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A B S T R A C T

Major airports are already at risk of coastal flooding. Sea level rise associated with a global mean temperature rise of 2 ◦ C would place 100 airports
below mean sea level, whilst 1238 airports are in the Low Elevation Coastal Zone. A global analysis has assessed the risk to airports in terms of
expected annual disruption to routes. The method integrates globally available data of airport location, flight routes, extreme water levels, standards
of flood protection and scenarios of sea level rise. Globally, the risk of disruption could increase by a factor of 17–69 by 2100, depending on the rate
of sea level rise. A large number of airports are at risk in Europe, Norther American and Oceania, but risks are highest in Southeast and East Asia.
These coastal airports are disproportionately important to the global airline network, by 2100 between 10 and 20% of all routes are at risk of
disruption. Sea level rise therefore poses a systemic risk to global passenger and freight movements. Airports already benefit from substantial flood
protection that reduces present risk by a factor of 23. To maintain risk in 2100 at current levels could cost up to $57BN. Although the cost of
protecting larger airports is higher, busier airports are typically well protected and more likely to have better access to adaptation finance. However,
995 coastal airports operate 5 commercial routes or fewer. More detailed consideration of these airports shows that regions, especially low lying
islands, will experience disproportionate impacts because airports can provide important economic, social, and medical lifelines. Route disruption
was used as the risk metric due to its global coverage and relationship with direct economic impacts. Further work should collate a wider range of
impact metrics that reflect the criticality of an airport in terms of the isolation and socio-economic context of the location it serves.

1. Introduction
Recent weather events have highlighted the exposure of coastal airports to the impacts of climate change. The storm surge from
typhoon Jebi in 2018 exceeded 3 m and was the highest recorded water level in Osaka Bay inundating Kansai International Airport
(KIX), whilst the surge from Superstorm Sandy in 2012 closed New York City’s LaGuardia Airport for three days (NYC, 2013; Mori
et al., 2018). Disruption of transport networks has been shown to impact upon wider geographical areas (Dawson, 2015; Pregnolato
et al., 2017) and other sectors (Fu et al., 2014; Caparros-Midwood et al., 2015).
Cities are often situated close to the sea, while 10% the world’s population live within the Low Elevation Coastal Zone (LECZ), the
contiguous area along the coast that is less than 10 m above sea level (McGranahan et al., 2007). Airports are often constructed in lowlying areas for practical reasons: proximity to the cities and population they serve; large areas of flat land; and take-off and landing
trajectories that minimise the risks of collision. Coastal wetlands, marshlands, floodplains and reclaimed land, can provide this. With
sea levels rising along the majority of the world’s shorelines (Oppenheimer, 2019), the risks to low-lying airports will inevitably
increase.
Climate change will impact airport operations in a number of ways. Changes in wind speed and direction, temperature, air density,
will require alteration of airport and airline operations (Williams, 2016). Increased frequency and magnitude of extreme weather
events will increase disruption without appropriate adaptation (Baglin, 2012; Burbidge, 2017). Airports are especially sensitive to

* Corresponding author.
E-mail addresses: aaronyesudian@hotmail.co.uk (A.N. Yesudian), richard.dawson@newcastle.ac.uk (R.J. Dawson).
https://doi.org/10.1016/j.crm.2020.100266
Received 9 September 2020; Received in revised form 17 November 2020; Accepted 18 December 2020
Available online 31 December 2020
2212-0963/© 2021 The Authors.
Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Climate Risk Management 31 (2021) 100266

A.N. Yesudian and R.J. Dawson

flooding because of the complexity of their systems and the safety critical nature of their operations (Mosvold Larsen, 2015). Flooding
of terminals, power and lighting infrastructure, navigation and communication equipment, inter-terminal transportation, or runways,
can led to disruption or halting of airport operations. Critical service infrastructure is often underground meaning that even small
volumes of water can infiltrate and damage important equipment (Burbidge, 2018).
A number of airports have undertaken individual climate change impacts assessments (Heathrow Airport, 2016; Massport, 2018;
Sydney Airport, 2019), and some agencies have identified that some airports are in low-lying coastal zones (Steffen et al., 2014;
Dawson et al., 2018; Jacobs et al., 2018; Christodoulou and Demirel, 2018). These studies focus on the vulnerability, rather than the
relative importance, capacity and connectivity of different airports (Poo et al., 2018). To date, there has been no systematic global
analysis of sea level rise risk to the world’s airports.
Analysis of new data has highlighted that (i) global vulnerability to sea-level rise and coastal flooding has been underestimated
(Kulp and Strauss, 2019); (ii) the frequency of coastal flooding is projected to double within decades due to sea-level rise (Vitousek
et al., 2017); and, (iii) analysis of 136 coastal urban agglomerations from 68 countries exposed that half did not have any coastal
adaptation strategy, and 85% did not factor climate change risks (Olazabal et al., 2019). Given the recent trend in airport expansion,
the global connectivity of the airport network, and that the vast majority of the world’s shoreline is subject to rising sea levels it is
important to understand these risks on a global scale.
The aviation sector makes a significant contribution to global greenhouse gas emissions and other sources of environmental
pollution, these issues are outside the scope of this analysis but considered in depth by others (c.f. Gössling and Upham, 2009;
McManners, 2012; Hales and Caton, 2017; Kantenbacher et al., 2018).
This paper presents the first global analysis of risks to airports from sea level rise. Following this introduction, the methodology for
the global risk analysis is described in Section 2. Key results and rankings from the risk analysis are presented in Section 3 (the full
dataset, and regional maps, are provided in the Supplementary Material). In Section 4 more detailed consideration is given to the role
of airports as passenger and freight hubs, enablers of tourism, and as lifelines to remote communities, before considering the costs of
adaptation in Section 5 and discussing the sensitivity of the risk analysis in Section 6.
2. Method for global airport risk analysis
The risk analysis combines information about the location of airports, their exposure to storm surges for current and future sea
level, their (pre-COVID-19) connectivity and aircraft traffic, and their current standard of flood protection (Fig. 1). The index only uses
data that is readily available, and with global coverage, to ensure the consistency and repeatability of the analysis.

