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Executive Summary

Transport systems can be affected by climate change as they are exposed to weather
conditions while their protection or adaptation requires substantial planning and
investment. Changes of the current climate conditions that can affect transport include
sea level rise, increase of the intensity and frequency of storms and winds, increase of
temperature, changes in the intensity and frequency of extreme precipitation events,
floods and droughts. Potentially vulnerable to these changes are both transport
infrastructure and operation, while the impacts can be either permanent, e.g. loss of
infrastructure, or temporary, e.g. disruption of services. Finally, climate change may also
have positive effects by reducing transport disruptions at certain locations, e.g. through
the reduction of ice formation.

Climatic changes to potentially affect transport systems include both gradual ones, such
as sea level rise, and intensification of extreme events. The latter are more disruptive for
transport systems but also the ones the effects of which are more difficult to assess. The
main reason is the level of detail required to capture the impacts on transport in
combination with the ambiguity of long-term projections.

The work took place in the context of the PESETA III project (Projection of Economic
impacts of climate change in Sectors of the European Union based on bottom-up
Analysis)! and the focus has been on the analysis of the impacts of climate change on
seaports, airports and inland waterways. The three sectors were selected to complement
the transport sector analysis that was conducted during the previous edition of the
PESETA project and was focusing on road, and rail transport.

In order to prepare for the impacts of climate change, this study seeks answers to the
following questions: How will climate change affect transport operations?’, ‘How
significant are the anticipated changes?’, *‘Where will the most severe impacts take place
in Europe?’, ‘How to measure vulnerability of different modes to climate change?’.

Among several climate stressors, sea level rise, storm surges, floods, wind gusts and
droughts are selected considering the relatively high impacts they have. Furthermore,
there are not many studies examining the vulnerability of airports, seaports and inland
waterways to these stressors. Taking benefit from the multi-sectoral coverage of the
PESETA III project, data from the JRC (Joint Research Centre) groups working on the
physical impacts of climate change have been combined with transport data and impact
functions. More specifically, the following data have been provided by the relevant
individual project teams of PESETA III.

« Coastal inundation information - including data on mean sea level, tides and the
combined effect of waves and storm surges - from the team working on the
coastal impacts of climate change.

e Flood hazard maps with inundation depth for rivers from the team working on the
impacts of climate change on river floods.

e Wind gust data from the team working on the climate change datasets.

« Discharge data for rivers from the team working on the impacts of climate change
on water resources.

The coastal and river inundation maps have been produced based on ensembles of
models as discussed in detail in the relevant reports. The discharge data used for the
analysis of the impacts on inland waterways refer to five model runs. The wind gust data
have been used mainly in an exploratory manner as there are reservations about the
reliability of wind projections; only data from one model run have been used, mainly as
an example.

! https://ec.europa.eu/jrc/en/peseta



The time periods of the analysis of the impacts considered and in general the perception
of time is determined taking into account the temporal dimension of the data used.
Coastal inundation maps have been produced for different return periods and years,
while for the case of river inundation maps climate projections are used to estimate the
severity and frequency of events. On the other hand, river discharge data - on which the
estimation of low water days is based - refer to daily values from 1981 to 2099. In any
case, the results are presented with reference to time periods representing the short-
term, mid-term and long-term future within the century. The short term future for the
sea level rise analysis corresponds to year 2030 and the long term to year 2080. In the
context of the analysis of discharge and wind gust data for which daily values have been
obtained, short-term future (including also present) corresponds to the 2011-2040
period, long term future to the 2071-2099 (2100 for wind gusts) period and mid-term
future to the 2041-2070 period.

Furthermore, the characteristics of the available datasets determine the methods used to
analyse impacts. For the case of coastal and river flood impacts, inundation maps
referring to specific points in time have been obtained directly from the relevant physical
impacts teams and overlaid with transport infrastructure maps. Practically, the timing of
reaching the inundation levels reported in the maps or the corresponding levels of global
warming does not really affect the results as the reported impacts are based on the
assumption that the technical characteristics of the infrastructure and the importance of
the site (seaport or airport) will remain unchanged over time. The same assumption has
been made for the case of inland waterways as transport demand and navigation-related
thresholds are assumed to remain constant over time. The effect of reaching the applied
inundation levels earlier or later would only shift the timing of the occurrence of the
reported impacts accordingly.

A limitation of the analysis of the impacts on airports and seaports has to do with the
information required to quantify the impacts. By making the analysis at European level it
is difficult to obtain detailed information regarding the characteristics of each seaport or
airport considered in order to properly asses its vulnerability or resilience. Furthermore,
it is also difficult to collect information on the transport or economic activity in order to
evaluate the impact of disruptions. On the other hand, the analysis for inland waterways
is focusing on four points as to utilise discharge data for the estimation of the impacts of
droughts, it is necessary to take into account location specific characteristics.

According to the results of the analysis, the number of airports that face the risk of
inundation is projected to increase by almost 60% between 2030 and 2080. In 2080,
196 airports will be under the risk of inundation. Inland airports can be affected by river
floods and the most severe impacts are projected to take place in regions near the North
Sea coastline. Regarding wind, higher wind gust speeds are projected in the middle and
end of the century, for the North Sea, Baltic Sea and Adriatic Sea.

Seaports are exposed to storm surges and sea level rise by default and are vulnerable to
flooding. Climate change is expected to have more severe impacts in northern Europe,
where Europe’s top 20 cargo seaports are located. In total, 852 ports face the risk of
inundation in 2080 and the number of seaports to be exposed to inundation levels higher
than 1m is projected to increase by 80% from 2030 to 2080.

Inland waterways are vulnerable to climate change because river navigation depends on
water levels. Droughts have the most disruptive impacts for inland waterways because
low water levels impose limitations to navigation services. The consideration of location
specific characteristics is very important for the analysis of the impacts of droughts on
inland waterways using river discharge data. Hence, the focus of the analysis has been
on four specific locations of Rhine and Danube where substantial part of the total freight
activity in the EU takes place. For the majority of locations and model runs considered, a
reduction of low water days is projected which means fewer disruptions to the operation
of the inland waterway transport system.



1 Introduction

Extreme weather events affect transport infrastructure and management. Even if
infrastructures are designed to cope with various stresses along their life, the increase of
frequency and severity of extreme weather events will, nevertheless, increase their
deterioration pace. Additionally, transport services have to be managed in order to
reduce possible disruptions and accidents that may become more frequent due to
adverse weather conditions. In the transport sector, the impacts of climate change will
vary by mode and region. According to the climate change model outputs, impacts will
be widespread and costly. The impacts will require significant changes in planning,
design, construction, operation and maintenance of transport systems.

Transport infrastructure and operations are more sensitive to extreme events - such as
storm surges, floods and wind gusts - than to incremental changes of temperature or
precipitation. Furthermore, transport operations are generally more sensitive to climate
change than infrastructure. Airports face various climate change related risks including
sea level rise and storm surges while high winds are a key hazard especially for landing
and taking off. Seaports’ operations might be disrupted by sea level rise, storm surges,
floods and extreme winds. Extreme weather events affecting inland waterways (IWW)
include floods during which water levels exceed the maximum permitted ones and
droughts due to which water levels become critically low imposing limitations to
navigation services.

Following up on PESETA II where preliminary results were achieved with respect to the
impacts of climate change on the transport sector focusing on roads and railways, this
report analyses the impacts on airports, seaports and inland waterways.

The climate change impacts considered are the following:
« Sea level rise and extreme weather events affecting airports and seaports
e Wind gusts affecting airports and seaports
* Floods affecting airports, seaports and inland waterways
« Droughts affecting inland waterways

In order to assess the impacts of climate change on transport networks, four major
factors are considered: exposure to climate stressors, vulnerability, resilience and
adaptation.

For the analysis of the impacts of climate change on transport the following data,
provided by the relevant individual project teams of JRC PESETA III, are used:

e Coastal inundation information - including data on Mean Sea Level, tides and the
combined effect of waves and storm surges - from the team working on the
coastal impacts of climate change.

e Flood hazard maps with inundation depth for rivers from the team working on the
impacts of climate change on river floods.

e Wind gust data from the results of the climate projections for airports and
seaports.

« Discharge data for rivers from the team working on the impacts of climate change
on water resources.

The analytical approach followed is summarised in Figure 1.



Figure 1. Data exchange with the other impact study groups
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This report aims to explore future trends regarding changing exposure of airports,
seaports and inland waterways to weather-induced risks under climate change, as well

as to assess infrastructure deterioration, service disruptions, damage costs and
adaptation costs in future time intervals.



2 Vulnerability of the transport sector to climate change

Depending on the global warming scenarios and the geographic location of regions,
transport modes and system components could be affected by one or several
simultaneous changes of the climate conditions including hotter summers, extreme
precipitation events, increased storminess and sea level rise. According to the PESETA II
report, (Nemry and Demirel, 2012) more frequent extreme rainfalls and floods (river and
pluvial floods) as projected for different regions in Europe could increase the
maintenance costs for road transport infrastructure by €50-€192 million per year for the
period 2040-2100. Furthermore, 4.1% of the coastal road infrastructure in Europe faces
the risk of permanent or episodic inundation from sea level rise and storm surges. The
value of infrastructure (considering deterioration and damage costs) at risk was
estimated to be approximately €18.5 billion.

2.1 Impacts on transport

The impacts of climate change on airports, seaports and inland waterways could be
summarized as follows?

a) Increased summer temperatures:

- Affect aircraft performance and may cause airplanes to face cargo
restrictions, cruise altitude changes, flight delays, and
cancellations.

- Damage infrastructure/equipment/cargo.

- Reduce asset lifetime.

- Increase energy consumption for cooling cargo.

- Reduce water levels imposing restrictions for inland navigation and
increasing fuel consumption.

- Increase accidents (e.g. grounding for IWW).

- Reduce costs relevant to snow or ice removal.

