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Abstract 

Seaports are critical for global trade and development but are at risk of climate change-driven damages, operational 
disruptions and delays with extensive related economic losses. The aim of the present contribution is to (a) provide 
an overview of the main impacts of climate variability and change (CV&C) on ports; (b) present recent research 
on trends and projections involving the main climatic factors/hazards affecting global ports; (c) provide an analytical 
overview of emerging international and regional policies and legislation relevant to port risk assessment and resil-
ience-building under climate change; and (d) consider issues and areas for further action. As shown by projections 
under different climatic scenarios and timelines, many global ports will increasingly be exposed to significantly grow-
ing hazards under increasing CV&C, including extreme sea levels (ESLs), waves, and extreme heat events. Depending 
on scenario (RCP 4.5 and RCP 8.5) by 2050, 55% to 59% of the 3630 global ports considered could face ESLs in excess 
of 2 m above the baseline mean sea levels (mean of the 1980–2014 period); by 2100, between 71% and 83% of ports 
could face ESLs of this magnitude. Ports in most tropical/sub-tropical settings will face the baseline (mean of the 1976 
– 2005 period) 1-in-100 year extreme heat every 1 – 5 years, whereas with 3 oC global warming, most global ports 
(except some in higher latitudes) could experience the baseline 1-in-100 years extreme heat event every 1 – 2 years. 
A range of policy and legal instruments to support climate change adaptation, resilience-building and disaster risk 
reduction have been agreed internationally as well as at regional levels. At the EU level, relevant legal obligations 
and related normative technical guidance aimed at ensuring the climate proofing of new infrastructure are already 
in place as a matter of supra-national law for 27 EU Member States. These could significantly enhance levels of cli-
mate-resilience and preparedness for ports within the EU, as well as for EU funded port projects in other countries, 
and may serve as useful examples of good practices for other countries. However, further action is needed to advance 
and accelerate the implementation of effective adaptation measures for ports across regions.
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1  Introduction
Seaports are crucial nodes in the network of global supply 
chains and critical gateways for access to global markets, 
as well as the ocean economy including, among others, 
fisheries, offshore mineral resource and energy develop-
ment, and cruise-ship tourism. With about 80% of the vol-
ume of world merchandise trade carried by sea, ports are 
key assets for the current and future trade and sustainable 
development prospects, particularly of developing States 
which account for around 55% of goods loaded and 61% 
unloaded globally (UNCTAD 2022a). At the same time, 
ports are particularly exposed to various climatic hazards, 
due to their locations along open coasts or in low-lying 
estuaries and deltas that make them susceptible to the 
impacts of rising sea levels, storm surges, waves and winds 
as well as fluvial and pluvial flooding (IPCC 2018, 2019; 
Izaguirre et al. 2021).

Given the high value of port assets, their criticality for 
(international) trade and the high concentration of popu-
lations/services in the associated coastal urban/industrial 
clusters, the impacts of climate variability and change 
(CV&C) on ports and their hinterland transportation links 
can have broad ramifications for trade, energy and food 
supplies (e.g., UNECE 2015; Asariotis 2021). Therefore, 
enhancing the climate resilience of ports is a matter of stra-
tegic socio-economic importance, particularly for those 
at greatest risk of impacts and with limited capacity to 
respond, such as the Small Island Developing States (SIDS). 
In the context of climate change, risk is a function of haz-
ard, exposure, and vulnerability (IPCC 2014). With many 
climate hazards relevant for ports projected to increase in 
frequency and intensity (e.g., Bevacqua et al. 2020; Dottori 
et al. 2018; Vousdoukas et al. 2018) due to global warming, 
associated risks are also expected to grow, unless effective 
measures are taken to adapt and reduce vulnerability.

Against this background, the aim of this contribution is 
to (a) provide an overview of the main impacts of CV&C on 
ports (and their hinterland connections); (b) present recent 
research on trends and projections involving the main cli-
matic factors/hazards affecting global ports; (c) provide an 
analytical overview of emerging international and regional 
policies and legislation relevant to port risk assessment and 
resilience-building under climate change; and (d) consider 
issues and areas that deserve particular attention for fur-
ther action by decisionmakers and port sector stakeholders 
with a view to enhancing the climate resilience of ports.

2 � Potential impacts of climate variability 
and change on ports

Ports and their connecting roads, railways and inland 
waterways form complex transport systems that can be 
vulnerable to several climatic hazards and their vari-
ability and change, with some of the major potential 

impacts on coastal transport infrastructure/operations 
summarized in Table 1. Ports are particularly exposed to 
rising mean sea levels, storm surges, waves and winds, 
fluvial and pluvial extremes as well as increasing mean 
and extreme temperatures (e.g., Sánchez-Arcilla et  al. 
2016; UNECE 2020), with the risk of related impacts set 
to grow under climate change, in the absence of effective 
adaptation measures (Izaguirre et  al. 2021). In  the case 
of large ports, which are commonly integrated within 
large coastal urban agglomerations, these hazards can 
also affect large populations and a broad range of stake-
holders and socio-economic activities (e.g., Hanson 
et  al. 2011; Becker et  al. 2018), while impacts are pro-
jected to be particularly significant for ports in vulner-
able SIDS due to the high concentration of population, 
infrastructure, and services at the coast (Monioudi et al. 
2018). In addition to causing infrastructure damages, 
changing climatic factors can impact on operations, 
causing extensive disruptions and delays, as well as sig-
nificant economic and trade-related losses; transporta-
tion demand may also be affected through, for example, 
climate-driven changes in demographics, industrial and 
agricultural production, trade, consumption and tourism 
patterns (e.g., Asariotis 2020).

Increases in the mean and extreme sea levels can 
cause coastal flooding and port inundation (Hanson and 
Nicholls 2012; Izaguirre et al. 2021), with the northwest-
ern European, northwestern American and southeastern 
Asian coasts as well as those of SIDS projected to be par-
ticularly affected (e.g., Vousdoukas et al. 2018; Giardino 
et  al. 2018). Recurring port inundation from extreme 
events can render transportation systems unusable for 
the event duration, cause damages to terminals, freight 
villages, storage areas, cargo and vessels and disrupt sup-
ply chains for longer time periods (UNECE 2014). Dam-
ages and operational disruptions from extreme waves 
that can cause coastal erosion, port defense overtop-
ping, quay flooding and in-port wave agitation that can 
constrain access, vessel handling and berthing could also 
increase under climate change (Camus et  al. 2019; Ros-
souw and Theron 2012). Extreme (tropical) winds can 
also be very damaging (Folkman et al. 2021), as they can 
cause infrastructure failures and operational disruptions 
from channel changes/silting, wind-generated debris, 
inability to operate cranes, vehicle blow-overs, and dam-
ages to connecting rail tracks and roads, as well as endan-
ger berthing operations (UNECE 2015, 2014).

Increases in mean temperatures and the frequency/
duration of heat waves will pose substantial challenges to 
the safety and health of personnel and passengers. They 
can endanger human health, degrade port paved areas, 
induce asphalt rutting, bridge damages, rail track buck-
ling and speed restrictions, as well as equipment failures 
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(UNECE 2015), and increase energy needs and costs for 
cooling (Monioudi et  al. 2018). Heavy rainfall (down-
pours) can severely impact ports and their connecting 
transport infrastructure. Pluvial and fluvial flooding can 
damage the structural integrity of the infrastructure, 
decrease manoeuvrability of locks and vessels, and cause 
accidents in connecting roads due to poor visibility and 
road damages. Connecting railroads could also be com-
promised through track and line equipment failure, 
flood scouring at bridges/embankments, culvert wash-
outs, tunnel flooding, track obstructions, landslides/
mudslides and reduced depot accessibility. Inland water-
ways (IWW) and canals are also affected by both floods 
and droughts. Floods can cause suspension of naviga-
tion, damages to port facilities and flood protection 
works, silting, and changes in the waterway morphology 
(UNECE 2014), whereas low water levels during droughts 
can inhibit access for larger vessels, severing significant 
supply lines and causing costly delay and disruption; 
this has been the case in 2023 for the Panama Canal 
which handles around 5% of world trade (Moreno 2023). 
Droughts are generally considered a greater hazard for 
European IWWs than floods (UNECE 2020).