Fig. 1. Overview of global airport risk analysis.
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2.1. Airport characterisation
The location of 14,110 airports and helipads from around the world was extracted from the OpenFlights database (Patokallio,
2009) and imported into GIS. Information provided for each airport included the name, city, country, the International Air Transport
Association (IATA) code, coordinates (longitude and latitude), activity, elevation, and time zone. Analysis by Verma et al., (2014,
2016) and Yan et al., (2018) has shown this to be a robust and comprehensive source of airport information.
The Low Elevation Coastal Zone (LECZ) is defined as the contiguous area along the coast that is less than 10 m above sea level and is
often used as a convenient geography to inform coastal vulnerability studies. This excludes airports near the coast but outside the LECZ
such as Mombasa International (MBA) which has an elevation of 61 m. Similarly, inland low elevation airports, such as Bar Yehuda
airport (MTZ) in Israel, are also excluded. From the full dataset, 1,238 airports were identified in the LECZ (Fig. 2). The USA has the
most airports (1 9 9) and routes (3436) in the LECZ, whilst China has the second most routes at risk (2333) from 30 airports. However,
Australia (72), Indonesia (43), French Polynesia (39), Bahamas (34) and other countries have more airports at risk than China although
they operate fewer flights.
Airports within the LECZ are often of strategic importance. Just 20 LECZ airports (Table SM.1) handle 802 million passengers, 18%
of all passengers in 2018 (Statista, 2020a). Although air freight is a small amount of global freight by weight, the amount carried grew
by 35% between 2008 and 2018, and by value is 7.4% of the world’s GDP (IATA, 2019). The same 20 airports handled 15.8 million
tonnes, 25% of all air freight, in 2018 (Statista, 2020b).
Airports were classified according to the nature and volume of activity. Commercial Air Transport (CAT) airports are defined by the
Federal Aviation Authority (FAA) as having at least 2,500 passenger boardings per year. We distinguish between Tertiary (defined here
as airports with 10 or less routes), Secondary (airports with 11 to 20 routes) and Primary (airports with 21 or more routes). Other
Airports (OA) do not have scheduled passenger services but serve small aircraft charter carriers, private and military aircraft for which
flight data is not universally available. A total of 34,793 routes (where a return flight by one carrier, LHR → JFK and JFK → LHR, is
counted as a single route) between 19,236 airport-pairs (i.e. all flights by all carriers between LHR ↔ JFK are counted as a single
airport-pair) have been extracted from the data.
Airport area and perimeter have been calculated using OpenStreetMap (OSM). All features with the < aeroway = aerodrome > tag
were extracted from the OSM database which provided polygons for 725 of the 1,238 airports. For each airport, the area and perimeter
was calculated (Table SM.1). The remaining airports (365 of which are tertiary) were allocated mean values based on their airport
type. These are used to provide estimates of the cost of some adaptation options in Section 5.
2.2. Sea level rise scenarios
Global mean sea level rise comprises two main components (i) thermostatic expansion of ocean waters and (ii) the melting of landbased ice. These processes will continue for many centuries, even after stabilization of surface air temperature, due to the long response
timescales of ice sheets and deep ocean temperature (Brown et al., 2018). Additional changes in global mean sea level, not considered
here, are caused by other processes, such as surface water storage behind dams (Frederikse et al., 2020). To explore the range of
projections of sea level rise on airport disruption, three scenarios consistent with Jevrejeva et al., (2018) are analysed:
1) Stabilization of global mean temperature at 1.5 ◦ C warming this century: 52 cm (median), 87 cm (95th percentile) by 2100;
2) Stabilization of global mean temperature at 2.0 ◦ C warming this century: 63 cm (median), 112 cm (95th percentile) by 2100; and
3) Representative Concentration Pathway 8.5 (RCP8.5), provides a high baseline emission scenarios in which emissions continue to
rise through the 21st Century, here contributions of Greenland and Antarctic ice melt are included: 86 cm (median), 1.8 m (95th
percentile) by 2100.
Some analyses project more rapid ice melt, for example Bamber et al. (2019) show possible sea level rise exceeding 3 m by 2100.