According to the projected trends all regions will be affected by higher
summer temperatures. The frequency, intensity and duration of heat
waves all over Europe are projected to increase.

b) Increased precipitation:
- Cause flooding of airports, seaports and IWW.
- Cause land infrastructure inundation and damages to
cargo/equipment.
- Impose navigation restrictions for IWW.

In summer, Nordic countries are expected to experience increased
precipitation, while in Southern regions precipitation will likely decrease.
For regions in the middle, trends are inconsistent across models.

c) Decreased precipitation:

- Cause water shortages and reduce ability to meet demand.
d) More frequent extreme winds:

- Damage infrastructure of seaports and airports.

Expected increase of extreme wind speeds in the northern and central
Europe, especially in the British Isles and North Sea coast during winter
periods. However, trends are inconsistent, observation data for many

2 Based on Van den Brink et al (2005), Frei et al (2006), Von Storch et al (2006), Fowler et al (2007), Beniston
et al (2007), Rockel et al (2007), Makkonen et al (2007), Von Storch et al (2008), Nikulin et al (2011),
Velegrakis (2013), Melillo et al (2014), Eurocontrol (2013), Bruisma et al (2012), Becker et al (2011), Sierra et
al (2017), Yang et al (2017)



regions are missing and there is a weakness of models to reproduce
available observed data.

e) Sea level rise and sea storm surges:

- Increase tides in ports’ facilities, put low level aviation
infrastructure at risk of regular and permanent inundation.

- Modify wave propagation patterns and change wave penetration
into ports.

- Cause loss of ground access to airports.

- Damage port infrastructure/cargo.

- Cause sedimentation/dredging issues in ports/navigation channels.

- Increase port construction/maintenance costs.

Shoreline retreat will be observed everywhere. However, the magnitude
depends on local morphology and human-induced subsidence. An increase
of storm surges has been forecasted along the North Sea coast, especially
for the German and Danish coasts.

f) Change in frequency of winter storms:
- Affects all modes.

Decrease in mean snow precipitation but more frequent extreme snow
precipitation events have been projected for the Nordic countries
(Makkonen et al., 2007)

g) Thawing permafrost:
- Causes airport embankment failures, increases maintenance needs.
- Damages infrastructure; coastal erosion affects road and rail links
to ports.

Thawing has already been observed.

h) Reduced ice cover:
- Contributes to opening new northern shipping routes and reduces
ice loading on infrastructures such as piers.
- Extends shipping seasons.
- Reduces fuel costs.
i) Earlier River Ice Breakup:
- Increases ice-jam flooding risk.

The impacts of climate change on airports, seaports and IWW can be broken down to
sub-categories, namely impacts on infrastructures, services, operations and
maintenance. A list of the impacts of climate change on airports, seaports and IWW can
be found in the Appendix.

Two important points from reviewing the relevant literature are the following:

a) transport as a sector is more sensitive to extreme events, such as storm surges,
floods, wind gusts than to incremental changes of temperature or precipitation,

b) transport operations are more sensitive to climate change than transport
infrastructure

The climate stressors that have been selected in order to calculate the impacts of climate
change on airports, seaports and IWW in the present study are: sea level rise plus storm
surges, floods, droughts and wind gusts. Other stressors, such as increased temperature
and extreme heat have relatively limited impacts in comparison to the selected ones.



2.2 Weather-induced costs

Transportation infrastructures are designed to be resilient and cope with various stresses
including extreme weather events but transport services have to be managed to reduce
possible disruptions and increase safety conditions during periods of adverse weather
conditions.

There are fewer studies examining the vulnerability of air and water transport modes
than of road or rail. However, climate change can affect more severely air and sea
transport modes than land transport (EUROCONTROL, 2008; Becker et al, 2013).

According to a U.S. study, (ACRP, 2012) very few airports are currently considering ways
to address the effects of climate change, although 70% of airport delays are the result of
severe weather events and such events are on the increase. Furthermore, according to a
study by EUROCONTROL focusing on Europe: “although an increasing number of
organisations now consider that climate change will have a negative impact on their
organisation, a smaller number have already begun planning or implementing resilience
measures” (EUROCONTROL, 2013).

In 2011, the United States saw 12 weather/climate disasters costing at least $1 billion
each. (Koetse and Rietveld 2009). For some major airports, a closure can cost more than
$1 million an hour (Pejovic et al. 2009), while the closure of airports due to the volcanic
ash cloud from Iceland in 2010 was estimated to have costed 0.5 billion euro per day
(Nokkala et al, 2012).

Storms can have devastating impacts and extreme winds can severely damage port and
airport facilities. According to the SwissRe (Schwierz et al., 2010) loss model, an insured
storm loss of nearly 7 billion Euros can be expected once every 10 years and of 30 billion
Euros once every 100 years. On the other hand, some areas could also benefit from
climate change (e.g. due to opening of arctic routes and the reduction of ice formation)
and new opportunities could arise from developing and improving seaports.

The quantitative analysis of current and future vulnerability of air- and sea-borne
transport is a challenge for the European Union. Particular attention should be paid to
the contributions and follow-up activities of research projects financed within European
research framework programs. Four interesting projects focusing on the impacts of
climate change on transport that have now been completed are: WEATHER3, EWENT?,
ECCONET® and MOWE-IT®. These projects have been of utmost importance in gathering
available information and providing initial estimates of potential impacts on the transport
sector. According to the estimation and major findings of these projects, sea level rise,
floods and extreme precipitation are expected to have the most severe impacts on the
transport sector. Several climate factors that are considered to be first order explanatory
factors (e.g. average precipitation versus extreme precipitation, snow of freezing days)
and their trends in different climate scenarios have been used in order to produce an
outlook of future impacts for transport.

According to the FP7 project WEATHER, the estimated total annual costs of climate
change on transport for the period 1998-2010 were €2.5 billion including €1 billion
annual indirect costs due to disruptions. For the cost estimation, mainly impacts of
winter conditions (42%) and floods (45%) were considered. The impacts on air transport
were estimated to be equal to 16% of the total costs, while the impacts on maritime and
IWW were estimated to be below 1% of the total costs as illustrated in Table 1.

3 https://www.weather-project.eu/weather/index.php

4 https://www.weather-project.eu/weather/inhalte/research-network/ewent.php
5 https://www.ecconet.eu/

5 http://www.mowe-it.eu/



Table 1. Current weather induced costs for transport in million Euros (source: WEATHER project)

Road Rail | Air Maritime | IWW | Intermodal '(I';i;?.l €) %
Storm 174 3 155 20 - 1 354 15.7
Winter 759 52 147 - - 0 959 42.5
Flood 822 - 60 - 5 0 886 39.3
Avalanche | - 6 - - - - 6 0.2
E'f;fgahrgd 50 - - - - - 50 2.2
Total 1805 |61 |362 |20 5 2 2254
(mil. €)
% 80.1 2.7 16.0 | 0.9 0.2 0.1

The EWENT project assessed the impacts of extreme weather events on the EU transport
system. Furthermore, it evaluated adaptation and mitigation measures that aim to
reduce the costs of weather impacts. The methodological approach was based on a
generic risk management framework, followed by impact assessment and completed by
mitigation and risk control measures. The current costs due to extreme weather events,
including all phenomena is presented in Table 2.

Table 2. Current costs due to extreme weather, including all phenomena in million or billion Euros
(ca.2010) (source: EWENT project)

Transport . . Infrastructure Freight &

Mode Accidents | Time costs | ppygical Maintenance | Logistics
Infra

Road >10 bill. 0.5-1.0 bill. | ca 1 bill. ca 0.2 bill. 1-6 bill.

Rail >0.1 bill. >10mill. - >01.bill 5-24 mill.

Iww ca. 2 mill. - - - 0.1-0.3 mill.

Short sea >10 mill. - - - 0.2-1 mill.

Aviation - >0.6 bill. - - 0.5-2.3 mill.

Light traffic | >2 bill. - - - -

TOTAL (€) >12 bill. >1bill. ca 1.bill >0.3 bill. 1-6 bill.

The ECCONET project focused on the effects of climate change on the IWW network. The
project had two major objectives: a) analysis of various effects of climate change on
IWW transport and related sectors, and b) analysis of adaptation strategies and
recommendation of a strategic framework for the development of IWW. According to the
results moderate impacts should be expected in the near future.

The goal of the MOWE-IT project was to identify existing best practices and develop
methodologies in order to assist transport operators, authorities and transport system
users to mitigate the impacts of natural disasters and extreme weather phenomena on
the transport system performance. Aviation, road, rail, IWW and maritime transport are
covered.

Infrastructure deterioration and damage costs were calculated during the PESETA II
project. The project considered exposure of road and rail infrastructures to weather-
induced risk under climate change in two future time intervals (2040-2070 and 2070-
2100). For road transport infrastructure, weather stresses were found to be responsible




for 30% to 50% of the road maintenance costs in Europe (€8 to €13 billion per year).
Around 10% of these costs (approximately €0.9 billion per year) were associated with
extreme weather events of which heavy rainfalls and floods were found to play the most
important role.

2.3 Key elements for the vulnerability analysis of the transport
sector

To analyse the wvulnerability of airports, seaports and IWW to climate change,
parameters related to infrastructure life-span, design and relevant thresholds should be
considered. As a result of the vulnerability of different transport modes, intermodal
transportation will be also affected by climate change. Relevant effects might include
secondary impacts on other modes or disruptions of the supply chain for freight
transport. Furthermore, the combination of the impacts on different modes might have
cumulative effects disrupting significantly the transport system of certain areas. In these
cases, by not considering the effects on intermodal transport, the impacts of climate
change might be underestimated. However, the consideration of the impacts on
intermodal transportation for all Europe requires a large number of relevant data and is
beyond the scopes of this study

2.3.1 Life expectancy of transport infrastructure

Transport infrastructures are designed to resist stresses that include extreme weather
conditions and regular maintenance takes place. Typical life-spans of transport
infrastructures are presented in the following bullet points but there might be variations
among different countries according to their construction codes:

e Airports: 70 years
e Seaport: 100 years
« Road pavement: 10-25 years

2.3.2 Thresholds

The impact functions for airports, seaports and IWW to be considered include sea level
rise and storm surges, floods and strong winds. Extreme winds affect both airports and
seaports. However, there are certain difficulties in using wind data including lack of
information regarding extreme wind speeds, relatively low resolution of reporting
stations and inconsistencies in measurement characteristics (IPPC, 2012). Impact
functions that affect the transport modes covered in this study and relevant thresholds
are presented in Table 3.



