurs,
quick and accurate

Burbidge (2017),
Mcmillan (2014)



Indicator Variable Measurement Rationale Adopted/adapted/

inspired from

protocols with local 4 In progress - applied across some functions/areas but communication is essential;
transport authorities in not fully integrated therefore, establishing
the event of climate 3 Notin place, but an action plan is being developed to communication protocols
hazard incidents support the implementation - actively pursuing ensures that all parties have the
improvements information they need to
2 Not in place, but studies are being conducted to identify manage the disruption
approach to pursue improvements efficiently.
1 Measure is notin place and has not been considered
The established health 5 In place - fully integrated and well established across When health and safety Vogiatzis et al. (2021),
and safety procedures airport-relevant functions/areas OR not relevant procedures consider the Arbuthnott & Hajat
address climate hazards 4 In progress - applied across some functions/areas but relevantimplications of climate ~ (2017)
in the airport location not fully integrated hazards, they minimise the risk
3 Notin place, but an action plan is being developed to to people.
support the implementation - actively pursuing
improvements

2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is not in place and has not been considered

Regular reviews of the 5 In place - fully integrated and well established across Regular reviews are needed to Vogiatzis et al. (2021),
efficiency of existing airport-relevant functions/areas OR not relevant determine how efficient existing ~ Mcmillan (2014)
climate hazard 4 In progress - applied across some functions/areas but measures can lead to
protection/prevention not fully integrated improvements that minimise
measures are scheduled 3 Notin place, but an action plan is being developed to risk.

support the implementation - actively pursuing

improvements

2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is not in place and has not been considered

There is a process in 5 In place - fully integrated and well established across Inspections before, during and Vogiatzis et al. (2021),
place to ensure airport-relevant functions/areas OR not relevant after a climate hazard event Mcmillan (2014)
inspections are 4 In progress - applied across some functions/areas but ensure the proper
conducted before/ not fully integrated implementation of the
during/after a climate 3  Notinplace, but an action plan is being developed to contingency and emergency
hazard event support the implementation - actively pursuing response plan and help identify

improvements issues for improvement.
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Indicator

Variable

Measurement

Rationale

Adopted/adapted/

Not in place, but studies are being conducted to identify
approach to pursue improvements
Measure is notin place and has not been considered

inspired from

The schedule of
maintenance checks is
adapted to address
climate hazards relevant
to the airport location

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Adapting the schedule of
maintenance checks ensures
that issues are identified and
addressed before a climate
hazard occurrence.

Vogiatzis et al. (2021),
Eidsvig et al. (2017)

There is evidence of a
coordination mechanism
to support climate
resilience activities

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Notin place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Coordination among internal
and external stakeholders is
critical to ensure the correct
management of resources and
the implementation of the
contingency and emergency
response plan.

ACI (2018), London
Heathrow Airport
(2016), Mcmillan
(2014)

Institutional
capacity

There is a climate
adaptation action planin
place with specific
adaptation options and
targets for all climate
hazards occurring in the
airport location

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Adaptation action plan supports
the planning and delivery of
targeted action to risk-proof
infrastructure and operations.

De Vivo et al. (2021),
Demertzidis et al.
(2015), Burbidge
(2017), ACI (2018),
ICAO (2021)

Organisation structure
and accountability

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant
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Building adaptability requires a
successful strategy and

Burbidge (2018),
London Heathrow



Indicator

Variable

Measurement

Rationale

Adopted/adapted/

procedures address risk
and adaptation for all
climate hazards

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is notin place and has not been considered

willingness to adapt and,
therefore, commitment to take
action, suggesting
accountability and acceptance
of the risk linked to climate
hazards.

inspired from
Airport (2016),
Mcmillan (2014)

There is capacity of
airport staff to respond or
deliver actions to
increase climate
resilience

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Notin place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Having secured resources to
plan action and respond to an
event ensures business
continuity and minimises risk.

London Heathrow
Airport (2016)

There is knowledge of the
risk, causes and
prevention for climate
hazards relevant to the
airport location

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements

Not in place, but studies are being conducted to identify
approach to pursue improvements

Measure is not in place and has not been considered

Understanding the implications
of climate hazards and ways to
mitigate adverse impacts
facilitates the necessary
organisational and cultural
change to design and
implement effective risk
mitigation strategies.