Fig. 2. Cumulative plot of the number of airports, of different activity categories, at different elevations within the LECZ. Other airports includes
general aviation and military airports. Elevations for 20 major airports in the LECZ are included in Table SM.1.
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Local subsidence and isostatic adjustment can alter relative sea level rise at specific locations, whilst local bathymetry and coastal
landform also influence local water levels during storms. These local conditions are not simulated here so to understand the sensitivity
of impacts to sea level rise, airport risk is also calculated for sea level rise between 0 and 5 m.
2.3. Risk analysis
After Dawson and Hall (2006) the coastal flood risk, r, calculation can be generalised as:
∫
r = ρ(x)c(x)dx

(1)

where c(x) and ρ(x) are functions respectively describing the impact and the probability of loading.
Due to the safety critical nature of airport operations, flooding of the runway or other systems will typically cease all aircraft
movements (Burbidge, 2018). Impact is therefore measured in terms of aircraft routes that are disrupted. Routes are extracted from the
OpenFlights dataset. Other measures of impact such as passenger numbers or cargo volume by route, would provide a more nuanced
measure of disruption but are not openly available for all individual airports. Sensitivity of the risk analysis is considered in Section 6.
Airport risk, expressed in terms of expected annual disruptions of aircraft routes, for a given sea level rise scenario, is therefore
calculated as:
∫
r=
ρ(l)DR dl
(2)
max(EFP ,EA )

where EA is the airport elevation, EFP is the elevation of flood protection, DR, is the impact in terms of the number of airport routes that
are disconnected if the airport is closed, and ρ(l) is the probability density function of extreme water levels. The number of routes is
correlated to the passengers and cargo movements of the airport, and therefore the economic cost of disruption. Other factors are
relevant to determining impacts and vulnerability (Tapia et al., 2017; Andrijevic et al., 2020) but the number of routes was the only
publicly dataset available that is reported for all individual airports.
Airport elevation, EA, could be extracted from global digital elevation maps, however there are significant differences between
available coastal DEM products (Kulp and Strauss, 2016). Airport elevation data is therefore taken from the OpenFlights database
which is based on ground surveys and used by pilots and in navigation.
Extreme water levels are taken from the Coastal Dataset for the Evaluation of Climate Impact (CoDEC) which has been developed to
assess present-day flood risk and the impacts of climate change on global infrastructure (Muis et al., 2020). Gumbel parameters and
return periods which describe ρ(l) for present and RCP8.5 scenarios have been calculated for 14,110 point locations. The analysis has a
global mean bias 50% lower than previous global datasets (ibid). The extreme water levels account for regional SLR variations along
the global coastline, consistent with other global coastal studies (e.g. Brown et al., 2018; Nicholls et al., 2018). Each airport uses water