On the other hand, global warming may create new 
opportunities for maritime networks and trade due to 
the opening of new Arctic shipping routes. However, 
these routes and their facilitating ports will face chal-
lenges due to (UNECE 2020): i) the projected increases 
in coastal erosion for the northern coastlines of Can-
ada, the Russian Federation and the USA; and (ii) 
increasing difficulties in the development and mainte-
nance of Arctic transport infrastructure due to thawing 
permafrost and/or changes in the ground freeze–thaw 
cycle that can cause ground subsidence, slope instabil-
ity, drainage issues and affect the structural integrity 
and load-carrying capacity of transport infrastructure 
including the ice roads.

Economic losses from damages to infrastructure and 
operational disruptions/delays, with knock-on effects 
across interconnected global supply chains, can be exten-
sive. A study by the Environmental Defense Fund (EDF 
2022) estimated current global average annual storm 
damages to ports at roughly US$ 3 billion, whereas 
according to Verschuur et  al. (2023a) port-specific risk 
from natural hazards totals US$ 7.5 billion per year, with 
an additional US$ 63.1 billion of trade at risk. Annual 
systemic risk to global maritime transport, trade and 
supply-chain networks has been estimated as US$ 81 bil-
lion, with (at least) US$ 122 billion of economic activity 
on average also at risk (Verschuur et  al. 2023b). These 
loss estimates do not, however, account for the expected 
increase of hazards under climate change (see e.g. Econo-
mist Impact 2023) and could be conservative, given that 

losses arising from a single extreme event can lead to 
potentially crippling losses in regions affected, as exem-
plified by recent tropical cyclones. For example, the 2019 
hurricane Dorian caused about US$ 3.4 billion of losses 
to the Bahamas alone, with a large fraction of those asso-
ciated with transport infrastructure (IDB 2020). The 2012 
hurricane Sandy caused losses of over US$ 60 billion in 
New York, New Jersey and Connecticut (Strauss et  al. 
2021), including a week-long shutdown of the major NY/
NJ container port and US$ 2.2 billion in damages and 
losses to the Port Authority,1 whereas the 2013 typhoon 
Maemi rendered the South Korean Busan port inopera-
ble for 91 days (Lam et al. 2017). Transport infrastructure 
was significantly impacted by Hurricanes Irma and Maria 
(that occured in  2017), with overall losses in Dominica 
amounting to 226% of GDP (Government of Dominica 
2017) and damages/losses in the British Virgin Islands 
estimated as 55% of the territory’s GDP (UNECLAC 
2018). Such infrastructure damages also have implica-
tions for disaster management logistics (Lawrence et  al. 
2019). Concerning individual ports, Cao and Lam (2018) 
assessed the potential typhoon losses for a Shenzhen 
16-berth terminal as US$ 0.9 billion.

As concerns potential economic losses arising from 
an increase of hazards for ports under climate change, 
Hanson et  al. (2011) estimated the total value of assets 
exposed to coastal flooding in 136 port megacities as 
about 9% of the global GDP by the 2070s, whereas Len-
ton et  al. (2009), who considered also tipping points, 
estimated that asset exposure to flooding in the same 
136 port megacities could reach US$ 28 trillion by 2050. 
Hoshino et  al. (2016) estimated the potential flooding 
costs for the Tokyo Bay port areas from combined mean 
sea level rise and typhoon-induced storm surges as up to 
US$ 690 billion (2016 values). A more recent estimation 
of the value of assets exposed to coastal flooding has sug-
gested that, by 2100, this could amount to 12 – 20% of 
the global GDP, in the absence of adaptation measures 
(Kirezci et al. 2020).

3 � Methodology
In order to assess climate change hazards on global sea-
ports, the mean and extreme sea levels, the waves as well 
as the extreme heat events have been projected for 2050 
and 2100 under the IPCC representative concentration 
pathway scenarios RCP4.5 and RCP8.5 for 3630 ports 
along global coastlines.

Relative mean sea level rise (RSLR) projections along 
the global coastline (25 km resolution) were obtained 

1  https://​www.​nj.​com/​news/​2013/​10/​port_​autho​rity_​sandy_​22bil​lion_​outli​
nes_​recov​ery_​measu​res.​html.

https://www.nj.com/news/2013/10/port_authority_sandy_22billion_outlines_recovery_measures.html
https://www.nj.com/news/2013/10/port_authority_sandy_22billion_outlines_recovery_measures.html


Page 5 of 21Asariotis et al. Anthropocene Coasts            (2024) 7:14 	

from Jevrejeva et al. (2016) for different ice melting sce-
narios, and land vertical movement projections. Extreme 
sea-levels (ESLs) integrate the (relative) mean sea level, 
the astronomical tide and the episodic coastal sea level 
rise due to storm surges and wave set-ups. To obtain the 
baseline ESLs (the 1980–2014 period’s mean) the mean 
sea levels were combined with the astronomical tidal lev-
els obtained from the FES2014 model (https://​www.​aviso.​
altim​etry.​fr/​en/​data/​produ​cts/​auxil​iaryp​roduc​ts/​global-​
tide-​fes.​html), whereas storm surge levels and waves were 
hindcasted through Delft3D-FLOW (Muis et  al. 2016) 
and WAVEWATCH III (Tolman 2009) model simula-
tions, respectively. Wave set-ups were estimated from the 
hindcasted offshore significant wave heights (Hs) using a 
generic approximation (0.2 × Hs, CEM (2002)). ESL com-
ponents and their uncertainties were then combined in 
Monte Carlo simulations (Vousdoukas et  al. 2018), and 
non-stationary extreme value analysis was used to obtain 
the extreme sea levels with a return period of 100 years 
(ESLs100), a crucial design parameter for coastal infra-
structure and protection.

ESLs for the global coastline for the twenty-first cen-
tury under the IPCC RCP4.5 and RCP8.5 scenarios were 
then projected. RSLR projections (Jevrejeva et al. (2016) 
were combined with future storm surges and waves pro-
jected by the aforementioned models and forced by a 
six member GCM ensemble (Vousdoukas et  al. 2018). 
As the mean sea level rise may affect tidal elevations, 
the DFLOW-FM model was used to assess the potential 
changes to the tidal elevations from their baseline values 
due to mean sea level rise. The future ESLs were then sta-
tistically analysed using the same techniques as for the 
baseline hindcasting.

In addition, as ESLs may not necessarily align with 
extreme waves of the same return period, bivariate cop-
ula statistics (e.g. Li et al. 2018) were used to probabilisti-
cally associate ESLs to the extreme waves which are more 
likely to occur concurrently. To achieve this, the total 
water level was correlated with wave height and period 
using the nonparametric Spearman correlation coef-
ficient. The resulting pairs of values were then adjusted 
to fit seven different types of distributions, allowing the 
investigation of the degree of dependence (e.g. Moni-
oudi et al. 2023). This analysis enabled the determination 
of the most probable significant wave height and period 
corresponding to each storm surge level value. Finally, 
projections of heat extremes along the global coast-
line under certain global warming scenarios have been 
abstracted from Dosio et al. (2018).

All the above projections for the global coastline 
were then used to assign RSLR, ESL, wave and extreme 
heat values at 3630 of the 3700 ports recorded in the 
World Port Index 2019, on the basis of their location 

relative to the coastline projections. In the following 
section the results are presented against a background 
of observed trends.

4 � Climatic hazards affecting ports: trends 
and projections

In 2022, the global mean near-surface temperature was 
1.15 (1.02 – 1.28) °C above the 1850–1900 pre-industrial 
average (WMO 2023) and is predicted to reach 1.5 °C in 
the 2030s. Global warming of 2 °C above the pre-indus-
trial level, which may be reached by 2050, has been sug-
gested as the threshold beyond which climate change 
risks may become unacceptably high (IPCC 2018). By 
2100, global warming around 2.7  °C is considered ‘very 
likely’ (best estimate) under an intermediate emissions 
scenario; this will exceed 3.3 °C under a high GHG emis-
sions scenario (IPCC 2023a). Implementation of existing 
policies and pledges will only reduce this global tem-
perature increase to 2.5 – 2.9 °C by 2100 (UNEP 2023a; 
CAT 2023).

Global warming induces changes in several climatic 
hazards, such as mean sea-level rise, extreme sea-levels, 
heat waves, heavy precipitation/flash floods and extreme 
winds. In the subsections below we summarize the state 
of knowledge on how hazards relevant for ports are pro-
jected to change with global warming.