Table 3. Impact functions and their thresholds per transport mode.

Transport Impact Threshold
mode Function
SLR + storm Inundation level
surge
Airport flooding Inundation level
wind gust >10 m/s, >15 m/s, >20 m/s, >25 m/s
SLR + storm Inundation level
surge
Seaport flooding Inundation level
wind gust >35m/s
flooding Inundation level
IWW ith di '
drought Number of days with discharges corresponding to
low water levels

Sea level rise thresholds for seaports, above which port facilities or operations are
affected, vary by port design and depend on the height of the port and protective
measures such as sea walls that shield port facilities. Coastal building codes may apply
to port terminals and other buildings. According to ASCE (American Society of Civil
Engineers), buildings in flood zones are required to have 0.30 meters of freeboard while
certain essential facilities are required to have 0.60 meters of freeboard (ASCE, 2006).
Freeboard height standard is set according to a flood event of a 100-year return period
(FEMA, 2011a). The lowest floor, including freeboard, needs to use flood-damage
resistant materials (FEMA, 2011b). Coastal buildings must be designed to withstand
wave loads that are 1 meter high and parts of such buildings (Coastal Zone A) should be
able to withstand waves of 0.45-0.90 meters (ASCE, 2005; FEMA, 2011a).

With respect to wind speeds, impacts of winds on airports can occur at wind speeds of
13m/s to 18m/s (OFCM, 2002). According to the 2005 ASCE Design Standards, buildings
and other structures must be able to withstand the basic 3-second wind gust and
aviation control towers, air traffic control centres, emergency aircraft hangers must be
designed to withstand greater pressures from winds (ASCE, 2005). Wind damages to
structures increase non-linearly as wind speeds increase. For example, Powell and
Reinhold (2007) found that light, moderate, and severe wind damage thresholds
correspond to loss levels of around 2%, 12%, and 60% of insured value. Furthermore,
winds equal to or greater than 55 m/s caused about 30 times higher losses than winds
between 25 and 41 m/s.

2.4 Data used

Climate model outputs and spatial databases are combined in order to assess the
impacts of climate change. The climate change projections can be retrieved from the
WCRP EURO-CORDEX’ initiative. Each climate scenario is based on the combination of a
Global Circulation Model (GCM) and a Regional Climate Model (RCM) which downscales
geographically the GCM global climate projections. RCMs have 0.11 degree spatial
resolution. More information can be found in Dosio and Paruolo (2011) and Dosio et al
(2012).

7 http://www.cordex.org/, http://euro-cordex.net
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2.4.1 Sea level rise plus storm surges

In order to determine locations of exposure and predict the vulnerability of transport
infrastructure due to sea level rise plus storm surges, an inundation model is used that
has been developed at European scale by the PESETA III team working on coastal
impacts. The model (Vousdoukas et al, 2016) estimates total water level integrating
mean sea level, tides and the combined effect of waves and storm surges, and
superimposes this information on the selected digital elevation model. Furthermore, the
model incorporates the coastal protecting structures, enhancing the reliability of the
projections. For the spatial analysis of inundation risk for airports and seaports, the
projected water level according to RCP8.5 for the years 2030 (representing short-term
future) and 2080 (representing long-term future) is utilized. The water level is a
combination of sea level rise projections, maximum tidal amplitude and the 100-year
return level of the episodic hydrodynamic components, i.e. storm surges and waves.

2.4.2 River floods

In order to find transport infrastructure under risk of flooding, the inundation maps
produced by the PESETA III group working on river floods (Alfieri and Feyen, 2016) are
implemented. These maps are based on an expansion of the cascading model approach
(Barredo et al., 2007). The rainfall-runoff model is calibrated using discharge
observations at 481 gauging sites. 21-year meteorological datasets and generalised
extreme value fitting are utilized to derive flood peaks for 100-year return periods for
each pixel. The data are downscaled to 100m resolution and maps are derived for the
entire European river network. Finally, output maps of more than 37 000 hydraulic
simulations are merged into a pan-European flood hazard map. Details regarding the
model can be found in Alfieri et al (2013) and Alfieri et al (2015b). The flood maps were
calculated for a set of scenarios based on an observed climate and for specific flood
return periods. Climatic projections were used to derive the projected frequency and
intensity (i.e., the return period) of flood events in the future. Hence, the impacts of
climate change in future periods are represented by the increase of frequencies of
flooding events.

2.4.3 Wind gusts

A wind gust is defined as a rapid, sudden, brief increase in the speed of wind. Gusts are
reported when the peak wind speed reaches at least 8 m/s and the variation in wind
speed between peaks and lulls is at least 5 m/s (NOAA, 2017). As has already been
mentioned there are reliability issues regarding wind projections and the analysis of the
impacts of winds has been made in a rather exploratory manner considering only the
results of the following run (RCP8.5):

Table 4. Reference details regarding the climate model on which wind gust data are based

Institute RCM Driving GCM

CLMcom CCLM4.8-17 CNRM-CERFACS-CNRM-CM5

The variable applied in this study is daily maximum near-surface wind speed of gust
(m/s) and the data refer to daily values from 1981 to 2100. The data are used to find
the number of days with wind gusts speeds exceeding certain limits. The number of days
reported refer to annual average number of days over the three periods of analysis and
the historic period:

« Short term future: 2011-2040
e Mid-term future: 2041-2070

e Long-term future: 2071-2100
« Historic period: 1981-2010
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2.4.4 Droughts

The impacts of droughts on inland waterways are modelled with the help of discharge
data obtained from the group working on the water sector of PESETA III. The data are
based on the results of five model runs (Table 5):

Table 5. Reference details regarding the climate models on which discharge data are based

Institute RCM Driving GCM Run
CNRM-CERFACS-CNRM-CM5 1
CLMcom CCLM4.8-17
ICHEC-EC-EARTH 2
IPSL-INERIS WRF331F IPSL-IPSL-CM5A-MR 3
MOHC-HadGEM2-ES 4
SMHI RCA4
MPI-M-MPI-ESM-LR 5

They refer to average daily values of discharges (in m3/s) and cover the period from
1981 to 2099 (only for run 4 the last year of projection is 2098). They are the output of
the LISFLOOD model, a GIS-based hydrological model (Van Der Knijff et al, 2008). The
data are used to calculate the number of days for which discharges fall within certain
thresholds. The results are aggregated to four time periods and the values reported refer
to annual average number of days over the three periods of analysis and the historic
period:

« Short term future: 2011-2040
e Mid-term future: 2041-2070

e Long-term future: 2071-2099
« Historic period: 1981-2010

2.4.5 Transport infrastructure databases

For the location of the airports, the geospatial airport infrastructure database of
Eurostat, GISCO is used. A map of all airports (2847) is presented in Figure 2; 2788 of
them are characterised as ‘main’ in the Eurostat airports database. The dataset includes
EU and neighbouring countries significant for air transport analysis.
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Figure 2. Location of airports in the GISCO/Eurostat da:ebese
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For the !ocation of the seaports, the geospatial seaport infrastructure database of
Eurostat, GISCO is used. It contains a point featurs class with the location of 2877
European ports, where 1731 of them are classified as important anz 372 belong to the
Trans-European ‘iransport Network (TEN-T). Point coordinates are c/zrived from several
input sources, including ports lists from EMSA, Lloyds, Norie's Seaporls of the World, the
GISCO Ports 2010 dataset and the UN/LOCODE 2007 list. The ports 'wvthin the database
cover a wide range of different characteristics - from small private inarinas up to large
industrial harbours differing in types and voluines of cargo traffic, fishing, and other
activities (industry, passenger transport, cruise tourism, yachting).
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3 Results for airports, seaports and inland waterways
3.1 Results for airports

Airports play a central role in the EU for both passenger and freight transportation. The
International Airports Council estimated the total economic impact of airport and aviation
related activities for 2015 at €338 billion across the EU. According to EUROCONTROL,
the air traffic in Europe will nearly double by 2030 in comparison to 2010 and Europe will
have difficulties to meet this huge demand due to shortage of runway and ground
infrastructure at major airports. Infrastructure investments have already been planned
to enlarge and improve airports' infrastructure.

Airports are vulnerable to extreme weather events the frequency and severity of which is
projected to increase due to climate change. In this section the impacts of climate
change on airports are considered by identifying infrastructure projected to be exposed
to extreme weather events of various severity levels.

3.1.1 Impacts of sea level rise and storm surges on airports

Several airports in the EU are located at coastal zones and face the risk of inundation
due to sea level rise and sea storm surges. The Intergovernmental Panel on Climate
Change (IPCC) projected that global mean sea levels would rise by 18-59 cm above
1990 levels by the 2090s (where the lower bound corresponds to the lower estimate for
the lowest emissions scenario, and the higher bound corresponds to the upper estimate
for the highest scenario). Sea level rise in northern Europe could be higher than the
global average by an additional 15-20 cm due to changing climate patterns (air and
water currents) reaching up to 38-79 cm in Denmark. Local sea level rise will actually
vary with ocean circulation patterns, gravitational effects, land subsidence or uplift along
some coastlines, and other factors.