Fig. 3. The expected annual route disruptions by 2100 for the RCP8.5 sea level rise scenario. Land is shaded according to the return period of the
flood protection in the FLOPROS database from Scussolini et al. (2016).
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levels from the nearest CoDEC location. These are combined with global sea level rise projections from Section 2.2 to calculate extreme
water levels in 2100.
Information on the elevation and condition of storm surge protection measures is not publicly available for airports. Protection
standards, defined in terms of return periods, are taken from the FLOod PROtection Standards (FLOPROS) database (Scussolini et al.,
2016). The most recent version of FLOPROS is currently the only publicly available dataset with global coverage that provides esti
mated or actual levels of protection at sub-national (e.g. state) and national levels (Tiggeloven et al., 2020). All airports within each
national or sub-national unit are assigned the level of protection from FLOPROS.
The elevation of the flood protection height, EFP, is calculated by interpolating from the distribution of extreme water levels from
the CoDEC database from Muis et al. (2020). Defences are assumed to protect against any inundation at or below their elevation. Any
additional safety margins, or additional local protection for airport sites are unreported. Although a conservative assumption, it is
consistent with other broad scale coastal risk analyses (e.g. Hinkel et al., 2014; Brown et al., 2018), inundation is assumed to occur
when the storm surge level exceeds the airport and flood defence elevation.
3. Global ranking of airports at risk from sea level rise
Risk is calculated using Equation (2) and reported for: (i) Base (current sea level); (ii) 0FP (Sea level as for Base scenario with flood
protection removed); (iii) 1.5 ◦ C (median sea level rise value); (iv) 2 ◦ C (median sea level rise value); (v) RCP8.5 (median sea level rise
value); and, (vi) RCP8.5+ (95th percentile sea level rise value). From Fig. 2 it can be seen that one hundred airports will be at an
elevation below mean sea level following 0.62 m of SLR in the 2 ◦ C scenario. Coastal airports and their respective risk in the RCP8.5
scenario are shown in Fig. 3, with regional maps in the Supplementary Material (Figures SM.2 to SM.20). The global increase in risk for
the different amounts of sea level rise is shown in Fig. 5. A summary of the number of airports in the coastal floodplain, and their risk,
within different regions is shown in Table 1.
The relative rank of the 20 airports with the highest risk changes according to the sea level rise scenario considered (Table 2). The
risk scores for all airports are listed in the Supplementary Material (Table SM.1). Despite a number of airports at risk in Europe, North
America and Oceania, the airports in East and Southeast Asia and the Pacific dominate the top 20 for present day and lower sea level
rise scenarios. Suvarnabhumi Airport in Bangkok (BKK) has the highest risk except for the RCP8.5 + scenario where Shanghai Pudong
(PVG) has the highest risk. These are consistent with other global analyses that show both Bangkok and Shanghai are at high risk of
coastal flooding (Hanson et al., 2011; Kulp and Strauss, 2019).
Overall, China has the most airports ranked in the top 20 for all but RCP8.5+, these include other primary airports such as Shanghai
Hongqiao (SHA) and Wenzhou Longwan (WNZ). However, a number of tertiary airports such as Sege (EGM) and Ramata (RBV) in the
Solomon Islands have only a few routes each but are at low elevation with limited flood protection. Under higher sea level rise sce
narios, airports in Europe and North America, including Newark (EWR) and La Guardia (LGA) that both serve New York become more
prominent.
If all flood protection were removed the rank order changes considerably. Amsterdam Schipol (AMS) would have the highest risk,
but it currently benefits from protection against the 1 in 10,000 year flood. Globally, flood protection provides significant benefits for
airport disruption, currently only 52 routes are expected to be disrupted each year due to coastal flooding. This would be 1220 (i.e.
equivalent to 3.5% of global routes) without flood protection.
4. Wider implications of sea level rise for airports
The results in Section 3 provide an initial global assessment. Implicit in the calculation is that all aircraft movements are of
Table 1
Summary of the airports at risk, and the expected annual route disruptions by region for different sea level rise scenarios.
Region
Africa
Caribbean
Central and South America
East Asia, Southeast Asia and Russia
Europe
North America (USA, Canada, Mexico)
Oceania
West Asia and South Asia
Total

No. Airports
Risk
No. Airports
Risk
No. Airports
Risk
No. Airports
Risk
No. Airports
Risk
No. Airports
Risk
No. Airports
Risk
No. Airports
Risk
No. Airports
Risk

Base

0FP

1.5 ◦ C

2 ◦C

RCP8.5

RCP8.5+

4
1.44
6
0.63
14
0.07
47
34.53
82
1.98
51
0.51
58
12.32
7
0.39
269
51.87

4
4.00
6
1.00
14
0.07
47
620.60
82
526.73
51
35.34
58
25.70
7
0.39
269
1213.83

7
4.00
14
2.21
19
5.00
61
780.15
88
9.20
64
27.86
72
34.69
13
2.28
338
865.39

7
4.00
15
4.00
24
5.00
63
803.44
90
15.69
71
38.65
76
42.74
18
4.10
364
917.64

9
4.00
18
17.28
26
6.59
70
912.77
94
35.96
85
68.85
91
50.06
20
18.47
413
1113.98

24
9.35
36
100.52
39
34.97
95
1755.18
110
644.86
114
636.28
131
194.35
23
208.00
572
3583.51
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Table 2
Airports ranked in the top 20 by risk in 2100 for sea level rise scenarios. The list is ordered according to present day risk. Risk values for all airports are
listed in Table SM.2.
Airport
Suvarnabhumi
Wenzhou Longwan Intl.
Sege
Quanzhou Jinjiang Intl.
Changzhou Benniu
Ramata
Suavanao
Bosaso
Fera/Maringe
Rennell/Tingoa
Corvo
Choiseul Bay
Shanghai Hongqiao Intl.
Beihai
Yancheng
Lianyungang
Jieyang Chaoshan Intl.
Huangyan Luqiao
Zhoushan
Uru Harbour
Bremen
Cat Bi Intl.
Anqing Tianzhushan
Louis Armstrong New Orleans Intl.
Anshan Air Base
Juanda Intl.
La Guardia
Puerto Jimenez
Dunedin
Amsterdam Schiphol
Shanghai Pudong Intl.
Nightmute
Gimhae Intl.
Venice Marco Polo
Newark Liberty Intl.
London City
Rotterdam The Hague
Tianjin Binhai Intl.
Don Mueang Intl.
Key West Intl.
Bahrain Intl.
Ioannis Kapodistrias Intl.
Sangster Intl.
Aden Intl.
Cairns Intl.
Metropolitan Oakland Intl.
Pisa Intl.