4.1 � Mean and extreme sea level rise, waves and winds
In the last decade the globally averaged mean sea level 
rise (SLR) has reached 4.62 mm/yr (WMO 2023). Global 
SLR projections suggest that, by 2100, mean sea level 
might reach up to 1.1 m higher than the mean of the 1986 
– 2005 period under the high-end emission scenario, 
showing also high spatial variability, with sea level rise 
projected as significantly higher in some regions (IPCC 
2019). However, projections are constrained by uncer-
tainties in the ocean response to warming, the behaviour 
of the Greenland and Antarctic ice sheets, and the poten-
tial overshooting of climatic tipping points (Cheng et al. 
2019; Lenton et al. 2019, 2023). Thus, the annual rate of 
mean sea level rise might be significantly higher, particu-
larly if the Paris Agreement targets are exceeded (e.g. 
DeConto et al. 2021).

The modelling undertaken in the present study has 
found that by 2050, the median projections of RSLR for 
ports along the global coastlines will range from 0.11 
– 0.21 m and 0.09 – 0.29 m under the RCP4.5 (moder-
ate) and RCP8.5 (very high) IPCC emission scenarios, 
respectively. RSLR is projected to accelerate in the later 
part of the century. By 2100, and under RCP4.5, it is pro-
jected to range between -0.17 and 0.67  m across global 
ports, whereas under RCP8.5, RSLR is projected to range 
between -0.14 – 1.06 m, with the highest rises expected 

https://www.aviso.altimetry.fr/en/data/products/auxiliaryproducts/global-tide-fes.html
https://www.aviso.altimetry.fr/en/data/products/auxiliaryproducts/global-tide-fes.html
https://www.aviso.altimetry.fr/en/data/products/auxiliaryproducts/global-tide-fes.html
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at South American and African ports (Fig. 1). It should be 
noted, however, that local conditions, such as accelerated 
land subsidence e.g., in deltaic coasts, could modify the 
above projections upwards.

Regarding the extreme sea levels, our modelling sug-
gests that the baseline ESL100 varies considerably across 
global seaports, with the highest levels found mostly at 
the seaports of northwestern Europe, northern America 
and East Asia (Fig. 2).

Extreme sea-levels (ESLs) will threaten ports in all 
regions, with effects worsening over the course of the 
century (Fig.  3). By 2050, ESLs100 will increase by up 
to 0.5 m above the baseline values under the examined 
scenarios. By 2100, ESL100 increases will be substantial, 
reaching up to 1.6 m.

Our projections indicate that by 2050, under the 
RCP4.5 and RCP8.5 scenarios, respectively, approxi-
mately 55% and 59% of all (3630) ports, as well as around 
53% and 58% of the 522 large and medium-sized ports 
(classification according to World Port Index), will face 
extreme sea levels exceeding 2 m. Looking ahead to 2100, 
an estimated 71% and 83% of all ports, along with roughly 
70% and 81% of the (522) large and medium-sized ports, 
are projected to be affected by extreme sea levels exceed-
ing 2 m  (above the baseline mean sea level), under the 
RCP4.5 and RCP8.5 scenarios, respectively (Table 2).

Port infrastructure/operations can also be particu-
larly impacted by extreme waves. Global multi-model 
wave projections under climate change have indicated 
increases in the annual mean significant wave height 
(Hs) for the southern and eastern Pacific Ocean and 
decreases for the north Atlantic, the northwestern 
Pacific and the Indian oceans, with the magnitude of 
the increases being about 4 times higher than those 
of the decreases (Camus et  al. 2017). Increases of up 
to 30% have been projected for the extreme coastal 
wave energy fluxes, an important port design param-
eter, for most southern temperate coasts, the north-
eastern Pacific and the Baltic Sea coasts, whereas wave 
directional changes have been also projected for some 
regions (Mentaschi et al. 2017). Our analysis shows that 
the baseline 1-in-100 year Hs varies along the global 
coastline, with higher waves shown for North America, 
West Europe and East Asia (Fig. 4).

By 2050, increases of more than 0.5 m are anticipated 
for only 38 and 67 ports under the RCP4.5 and RCP8.5 
scenarios, respectively. By 2100, under the same scenar-
ios, changes of more than 0.5 m are projected for 115 and 
103 ports, respectively (Fig.  5). This suggests that sub-
stantial changes in wave height are not anticipated on a 
global scale; noteworthy variations are expected in spe-
cific regions.

Fig. 1  RSLR median projections (2050, 2100, RCP4.5, RCP8.5) relative to the 1980 – 2014 mean (see also https://​data.​jrc.​ec.​europa.​eu/​datas​et/​
jrc-​lisco​ast-​10012). Port locations from the World Port Index 2019 (https://​msi.​nga.​mil/​Publi​catio​ns/​WPI)

https://data.jrc.ec.europa.eu/dataset/jrc-liscoast-10012
https://data.jrc.ec.europa.eu/dataset/jrc-liscoast-10012
https://msi.nga.mil/Publications/WPI
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It is noted that these are Hs100 projections, and as 
such, they do not account for the effects of the potential 
intensification of tropical storms in some regions, which 
already affect 38% of worlds ports (and related sup-
ply chains) (Notteboom et  al. 2022). Storm wind inten-
sity, which may increase under global warming but with 

large spatial variability (Trenberth et  al. 2018), can also 
severely impact port operations and safety, through the 
combination of fluvial, pluvial and marine flooding and 
high winds (Koks et al. 2019; UNECE 2020).

Finally, it should be mentioned, that as most of the 
above considered hazards are projected to increase 

Fig. 2  Baseline 1-in-100 years extreme sea levels (ESLs100) at 3630 global ports. The baseline ESLs100 are the means of the 1980–2014 period. 
Seaport location from World Port Index 2019 (https://​msi.​nga.​mil/​Publi​catio​ns/​WPI). ESLs100 projections for the global coastline can also be found 
in EC-JRC data collection (http://​data.​jrc.​ec.​europa.​eu/​colle​ction/​LISCO​AST)

Fig. 3  Projected changes in ESL100 from the baseline ESL100 under CV &C for 3630 global ports. Seaport location from World Port Index 2019 
(https://​msi.​nga.​mil/​Publi​catio​ns/​WPI) and ESLs100 projections for the global coastline from (http://​data.​jrc.​ec.​europa.​eu/​colle​ction/​LISCO​AST)

https://msi.nga.mil/Publications/WPI
http://data.jrc.ec.europa.eu/collection/LISCOAST
https://msi.nga.mil/Publications/WPI
http://data.jrc.ec.europa.eu/collection/LISCOAST
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significantly between 2050 and 2100, this could have 
significant implications for port planning, which often 
accounts for projects with a designed life of (at least) 
50—75 years.

4.2 � Mean and extreme temperature and precipitation
The recent 10 year period has been the warmest on 
record (WMO 2023), with projections indicating large 
future increases in mean temperature depending on the 
scenario (IPCC 2023a). At the same time, changes are 
not, and will not be, uniform, with temperature rising 

faster in the high latitudes. Oceans are also warming, 
with the last two decades showing a particularly strong 
increase across all water depths in ocean heat content 
-OHC (Cheng et  al. 2019); such increases can lead to 
regional shifts in the oceanic/atmospheric circulation 
and more intense and/or frequent extreme storms and 
heavy precipitation events in some areas and prolonged 
droughts in others (WMO 2023).