The number of airports in Europe projected to be affected by sea level rise and extreme
events are listed in Table 6. According to the analysis, there is a continuous increase of
sea levels and, as result, an increase of the number of airports that face the risk of
inundation until the end of the century. At the North Sea coast, where the impacts of sea
level rise are more severe, a large number of airports face the risk of inundation.
According to the projections, the number of airports to be inundated by water levels
between 1 and 3 meters will almost double (from 23 to 42) from year 2030 to year
2080. The number of airports that face the risk of inundation in 2080 is 196.
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Table 6. Number of airports under inundation risk for years 2030, 2080

2030 2080
Country Code

ind <1 | 1<ind <3 |ind >3 | X ind <1 | 1< ind <3 | ind >3 | X
BE - - - - 1 = = 1
cYy 1 - - 1 1 - - 1
DE 14 1 2 17 |15 3 2 20
DK 8 - - 8 8 1 = 9
EE 4 - - 4 1 = 4
EL 8 1 - 9 16 4 - 20
ES 2 1 - 3 4 2 = 6
FI 2 - - 2 2 - - 2
FR 6 1 - 7 9 3 - 12
HR 1 1 - 2 3 1 - 4
IE 6 - 1 7 6 3 1 10
IT 2 1 - 3 8 2 = 10
LT - - - - - - - -
NL - - - - 14 - - 14
NO 20 3 2 25 |25 3 2 30
PL 1 - - 1 - 1 - 1
PT 2 - - 2 3 1 -
SE 2 - - 2 7 1 - 8
SI - - - - 1 - -
UK 17 14 - 31 | 20 16 3 39
Total 96 23 5 124 | 146 42 8 196

Airports are resilient to sea level rise plus storm surges below 1m (ASCE, 2005; FEMA,
2011a) and could perform as expected with the help soft adaptation measures. However,
inundation levels between 1m and 3m can adversely impact the operations of airports.

An indication of the cost of inundation can be found in relevant studies. According to
Schade et al (2006) and Schade et al (2013) the total cost of permanent inundation
could be nearly 5 billion Euro and will vary according to the design and operational
capacity of the airport. Furthermore, according to Pejovic et al (2009), for some major
airports, a closure can cost more than $1 million per hour. Adaptation of the transport
sector to climate change should be considered as part of a broader multi-sectoral
approach and a measure against sea level rise is the elevation of dikes. According to the
literature, the cost of construction of dikes or levees to protect against 1 meter rise is
between 756,000 and 4,004,460 euro/kilometre (Hippe, 2015).

Under the assumption that building dikes (levees) of one kilometre length is the
adaptation measure of choice and considering the aforementioned costs, the adaptation
cost for airports projected to be exposed to inundation levels up to 1 meter by 2030 is
between 72 and 385 million Euros and by 2080 between 110 and 584 billion Euros. The
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adaptation cost for airports projected to be exposed to inundation levels more than 1
meter will be higher, while in some cases there will be permanent loss of infrastructure.

3.1.2 Impacts of river floods on airports

Inland airports can be affected by river floods and major impacts are projected for
airports located close to the coastline of the North Sea. According to the flood maps, 17
airports are projected to be exposed to inundation levels higher than 3m during a 10year
event and 26 during a 50year event. The airports (main airports according to the GISCO
database) that face the risk of inundation in the area of the Netherlands are marked in
red in Figure 3. Model estimations refer mainly to flash floods and major expected
impacts include delay in operations and increased maintenance needs.

Figure 3. Sample of inundated airports in 100 years due to floods

.'.n\‘
=] =
= £
-]
\
B H
' = -
o
: =
<
7
E X
= T g
_ . =

The number of airports to be inundated under events of different severity are presented
in Table 7.

Delays and cancellations have cumulative effect. For example, the closure of airports due
to the volcanic ash cloud from Iceland in 2010 lead to 0.5 billion euro loss per day
(Nokkala et al, 2012). Costs of delays considering value of time are estimated based on
Ludvigsen et al. (2012) and Nokkala et al. (2012). According to the latter, the value of
time to be used for cost estimation regarding airborne freight transport in EU27 is 33.3
Euro/ton/hour. The categorization - international, community and regional connecting
points — of the European Parliament is used to estimate tons of freight for each airport.
It is assumed that the impacts on airports projected to be inundated by up to 1m will be
limited. The results are presented in Table 8 while international and community
connecting points are retrieved from the GISCO database.

The costs in Table 8 refer to the impacts of different severity events the frequency of
which is projected to increase significantly in the future due to climate change. The mean
annual exceedance frequency of the 100year return period peak flow in Europe is
projected to increase by 176% in Europe (Alfieri et al, 2015a) by the end of the century.
The relevant change of frequency earlier in the century is 97% and 126% in the short-
term future and mid-term future, respectively (Alfieri et al, 2015a). The change of
frequencies will be even higher in some countries. For example in the Netherlands, the
mean annual exceedance frequency of the 100year return period peak flow is projected
to increase by 468% by the end of the century.
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Table 7. The number of impacted airports due to floods

Inundation levels (m) | 10 years 20 years 50 years 100 years

< 1m 98 112 120 118
Airport | 1m - 3m 31 34 41 47

>3m 17 22 26 27

Total 146 168 187 192

Table 8. Estimated costs for values of time (million Euros)

Inundation levels (m) | 10 years 20 years 50 years 100 years
Int. Com. | Int Com | Int Com | Int Com
1m -3m 55 52 70 57 70 68 75 78
Airport
>3m 30 28 50 37 55 43 65 45
Total 85 80 120 |94 125 | 111 | 140 | 123
Total 165 214 236 263

3.1.3 Impacts of wind gusts on airports

Different models do not use the same wind gust parameterization (Schwierz et al, 2010)
and as has already been mentioned wind gust projections are in general of low reliability.
This, in combination to the level of detail (e.g. spatial aggregation level, wind direction)
required to measure the impacts of winds on transport indicate that it is very difficult to
obtain relevant trustworthy estimates. For this reason, the analysis of the wind data has
been mainly exploratory and the analysis is restricted to the results of one climate model
run (Table 4).

According to Peterson et al. (2008), delays or cancellations of flights occurred at
sustained winds of 17.88 m/s or higher (for an hour), or gusts of 25.93 m/s or higher
(no time limit). Pejovic et al. (2009) did not establish a threshold for high winds
(indicated by 1-hour mean wind speed above the mean), but found that incremental
increases in wind speed above the mean could increase the likelihood of delay.

In Table 9 results for selected TEN-T airports are presented. They refer to annual
average number of days over the specified periods with wind gust speeds within the
specified thresholds. Areas to be mostly affected can be found in North France and
Norway.
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Table 9. Daily maximum near-surface wind speed of gust for selected TEN-T airports

TEN-T airports Period 0_5m/s 5_10m/s 10_15m/s 15-20 m/s 20-25 m/s 25-30 m/s >30m/s
1981-2010 50 192 160 49 5 1 0
2011-2040 49 202 157 44 5 1 0
EDDW (BREMEN- DE)
2041-2070 49 197 159 46 5 1 0
2071-2100 51 205 148 48 5 0 0
1981-2010 41 186 163 58 8 1 0
2011-2040 40 188 164 56 8 1 0
EGGD (BRISTOL-UK)
2041-2070 41 190 163 54 8 1 0
2071-2100 45 192 154 57 7 1 0
1981-2010 48 228 141 38 2 0 0
2011-2040 48 226 142 39 2 0 0
EHRD (ROTTERDAM- NL)
2041-2070 42 231 146 36 1 0 0
2071-2100 47 237 126 43 0 0
1981-2010 14 108 179 115 36 5 0
2011-2040 15 112 171 119 33 7 1
EIDL (DONEGAL- IE)
2041-2070 14 104 175 124 33 5 2
2071-2100 11 106 176 123 35 6 1
1981-2010 34 254 143 24 2 0 0
2011-2040 39 247 147 22 2 0 0
EKBI (BILLUND-DK)
2041-2070 40 256 136 23 2 0 0
2071-2100 36 254 133 32 2 0 0
1981-2010 19 134 180 94 25 4 1
SOLA-NO) 2041-2070 15 125 184 105 23 4 1
2071-2100 16 124 182 100 29 5 1
1981-2010 20 191 202 42 3 0 0
2011-2040 14 126 129 33 2 0 0
ESSV (VISBY-SE)
2041-2070 20 183 206 46 3 0 0
2071-2100 21 196 192 44 3 0 0
1981-2010 30 209 164 48 6 0 0
LEMD (MADRID, 2011-2040 32 207 161 49 7 1 0
BARAJAS-ES) 2041-2070 35 216 155 45 5 0 0
2071-2100 34 213 159 44 5 1 0
1981-2010 18 116 164 115 36 7 1
LFRC (CHERBOURG 2011-2040 15 118 174 109 34 6 1
MAUPERTUS-FR) 2041-2070 16 114 171 114 36 5 1
2071-2100 17 120 173 109 31 7 1
1981-2010 51 192 156 52 5 1 0
LIMC (MILANO, 2011-2040 53 198 149 51 5 1 0
MALPENSA- IT) 2041-2070 50 192 150 60 5 0 0
2071-2100 61 191 141 59 5 0 0
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3.2 Results for seaports

Seaports are particularly exposed to extreme weather events and are very important for
the local and global economy, since nearly 80% of world freight is transported by ship.
Seaports of Europe are gateways to other continents. 74% of extra-EU goods are
shipped through ports. They are also important for intra-European trade: 37% of the
intra-EU freight traffic and 385 million passengers pass by ports every year. A 50%
growth of cargo handled in EU ports is predicted by 2030. Hence, Europe's ports need to
adapt to handle the increased traffic. Figure 4 illustrates the EU cargo ports that handle
more than 1 million tonnes of goods per year, while the bars refer to those ports that
handle more than 10 million tonnes of goods per year.

Figure 4. Europe’s cargo seaports

1 -5 million tonnes
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>10 million tonnes

The present study aims to evaluate the impacts of extreme sea levels and river floods on
seaports by identifying the ports projected to be exposed to different levels of
inundation. The impacts of wind gusts are also considered but in an exploratory way.