Debortoli et al. (2019),
De Vivo et al. (2021),
Balica et al. (2012),
Demertzidis et al.
(2015), Shah et al.
(2020), Eidsviget al.
(2017)

Economic resources for
climate resilience are
allocated

In place - fully integrated and well established across
airport-relevant functions/areas OR not relevant

In progress - applied across some functions/areas but
not fully integrated

Not in place, but an action plan is being developed to
support the implementation - actively pursuing
improvements
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Having secured economic
resources to deliver adaptation
and risk mitigation action
reduces risk.

Solecki & Rosenzweig,
(2020), Burbidge
(2018)



Indicator Variable Measurement Rationale Adopted/adapted/

inspired from
2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is notin place and has not been considered

The insurance policy in 5 In place - fully integrated and well established across Risk transfer helps mitigate the De Vivo et al. (2021),
place covers loss and airport-relevant functions/areas OR not relevant impact of climate hazard Demertzidis et al.
business interruption due 4 In progress - applied across some functions/areas but occurrences. (2015), Birkmann et al.
to all climate hazards in not fully integrated (2013), Burbidge et al.
the airport location 3 Notinplace, but an action plan is being developed to (2023)

support the implementation - actively pursuing

improvements

2 Not in place, but studies are being conducted to identify
approach to pursue improvements
1 Measure is not in place and has not been considered
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Appendix B Table 5 Sensitivity levels of the airport elements to the applicable climate hazards

Airports Flood Heat Cold Storm Snow Drought Average
Belfast International 0.32 0.27 0.61 0.50 0.25 0.00 0.33
Assets 0.50 0.63 0.88 0.50 0.25 0.00 0.46
Operations 0.25 0.00 0.75 0.75 0.50 0.00 0.38
People 0.50 0.38 0.75 0.63 0.25 0.00 0.42
Interdependencies 0.25 0.13 0.25 0.25 0.13 0.00 0.17
Safety 0.25 0.50 0.50 0.50 0.25 0.00 0.33
Environment 0.25 0.00 0.00 0.38 0.25 0.00 0.15
Bournemouth 0.16 0.02 0.34 0.16 0.34 0.14 0.19
Assets 0.25 0.13 0.50 0.25 0.50 0.50 0.35
Operations 0.00 0.00 0.50 0.25 0.50 0.00 0.21
People 0.00 0.00 0.50 0.25 0.50 0.00 0.21
Interdependencies 0.38 0.00 0.25 0.13 0.25 0.00 0.17
Safety 0.25 0.00 0.25 0.00 0.25 0.50 0.21
Environment 0.25 0.00 0.00 0.00 0.00 0.00 0.04
Exeter 0.32 0.09 0.27 0.39 0.30 0.00 0.23
Assets 0.13 0.25 0.00 0.00 0.13 0.00 0.08
Operations 0.50 0.00 0.50 0.75 0.50 0.00 0.38
People 0.38 0.00 0.25 0.75 0.50 0.00 0.31
Interdependencies 0.38 0.00 0.25 0.00 0.25 0.00 0.15
Safety 0.75 0.00 0.25 0.50 0.50 0.00 0.33
Environment 0.00 0.50 0.00 0.38 0.00 0.00 0.15
Norwich 0.23 0.18 0.27 0.34 0.32 0.00 0.22
Assets 0.50 0.50 0.00 0.38 0.25 0.00 0.27
Operations 0.25 0.00 0.50 0.50 0.50 0.00 0.29
People 0.25 0.13 0.50 0.38 0.50 0.00 0.29
Interdependencies 0.00 0.00 0.25 0.13 0.25 0.00 0.10
Safety 0.25 0.25 0.50 0.50 0.50 0.00 0.33
Environment 0.25 0.50 0.00 0.25 0.00 0.00 0.17
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Appendix B Table 6 Predisposition and sensitivity of surface access

Airports

Drought

Average

Belfast International 0.50 0.50 0.50 0.25 1.00 0.50 1.00 0.50 1.00 0.25 0.00 0.00 0.67 0.33
Bournemouth 0.50 0.75 0.00 0.00 1.00 0.50 0.50 0.25 1.00 0.50 0.00 0.00 0.50 0.33
Exeter 0.50 0.75 0.00 0.00 0.50 0.50 0.00 0.00 1.00 0.50 0.00 0.00 0.33 0.29
Norwich 0.50 0.00 0.00 0.00 0.50 0.50 0.50 0.25 0.50 0.50 0.00 0.00 0.33 0.21

P*: Predisposition of surface access, S**: Sensitivity of surface access
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