Observations show increases in the frequency/inten-
sity of heat waves in many regions (WMO 2023), with 
most models projecting more frequent and intense 

Table 2  Percentages of global ports projected to face ESLs100 of more than 1 and 2 m above the baseline mean sea level under 
Climate Variability and Change (CV&C). Port size classification according to World Port Index. Key: ESL100, 1–100 year extreme sea level; 
RCPs, IPCC Representative Concentration Pathways representing moderate and very high emissions

Ports
(no)

ESL100 Percentages of ports

Baseline RCP4.5, 2050 RCP4.5, 2100 RCP8.5, 2050 RCP8.5, 2100

All ports
(3630)

 > 1 m 92.5 96.8 99.5 98.1 100.0

 > 2 m 52.8 55.2 70.6 59.1 82.9

Large ports
(160)

 > 1 m 88.1 96.3 100.0 96.9 100.0

 > 2 m 50.0 53.1 66.3 56.9 75.0

Medium
(362)

 > 1 m 92.5 97.5 99.7 98.3 100.0

 > 2 m 51.1 53.6 72.1 57.7 82.9

Large/medium
(522 total)

 > 1 m 91.2 97.1 99.8 97.9 100.0

 > 2 m 50.8 53.4 70.3 57.5 80.5

Small
(977)

 > 1 m 93.4 97.1 99.6 98.5 100.0

 > 2 m 49.5 52.9 70.3 58.3 82.7

Very small
(2125)

 > 1 m 92.4 96.5 99.4 98.0 100.0

 > 2 m 54.9 56.6 70.8 59.9 83.8

Fig. 4  Baseline (1980–2014 period) 1-in-100 years significant wave height at 3630 global ports. Seaport location from World Port Index 2019 
(https://​msi.​nga.​mil/​Publi​catio​ns/​WPI)

https://msi.nga.mil/Publications/WPI
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heat episodes (IPCC 2018, 2023a). All global ports will 
be affected, with the effects worsening with increasing 
global warming (e.g., Dosio et  al. 2108). Even with 2 0C 
global warming (expected by the 2050s), a present 1-in-
100  year extreme heat event (mean of the 1976 – 2005 
period) could happen every 1 to 5 years in most tropical/
subtropical settings (Fig.  6). With 3 0C global warming, 
most global ports (except some ports in higher latitudes) 
could be exposed to heat events of this magnitude every 
1 to 2  years, giving rise to extensive additional energy 
needs and costs. Moreover, a combination of extreme 
heat with high relative humidity can pose a major threat 
for the health and safety of personnel/passengers, with 
large increases projected in the number of days per year 
exceeding a ‘deadly temperature and humidity threshold’ 
particularly in the tropics and subtropics under a high 
emission scenario (Mora et al. 2017).

Precipitation is expected to change in a complex man-
ner, with increases projected for some regions and 
decreases for others. Transport-related risks are mostly 
associated with heavy downpours that can result in plu-
vial and fluvial flooding, slope failures and landslides. 
These have increased in terms of frequency/intensity in 
several regions (Koks et al. 2019; UNECE 2020) and these 
trends are projected to continue under global warming, 
particularly over most of the mid-latitude and the wet 

tropical regions (IPCC 2018; Alfieri et  al. 2018; IPCC 
2023b). Under such projections, many global ports will 
be affected, with the effects worsening with further global 
warming, although the changes in the extreme runoff on 
ports will not be as severe as that of ESL and extreme 
heat events.

4.3 � Cryosphere
Due to the large decline in Arctic sea ice extent (SIE) 
since 1979, opportunities for new shipping routes have 
arisen. By the end of the century, minimum Arctic SIE 
has been projected to decrease further, (by 34 and 94% 
relative to the 1986- 2005 average in February and Sep-
tember, respectively). For stabilised warming at 1.5 °C 
there is a 1% probability for any given September to be 
sea ice free by 2100, while with stabilisation at 2 °C this 
probability rises to 10 – 35% (IPCC 2019). Snow cover 
extent has also decreased since the 1950s across the 
northern hemisphere (12% per decade since 1970) and 
more decreases are projected, whereas permafrost extent 
and thickness have decreased since the 1930s; by 2100, 
permafrost extent is projected to decrease by up to 87%, 
under the RCP4.5 climatic scenario (IPCC 2019). This 
would present very significant challenges for the devel-
opment and maintenance of Arctic ports and associated 
transport infrastructure (Table 1).

Fig. 5  Projected changes in the 1-in-100 years significant wave height from the baseline value (mean of 1980–2014) under climate change for 3630 
global ports. Port location from the World Port Index 2019
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5 � Relevant policy and legal frameworks and recent 
developments

The above projections have important implications for 
the physical and operational risks facing ports under a 
changing climate and illustrate the urgent need for adap-
tation. Ports are infrastructure assets with long lifespans, 
often including facilities with a design life of 50–75 years, 
and with long planning horizons. For example, the time 
horizon of a port masterplan project, describing the 
long-term development of a port complex, is at least two 
decades (Port Consultants Rotterdam 2024). Changes in 
the intensity/recurrence of extreme events over the com-
ing decades will significantly increase the risk of impacts, 
such as flooding and operational disruptions at facil-
ity level, leading to extensive costs and economic losses, 
with potentially important repercussions for trade and 
sustainable development. Past experiences, therefore, 
can no longer be relied on to predict future risk exposure. 
Relevant risks need to be both assessed and effectively 
addressed before any major impacts materialize.

Supportive policy and legal frameworks have a par-
ticularly critical role to play in advancing and facilitating 
climate change adaptation and resilience-building on the 
ground (UNCTAD 2020a). Policies, strategies and plans 
define and formulate ambition, objectives and commit-
ments, while legal instruments establish legally binding 
obligations and are powerful – and vital – tools for the 
implementation of agreed policy objectives. Legal instru-
ments include national laws, as well as international (and 
in few cases regional) conventions and agreements that 
require a certain number of ratifications for their entry 
into force and are legally binding on all States that have 
ratified or acceded. In addition, at the EU level, there are 
legal instruments which are binding as a matter of supra-
national law for each of the 27 EU Member States and are 
enforceable in the national courts, subject to the overall 
oversight and jurisdiction of the European Court of Jus-
tice and enforcement actions, including by the European 
Commission (EU 2020, Arts. 288, 258–260). The supra-
national nature of EU law, effective in a large number 

Fig. 6  Projected changes in the frequency of the baseline (mean of the period 1976–2005) 1-in-100 years extreme heat event at 3630 global ports 
(port location from the World Port Index 2019). Key: SWL (Specific Warming Level), global warming in0C above pre-industrial times. Tr (years), Return 
period. Extreme heat data for the global coastline abstracted from Dosio et al. (2018)
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of States (27), and the importance of the EU as a major 
global trading partner and donor make relevant legal 
instruments both particularly efficient and coherent tools 
for the achievement of agreed policy commitments at the 
regional (EU) level and of considerable interest from a 
global perspective.

Both policies and legislation can provide economic 
incentives to support adaptation, resilience-building and 
Disaster Risk Reduction (DRR) efforts, promote coopera-
tion and transfer of relevant ‘hard’ and ‘soft’ technolo-
gies, and contribute to the collection, availability and 
accessibility of accurate (and indispensable) climate data 
at different spatio-temporal scales. They are also key in 
ensuring accountability, public participation and non-dis-
crimination in related decision-making processes. Legal 
instruments and requirements in particular can help cre-
ate a level playing field, and promote as well as facilitate 
and galvanize action to reduce exposure and vulnerability 
to coastal floods and other climate change impacts; they 
can assist in both the prevention, mitigation and recovery 
from extreme events (i.e., support DRR) as well as help 
mitigate the impacts of slow-onset events.

Reflecting a growing recognition of the need for 
effective climate change adaptation measures, the pol-
icy and legal framework at international, regional and 
national levels has been strengthened over recent years, 
with climate change adaptation increasingly being inte-
grated into policy and planning instruments, as well 
as into some legal instruments (see also UNCTAD 
2020a; UNFCCC 2023; Velegrakis et al. 2021). While a 
review of relevant national level policy and legal instru-
ments across jurisdictions is beyond the scope of this 
short contribution,2 examples include the UK Cli-
mate Change Act 2008 (UK 2008) which, among oth-
ers, provides the basis for reporting by infrastructure 
operators and public bodies on the current and future 
predicted effects of climate change on their organisa-
tion, as well as on their proposals for adapting to cli-
mate change and related progress (Article 62)3; and 
the recent German Federal Climate Adaptation Law 
(Bundes-Klimaanpassungsgesetz, (KAnG 2023) which, 
among others, envisages the development of a cross-
sectoral federal climate change adaptation strategy, 
periodic climate-risk analysis/assessment and integra-
tion of related considerations by public bodies (and 
private entities entrusted with public functions) into 
their planning and decision-making processes across 
disciplines and policy domains. An analytical over-
view of the international and regional policy and legal 

framework of relevance to climate change adaptation 
for ports is provided below.

Key international strategies, policies and plans 
include the 2030 Agenda for Sustainable Develop-
ment (United Nations 2015a) consisting of 17 goals 
and 169 targets which are “integrated and indivisible, 
global in nature and universally applicable”, including 
several that are of particular relevance in the present 
context (e.g. 1.5, 9, 13; see UNCTAD 2020b); and the 
Sendai Framework for Disaster Risk Reduction 2015 
– 2030 (SFDRR) (United Nations 2015b), the global 
policy framework stipulating seven global targets and 
priority areas and adopting a multi-hazard and sys-
tems approach for understanding disaster risk in all 
its dimensions, strengthening disaster risk governance 
and management, investing in disaster risk reduction 
for resilience, and enhancing disaster preparedness for 
effective response and to “build back better”.