3.2.1 Impacts of sea level rise and storm surges on seaports

Inundation due to sea level rise and storm surges could cause both temporary and
permanent flooding, while such impacts are already observed in EU countries. In
comparison to airports, seaports will be affected more by the projected sea level rise and
sea storm surges as 64% of all seaports are expected to be inundated according to the
(IPCC, 2012) projected global mean sea levels and combined effects of local waves and
storm surges.

Major impacts of sea level rise and storm surges on ports include disruptions of
operations and damages of port infrastructure, and vessels. Hinterland connections, such
as road and railways to open sea ports, located on coastal areas will also be affected.
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Results for 2030 and 2080 are illustrated in Table 10. According to the findings in Table
10 the number of ports that face the risk of inundation is expected to increase by more
than 50% from 2030 to 2080. This trend is even stronger on the North Sea coast, where
according to the GISCO database over 500 ports are located with traffic accounting for
up to 15% of the worlds cargo transport (EUCC-D, 2013). In total, 852 important ports
face the risk of inundation by the end of the century is 852.

Table 10. Number of seaports under inundation risk in 2030 and 2080.

2030 2080
Country Code

ind <1 | 1<ind <3 |ind >3 | X ind <1 | 1< ind <3 |ind >3 | X
BE - - 1 1 1 - 1 2
BG - - - 0 5 2 7
CcYy 9 - - 9 11 = = 11
DE 11 - 10 21 27 4 10 41
DK 12 19 5 36 |44 40 6 90
EE 6 5 - 11 |6 5 - 11
EL 151 14 - 165 | 155 14 = 169
ES 8 7 7 22 | 34 6 7 47
FI 8 16 - 24 |11 19 30
FR 8 4 14 15 11 4 30
HR 8 4 - 12 26 50 1 77
IE 1 3 6 9 4 4 17
IT 40 10 1 51 |33 19 - 52
LT - - - 0 = = = 0
LV - - - 0 = 1 = 1
MT - - - 0 3 - 3
NL - - - 0 1 - 2
NO 13 16 4 33 |24 14 4 42
PL 5 3 - 8 9 6 - 15
PT 12 - - 12 |12 2 - 14
RO - 1 - 1 = 1 = 1
SE 2 3 - 5 13 13 = 26
SI - - - 0 = = = 0
UK 38 13 35 86 79 14 71 164
Total 332 115 70 517 | 518 225 109 852
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Seaports are resilient to sea level rise plus storm surges under 1m and can operate
without interruptions by adopting soft adaptation strategies. The number of seaports
that face the risk to be inundated by more than 1m in 2030 is projected to be 185 and to
increase to 334 in 2080. In 2030, the number of seaports projected to face inundation
levels higher than 3m is 70, and will increase to 109 in 2080. With more information on
frequency and duration of inundation events and with the help of Table 10 it would is
possible to roughly estimate total damage costs.

Inundated ports face the risk of temporary closure. The total amount of damage when
closing the port of Rotterdam for 24 hours could exceed 3 million Euro (Doll et al, 2011),
while the sea shipping cost for other ports could reach the amount of 0.75 million Euros.

The cases of seaports projected to be exposed to inundation levels above 1m should be
analysed in detail and adaptation strategies should be considered. The three main
approaches to adaptation are the following: construction of storm defences, elevation of
seaport to compensate for projected sea levels and relocation of seaport. Decisions have
to be taken considering each case separately.

The last option, relocation, could be an option only where higher inundation levels occur
(e.g. exceeding the 3 meters) and depending on the importance of the seaport as it is a
very expensive solution. Port relocation requires the availability of an alternative
location, with deep water and suitable transportation linkages - a rare commodity in
most coastal areas (Becker et al, 2011). Furthermore, construction costs are high,
around 4 billion Euros for international ports (Schade et al, 2006;Schade et al, 2013).

The cost of adaptation depends on the characteristics of the seaport and its location.
Assuming that the adaptation measure of choice is the construction of dikes (levees) of
one kilometre length and considering the construction costs reported in Hippe et al
(2015), the adaptation cost for ports projected to be exposed to inundation levels up to
1 meter (Table 10) by 2030 is between 250 million and 1.32 billion Euros and by 2080
between 392 million and 2.07 billion Euros. It should be noted that hard coastal defences
- including dikes, seawalls, breakwaters made of concrete, steel etc. - can cause
environmental problems such as coastal erosion and habitat degradation (Airoldi et al.
2005).

An elevated port can be rendered inoperable if its intermodal connections remain
unprotected. For seaports inundated at levels between 1 and 3 meters, beach
nourishment might be needed. According to Nicholls et al, 2010, in absolute terms for
the medium scenario, the cost of beach nourishment is expected to increase from €2.2
billion per year in the 2010s to €4.6 billion per year by the 2040s (dollar/euro parity is
taken as equal). The cost of raising port ground levels by 1m is $15 million per km?
according to IPCC (1990). The estimation was based on Dutch procedures including
design, execution, taxes, levies and fees and the assumption that the operation would
take place as an one-off event (Nicholls et al, 2008). According to this and in order to
provide an indicative adaptation cost, the cost (dollar/euro parity is taken as equal) of
elevation of all seaports projected to be exposed to inundation levels between 1 and 3
meters will be 1.7 billion Euros per km? by 2030 and 3.4 billion Euros per km? by 2080.

3.2.2 Impacts of river floods on seaports

Some seaports may also be affected by floods and major impacts are projected to take
place at the coast of the North Sea. According to the flood maps, 31 seaports will be
inundated during a 10-year event at levels higher than 3m (Table 11). The results
presented in Table 11 refer to total number of seaports projected to be inundated at
different levels, during flood events of different severity.
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Table 11. Impacts on seaports due to floods

Inundation levels (m) 10 years 20 years 50 years 100 years

< 1m 94 97 106 106
Seaport Im-3m 30 34 36 42

>3m 31 33 39 42

Total 155 164 181 190

For inundation levels exceeding 3 m, higher maintenance, operation and delay costs are
foreseen. The cost estimates for values of time and delay are calculated according to
Ludvigsen et al. (2012) and Nokkala et al. (2012). Only freight operators and shipper
costs are considered; passenger delay costs are much lower as there are only few routes
in Europe with large volumes of daily passengers. Time delay costs to European shippers
are estimated between €0.19 and €0.96 million per year (Nokkala et al, 2012). Hence,
delay costs for a 100year event are estimated between €36.1 million and €182.4 million.

The frequency of events causing river flows to peak is projected to increase significantly
in the future due to climate change. The mean annual exceedance frequency of the
100year return period peak flow is projected to increase by 176% in Europe by the end
of the century, by 97% in the short-term future period and by 126% in the mid-term
future period (Alfieri et al, 2015a). As a result, without additional adaptation measures
the seaports affected will be affected more frequently in the future

3.2.3 Impacts of wind gusts on seaports

Regarding the impacts of wind gusts on seaports, data referring to the historic period
can be compared to the three future periods considered. The reliability issues regarding
the wind gusts data have already been discussed in previous sections. Higher wind gust
speeds are projected for the North Sea, Baltic Sea, southern Europe and Adriatic Sea.

The impact of high wind speeds is largely operational. The infrastructure itself,
particularly the buildings, is resilient to very high winds/gusts. Hence, aim of adaptation
measures should be to minimise the risk of accidents and avoid operational disruptions.
The values in Table 12 refer to the annual average number of days over the indicated
period with wind gust speeds within the indicated limits. When wind gust speeds exceed
30 m/s ports may be forced to close, while lower values may have an adverse effect on
operations.
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Table 12. Daily maximum near-surface wind speed of gust for selected TEN-T seaports

TEN-T seaports Period 0_5m/s 5_10m/s 10_15m/s 15-20 m/s 20-25 m/s 25-30 m/s >30m/s
1981-2010 101 190 133 30 1 0 0
2011-2040 103 191 134 28 1 0 0
DEWYK (Wyk/Féhr- DE)
2041-2070 102 199 129 25 0 0 0
2071-2100 102 191 129 34 1 0 0
1981-2010 44 227 147 36 3 0 0
2011-2040 46 220 151 38 2 0 0
DKEBJ (Esbjerg- DK)
2041-2070 45 228 150 32 0 0
2071-2100 47 227 143 38 2 0 0
1981-2010 27 208 186 34 2 0 0
2011-2040 29 202 188 36 2 0 0
EEPRN (Pirnu- EE)
2041-2070 20 203 200 33 1 0 0
2071-2100 27 212 181 35 2 0 0
1981-2010 21 118 203 101 13 0 0
2011-2040 20 123 204 96 12 1 0
FRLRH (La Rochelle-FR)
2041-2070 22 119 206 102 8 0 0
2071-2100 22 124 210 90 9 1 0
1981-2010 19 131 163 106 32 6 0
GBNHV (Newhaven— | 2011-2040 16 131 167 110 28 4 1
UK) 2041-2070 17 128 169 112 28 4 0
2071-2100 17 137 164 106 28 5 1
1981-2010 9 130 180 93 36 8 1
2011-2040 10 128 169 101 37 10 1
GRINX (Naxos-GR)
2041-2070 10 126 177 91 42 11 1
2071-2100 8 135 180 92 31 9 1
1981-2010 29 213 183 31 1 0 0
2011-2040 31 213 179 32 1 0 0
LVLPX (Liepaja-LV)
2041-2070 25 215 187 28 1 0 0
2071-2100 30 220 171 34 0 0
1981-2010 21 188 186 57 5 0 0
2011-2040 22 193 183 53 6 0 0
PTAVE (Aveiro-PT)
2041-2070 27 196 182 46 5 0 0
2071-2100 25 193 182 50 6 1 0
1981-2010 40 186 179 49 2 0 0
2011-2040 39 187 180 48 3 0 0
SEGOT (Goteborg- SE)
2041-2070 35 188 182 50 3 0 0
2071-2100 37 186 183 48 3 0 0
1981-2010 0 0 0 0 0 0 0
2011-2040 71 255 110 18 2 0 0
SEMMA (Malmé-SE)
2041-2070 72 258 108 18 1 0 0
2071-2100 79 248 108 20 2 0 0
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3.3 Results for inland waterways

IWW play a significant role in freight transportation in Europe. According to the
TRANSTOOLS?® reference scenario, in 2005 approximately 293 million tons of freight was
transported among the EU countries (excluding national trade) using IWW, an amount
slightly smaller to the amount of freight transported by rail and to the one third of the
amount of freight transported by road.