Country
Thailand
China
Solomon Islands
China
China
Solomon Islands
Solomon Islands
Somalia
Solomon Islands
Solomon Islands
Portugal
Solomon Islands
China
China
China
China
China
China
China
Solomon Islands
Germany
Vietnam
China
United States
China
Indonesia
United States
Costa Rica
New Zealand
Netherlands
China
United States
South Korea
Italy
United States
United Kingdom
Netherlands
China
Thailand
United States
Bahrain
Greece
Jamaica
Yemen
Australia
United States
Italy

IATA

Risk rank

BKK
WNZ
EGM
JJN
CZX
RBV
VAO
BSA
FRE
RNL
CVU
CHY
SHA
BHY
YNZ
LYG
SWA
HYN
HSN
ATD
BRE
HPH
AQG
MSY
AOG
SUB
LGA
PJM
DUD
AMS
PVG
NME
PUS
VCE
EWR
LCY
RTM
TSN
DMK
EYW
BAH
CFU
MBJ
ADE
CNS
OAK
PSA

Base

OFD

1.5 ◦ C

2 ◦C

RCP8.5

RCP8.5C

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
23
24
26
27
29
32
33
34
35
38
43
48
50
51
56
58
63
65
71
73
167
370
574
600
639
733
837

2
3
17
4
5
22
23
19
28
31
26
25
33
8
9
10
6
12
13
34
14
45
15
11
20
52
629
53
16
1
57
18
58
59
405
62
7
65
69
71
156
253
671
113
266
807
899

1
2
17
5
6
25
26
18
31
34
32
33
7
8
9
11
14
12
13
43
29
19
15
41
22
4
30
20
16
57
65
56
3
59
75
72
77
80
74
10
91
445
95
94
97
100
102

1
2
18
5
7
28
29
19
36
39
37
38
6
8
9
12
10
13
14
54
24
20
15
35
25
4
17
21
16
64
71
51
3
52
79
75
82
81
69
11
95
113
98
89
99
104
107

1
3
24
6
7
36
37
27
44
47
45
46
2
11
12
14
8
15
17
67
20
28
21
23
33
5
9
29
22
32
43
26
4
18
88
82
95
89
10
13
65
124
16
19
109
115
117

2
11
53
22
26
72
73
58
98
101
99
100
4
32
33
38
27
40
42
134
20
59
49
10
69
14
6
60
51
5
1
55
12
8
3
16
37
7
15
35
9
19
21
29
18
17
13

equivalent importance. In this section, a number of other factors not captured by this calculation are considered.
4.1. Global hubs and connectivity
Airports including AMS, PVG and others that are important to the overall global network in terms of their connectivity are shown to
be at increasing risk over the 21st century. Furthermore, as sea levels rise the likelihood of multiple locations being simultaneously
impacted will also increase. Fig. 4 shows that the airports at risk of flooding by 2100 provide significant connectivity with each other,
and inland airports. Even for low sea level rise scenarios the number of airport routes at-risk is a notable proportion of the global
network (Table 3), and disproportionately higher than the number of airports at risk (Table 1). Over two-fifths of all routes involve an
airport in the LECZ, which are responsible for a significant proportion of global passenger and freight movement (Table SM.1).
4.2. Tourism
Airports are reported to provide economic benefits, for example Amsterdam Schiphol airport (AMS) is estimated to account for over
2% of the GDP of the Netherlands (InterVISTAS, 2015), although such analyses are uncertain (Zhang and Graham, 2020). The tourism
6
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Fig. 4. Map of routes at risk of disruption for different sea level rise scenarios. Grey lines are the routes in the OpenFlights database not at risk of
disruption. Black routes are from airports at risk (r > 0) of flooding in the Base scenario. Yellow routes are those at risk for the 1.5 ◦ C sea level rise
scenario, pink routes for RCP8.5 and blue for RCP8.5 + . (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. The expected annual route disruptions, and the lower and upper bounds for the cost of two adaptation options for increases in global mean
sea level.
Table 3
Total number of routes at risk (r > 0) of disruption, between other airports at risk of coastal flooding and between all airports, for different sea level
rise scenarios.
Routes between at-risk airports and…

Present

1.5 ◦ C

2 ◦C

RCP8.5

RCP8.5+

LECZ

…other at-risk airports
…all airports

409
2,947 (8.5%)

479
3,507 (10.1%)

521
3,680 (10.6%)

639
4,406 (12.7%)

1,102
6,931 (19.9%)