Relevant international legal instruments4 include 
the 1992 United Nations Framework Convention on 
Climate Change (UNFCCC) (United Nations 1992), 
which is in force for 198 Contracting Parties and pro-
vides the overarching legal framework for climate 
change action at the international level5; and the 2015 
Paris Agreement (United Nations 2015c), in which its 
195 Contracting Parties establish “the global goal on 
adaptation of enhancing adaptive capacity, strength-
ening resilience and reducing vulnerability to climate 
change”, and commit to related action and coopera-
tion, as well as regular reporting and assessment pro-
cesses (Article 7). The Paris Agreement also envisages 
wide-ranging cooperation among Contracting Parties, 
with the aim of averting, minimizing and addressing 
loss and damage, including under the dedicated War-
saw International Mechanism (Art. 8; see also UNF-
CCC 2020). Also worth noting in this context is the 
1998 Aarhus Convention on access to information, 
public participation in decision-making and access to 
justice in environmental matters (UNECE 1998), in 
which its 47 State Parties undertake to guarantee rel-
evant rights in accordance with detailed provisions set 
out in the Convention.

2  For further information, see UNCTAD 2020a, as well as the ‘Climate 
Change Laws of the world’ database, https://​clima​te-​laws.​org/.

3  Recent related adaptation reports, see https://​www.​gov.​uk/​gover​nment/​
colle​ctions/​clima​te-​change-​adapt​ation-​repor​ting-​third-​round-​repor​ts#​
harbo​ur-​autho​rities.
4  Authoritative information on the status of ratification of international 
legal instruments referred to in the text is available at https://​treat​ies.​un.​org.
5  The Parties commit among others to: establish, implement and update 
national/regional programmes containing measures to facilitate adequate 
adaptation to climate change; cooperate in preparing for climate change 
adaptation; employ impact assessments; and promote and cooperate in sci-
entific research, systematic observation and data archives related to the cli-
mate system (Art. 4(1) (b),(e),(f ) and (g)).

https://climate-laws.org/
https://www.gov.uk/government/collections/climate-change-adaptation-reporting-third-round-reports#harbour-authorities
https://www.gov.uk/government/collections/climate-change-adaptation-reporting-third-round-reports#harbour-authorities
https://www.gov.uk/government/collections/climate-change-adaptation-reporting-third-round-reports#harbour-authorities
https://treaties.un.org
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At regional level, relevant policy instruments include 
the Regional Climate Change Adaptation Framework for 
the Mediterranean Marine and Coastal Areas (UN Envi-
ronment/MAP 2017) endorsed by the Contracting Par-
ties of the Barcelona Convention for the Protection of the 
Marine Environment and the Coastal Region of the Med-
iterranean; and the OECS Climate Change Adaptation 
Strategy and Action Plan (CCASAP) 2021–2026 (OECS 
2021), endorsed by the OECS Council of Ministers in 
2021 (D’Auvergne 2022), both of which reflect important 
policy commitments and strategies to building resilience 
to and reducing disasters from climatic hazards (includ-
ing e.g., coastal flooding due to extreme events).

At the EU level, of particular relevance in terms of poli-
cies, plans and mechanisms, are the comprehensive 2021 
EU Climate Change Adaptation Strategy (EU 2021a), 
which cuts across sectors and policy domains and aims 
to ensure a climate-resilient EU by 2050, “fully adapted 
to the unavoidable impacts of climate change”; the EU 
Action Plan on SFDRR 2015–2030 (EU 2016),  which 
envisages a range of specific actions and measures across 
policy areas to implement the targets and objectives of 
the SFDRR; as well as the Union Civil Protection Mecha-
nism, the main operational EU mechanism for disaster 
risk reduction, response and recovery, which has recently 
been strengthened (EU 2021b).6

Moreover, there are various EU legal instruments 
which explicitly, or implicitly, address issues of relevance 
to adaptation, resilience-building and DRR for ports and 
other infrastructure in the coastal zone and are applica-
ble as a matter of supra-national law in all 27 EU Mem-
ber States. This includes several Directives – which are 
binding across the EU as to the results to be achieved 
but need to be transposed into national legislation within 
a certain number of years, as well as some Regulations, 
which are directly applicable and effective in each EU 
Member States as from the date of their entry into force 
(see EU 2020, Art. 288).

The Floods Directive (EU 2007a) imposes a general 
duty on EU Member States to assess and map the coastal 
flood risk, affected areas, assets and humans at risk and 
take adequate/coordinated measures to manage and 
reduce the flood risk. EU Member States are required 
to carry out preliminary flood risk assessments, prepare 
comprehensive flood hazard and risk maps (FHRMs) and 
establish flood risk management plans (FRMPs), as well 

as review and update these in recurring implementa-
tion cycles taking into account, among others, “the likely 
impact of climate change on the occurrence of floods”.7

The amended EIA Directive (EU 2014b) envisages 
that for all (public and private) projects falling within its 
scope, including ports, Environmental Impact Assess-
ments (EIAs) are carried out, taking into account, among 
others, the risks and vulnerabilities associated with cli-
mate change (see Art. 1(a); Annex II 8.b; Annex II 10.e; 
Annex III 1(f )). Relevant EIAs need to “identify, describe 
and assess” direct and indirect significant effects of the 
project, including those deriving from the vulnerability of 
the project to the risk of major accidents, and/or natural-
hazard related disasters, (such as flooding, sea level rise, 
or earthquakes), on populations, human health, biodiver-
sity, land, soil, water, air and climate, material assets, cul-
tural heritage and the landscape, and their interactions 
(Art. 3; see also preamble, para. 13 and 15).

Seaport and shipping operations can influence (and 
be influenced by) the offshore marine environment and, 
thus, EU Directives with an offshore geographical scope 
(1  nm from the coast) may also be worth noting. The 
Maritime Spatial Planning Directive (EU 2014a) requires 
Member States, among others, to contribute through 
their maritime spatial planning to the sustainable devel-
opment of maritime transport, “including resilience to 
climate change impacts” (Art 5.2). Also of relevance, 
albeit indirectly, is the EU’s Marine Strategy Framework 
Directive (MSFD, EU 2008), which aims to maintain/
restore the EU marine environment to a ‘good environ-
mental status’. It requires EU Member States, inter alia, 
to develop marine strategies (Art. 5) and to make an 
initial assessment of their marine waters comprising of, 
among others, an analysis of the predominant pressures 
and impacts (Art. 8). While climate change is consid-
ered as a horizontal issue in the MSFD Directive with its 
impacts recognized in the context of evolving pressures/
impacts on marine the marine environment (preamble 
para. 34), the Art.8 MSFD Assessment Guidance explic-
itly states that climate change … “must be considered in 
the marine environment assessment within the frame-
work of the marine strategies” and proposes monitoring 
and analysis of (i) the climate change-derived variations 
as background environmental conditions; and (ii) the 
current and potential impacts on marine ecosystems 
(EU 2022a).

Other Directives are relevant in terms of access to 
and the coherence of the information and data that is 

6  See also COM Recommendation (8.2.2023, 2023/C 56/01) on ‘European 
Union Disaster Resilience Goals’, which has a flood relevant specific goal: 
Annex, Union disaster resilience goal No. 4: Respond—Enhancing the 
Union Civil Protection Mechanism’s response capacity, specific objective 
4.2’ In the area of flood response’. https://​eur-​lex.​europa.​eu/​legal-​conte​nt/​
EN/​TXT/?​uri=​CELEX%​3A320​23H02​15%​2801%​29&​qid=​16765​31610​023.

7  Articles 4 (2); 14 (4); 16. Preliminary flood risk assessments were to be 
reviewed and updated by 22 December 2018; FRMPs, by 22 December 
2021, taking into account the likely impact of climate change on the occur-
rence of floods. Further review and update is required every six years.

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32023H0215%2801%29&qid=1676531610023
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32023H0215%2801%29&qid=1676531610023
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essential for effective flood and climate-risk assess-
ment and management: Directive 2003/4/EC (EU 2003), 
which implements the 1998 Aarhus Convention (UNECE 
1998) within the EU as a matter of supra-national law, 
and seeks to guarantee rights of access to environmental 
information held by (and for) public authorities, as well 
as to public participation in decision-making and access 
to justice; and the INSPIRE Directive (EU 2007b), last 
amended in 2019, which aims to establish compatible 
and usable spatial data infrastructures in a EU-wide and 
transboundary context.