IWW is considered to be a very reliable mode, but can be more vulnerable to climate
change than road or rail because of the reliance of river navigation on water levels.
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transport activity is taking place on these rivers and passing from Ruhrort
and Kaub, the results are assumed to be indicative of the total impacts of
climate change on inland waterways in the EU.

c) The estimation of the impacts of droughts is based on discharges. The
relations between water levels and discharges for the four points have been
determined using various data sources and they are assumed to remain
unchanged over the projection period.

d) The assessment of the impact of droughts on transport activity is based on
the relationship of the bearing capacity of vessels with water levels. Key
variable is the level of discharges, or better, the distribution of the time
periods according to discharge levels. Transport activity is given in average
annual day tonnes and is assumed to correspond to normal water levels.

e) The transport activity considered is the total activity on the links intersecting
the points examined. Activity and its distribution to different types of vessels
are assumed to remain unchanged over the projection period.

f) Transport costs per day have been determined by combining cost data (cost
per tonne) for specific trips with average travel time estimates for these trips.
The difference between the low and high values used is meant to serve as an
indication of the variation of prices that may occur for different reasons
including direction of trip (upstream or downstream), seasonality etc. The
potential impact of water levels on cost is not modelled explicitly and costs
are assumed to remain constant over time.

3.3.2 Impacts of river floods on inland waterways

During severe flooding IWW services may be interrupted but even with more frequent
floods and longer flooding periods, floods shall be less disruptive than droughts because
their effects last only for a relatively short period.

For this purpose, a detailed assessment of floods’ impacts on IWW is not taken place.
However, in order to provide an indication of the magnitude of scale of potential impacts,
the parts of the network with maximum projected water level difference exceeding the
threshold of 5m during a 100-year and 10-year flood event are identified. The 5m
threshold is only meant to indicate the change of high water levels.

To find the parts of the IWW network affected by floods, the inundation maps produced
by the group working on floods (Alfieri and Feyen, 2016) are overlaid with the inland
water navigation network (Figure 5). According to the model estimates, 10-year, 20-
year, 50-year and 100-year return periods of maximum depths are identified. Both the
TRANSTOOLS and the GISCO inland waterways networks are used since the
TRANSTOOLS network is a generalised network that contains freight activity information
and GISCO inland waterways represents the reality comprehensively with respect to
spatial resolution.
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Figure 5. Segments with depth difference higher than 5m between the 100-year and 10-year
return period estimates indicating the difference of severity of the two events
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From the per grid comparison of the maximum depths for the 100-year return period
and the 10-year return period, it is estimated that the difference of high water levels will
exceed 5m for 344.45 km out of the 17419.30 km of the navigable network. The
relevant segments of the network are marked in red in Figure 5. Moreover, the
frequency of floods is projected to increase over time; more specifically, the mean
annual exceedance frequency of the 100year return period peak flow is projected to
increase by 176% in Europe by the end of the century while in certain countries such as
the Netherlands the increase will be significantly higher (Alfieri et al, 2015a).

3.3.3 Impacts of droughts on inland waterways

Droughts and resulting low water levels can seriously affect IWW. Water levels are
directly related to discharges and the riverbed morphology at a specific part of the river,
which means that the relationship between water levels and discharges has to be
location specific. The morphology of the riverbed changes over time and as a result
water levels are difficult to compare over long time-periods. Hence, discharges are
commonly used for relevant types of analysis instead of water levels (Nilson et al, 2012).

As an example of the close relationship between water levels and discharges, in Figure 6
the daily values of the two variables are drawn for four points on Danube for which both
discharge and water level data are available. The data refer to 2010 and were obtained
from BMLFUW (2012).
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Figure 6. Relationship between discharges and water levels for four points on the Danube river
(average daily values for 2010)
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In this study, daily discharge values have been obtained from the group working on the
water sector of PESETA III and combined with empirical data on water levels and
discharges® in order to identify critical discharge levels which are then used to estimate
the impacts on transport activity and relevant costs for different scenarios. The relation
between water levels and discharges might change drastically over time and the U.S.
Geological Survey estimated for the Mississippi and Misouri rivers changes of the waters
levels corresponding to the same discharges more than two meters during the last two
centuries!® . Very detailed data are required to estimate these changes and the
relationship between water levels and discharges in this project is assumed to remain
constant during the projection period.

The analysis is conducted focusing on critical points on the Rhine and Danube rivers
which account for a large part of the total activity on the IWW network. Only on Rhine
takes place around 70% of the total IWW transport activity of the former EU15 member
states (Jonkeren, 2007). Four points have been selected in total based on a combination
of criteria including their importance as freight nodes, the effect of low water levels and
the availability of data. The selected points are the following: Wildungsmauer (Danube),
Hofkirchen (Danube), Ruhrort (Rhine) and Kaub (Rhine) and their position is shown in
Figure 7. They were also analysed in the ECCONET project (Beuthe et al, 2014;
Hendrickx and Breemersch, 2012) while Kaub is referred to as a key bottleneck of Rhine
in several studies (Jonkeren et al, 2007; 2011; 2014; Beuthe et al, 2014). Jonkeren et al
(2011) argue that they “have chosen Kaub as a reference point, because it is here that
restrictions related to low water levels are most severe. For the barge trips that pass
Kaub, the water level at Kaub is the critical point for the maximum possible load factor
and thus also for the costs (or price) per tonne transported.”

° E.g. ELWIS, 2016; Scholten and Rothstein, 2016; https://www.pegelonline.wsv.de/gast/start
10 https://www.umesc.usgs.gov/aquatic/jwlosinski_5001295.html
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Figure 7.Selection of critical points on the rivers Danube and Rhine

Low water levels affect IWW transportation by reducing the navigability of vessels.
Practically, up to a certain level of water the maximum draught of the ship cannot be
utilised and the ship has to be operated at limited capacity, i.e. the cargo that can be
transported is reduced. As a result, more vessels have to be operated or ships have to
wait until water levels will rise or the total amount to be transported has to be reduced
in absolute values. Although the positive relationship between cargo amounts and water
levels has been proven using detailed data for specific gauges, the number of ships
seems to be weakly connected to water levels for both the Danube and the Rhine rivers
(Scholten and Rothstein, 2016).

Furthermore, under certain demand it is expected that prices should have a negative
relationship with water levels. Jonkeren (2007) found that price per tonne may increase
significantly during periods of low water levels especially for vessels passing from Kaub.
On the other hand, the results in Scholten and Rothstein (2016) are less clear. In
general, market prices are affected by various factors, including seasonal demand, mode
competition, direction of the trip (the prices for upstream trips are higher than those for
downstream trips as fuel consumption is higher), th
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e Finally, the resulting cost or benefit is estimated by combining freight activity
with transport cost values and comparing with the reference period.

These steps will be described in more detail in the following sections.
Discharges

For the estimation of the impacts of low water levels discharge data of the 5 model runs
reported in Table 5 have been used.

In order to be able to compare between the different scenarios and points a common
indicator is calculated. The number of days with discharges below the 5th percentile of
the 1981-2010 reference period is calculated for each of the four periods and the five
model runs. The results are presented in Table 13.

Table 13. Average annual number of days with discharges below the 5th percentile of the historic
period (1981-2010)

Locations on rivers | Run | 1981-2010 2011-2040 2041-2070 2071-2099

1 18 14 8 9
2 18 14 20 41
Ruhrort 3 18 13 5 0
4 18 12 23 27
5 18 8 13 19
1 18 11 4 6
2 18 14 18 38
Kaub 3 18 12 4 0
4 18 11 24 28
5 18 6 9 14

1 18 12 2
2 18 5 5 8

Wildungsmauer 3 18 10 1
4 18 11 13 13
5 18 4 0 3
1 18 10 4 0
2 18 8 12 21
Hofkirchen 3 18 9 1 0
4 18 8 13 15
5 18 3 0 5

For both points (Wildungsmauer and Hofkirchen) on Danube and all the scenarios but
one for Hofkirchen, the number of days with low discharges is projected to become
smaller. For the locations selected on Rhine, for two runs in Kaub and three runs in
Ruhrort, the number of days with low discharges is projected to increase, following an
initial decline and two consecutive increases over the projection periods. The annual
average number of days with discharges below the 5th percentile for the historic (1981-
2010) period is in line (18 days) with the number of days with discharges below the 95th
percentile of the flow-duration curve as calculated in the ECCONET project (Nilson et al,
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2012) for the same gauges and the 1961-1990 time series. In the ECCONET project a
general trend of over time decline of the number of days with discharges undershooting
the 95th percentile of the flow-duration curve was observed during the observed period
(1950-2005) for both Rhine and Danube.

Bearing capacity

The impacts of low water levels on transport activity and as a result on the
corresponding costs depend on the draught of the vessel and the gauge of the channel
or river. Before the complete seizure of transport activity, as water levels become lower,
vessels operate at reduced capacity in order to reduce their draught.

The thresholds of water levels and discharges depend on the characteristics of the river
or channel at a specific point and vary significantly. As a general indication, according to
Middelkoop et al (2001) when the Rhine discharge is below 1000 to 1200 m>/s ships on
the route from Rotterdam to Basel via Germany have to reduce their loads, while for
Vienna the total regulated low water level is 900 m3/s (values from www.viadonau.org
reported in NEWADA (2010)).

The technical characteristics, including draught and loading capacity, of the vessels
operating on the inland waterway network are specified in UNECE (1996).

Table 14 presents the bearing capacity (as proportion) of different types of vessels at
given water levels. It has been constructed based on relevant information provided in
Scholten and Rothstein (2016) that has been adapted to correspond to the CEMT
classification of inland waterways in order to be compatible with the freight activity data.