2,455
14,839 (42.6%)
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sector is often a beneficiary of the connectivity airports provide. Globally, tourism direct expenditure is 3.2% of the world’s GDP
(WTTC, 2019a).
The relative importance of tourism and airports to national economies varies. For example, 7.2% of the GDP of the Caribbean is
supported by tourism, the majority accessing islands through airports (IATA, 2016). The only Caribbean airport in the top 20 is
Sangster International, Jamaica (MBJ), under RCP8.5. Others, including Jardines Dey Rey, Cuba (CCC) are also ranked in the top 50 for
RCP8.5. However, Cuba and Jamaica have tourist sectors that are respectively 11% and 34% of their GDP (WTTC, 2019b). Therefore
the vulnerability of these islands, and other tourist spots with limited accessibility, is amplified by the criticality of the airport to
support the local economy.
4.3. Lifelines
Many airports do not handle significant volumes of cargo but they can provide crucial lifelines for emergency response during
extreme events to ensure fast access to disaster zones or to replace transport modes that are temporarily put out of operation. For
example, when container unloading cranes in the seaport of Port-au-Prince were destroyed by an earthquake in 2010 food and medical
supplies arrived by air until the port could reopen (Slevin, 2010).
Furthermore, some locations are remote or difficult to access via other transport modes. Of the 1,238 airports in the LECZ, only 80
have over 50 routes, whilst 995 airports have just 5 or fewer routes (Figure SM.21). A small number of commercial routes can be an
indicator of reliance on tourism, but in some locations they are crucial community lifelines. For example, Puka-Puka airport (PKP) on
the island of Puka-Puka in French Polynesia sits at only 1.5 m elevation and therefore vulnerable to low sea level rise scenarios. Despite
this it does not score highly in the risk assessment as Air Tahiti only fly an irregular service to the 163 island inhabitants. However, this
service helps provide food, goods and transportation of locals to (boarding) schools, medical and other facilities at larger neighbouring
islands such as Makemo (MKP) and Fangatau (FGU). These airports connect to the regional hub of Fa’a’ā International Airport in Tahiti
(PPT) which connects to Asia, New Zealand, South and North America. All of these airports are at an elevation between 1 and 3 m
above mean sea level. Loss of an individual airport would have substantial impacts for the local community it services, but those
settlements at the end of an ‘airport chain’ are especially vulnerable to wider impacts.
5. Prospects for adaptation
The cost of damage and disruption to an airport can be considerable. Closure of major airports such as London Heathrow (LHR) can
cost between $0.76–1.35 M/hour (Faturechi et al., 2014), whilst the annual cost of disruption to European airport operations is
estimated to be $390 M/year (Doll et al., 2014). A flood at London Gatwick (LGW) cost $3.4–5.1 M in terms of cancelled flights and
diversions, a further $40 M was set aside for recovery and enhancing resilience (Chatterton et al., 2016). The economic costs of airport
disruption from flooding, or other climate impacts, will vary considerably according to airport size, connectivity and location. As
discussed in Section 3, airport disruption can be disproportionally more significant to the area it serves depending on local socioeconomic factors.
Coastal airports have four main adaptation choices: (i) Protect, (ii) Raise, (iii) Relocate, and (iv) Reclaim or Float. The size of an
airport, and the nature of their operations, usually means that adaptation requires costly engineering works. Likely costs, where
available, are now considered.
Estimates of the capital cost of hard (i.e. seawalls, dikes) coastal protection range from $0.4 M-69.9 M per km length and metre
height (Linham et al., 2010; Jonkman et al., 2013; Narayan et al., 2016; Lenk et al., 2017; Nicholls et al., 2019; Tamura et al., 2019;
Oppenheimer, 2019). The unit costs estimated from this data varies considerably according to building/fill material used, labour cost,
accessibility, hydraulic loads, etc. Using these unit values the cost of defences for PKP, a small airport with a runway of just over 900 m,
would be $0.9-$169 M. For larger hub airports the cost could exceed $1BN.
Table 4
Costs of constructing new flood defences or raising airport elevation for an airport of average size, and the total capital cost to adapt all airports to
different sea level rise scenarios such that total risk returns to present levels. Maintenance costs for flood defences assume an 80 year design life from
2020 to 2100.
Airport
Type

Flood defence around perimeter

Raise entire airport elevation

1 m elevation [Lower
Bound]

1 m elevation [Upper
Bound]

Initial 1 m raise [Lower
Bound]

Initial 1 m raise [Upper
Bound]

Additional 1 m
raise

1,025.08
635.72
438.01

1,011.78
309.58
223.55

1,349.04
412.77
298.07

202.36
61.92
44.71

Costs for an average size airport ($M)
Primary
5.87
Secondary
3.64
Tertiary
2.51

Total cost of adaptation for all airports at risk ($M)
Defence construction
Defence maintenance
Raise elevation