In addition, a number of very recent legislative devel-
opments at the EU level are of special relevance to cli-
mate change adaptation for ports and therefore deserve 
highlighting. Of major importance is the adoption, 
in June 2021, of a new Regulation on a European Cli-
mate Law (EU 2021c) which envisages strong action 
on climate change adaptation and resilience-building 
(Art. 5), as well as related stocktaking, assessment and 
review, every five years, starting in 2023 (see Arts. 6 
and 7).8 Among others, the Regulation requires EU 
institutions and Member States to “ensure continuous 
progress in enhancing adaptive capacity, strengthening 
resilience and reducing vulnerability to climate change 
in accordance with Article 7 of the Paris Agreement” 
(Art. 5(1)), thereby making relevant action a legal 
requirement, for the first time, in an important effort 
to facilitate coherence across policy and legal frame-
works. The Regulation, which entered into force on 29 
July 2021 for all 27 EU Member States is expected to 
have clear and important benefits for efforts at climate-
resilience building and adaptation in EU coastal zones, 
including in respects of ports. It introduces a number 
of legally binding obligations and, unlike a Directive, is 
directly applicable and effective at national levels, with-
out the need for the time-consuming development of 
potentially divergent national implementing legislation 
(EU 2020, Art. 288).

Importantly, Art. 5(5) of the European Climate Law 
mandates the European Commission to adopt “guide-
lines setting out common principles and practices for the 
identification, classification and prudential management 
of material physical climate risks when planning, develop-
ing, executing and monitoring projects and programmes 
for projects”. Relevant “Technical guidance on the climate 

proofing of infrastructure in the period 2021–2027” has 
since been published (EU 2021d). Compliance with its 
detailed parameters, including climate-risk assessment 
and adaptation is, among others, required as part of 
environmental impact assessments under the EIA Direc-
tive (EU 2014b), for strategic environmental assessments 
under the SEA Directive (EU 2001) and for EU (internal 
and external) infrastructure project funding, making risk 
and vulnerability assessments and development of adap-
tation options an integral part of project planning, devel-
opment and financing.

“Climate proofing” of infrastructure “based on latest 
available best practice and guidance”, in accordance with 
the EC Technical guidance is also envisaged under a pro-
posal (EU 2021e),9 to revise the EU TEN-T guidelines (EU 
2013) for the development of the trans-European trans-
port (TEN-T) network, of which ports and other coastal 
transport infrastructure are vital components (EU 2021e, 
Art. 46(2) and para. 14). The proposed revised Regula-
tion, expected to be formally adopted and enter into force 
in early 2024,10 will significantly strengthen implementa-
tion of climate and disaster-risk resilience considerations, 
in line with the objectives and requirements of the EU 
Adaptation Strategy, European Climate Law and inter-
national agreements, notably the 2015 SFDRR and Paris 
Agreement. While the legislation remains to be formally 
adopted, ‘climate proofing of infrastructure based on lat-
est available best practice and guidance’, as set out in the 
EC Technical guidance on the climate proofing of infra-
structure, has already become a legal requirement (as 
part of EIAs) for the development of new port infrastruc-
ture under EU law.

Other relevant EU legislation includes a Directive on 
Resilience of Critical Entities (EU 2022b; repealing the 
European Critical Infrastructure Directive 2008), which 
entered into force on 16 January 2023, and aims to ensure 
the resilience of public and private “critical entities” 
across sectors, including transport, against a broad range 
of risks that could lead to disruptions. By specified dates 
in 2026, Member States will need to identify the critical 
entities that provide essential services, develop a national 
strategy to enhance the resilience of critical entities and 
carry out a risk assessment (thereafter at least every 

8  Where collective progress on adaptation is found to be insufficient or 
Union measures inconsistent with ensuring progress, the Commission 
shall ‘take the necessary measures in accordance with the Treaties’ (Art. 6). 
Where the Commission finds that a Member State’s measures are inconsist-
ent with ensuring progress on adaptation, it may issue recommendations to 
that Member State, and if so, make these publicly available (Art. 7).

9  The proposal was amended in 2022 (COM/2022/384 final) but without 
changes which are material in the present context. https://​eur-​lex.​europa.​
eu/​legal-​conte​nt/​EN/​TXT/​HTML/?​uri=​CELEX:​52022​PC038​4&​from=​EN.
10  The revised rules on the guidelines for the development of the trans-
European transport network were adopted by the European Parliament in 
April 2024 and, once the Council has approved them, will enter into force 
20 days after publication in the Official Journal, see https://​www.​europ​arl.​
europa.​eu/​news/​en/​press-​room/​20240​419IP​R20574/​europ​ean-​parli​ament-​
updat​es-​trans-​europ​ean-​trans​port-​netwo​rk-​guide​lines.

https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52022PC0384&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52022PC0384&from=EN
https://www.europarl.europa.eu/news/en/press-room/20240419IPR20574/european-parliament-updates-trans-european-transport-network-guidelines
https://www.europarl.europa.eu/news/en/press-room/20240419IPR20574/european-parliament-updates-trans-european-transport-network-guidelines
https://www.europarl.europa.eu/news/en/press-room/20240419IPR20574/european-parliament-updates-trans-european-transport-network-guidelines
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four years).11 Critical entities will need to identify risks 
that may significantly disrupt the provision of essential 
services, take appropriate measures necessary to ensure 
their resilience, “including measures necessary to prevent 
incidents from occurring, duly considering disaster risk 
reduction and climate adaptation measures” and notify 
disruptive incidents to the competent authorities (Art. 
13(1)). The Directive needs to be transposed into the leg-
islation of each EU Member State by 17 October 2024.

The introduction of further legal requirements at EU 
level and at national levels, along similar lines may be 
likely, in the light of Art. 5(4) of the European Climate 
Law, which requires Member States to “adopt and imple-
ment national adaptation strategies and plans taking 
into account the [EU Adaptation Strategy], and based on 
robust climate change and vulnerability analyses, progress 
assessments and indicators, and guided by the best avail-
able and most recent scientific evidence”. The net-upshot 
of the abovementioned developments is that the policy 
and legal framework supporting – and requiring  – cli-
mate-risk assessment and adaptation for ports in the 27 
EU Member States and for EU funded port infrastructure 
projects in third countries has been strengthened sig-
nificantly. At the same time, barriers to effective national 
implementation of relevant EU instruments by EU Mem-
ber States, including delays in transposition, inadequate 
application, administrative hurdles, might hamper the 
effectiveness of these mechanisms. The development 
of effective policy and legal instruments for the climate 
resilience of ports is an area that merits further analysis 
and research. However, the EU’s approach of aiming for 
coherence among policy and legal instruments as well 
as technical guidance to ensure the climate-proofing of 
ports and other critical infrastructure assets may serve as 
a useful example and could provide an important impe-
tus for other countries considering how best to move 
forward.

6 � Discussion and conclusions
Ports are key nodes in global supply chains and criti-
cal for global trade and sustainable development. At the 
same time, both infrastructure and operations of seaports 
and their connecting transport networks are at consider-
able risk of a wide range of impacts from climatic and 
weather-related hazards, such as (Table  1): rising mean 
sea levels; increasing intensities/recurrence of extreme 

storm surges, waves and winds; intensifying extreme 
temperatures; and changes in precipitation that can 
cause fluvial/pluvial flooding and, at high latitudes, affect 
the cryosphere (ice, permafrost) dynamics. These hazards 
have already caused large economic damages/losses and 
are set to grow at an alarming rate under future climate 
change. As shown by projections under different climatic 
scenarios and timelines, many global ports will increas-
ingly be exposed to such hazards.