Table 14. Bearing capacity of different ship types at different water levels (taken from Scholten
and Rothstein (2016) and adjusted)

Gauge (m) CEMT 2 CEMT 3 CEMT 4 CEMT 5 CEMT 6
3.5 1 1 1 1 1

3 1 1 1 1 0.8

2.5 1 1 1 1 0.65

2 0.95 0.95 0.95 0.8 0.5

1.5 0.5 0.45 0.4 0.3 0.2

Table 14 is combined with the transport activity data to estimate the total capacity to be
carried through a point at given water levels. However, as discharges are used instead of
water levels, the discharges corresponding to the water levels in Table 14 for the specific
points on Rhine and Danube have been estimated using data from various sources'?.

11 Data sources considered include the following: ELWIS, 2016; Scholten and Rothstein,
2016; Bolle and Schwab, 1980; https://www.pegelonline.wsv.de/gast/start;
http://undine.bafg.de/servlet/is/8606/

30



Using the discharge levels corresponding to the water levels of Table 14, the distribution
of the number of days of each of the four time periods (the historic plus the three future
periods) to the six following groups is calculated:

QO0: number of days with discharges corresponding to gauge below 1.5m

Q1: number of days with discharges corresponding to gauge between 1.5m and
2m

Q2: number of days with discharges corresponding to gauge between 2m and
2.5m

Q3: number of days with discharges corresponding to gauge between 2.5m and
3m

Q4: number of days with discharges corresponding to gauge between 3m and
3.5m

Q5: number of days with discharges corresponding to gauge higher than 3.5m

In Figures 8, 9, 10 and 11 the distribution for the four points for each of the five runs
(Table 5) is presented. Besides the variation between the different runs, it is interesting
to observe for certain runs an over-time trend towards decreasing the number of days
with lower water levels and increasing the number of days with higher water levels. In
these cases, the IWW network is projected to operate with fewer disruptions due to low
water levels in the specific locations.
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Figure 8.

Ruhrort

Distribution of the four time periods for the 5 model runs according to water levels for
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Figure 9. Distribution of the four time periods for the 5 model runs according to water levels for
Kaub
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Figure 10. Distribution of the four time periods for the 5 model runs according to water levels for
Wildungsmauer
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Figure 11. Distribution of the four time periods for the 5 model runs according to water levels for
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Freight activity

For the estimation of the economic impacts of low water levels, transport activity figures
of the TNET model (Ibafiez et al, 2016) for 2015 are used (Figure 12). Only freight
transport is considered and the demand is based on the ASTRA-EC (ASSIST, 2014; TRT,
2003) projections. Transport activity is expressed in average year day tonnes carried by
each type of vessel. Following the assignment of demand on the IWW network, transport
flows for each link are estimated. The activity on the four points of interest (Ruhrort,
Kaub, Wildungsmauer and Hofkirchen) is calculated by considering the flows (in terms of
tonnes) on the links intersecting these points.

Figure 12. Transport activity by vessel type at the four points in Rhine and Danube
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Economic valuation

Finally, the monetary costs or benefits are calculated by combining current activity data
with bearing capacity restrictions and transportation cost. It is assumed that the TNET
activity data refer to water levels that allow vessels to operate at full capacity.

To define the range of unit transport costs, data from various sources have been
considered including Scholten and Rothstein (2016) and Bruinsma et al (2012). The
range aims to capture price variation that may be attributed to various reasons including
season, direction of trip (upstream-downstream), data etc.

Regarding the Rhine market, according to the ECCONET project (Bruinsma et al, 2012),
transport cost varies from 3.5€/t to 7.5€/t for the Rotterdam-Duisburg trip and from
9€/t to 20€/t for the Rotterdam-Basel trip. According to Scholten and Rothstein (2016)
the price range for trips from and to the ports of Amsterdam, Rotterdam and Antwerp is
from 15€/t to 25€/t for Danube and from 5€/t to 12€/t for Rhine.

Transport cost values for specific trips on Danube and Rhine have been combined with
the corresponding average travel time obtained from TNET (Ibafiez et al, 2016) to
calculate transport cost per tonne per day. Finally, the daily transport cost values applied
to estimate the economic impacts are 4€/tonne/day (low) and 8€/tonne/day (high).

In Figure 13 the annual average costs or benefits for each projected future period (2011-
2040, 2041-2070, 2071-2099) in comparison to the historic period (1981-2010) and for
each run (Table 5) are presented. The values in Figure 13 refer to the average value of
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the cost range used. On the other hand, in Table 15 the range of the average annual
cost or benefit considering the lower and upper transport cost values are presented.

For the majority of the cases (selected model runs and locations) a benefit is estimated
as a result of the reduction of low water days. In the last period, a cost is estimated only
for Ruhrort for three out of the five model runs and for Kaub for one model run. As an
indication of the scale of magnitude, Jonkeren (2007) estimate the annual welfare loss
due to low water levels for Kaub to €28 million while in 2003 the loss was estimated to
be €91 million and in 1991 €79 million.

From the two points on Rhine, where freight activity by inland waterways is significantly
higher than in Danube, the impacts are proportionally higher in Kaub, which is
considered to be a key bottleneck on Rhine and seems to be benefiting from the
projected discharges.

Figure 13. Average annual cost or benefit of low water levels (in comparison to the reference
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Table 15. Range of average annual cost or benefit (in million €) of low water levels in comparison with the reference period

2011-2040 2041-2070 2071-2099
Point Run
Low High Low High Low High
1 7.24 14.49 15.49 30.99 14.59 29.17
2 9.28 18.56 -2.55 -5.10 -44.70 -89.40
Ruhrort 3 17.80 35.60 39.40 78.80 52.07 104.13
4 13.46 26.91 -15.52 -31.05 -29.86 -59.71
5 12.65 25.31 12.33 24.66 -9.16 -18.32
1 9.09 18.18 24.95 49.89 29.56 59.12
2 13.03 26.06 11.15 22.30 -17.71 -35.42
Kaub 3 43.30 86.61 92.58 185.16 116.07 232.15
4 26.55 53.09 13.02 26.04 9.57 19.13
5 -4.27 -8.54 11.74 23.48 11.32 22.63
1 0.89 1.78 3.94 7.89 4.45 8.91
2 2.43 4.86 3.78 7.56 1.53 3.07
Wildungsmauer 3 2.81 5.63 8.47 16.95 10.99 21.97
4 2.46 4.92 2.57 5.13 2.44 4.89
5 1.77 3.54 4.21 8.41 2.93 5.86
1 0.98 1.97 2.61 5.22 3.00 6.00
2 2.17 4.34 2.16 4.31 0.05 0.09
Hofkirschen 3 3.52 7.05 8.74 17.48 10.82 21.65
4 3.11 6.22 2.26 4.52 1.61 3.22
5 1.67 3.33 4.02 8.05 2.43 4.87
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3.4 Adaptation

The impact of climate change on airport, seaport and inland waterways operations
depends on local conditions and the design of infrastructure. Hence, before proposing
specific adaptation measures it is necessary to carry out vulnerability analysis and risk
assessment. Adaptation measures to climate change impacts should be incorporated in
technical regulations regarding design modification or rehabilitation of infrastructure.
Parameters to be considered for the determination of adaptation measures refer to
characteristics of climate change related events and include spatial extent, intensity,
severity, frequency, predictability, duration and rate of occurrence (gradual to sudden)
(Schneider et al., 2001). A selection of general adaptation measures for airports and
seaports is presented in Table 16.

Table 16. Adaptation Strategies (adapted from NOAA, 2015)

Climate Transport
Change P Action Example
Mode
Stressor
Protect infrastructure with dikes and levees (Steward et al,
2011)
Elevate critical infrastructure (Schwarz, 2011)
Repairs, replacement and redesign (Peterson et al, 2008)
Airport (Steward et al., 2008)
Abandon or move coastal transportation system (Schwarz
Sea Level Rise 2011)
Storm Surge Incorporate climate change into future transportation
planning (Peterson et al 2008)
Same as airports
Construction of storm retention basins (Schwarz, 2011)
Seaport Changes of infrastructure design, change in material
specifications, protective strategies for critical components
(Meyer, 2008)
. Stringent design for flooding and for building in saturated
Floods Airport soils (Meyer, 2008)
Incorporate potential of climate change into existing
systems of planning for irregular operations (Steward et
al, 2011)
Incorporate relevant information into asset management
Wind gust Airport and maintenance (Steward et al, 2011)
Change design factors to incorporate more turbulent wind
conditions (Meyer, 2000)
Hardening facilities for higher wind loads (Steward et al,
2011; Klin et al., 2011)

For the estimation of the impacts of climate change on IWW it was decided to focus on a
selection of points of the IWW network. Due to the nature of this mode’s network, the
location specific characteristics that define the gauge or discharge levels have to be taken
into account in order to evaluate the impact of projected discharges. The results for the
selected points show that for the two points on Danube the number of low water days is
projected to decrease; a similar trend is projected for Kaub on Rhine according to the
majority of the selected model runs and for Ruhrort according to two out of the five
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model runs that have been considered. The location specific nature of the relationship
between discharges and water levels does not allow to generalise the total outcome and
the variation of the projections of the model runs indicates that the risks of droughts
should not be ignored.

The issue of adaptation of IWW is covered by reviewing relevant literature, the results of
relevant projects such as ECCONET, EWENT, WEATHER and the reports produced by
local, national or international organisations (AGN-UNECE, www.viadonau.org etc.).

ECCONET has identified main adaptation measures and together with stakeholders
evaluated them in terms of feasibility (Ubbels et al, 2011; 2012). The following is a
summary of adaptation measures:

« Development of lightweight structures, small vessels and vessels with flat hulls in
order to increase the bearing capacity of vessels when water levels become lower.

« Install adjustable tunnels and blisters to enhance the navigability of the vessel
under different (e.g. low water) conditions.

e Continuous instead daytime only operation especially of small vessels to increase
the total operating hours.