1.5C

2C

RCP8.5

RCP8.5+

188.97–33,022.31
1.89–660.45
19,886.12–26,514.82

198.49–34,686.97
1.98–693.74
20,841.32–27,788.43

222.47–38,877.04
2.22–777.54
23,509.79–31,346.38

325.04–56,800.97
3.25–1,136.02
35,580.86–47,441.15
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Hippe et al. (2015) calculate the cost of raising the elevation of a seaport by 1 m as $150-$200/m rise/m2 and an additional $30/m2
for each extra metre rise. If these figures are representative for airports the cost to raise the elevation of PKP, by a metre would be $21$29 M. A hub airport, which can have an area of 10–40 km2 would cost between $1.5-$6BN which is similar to new build construction
costs. To minimise disruption and costs, adaptation could be undertaken in phases and it will usually be more cost effective to raise by
more than one metre because of the high start-up costs. Raising the runway will inevitably be the most disruptive phase, although as
they typically need to be re-paved every 8–10 years this provides an opportunity to undertake more substantial works.
The relationships between sea level rise, risk and adaptation costs are shown in Fig. 5. Globally, the rate of growth of risk between
1–3 m sea level rise is double the rate of increase for 0–1 m. The cost of retaining current levels of risk in 2100 under the RCP8.5 median
sea level rise scenario by constructing and maintaining flood defences ranges from $0.2-$39BN, elevating all the airports would cost
$23–$38BN (Table 4). This calculation is an upper estimate as it assumes the full airport perimeter requires protection, which is the
case for PKP and HKG, but not all airports require protection along all boundaries. In many cases it will be more cost effective to raise
some tertiary airports rather than construct flood defences.
Relocation or rebuilding an airport is extremely expensive. Following Hurricane Maria in 2017 San Juan airport (SJU) in Puerto
Rico was able to resume military operations within 2 days, however, it took approximately one year and $80 M to return the airport to
full capacity (EFE, 2019). The cost of replacing an airport in Alaska is estimated to be on average $20 M per airport (Larsen et al.,
2008). Runway repair and upgrade of the airport on the pacific island of Atui (AIU), with a population of 571 people, is projected to
cost $4.6 M (Brown, 2016). St Helena Airport (HLE) on an island in the Atlantic 2,000 km from nearest landfall, with a population
below 5,000, cost $372 M to construct (Williams et al., 2020). The cost of major new hub airports are far larger, recent projects include
Hong Kong (HKG, $17.2BN), Doha (DOH, $9.5BN), Heathrow Terminal 5 (LHR, $6.1BN) (Statista, 2020c).
HKG, DOH and other airports including PVG, ICN, LGA are all or partly constructed on reclaimed land. A number of coastal airports
have expanded into the sea when they reach capacity, providing an opportune moment to implement further adaptation measures in
the airport complex. In deeper waters, construction of a floating airport is likely to be more cost effective than reclamation (LamasPardo et al., 2015). A prototype 1 km runway cost $200 M and proved the technology could be scaled to 4 km runways (Inoe, 1999;
Hadžić et al., 2016). However, costs could be as much as $5-15BN for structures with a 100 year lifespan (Lamas-Pardo et al., 2015).
The overall cost of adaptation is relatively small in the context of the estimated $1.8tn needed globally by 2050 (GCA, 2019). Many
airports, are already well protected, for example AMS benefits from protection against 1 in 10,000 year storm surge. Some cities and
countries have the space and finance available to invest in adaptation measures, move airports inland or absorb flights into neigh
bouring airports. However, many locations and especially those most reliant on airports for tourism, food and medical supplies will
struggle to find alternative airport locations or investment to keep pace with the sea level rise.
6. Sensitivity of risk measure
An inherent problem with any global study of risk is the integration of a large number of datasets and assumptions (Hinkel et al.,
2014). Here, Suvarnabhumi Airport’s high risk is a combination of being one of the busiest airports in SE Asia, and an elevation near
sea level. The FLOPROS database indicates the level of flood protection is less than 1 in 50 years, but the airport reportedly benefits
from on-site flood protection measures so its risk is likely to be lower. Vousdoukas et al. (2018) suggest that errors in flood protection
levels can alter flood risk calculations by up to 60%.
In each stage of the calculation best available global datasets have been used, but each data source has a degree of uncertainty that
may alter the expected annual route disruptions, and local factors such as the accuracy of flood protection levels may alter relative
ranking. Small errors in airport elevation, or storm surge levels, propagate through the analysis to alter risk. Moreover, airports are
expansive with uneven elevation. Whilst a comparison of all airports with ground survey data was not possible, analysis of JFK shows
variation of ~ 0.4 m across the airfield, this range is 2.7 m and 4.4 m respectively for EWR and LGA (SkyVector, 2020a; SkyVector,
2020b; SkyVector, 2020c). For all three airports the OpenFlights elevation is within the survey data range, whereas data extracted from
the best available DEMs shows far greater variability (Table SM.3).
As observation datasets grow, understanding of the likelihood of storm surge levels improves. For example, LGA was not expected
to flood from Hurricane Sandy, but did (Knowlton and Rotkin-Ellman, 2014). Here, it is identified to be at risk of low probability
events, and has the highest risk of New York airports. As sea level rise increases, the risk to EWR and subsequently to JFK begins to
increase, consistent with local analysis (Stringer, 2019). However, this study does not identify a high risk to Kansai International
Airport (KIX) in Osaka, despite flooding during Typhoon Jebi in 2018. This is because its elevation is reported to be over 5 m, far above
extreme water levels used here. However, Typhoon Jebi created the highest surge on record and waves of over 5 m that overtopped onsite flood defences (Lacoin, 2019). Wave heights are affected by local processes and so not included in this analysis, but only make a