For instance, the relative sea-level rise (RSLR) for 3630 
global ports has been projected as up to 0.21 m (RCP 4.5) 
and 0.29 m (RCP 8.5) by 2050, and up to 0.67 m (RCP 
4.5) and 1.06 m (RCP 8.5) by 2100, with the highest rises 
expected at South American and African ports. Extreme 
sea-levels (ESLs) will threaten ports in all regions, with 
effects worsening over the course of the century: by 
2050, ESLs100 will increase by up to 0.5 m above the base-
line values under the examined scenarios, whereas by 
2100, ESL100 increases will be reaching up to 1.6 m. By 
2050, under RCP 4.5 and RCP 8.5, respectively, approxi-
mately 55% and 59% of the 3630 ports studied (53% and 
58% of the 522 large and medium-sized ports) will face 
ESLs exceeding 2 m  above the baseline mean sea level, 
whereas by 2100, an estimated 71% and 83% of all ports, 
along with roughly 70% and 81% of the (522) large and 
medium-sized ports, are projected to be affected by ESLs 
exceeding 2 m above the baseline mean sea levels. At 
the same time, there will be increases in the frequency/
intensity of heat waves in many regions, with the effects 
worsening for higher global warming: even under global 
warming of 2 0C (expected by the 2050s), the return 
period of the baseline (mean of 1976 – 2005 period) 1-in-
100 year extreme heat event will decrease to 1 – 5 years 
in most tropical/subtropical settings, whereas with 3 0C 
global warming, most global ports (except some ports 
in higher latitudes) will experience the baseline 1-in-
100 years extreme heat event every 1 – 2 years. Precipi-
tation is expected to change in a complex manner, with 
increases projected for some regions and decreases for 
others.

With the risk of impacts being a function of haz-
ard, exposure and vulnerability (IPCC 2014), expo-
sure to growing hazards will result in increasing risks, 
unless effective action is taken to reduce vulnerabil-
ity, i.e. enhance the capacity to respond. Against this 
background, climate change adaptation and resilience-
building for ports is a matter of increasing urgency and 
strategic economic importance.

This is increasingly being recognized by port industry 
stakeholders. Thus, according to the European Sea Ports 
Organization (ESPO), climate change was considered 
as the top environmental concern of European ports in 
2022 and 2023 (ESPO 2022, 2023), rising steadily in the 

11  Articles 4–6. See also a Commission Delegated Regulation (EU 2023) 
which entered into force in November 2023, establishing a non-exhaustive 
list of essential services in the 11 sectors covered by the Directive, including 
ports in the ‘transport sector/water subsector’ (Art 2. (2)(c)(ii)). This is to be 
used by competent authorities to carry out risk assessments by 17 January 
2026 and to then identify the critical entities, by 17 July 2026.
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priority ranking since 2017 when it appeared for the first 
time. In 2023, responses from 90 European ports in 20 
countries that are members and observers of ESPO indi-
cated that while less than half of the ports (47%) expe-
rienced climate-related operational challenges, a clear 
majority  –  70% of respondent ports  –  adapt existing 
infrastructure to increase resilience and 76% incorporate 
considerations related to climate change adaptation when 
planning and implementing new infrastructure pro-
jects. This is encouraging and may potentially – at least 
in part – be a result of the new EU legislative framework 
and technical guidance.

However, at the global level, progress in implementing 
fit-for-purpose measures on the ground remains slow and 
recent global industry surveys by UNCTAD (Asariotis 
et al. 2018) – reflecting responses from ports which col-
lectively handle more than 16% of global seaborne trade – 
and by industry organizations (PIANC 2024) suggest that 
ports – and port engineers (Sweeney and Becker 2020) 
are not yet adequately prepared. While many global ports 
are increasingly impacted by climate/weather related 
extremes and events which are somehow exceptional, 
unprecedented or otherwise out-of-the ordinary, often 
causing ‘significant’ or ‘critical’ delays and disruptions 
(Brooke 2024), there are still important knowledge gaps 
regarding the specific nature and extent of exposure that 
individual port facilities of all sizes and across regions 
may be facing, with important repercussions for levels of 
preparedness. For example, while the majority (76%) of 
respondent ports to the UNCTAD port industry survey 
had mainstreamed weather/climate related considera-
tions in planning, design and construction of infrastruc-
ture, a significant proportion (41%) had not yet carried 
out any relevant work, including research, to identify and 
evaluate possible adaptation measures (Asariotis et  al. 
2018). 40% of respondent ports had not carried out or 
planned relevant vulnerability assessments.

Constraints in the planning and implementation of 
effective climatic risk assessments and adaptation meas-
ures identified in the abovementioned surveys and other 
literature include: gaps in the information/data neces-
sary to assess flood and other risks, including climatic 
stressors, thresholds, trends, downscaled projections; 
knowledge dissemination barriers; stakeholder and 
decision-making related challenges; and limited relevant 
research capacity, as well as lack of human and financial 
resources, particularly in developing countries (Asariotis 
et al. 2018; Flegg et al. 2018; Panahi et al. 2020; Mclean 
and Becker 2020; Kalaidjian et  al. 2022; Kontopyrakis 
et  al. 2024; PIANC 2024). It is also a matter of concern 
that only 29% of respondents to an online survey of 85 
US port and maritime infrastructure engineers indicated 
that their organization had an internal sea level change 

(SLC) policy, design, or planning document with survey 
results also showing that the lack of regulatory design 
standards in this area leads to engineers and their clients 
disregarding SLC more frequently (Sweeney and Becker 
2020).

Climate risks translate into business risks for individ-
ual ports (PIANC 2024; Brooke 2024); they also pose 
a significant threat to closely interconnected global 
supply-chains, with wide-ranging implications for 
global society and the sustainable development pros-
pects of the most vulnerable countries and regions. In 
the light of long infrastructure planning horizons and 
lifespans and increasing climatic hazards, timely adap-
tation action in a systemic manner must be an urgent 
priority for all public and private entities with a stake in 
international transport and trade. Thus, all stakehold-
ers involved in planning, development and operations 
of ports and other coastal transport infrastructure need 
to take into account the risks and impacts of CV&C 
as part of their decision-making processes (UNCTAD 
2020a). Collaboration and the participation of a broad 
range of actors will be of particular importance with 
regard to the assessment of risks and impacts and the 
planning and implementation of effective adaptation 
measures, both at facility levels and across transport 
networks and systems (Becker et al. 2015; Becker et al. 
2018; Morris 2020).

Policy and legal frameworks that facilitate, support and 
accelerate effective action on adaptation and resilience-
building for ports and other critical transport infrastruc-
ture have a particularly vital role to play in strengthening 
risk governance and increasing resilience on the ground. 
Policies, strategies and plans establish agreed objec-
tives, priorities and commitments which, among others, 
inform the provision and use of resources as well as insti-
tutional frameworks, and can provide important incen-
tives for advancing port resilience. Legal frameworks are 
both powerful and vital tools to facilitate and advance 
implementation, along with accountability. To be fit for 
purpose and avoid maladaptation, both policies and laws 
need to take into account the latest available scientific 
information and facilitate risk-informed decision mak-
ing under uncertainty. As highlighted in this contribu-
tion, a range of policy and legal instruments reflecting 
related commitments and objectives and fostering their 
implementation have been agreed internationally, includ-
ing the 2015 UNFCCC Paris Agreement, the SFDRR 
2015–2030 and the 2030 Agenda for Sustainable Devel-
opment, as well as at regional levels. Moreover, relevant 
legal obligations and related technical guidance aimed at 
ensuring the climate proofing of new infrastructure, in 
line with agreed policy commitments on resilience-build-
ing, adaptation and DRR, are already in place as a matter 
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of supra-national law in the 27 EU Member States. These 
could significantly enhance levels of climate-resilience 
and preparedness for EU ports, as well as for EU funded 
port projects in other countries, and may serve as useful 
examples of good practices for countries in other regions.

However, in order to ensure the integrity of closely 
integrated global supply chains and reduce, minimize 
and avert extensive economic losses arising in future, 
much more needs to be done to advance and accelerate 
the implementation of effective adaptation measures for 
ports across regions. Effective adaptation requires mul-
tifaceted approaches, including technical measures that 
should involve innovative and efficient designs to avoid 
over-engineering, bridging of potential data and knowl-
edge gaps, and the development of appropriate manage-
ment solutions that reduce vulnerability and allow for 
decision-making under uncertainty (Becker et  al. 2013, 
2018; UNFCCC 2020; Ng et al. 2016; 2018; Izaguirre et al. 
2020). In the light of the long service life of ports (and 
other key transport infrastructure), and the potentially 
major consequences of inaction, effective adaptation 
and resilience building requires rethinking established 
approaches and practices early.