» Use coupled convoys to increase volumes transported.

» Strategic alliances between IWW and other modes to improve the seamlessness of
the supply chain during low water days.

e Take maintenance measures and improve river engineering to improve the
navigability on the river under different water level conditions.

e« Improve prediction methods of low water levels to improve the planning of
shipments.

The cost effectiveness of adaptation measures is assessed in Breemersch et al (2012)
and Holtman et al (2012). Breemersch et al (2012) conclude that the weight reduction of
bigger ships is the most cost-effective solution. However, bigger ships have probably
already reduced weight up to the marginal cost. Weight reduction for smaller ships is not
so attractive due to the small margin of gain and relatively high cost. Installation of flat
hulls can be promising but is costly while even the most interesting technical measures
such as retractable aprons have relatively high cost which makes them unappealing
under the projected changes of dry periods. Regarding operational measures Holtman et
al (2012) conclude that the continuous operation of smaller ships increases transport
costs but the operation of smaller ships in coupled convoys can be very effective. For
more details on the assessment of the adaptation measures refer to the ECCONET
project!?, Breemersch et al (2012) and Holtman et al (2012).

12 https://www.ecconet.eu/deliverables/index.htm
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4 Conclusions

The impacts of climate change on airports, seaports and IWW in Europe have been
examined. For the cases of airports and seaports, it has been possible to identify
infrastructure at risk and provide indicative costs while for IWW the impacts of climate
change at critical points are assessed.

According to the results, various European airports located relatively close to the coast
are projected to be exposed to higher sea water levels and face an increase of storm
surge heights by the end of the century. Airports to be mainly affected by the end of the
century are located in Norway, Germany, United Kingdom and Ireland, among others.
Eight of those airports are projected to be exposed to inundation levels higher than 3m.
Furthermore, inland airports could be affected by river floods and the most severe
impacts are projected to take place in regions near the North Sea coastline.

Regarding seaports, more severe impacts are projected for northern Europe, where also
the biggest cargo seaports of Europe are located. According to the results 852 ports in
the EU face the risk of inundation by the end of the century, while the number of ports
that face the risk to be exposed to water levels higher than 3 m will double from 2030 to
2080.

For inland waterways, the focus has been on specific locations of Rhine and Danube
where the majority of freight activity in the EU takes place. For most of the cases
considered a reduction of low water days is projected; according to this, the inland
waterway transport system could operate with less drought-related disruptions.

The estimation of the impacts of climate change on transport requires relatively detailed
data for both the identification of infrastructure at risk and the quantification of
disruptions or damages. However, besides the general difficulty to provide climate
projections at spatially disaggregate level, it is also very difficult to provide reliable
projections for elements that can significantly affect transport such as wind. The need for
detailed data makes the assessment of the impacts of climate change on transport for a
large area such as Europe particularly challenging. In this respect, the limitations of this
study were largely set by the data obtained.

The results of the analysis indicate at first the sectors at risk and the magnitude of
damage to be attributed to different impacts. Furthermore, the most vulnerable areas
and sites are identified indicating those spots that need to be closer examined.

Further analysis is required to quantify the impacts in detail and follow up projects should
focus on mapping in detail Europe’s critical infrastructure at risk from climate change,
and estimating relevant costs. More detailed analysis would require information on the
frequency and duration of the weather events considered. Furthermore, the qualitative
characteristics of infrastructure of major seaports and airports need to be taken into
account. Infrastructure at risk should be examined case by case in order to take into
consideration particularities of the area, resilience of infrastructure and of course details
regarding transport activity and economic importance. Studies focusing on specific cases
and pilot projects could indicate important factors (e.g. of success) and highlight the
main characteristics of a general methodology for analysing the impacts of climate
change on certain transport sectors.
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Appendix

Table A1l. Climate change stressors and airports. (adapted from NOAA, 2015)

Climate Physical infrastructure Service, access, maintenance and operations
stressor
Runways, taxiways, aprons | Airfield buildings and Operations, maintenance and safety
structures
Increased Concrete pavement Needs for cooling and -More runway space in order to take off in order to meet safety
temperature | buckling, Loss of non- increased water and margins, particularly at high altitudes or hot weather airports.

and extreme
heat

concrete pavement
integrity. (FHWA, 2011).
(Baglin, 2012).

energy demand for
cooling (Ang Olson, 2009;
TRB, 2008; Baglin, 2012)

(Ang-Olson, 2009; NRC, 2008; U.S. CCSP, 2008; Baglin, 2012)

-Extreme high temperatures may limit the types of aircraft that
can take off on certain days, reduce the ability of certain airports
to take certain aircrafts, cause delays and cancellations due to
the need to limit daytime flights, or put restrictions on payload to
lower weight (Ang-Olson, 2009; Baglin, 2012; NRC, 2008).

Precipitation-
driven inland
flooding

Produce standing water on
pavements, causing delays
(OFCM, 2002).

Temporary flooding

Produce standing water on pavements, causing delays (OFCM,
2002).

Sea Level
Rise + storm
surge

Runways and taxiways,
are vulnerable to flooding
due to storm surge and
sea level rise (Baglin,
2012).

Temporary or permanent
disruption of the airport.
The region's airfield
capacity is insufficient to
absorb air traffic,
resulting in negative
impacts on the region's
economy.

Airports are designed for a working economic life of 70 years or
less, therefore routine repairs, replacement, and re-design can
take into account sea-level rise (Peterson et al., 2008). Airports
are not expected to be replaced in the foreseeable future and
there are practical difficulties with raising the elevation of airfield
surfaces. The most likely response is to raise the elevation of
surrounding berms or dikes. However, these could be overtopped
in an extreme event.

Storm surges may cause
flight cancellations and
delays (U.S. CCSP, 2008).

Storm surge and heavy
precipitation can flood
buildings, access roads,
and disrupt fuel supply
and storage (ICF, 2008).

Due to a severe storm, airport services can be completely
disrupted by high wind speeds, precipitation, flooding, electrical
outages, and debris impacts (NRC, 2008) delays and
cancellations can have ripple effect (it can take airlines a long
time to return their timetables to punctuality.)

Wind gust

No documented impact.

High winds can cause
damage to terminal
buildings at airports. High
winds can cause
construction materials to
blow loose, placing debris
and objects in the
pathways of moving
aircraft (Ang-Olson,
2009; OFCM, 2002)

Aviation commerce starts to be impacted at sustained winds of
10.28 m/s or greater or winds gusts over ~15.42 m/s. Delays or
cancellations of flights occurred at sustained winds of 17.88 m/s
or higher (for an hour), or gusts of 25.93 m/s or higher (no time
limit) (Peterson et al., 2008).

Pejovic et al. (2009) did not establish a threshold for high winds
(indicated by 1-hour mean wind speed above the mean), but
found that incremental increases in wind speed above the mean
could increase likelihood of delay.
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Table A2. Climate change stressors and seaports & waterways (adapted from NOAA, 2015)

Physical infrastructure

Service, access, maintenance and operations

Climate
stressor Terminals and Other Piers, Wharves and . .
s Operations, maintenance and safety
Buildings Berths
Terminals often have open . . . . .
- High temperatures can improve port operating conditions in cold
paved areas for storing Most dock and wharf . . ; :
. o, regions. Higher winter temperatures can increase safety and
Increased cargo; higher facilities are made of : . i o ; -
reduce interruptions if frozen precipitation shifts to rainfall,

temperature | temperatures and extreme | concrete and lumber,

and extreme
heat

heat can cause these
paved surfaces to
deteriorate more quickly
(U.S. CCSP, 2008).

which are less sensitive to
temperature fluctuations
(U.S. CCSP, 2008).

reducing ice accumulation on vessels, decks, riggings, and docks
and reducing the occurrence of dangerous ice fog and the
likelihood of ice jams in ports (NRC, 2008; IFC, 2011; Peterson
et al., 2008).

Precipitation-
driven inland

Flooding can damage port
structures and equipment

Flooding can damage
piers, wharves, and

-Increases in weather-related delays are likely with more
precipitation.

-Floods can completely submerge navigation locks and render

flooding in buildings berths. them inoperable, leading to lock closure and disrupting river
traffic (Peterson et al., 2008).
Higher sea levels can
increase the risk of chronic | Sea level with respect to
flooding and eventually dock level is an important
lead to permanent consideration for
inundation of the facilities, | clearance of dock cranes . . . .
) s Sea level rise coupled with storm events can increase the risk of
especially for facilities that | (e.g., the bottom of the ; . . .
o : coastal flooding, which can inundate rail and road access to the
are not elevated or crane will sit in water is . L e .
. . . seaport, or inundate maritime facilities (NOAA and San Francisco
otherwise protected the deck height is not BCDC, 2013)
(USCCSP, 2008). Sea level | high enough) and other !
rise can also exacerbate structures; higher water
coastal erosion and levels may require facility
Sea Level

Rise + storm
surge

flooding due to high tides
(IFC, 2011).

retrofits (NRC, 2008).

Storm surge and direct
wave action can damage
marine port buildings
(Nadal et al., 2010).
(Curtis, 2007). Fast
moving water can
undermine or damage
building foundations (U.S.
CCSP, 2008).

Strong waves can batter
piers and scour pier
supports, leaving berths
inoperable; and storm
surge can wash away
asphalt paving (Nadal et
al., 2010). There may be
serious damage to both
the piers/ wharves as well
as the vessels.

Potential impacts due to a severe storm, seaport services can be
completely disrupted.

Wind gust

Most buildings are built to
withstand 3-second gust
wind speeds of up to 38
m/s. Wind damage to
structures increases non-
linearly as wind speed
increases.

High winds can damage
or destroy piers, wharves,
and berths (IFC, 2011).
Wind has its most
damaging effects on
unreinforced structures
(U.S. CCSP, 2008).

Small boat handling, tugboat movement, ferry docking, barge
handling are all restricted during high winds (NRC, 2008; OFCM,
2002).
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