small contribution to flood risk on a global scale (Kirezci et al., 2020). Despite these uncertainties, modelling these physical processes is
important. An index based purely on elevation does not account for variations in sea level or local flood protection, and would place
airports like AMS at the top of the risk rankings despite having high levels of coastal protection.
Over the timeframe of interest here routes will not be static and over time change for a range of reasons, inevitably impacting upon
the risk. Most recently, COVID-19 has led to a rapid decline in air travel (Suau-Sanchez et al., 2020) which would decrease the overall
risk calculated here by 80–90%. Recent industry forecasts are for a recovery to pre-COVID levels of air travel by 2024, but with
significant regional variation in the rate of recovery (Pearce, 2020). China already has a number of airports in the highest risk category,
and Asia Pacific is forecast to see the greatest growth in air travel and airport expansion in the next two decades (IATA, 2020) so the
current spatial distribution of airport risk might be amplified. However, this study shows it is necessary to understand current and
future risk from sea level rise to provide the necessary long lead time for adaptation which might include the engineering interventions
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considered in Section 5, but also changes to flight routes.
Route disruption has been used as the measure of risk as it is strongly related to the direct economic impact and losses associated
with airport closure (Faturechi et al., 2014). However, as discussed in Section 4, other factors are also important. Use of other metrics
provides a different perspective on risk and alters the ranking of different airports, and can bring to the fore airports especially sus
ceptible to flooding, or those at high risk of flooding but also in locations especially reliant on imports of goods or tourists (Table SM.4).
These indicators are reported at the national level, and are incomplete in coverage, so cannot be attributed to a particular airport.
Whilst they are therefore not of sufficient granularity for an airport scale risk analysis, they do provide useful insight into reliance on
domestic and international connectivity.
7. Conclusions
A number of airports around the world are already at risk of coastal flooding. A modest amount of sea level rise, such as that
associated with a global mean temperature rise of 2 ◦ C, would place 100 airports below mean sea level. Despite international
agreements to reduce global greenhouse gas emissions, prior to the COVID-19 pandemic, new airports and airport expansion projects
continued to be approved (Statista, 2020d), driven predominately by just-in-time supply chains, business, and tourism.
The risk from sea level rise to airports has been calculated in terms of route disruptions, using only globally available datasets. The
analysis identifies that 269 airports at risk now and this could grow to 572 by 2100. The expected annual route disruptions could
increase respectively by a factor of between 17 and 69 by 2100 under the 1.5 ◦ C and 95th percentile value of the RCP8.5 sea level rise
scenario respectively. Current levels of flood protection reduce the risk to airports by a factor of 23. Airports in the coastal zone are
disproportionately important in the global airport network, with 10.1% of all routes at risk from a 1.5 ◦ C warming scenario, and up to
19.9% at risk by 2100 from the highest sea level rise scenario considered. This risk is likely to be an underestimate in areas susceptible
to typhoons and hurricanes, or compound flooding events (e.g. estuaries). Sea level rise therefore poses a significant, and systemic, risk
to the airport sector and global economy as many of these locations will be simultaneously affected.
This risk is not equitably distributed and will be amplified by connectivity, isolation, and local socio-economic conditions. Some
regions, especially low lying islands, will experience disproportionate impacts because airports provide crucial economic, social, and
medical lifelines. However, data coverage and resolution are currently inadequate to include these in the risk analysis. Future work
should develop and collect globally available indicators in order to assess these risks.
Globally the cost of adaptation to maintain risk in 2100 at present levels could cost up to $39BN for the median RCP8.5 sea level rise
scenario, and $57BN for the highest scenario considered, which are modest in the context of global infrastructure expenditure. The rate
of increase in risk between 1 and 3 m is double that rate of increase for 0–1 m sea level rise providing an opportunity to plan for long
term adaptation. The long lead-time for major engineering works, and to minimise disruption by scheduling works into less disruptive
windows, requires this to start right away. However, in some locations the rate of sea level rise, limited economic resources or space for
alternative locations will make some airports unviable.
More detailed modelling of coastal hazard could be undertaken, including wave setup, subsidence, and collation of airport specific
levels of flood protection. However, crucial to improved risk analysis will be a higher resolution, more accurate global DEM as called
for by McClean et al. (2020) and Sampson et al. (2016). Development of the risk analysis should develop methods to consider how the
airline network may evolve in the future, perhaps based upon spatial socio-economic scenarios of development (e.g. Brown et al.,
2018). Furthermore, it is necessary to start collating a wider range of impact metrics related to isolation and local socio-economic
conditions. This would allow a composite assessment of risk based on the economic and social importance of airports to the com
munities they serve, as well as their overall importance in the global network as considered here. Finally, the risk analysis could be
further expanded to consider other climate change impacts, in particular the influence of compound risks from multiple sources of
flooding, hurricanes and tropical cyclones.
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