Moreover, to avoid maladaptation and increase levels 
of preparedness on the ground, a good understanding of 
relevant risks, in all its dimensions, is critical. This, how-
ever, constitutes a major challenge. The potential adverse 
impacts of climate variability and change may be wide-
ranging, but they vary considerably by physical setting, 
climate forcing and a range of other factors, including 
local conditions and the availability of redundancies. 
High-quality technical risk assessments at local/facility 
levels, using best available science are therefore urgently 
required. Several examples of relevant assessments car-
ried out by ports worldwide (see the compilation in 
UNCTAD 2020a; Monioudi et  al. 2018) may provide 
useful insights and inspiration to others. On the basis 
of such risk assessments, the probability and severity of 
impacts can be determined, together with the urgency 
of the adaptation responses, which can be defined as the 
ratio of the time needed to plan/implement an effective 
response to the time available (Lenton et  al. 2019). Rel-
evant information is needed to support on-the-ground 
decision-making, inform the prioritization of resources 
and the design of the required adaptation measures.

In this context, guidance, standards, and methodo-
logical tools to assist stakeholders on the ground have 
an important role to play, and some important progress 
has been made in this respect over the past few years. 
For instance, the Marrakech Partnership for Global Cli-
mate Action has developed a number of recommenda-
tions for different groups of stakeholders to advance 
and support transport infrastructure resilience-building, 

together with milestones towards 2050 (UNFCCC 2021). 
The International Standardization Organization (ISO) 
has published two standards to assist organizations in 
adaptation and related vulnerability and risk-assessments 
(ISO 2019; 2021); and PIANC, the World Association 
for Waterborne Transport Infrastructure, has developed 
detailed industry guidance on adaptation planning for 
ports and inland waterways (PIANC 2020), as well as 
on selecting, designing and evaluating options for resil-
ient infrastructure (PIANC 2022; Brooke et  al. 2024). 
Worth noting is also a forthcoming PIANC technical 
note, which stresses the consequences of inaction; dem-
onstrates that the benefits of improved climate change 
preparedness typically outweigh the costs of adaptation 
interventions, often substantially; and provides guid-
ance on the potential scope of a business case assessment 
(PIANC 2024; Brooke 2024).

Methodological frameworks to assist in risk assessment 
and adaptation planning for ports include some which are 
cross-sectoral (e.g. Smithers and Dworak 2023) as well as 
those developed under the EU INTERREG ECCLIPSE12 
project (ECCLIPSE 2021), focusing on ports of South-
west Europe, including Valencia, Bordeaux and Aveiro; 
and by UNCTAD (UNCTAD 2018), as part of a techni-
cal assistance project focusing on ports and airports in 
Caribbean Small Island Developing States (https://​SIDSp​
ort-​Clima​teAda​pt.​unctad.​org). Worth highlighting in this 
context are also efforts to develop port resilience-related 
tools and indices to help address climate change impacts, 
such as for instance a ports resilience index (PRI) that 
takes into account all stakeholders associated with sea-
ports to determine the level of operational resilience 
of port processes in the face of climate change (León-
Mateos et al. 2021); a self-assessment tool developed for 
port and marine industry leaders to assess their prepar-
edness to maintain operations during and after disasters 
(Morris and Sempier 2016); and a PRI developed through 
a participatory approach to engage port stakeholders 
beyond written preparedness plans toward action (Mor-
ris and Sempier 2019).

Of considerable practical significance is also the 
European Commission (EC) Technical guidance on cli-
mate-proofing of infrastructure projects for the period 
2021–2027 (EU 2021d), which sets out detailed protocols 
for climate-risk assessment and adaptation throughout 
the project planning and development cycle. In contrast 
to other technical guidelines and standards, this tech-
nical guidance has normative effect: its application is 
not entirely voluntary but will be required, for environ-
mental impact assessments and the ‘climate proofing’ 

12  ECCLIPSE (assEssment of CLImate change in Ports of Southwest 
Europe).

https://SIDSport-ClimateAdapt.unctad.org
https://SIDSport-ClimateAdapt.unctad.org
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of new infrastructure envisaged under EU law, as well 
as for all EU funded infrastructure projects (including 
EU-external).

While guidance and tools for stakeholders can play an 
important role in increasing levels of preparedness, other 
issues are also important and deserve increasing focus/
attention. This includes the generation and dissemination 
of more tailored data, such as infrastructure inventories, 
higher resolution data, including better digital eleva-
tion models (Bove et al. 2020), and research to improve 
the understanding of coastal processes under CV&C, as 
well as ecosystem approaches to adaptation that can play 
a significant role in reducing risks (PIANC 2020). Draw-
ing on synergies with energy efficiency, decarbonization 
and renewables can also provide important co-benefits 
for adaptation, reduce related energy needs and costs and 
increase energy security (UNCTAD 2022b).

Increased investment in human resources and skills, 
in particular skilled coastal scientists and engineers, 
at regional and local levels will be critical for success-
ful adaptation and resilience-building in the future, as 
will be the mainstreaming of climate change-related 
considerations into ordinary transport planning, opera-
tions and management and into nationally determined 
contributions and national adaptation plans under the 
Paris Agreement. Targeted capacity-building is urgently 
needed, in particular for the most vulnerable countries, 
including small island developing States (SIDS), which 
depend on ports (and coastal airports) for food and 
energy needs, external trade and – crucially – tourism, 
which typically accounts for a major share of their GDP, 
as well as in the context of DRR. For these and other 
developing countries – often at the frontline of impacts 
but with low adaptive capacity and facing a worsening 
debt crisis – better availability and access to infrastruc-
ture adaptation finance, including in the form of grants 
rather than loans will be critical (UNCTAD 2022b; see 
also UNCTAD 2021, at para. 87). With estimated adap-
tation costs in developing countries 10–18 times greater 
than current public adaptation finance flows (UNEP 
2023b), this will require a major collaborative effort by 
policymakers and development partners and a shift in 
focus. According to OECD (2023), in 2021, total climate 
finance provided and mobilised by developed countries 
for developing countries amounted to US$ 89.6 billion, 
most of which in the form of loans. Of this total, just 
US$ 24.6 billion (27%) was for adaptation, and only a 
fraction of this amount will have been targeting climate 
change adaptation for ports and other critical coastal 
infrastructure. Despite multiple climate finance instru-
ments and sources, including the Green Climate Fund 
and funding made available by multilateral develop-
ment banks, accessing adequate climate finance for port 

adaptation remains a major challenge for developing 
countries (UNCTAD 2020b); this is particularly alarm-
ing in the light of the global adaptation finance gap cur-
rently estimated at US$194–366 billion per year (UNEP 
2023b). To increase levels of preparedness and help miti-
gate impacts, there is also an important need to upscale 
support for multi-hazard Early Warning Systems (EWS) 
including through the Early Warnings For All (EW4All) 
initiative (https://​public.​wmo.​int/​en/​early​warni​ngsfo​rall) 
and national and regional efforts to develop EWS (see e.g. 
UNDRR and WMO 2022; ECFAS 2023).

In the light of what is at stake and the cost of inac-
tion, resilience-building, adaptation and DRR for ports 
and other critical transport infrastructure assets should 
be considered a particularly valuable investment for a 
sustainable future. There are multiple dividends to be 
gained from resilience building (United Nations 2020) 
but above all resilience helps prevent and mitigate eco-
nomic, environmental and human losses. While global 
investment costs for port adaptation to sea‐level rise can 
be substantial (Hanson and Nicholls 2020), according to 
World Bank estimates (Hallegatte et al. 2019), overall net 
benefits of investing in resilient infrastructure in devel-
oping countries could amount to US$4.2 trillion over the 
lifetime of new infrastructure – a US$4 benefit for each 
dollar invested in resilience.

In the absence of effective adaptation action to reduce 
exposure and vulnerability, related physical climate-risks 
for ports may increasingly materialize, jeopardizing the 
integrity of transport networks across supply-chains and 
leading to significant damage, disruption and delay, as well 
as extensive economic losses. The risks of climate-related 
port damages, delays and disruptions, may also have 
important implications for insurance, in terms of cover-
age, premiums and, ultimately, insurability of losses; and 
for the performance of commercial contracts, as well as 
the rights, obligations and liabilities of contracting parties 
engaged in international transport and trade (Asariotis 
2023). While consideration of these is beyond the scope 
of this contribution, relevant implications also deserve 
further attention and need to be better understood, to 
minimize economic losses, inform commercial contract-
ing practice into the future, and to ensure that insurance 
cover remains available, and premiums affordable.
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